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Abstract 

Impact cratering is one of the most common geologic processes shaping all the terrestrial 

planetary bodies and moons in our solar system. The widespread presence of craters on 

terrestrial planets and moon in the inner solar system shows that impact cratering was a 

dominant process during the early history of the solar system. Asteroid and comet impacts 

can influence the geologic and climatic history of terrestrial planets and impact processes 

can also play a significant role in subsequent rock breakdown on planetary bodies. The 

formation of impact craters has a catastrophic effect on target lithology, producing a 

range of heterogeneities and deformation features in rocks. Recognising how these 

heterogeneities and deformation features affect the mechanisms and kinetics of rock 

weathering provides a framework for understanding impact inheritance in rock 

breakdown.  

Research within the past few decades has revealed extensive shock related features and 

deformations in rocks in the impact craters. In recent years, stress history and rock control 

are recognised important in controlling the rate and nature of breakdown. This thesis is 

the first detailed and comprehensive investigation of the effect of impact metamorphism 

processes on subsequent rock breakdown.  

The focus of this thesis is to understand how the inheritance from low impact shock (<10 

GPa) deformations and heterogeneities affects subsequent rock breakdown. This is 

achieved through a combined field and laboratory approaches that examined rock 

breakdown on impacted, and non-impacted rocks of the same lithology that are exposed 

at Meteor Crater site, Arizona. Rock hardness data and topographic data using a Structure 

from Motion (SfM) photogrammetry-based method developed in this thesis was used to 

compare rock breakdown between impacted and non-impacted sandstone outcrops at 

Meteor Crater site. The topographic data collected in the field was analysed using a range 

of roughness and morphometric parameters. The rock samples collected from the Meteor 

Crater and additional small number of impactite samples from West Clearwater Impact 



 
 

Structure (Canada) and Ries Crater (Germany) were characterised and assigned a shock 

level in the laboratory using different analytical techniques (petrographic microscopy, 

powder X-ray diffraction, scanning electron microscopy, X-ray computed tomography). 

Further, these samples were used in a physical weathering simulation in semi-arid 

conditions. The rock samples were analysed before and after the experiments to identify 

and quantify changes. This research advanced the field of rock breakdown by providing 

insight into the influence of impact processes on subsequent rock breakdown processes. 

This thesis has revealed the following new insights: (1)    The low impact shocked 

sedimentary rocks show a decrease in porosity. (2) Macrofracturing and microfracturing 

caused by low impact shock occur in all types of impactites. Macrofracturs of 0.1-0.2 mm 

and microfractures 0.1-5 µm in aperture are observed in all types of impactites. (3) The 

rock breakdown experiment results showed that impactites exhibit an accelerated decline 

in strength compared to non-impacted control samples. (4) Rock type and impact 

deformation history are important in controlling the rate of deterioration. (5) Close-range 

Structure from Motion (SfM) photogrammetry can be used to collect sub-mm resolution 

topographic data on rock surfaces in the field. (6) Rock hardness, rock surface roughness 

and morphometric analysis revealed no substantial difference in terms of nature of 

breakdown between low shocked and ushocked Moenkopi Sandstone at Meteor Crater 

site. (7) Aspect related microclimate within Meteor Crater affects the nature of rock 

breakdown on different crater sidewalls.  

This thesis has improved the understanding of low shock deformed sandstones in impact 

craters and provided an insight into the role of low shock inheritance on subsequent rock 

breakdown. This research also advances the data collection methods on rock breakdown 

in field and laboratory settings by developing and applying novel SfM photogrammetry 

and X-ray computed tomography (CT) techniques.  
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1. Introduction 

Impact cratering is a ubiquitous and one of the most catastrophic geologic processes that has 

played a crucial role in the evolution and modification of the crust on all planetary bodies 

with solid surfaces (e.g. terrestrial planets, moons and asteroids) (Gillet and Goresy, 2013). 

Impact cratering occurs when a projectile travelling with hypervelocity strikes and excavates 

the surface of the planetary body. Impacting projectiles can be asteroids, comets, accretional 

remnants, impact disrupted satellites, and tidally disrupted planetesimals from the inner or 

outer solar system (Strom and Woronow, 1982; Melosh, 1989). During the early history of 

the solar system (4 - 3.5 Ga), after the accretion of the terrestrial planets, the rate of impact 

bombardment was very high due to the anomalous influx of projectiles, such that craters 

were widespread on early Earth (Fig 1.3) (Marchi et al., 2014). This period is commonly 

known as Late Heavy Bombardment (LHB). Since the end of the LHB, the rate of impact of 

larger asteroids or comets (> 1 km) has decreased significantly, and smaller impacts (< 1 

km) are relatively more frequent (Malin et al., 2006; Byrne et al., 2009; Daubar et al., 2011).  

The effect of impacts on subsequent rock breakdown has not yet received sufficient attention 

in geomorphology.  Several studies have investigated the geology, morphology, structure, 

erosion and degradation of crater landforms (Grant and Schultz, 1993a; Grant and Schultz, 

1993b; Osinski and Pierazzo, 2012; Golombek et al., 2014; Kenkmann et al., 2014) and 

references therein), and relatively few have examined the inherited effects of impacts on 

subsequent weathering (Boslough et al., 1986; Boslough and Cygan, 1988; Cygan et al., 

1989; Leroux, 2005; Bell, 2015; Bell, 2017). It is necessary to assess the role of impact 

inheritance on the subsequent style and rate of rock breakdown. The focus of this thesis is to 

understand how the inheritance from the impact process affects the subsequent breakdown 

of impacted rocks at impact sites. 

1.1.Rock breakdown and landscape evolution 

Rock breakdown describes a range of geomorphic processes (weathering and erosion) that 

transforms rock masses into soil or regolith and unconsolidated rock materials. Rock 

breakdown processes are a function of surface material, the availability of the abrasive agent, 

climate, and tectonic setting (Laity, 2009a). Weathering refers to the adjustment of the 

chemical, mineralogical and physical properties of rocks in response to surface 

environmental conditions (Heslop, 2003; Summerfield, 2014). Conventionally, all the 

weathering processes and mechanisms can be broadly classified into physical, chemical and 
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biological (Smith, 2009; Warke, 2013). A detailed discussion of these processes is provided 

by Bland and Rolls (1998b), (Heslop, 2003), (Smith, 2009), (Warke, 2013), and 

(Summerfield, 2014). Erosion refers to the removal of land surface by wind, water, gravity, 

or ice (Allaby, 2013). Most forms of erosion, sediment transport, and denudation depend 

upon the in-situ weathering of geologic material by physical, chemical, and biological 

processes (Turkington et al., 2005; Viles, 2011). Thus, it can be said that rock breakdown is 

necessary for all denudation (Turkington et al., 2005).  

Rock weathering is undoubtedly one of the most critical and fundamental phenomena in 

landscape evolution and landform development (Heslop, 2003; Turkington et al., 2005). In 

comparison with other terrestrial surface processes, weathering is often slow and difficult to 

recognise (Viles, 2011; Viles, 2013b). At the small scale, weathering processes produce 

many peculiar landforms in rock outcrops (e.g., alveoli, pits), sediment bodies (e.g., grus), 

and soil or regolith (Turkington et al., 2005; Bourke and Viles, 2007).  Weathering plays a 

significant role in the development of soil, regolith, and weathering profiles (Turkington et 

al., 2005).  

Weathering influences landscape evolution through the production of small to medium scale 

individual landforms and the generation of sediment and topographic development (Viles, 

2011). The exogenic component of the rock cycle is described by the debris cascade concept 

which consists of three stages: debris source, transport path, and depositional processes 

(Heslop, 2003; Benn and Evans, 2014). This cycle may go through several iterations to 

produce the denudation of the Earth’s surface (Heslop, 2003). There are some landforms 

(e.g., karst, etchplains) where weathering is the primary agent of landform modification 

(Turkington et al., 2005). Such landforms are formed due to denudational mechanisms (e.g., 

solution) that are directly weathering-dependent (Turkington et al., 2005; Smith, 2009).  

Early landscape evolution research dismissed the role of weathering processes in landscape 

evolution as it was believed that structural and erosional controls play a major role in 

landscape development (Ollier, 1960; Mabbutt, 1961; Thomas, 1966) and deep weathering 

was distinctive to the humid tropics (Turkington et al., 2005). During 20th century, 

geomorphologists viewed landscapes as erosion-controlled (Davis and Johnson, 1909), and 

did not believed weathering to be a significant control on landscape development (Gregory, 

1911) as it was considered a static process, rather than a mobile agent of change (Foye, 1921; 

Turkington et al., 2005). Traditionally, weathering has been perceived as time-dependent 
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rather than distance-dependent (de Boer, 1992; Turkington et al., 2005). Geomorphologists 

often use knowledge of weathering mechanisms, processes, rates, forms, and their 

relationship to various rock and environmental controls (e.g., climate, biota, and exposure 

time) to understand landscape histories and environmental change (Turkington et al., 2005; 

Goudie, 2016). Residual weathering features have played a significant role in interpreting 

both environmental change and relative ages of exposed surfaces, paleosurfaces, and 

sediments (Turkington et al., 2005).  

Traditionally, regolith has been treated as a function of weathering minus erosion by 

landscape evolution models (Turkington et al., 2005). Deepening at the weathering front is 

not only a product of physio-chemical processes but also is closely linked to biodynamic 

deepening (Turkington et al., 2005). Twidale et al. (2005) suggested that denudation can be 

a factor in shore platform development, where residual weathering has dominant control on 

coastal landform evolution rather than contemporary wave-dominated erosion processes. 

Twidale et al. (2005) highlight the significance of weathering processes and products, even 

in environments commonly seen as dominated by other geomorphic agents.  

Geomorphologists determine relative ages of the landscape by estimating the amount 

weathering in rock clasts in regolith and transported sediment along with additional 

geomorphological parameters (Turkington et al., 2005). Weathering of clasts may be viewed 

as a ‘chronofunction’ (White et al., 1998); nonetheless the parameter and techniques that can 

be used to determine the age depend on individual site (Turkington et al., 2005).  The depth 

of weathering rind has been considered more reliable in determining the relative ages than 

the clast roughness, hardness, size, or roundness (Sumner et al., 2002; Sak et al., 2004). The 

relationship between weathering and time is perhaps non-linear and complex (Viles, 2001). 

Relative age dating techniques have been valuable in understanding of modus operandi of 

landscape evolution, for example, the relative areal coverage of surfaces of varying ages, 

rate of surface incision, and forecasting the hillslope stability (Mills, 2005; Turkington et al., 

2005). 

Concepts of landscape denudation and the knowledge of nature and rate of chemical 

denudation are continually advanced in newer studies (e.g., Campbell et al. (2002), Beylich 

et al. (2004)). Simms (2004) found that denudation of limestone landscapes progresses by 

dissolution at a rate directly proportional to runoff. Chemical weathering in cold regions has 

been getting more attention (Hall et al., 2002) and the belief that mechanical erosion 
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processes are primarily responsible for removal of silicate minerals is being challenged 

(Turkington et al., 2005). Studies conducted by Dixon and Thorn (2005) in Alpine and Arctic 

areas showed that chemical weathering is a significant agent of mass removal in cold regions. 

Weathering and denudation are directly related by solution and solute transport in these 

geomorphic systems. Dixon and Thorn (2005) identified strong self-reinforcing feedback 

between solution and solute transport, for example, glacial erosion renews the exposure of 

the geomorphic surfaces that leads to sustaining higher weathering rates. Glacial erosion 

continues to expose the fresh mineral surface to weathering on a short term basis; Anderson 

(2005) exhibited a direct relationship between physical erosion rates and rates of chemical 

denudation.  

Hall et al. (2002) demonstrated that the freeze-thaw is not the only mechanism responsible 

for weathering in high mountain area rather thermal stress and biochemical processes also 

play an important role in weathering. In this study, Hall et al. (2002) found that the 

distribution of lichen seems to be affected by microclimatic factors, this can be linked to 

experimental work by Carter and Viles (2003) where they showed that lichen distribution, 

in turn, ameliorates rock surface temperature and moisture conditions (Turkington et al., 

2005). A vital contribution to the rock weathering research was made by Viles (2005) in 

interpreting the relationship between rock response and microclimate to weathering in a hot 

desert.  

Lithology, rock structure, and the environmental conditions near the rock surface are 

fundamental in controlling rock weathering (Goudie, 2016). Geology and tectonic process a 

major role in controlling landscape evolution but of late the role of small-scale rock 

heterogeneities and the effect of microclimatic has been getting recognised. Weathering 

experiments have shown the importance of physical rock properties (Rodriguez‐Navarro and 

Doehne, 1999) and mineralogical differences (Cardell et al., 2003), and microclimatic 

conditions (Pope et al., 2002; Viles, 2005) in controlling rock response to weathering 

processes. Aspect exerts a key control on the rate of weathering (Williams and Robinson, 

2000; Hall et al., 2002). 

Weathering research has traditionally been, to some extent bimodal, with microscale and 

landscape-scale investigations being conducted simultaneously, but not successfully linked 

(Viles, 2001; Turkington et al., 2005). Phillips (2005) finally addressed the everlasting issue 

of scale linkage by establishing the prevalence of dynamical instability in weathering 
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systems across a range of scales (Turkington et al., 2005). Phillips (2005) proposed 

stability/instability regimes that are directly linked to spatial and temporal scales by 

considering stability conditions for weathering and related processes at four hierarchical 

levels. 

 

 

1.2.Scale issues in rock weathering 

Rock surfaces of various sizes exposed in arid environment evolve from outcrops (m-km) to 

rock fragments (mm-cm) mantling the desert surface (Heslop, 2003). Ultimately, these rock 

bodies are broken down to their constituent mineral grains and are thought to be source of 

desert loess (Goudie and Day, 1980). Weathering take place over a very wide range of 

timescales, from instantaneous granular detachment from rock surface, to the millions of 

years of dissolution to produce karst landscape (Viles, 2013b). Weathering processes rarely 

operate in isolation from one another, and the weathering processes occur in synergy with 

other geomorphological processes at a variety of levels (Smith, 2009; Viles, 2013b). It is 

necessary to integrate the detailed understanding of weathering at the nano- and microscales 

to their role in the evolution of complex landforms and landscapes (Smith, 2009).  

Laboratory experiments and analytical techniques have been used to study individual 

weathering processes at the microscale in recent investigations (Viles and Moses, 1998; 

Edwards et al., 2002; Naylor and Viles, 2002; Moses et al., 2014). Weathering studies have 

found it challenging to successfully link the mineral scale weathering to weathering at the 

landscape scale, and there is apparent disparity in the scales of enquiry in weathering studies 

(Turkington et al., 2005). Warke (1996b) and Smith (2009) demonstrate the importance of 

spatial and temporal scale in our understanding of the role of weathering processes in 

landform development and landscape evolution. Smith (2009) bring into the attention that 

investigations in weathering studies tend to be process-oriented and reductionist in nature. 

Firstly, the majority of in situ weathering studies are limited to the short-term duration and 

small spatial extent. This is problematic because long term significance of weathering where 

a small number of areas have been mapped in detail, and where knowledge of the medium 

to long term climate variability is limited. Secondly, process studies have tended to focus on 

weathering features that show measurable change within a few years. Thirdly, inclination 
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towards reductionist nature has encouraged the examination of specific weathering 

mechanisms in isolation.  

Heslop (2003) suggested that in order to link process and form in weathering studies, the 

whole should be considered greater than the sum of its constituent parts. Smith (2009) 

recommended that in order to understand the landscape in which weathering takes place, 

weathering mechanisms must be established within wide temporal and spatial contexts. 

Many researchers have made a valuable contribution towards, stressing on the importance 

of inheritance effects on rock breakdown (Warke, 1996a; Warke, 1996b; Warke, 2007; Viles 

et al., 2010; Viles et al., 2018). The concept of temporal inheritance stresses on the 

importance of context to interpretations of rock breakdown. This notion is widened in the 

doctoral thesis of  Heslop (2003), which stresses the significance of both spatial and temporal 

frameworks to explain the breakdown of clasts in the Atacama desert. 

The key to understand the behaviour of weathering systems in present requires the 

knowledge of inheritance effects from geomorphic processes in the past (Viles, 2013b). The 

inheritance is defined as the stress history that individual rock bodies experience during their 

path through the debris cascade (Warke, 1996b; Heslop, 2003). Exposure of rocks to 

weathering and other geomorphic processes in the past typically effects how they breakdown 

today, exhibiting the importance of initial conditions to such self-organizing systems (Viles, 

2013b). Such inheritance effects can occur over many different timescales, from decades to 

millennia at least (Viles, 2013b). Warke (1996b) stresses the importance of a temporal 

perspective via the concept of inheritance. Warke (1996b) suggested that inheritance effects 

are not largely related to contemporary conditions. She recommended that the concept of 

inheritance should be extended to comprise stress effects produced through every iteration 

of the breakdown cycle. Heslop (2003) highlights that the concept of inheritance underpins 

the notion that the rock breakdown and the production of weathering forms are historical 

events. Their description includes the understanding of contemporary processes and how 

these function and interact within a historical context defined by the specific spatial and 

temporal conditions (Heslop, 2003). 

Heslop (2003) recommended that the investigations of weathering processes and forms 

should be seen as the product of a series of spatially and temporally integrated mechanisms. 

A review of spatiotemporal scale issues in weathering studies by Viles (2001) emphasises a 

number of problems in upscaling our understanding of weathering processes to the landscape 
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scale. Many of the potential methods to the crossing of scale boundaries are deep-rooted in 

the interpretation of geomorphic phenomenon as non-linear dynamical systems (Viles, 2001; 

Viles, 2013b). Viles (2001) concludes that weathering systems are complex, self-organising 

systems and that at larger scales, multiple controlling factors come into play of which some 

may not operate at the microscopic scale.  

Viles (2001) explored the issue of scale linkage in weathering studies. She raised four points:  

1. Are there characteristic spatio-temporal scales of weathering landform and 

processes?  

2. Are the scales of process observation the same as process operation? 

3. How can scale linkage in process-form observations across different spatio-temporal 

scales be achieved? 

4. How do different scales of processes and forms interact to produce weathering and 

associated landforms? 

 

Viles (2001) suggested several approaches to tackle these issues. Rock breakdown in arid 

environment contributes to both landscape and landform development at a variety of scales 

(Fig 1.1). Nevertheless, weathering research has focussed on micro- to mesoscale forms 

because it is more difficult to assess the role of rock breakdown in landscape change 

compared to small scale rock breakdown features and forms (Goudie and Viles, 1997).  

Following Viles (2001), Heslop (2003) produced a Stommel diagram to show the perceived 

spatio-temporal distribution of features and landforms commonly linked with rock 

breakdown in the arid environment. Fig 1.1 links the spatio-temporal distribution of 

landforms and features to the rock surface continuum (Heslop, 2003). These two ideas can 

be linked to accentuate that the small features developing on rock surfaces are the result of 

the processes of weathering and erosion driving the debris cascade and moving rock bodies 

through the debris continuum (Heslop, 2003). Ultimately, debris is produced by the 

reduction of rock bodies (Heslop, 2003). This contributes to the production of landforms 

comprising debris accumulation, which include slope equiplanation and desert pavements 

(Heslop, 2003).  
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Fig 1.1. Stommel diagram showing the spatio-temporal distribution of landforms and 

features associated with rock breakdown in deserts. This diagram uses colour to link 

landforms and features with processes commonly associated with their formation. This is 

done tentatively acknowledging that form is not indicative of process and that some forms 

may be equifinal in nature. As such, the genetic associations suggested by this diagram 

reflect the prevailing view expressed by researchers from the literature. This diagram also 

illustrates the scales of observation and analytical approaches suitably adapted for the 

investigation of these landforms and features over appropriate spatial and temporal scales. 

From Heslop (2003). 
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1.3.Impact Cratering 

Impact craters are formed when the surface of a planetary body is excavated by the impact 

of a projectile that is travelling with hypervelocity (a speed tens of kilometres per second) 

(Strom and Woronow, 1982; Melosh, 1989). Impact craters provide fundamental 

information about planetary evolution and composition through the excavation of large 

amounts of sub-surface material on inaccessible planetary bodies which can only be 

observed by satellites and telescopes.  On planetary bodies with no tectonic activities impact 

processes provide an external source of energy and heat (Melosh, 1989). 

1.3.1. Stages of crater formation 

The process of impact cratering is a continuous process; however, the crater formation event 

is divided into three stages to reflect the dominant mechanism acting at each stage: 1) 

Contact and compression; 2) excavation; and 3) modification. All three stages affect geology 

and target rock properties which largely depend on qualitative and quantitative parameters 

associated with the incoming projectile and lithology (Melosh, 1989; Simpson, 2015).  

1.3.1.1.Contact and compression 

The first stage of impact cratering process, contact and compression, commences at the 

instant when the leading edge of the moving projectile strikes the target rock surface (Fig 

1.2).  This initiates passage of series of shockwaves through target rocks (Fig 1.2). At the 

immediate moment of contact, the first wave originates from the projectile-target interface 

and propagates through the target rock. The second wave, rarefaction wave, is produced after 

the first shockwave reaches the trailing end of the projectile, it gets reflected forward into 

the projectile (French, 1998; Pickersgill, 2014; Simpson, 2015). 

The point of impact is surrounded by a series of concentric, quasi-hemispherical shock 

zones; each zone has characteristics range of peak shock pressure (Pierazzo and Melosh, 

2000). The peak shock pressure decreases exponentially with the distance from the point of 

impact (Melosh, 1989; Pierazzo and Melosh, 2000). The target rocks at the contact point get 

strongly compressed leading to peak shock pressure exceeding 100 GPa (French, 1998; 

Rosa, 2012). The shock wave generated at the point of impact propagate outward over 

distances of many kilometres into the target rock. As the passage of shock wave increases 

the magnitude of the strength of the target rocks, results in melting, vaporisation, and shock 
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metamorphism of target rocks in the immediate proximity of the point of impact (Melosh, 

1989). 

As the rarefaction wave passes from back to the front end of the projectile, acting as an 

unloading mechanism to the projectile. The immense shock pressures and the associated 

high temperatures from impact are released that can result in complete melting and 

vaporisation of the projectile (French, 1998; Simpson, 2015). The end of contact and 

compression stage is marked by complete unloading of the projectile and transfer of 

rarefaction wave into target rocks. (Osinski and Pierazzo, 2012; Pickersgill, 2014; Simpson, 

2015). The entire contact and compression stage usually lasts for 10-3 to 10-1 seconds for 

most of the impact events (French, 1998). This depends on projectile’s composition, size 

and initial velocity (Melosh, 1989).  

1.3.1.2.Excavation  

Excavation stage begins at the immediate end of the contact and compression stage. During 

the excavation stage, a quasi-hemispherical shock wave radiates in all directions from the 

point of impact and propagates through target rocks (Fig 1.2) (French, 1998; Osinski and 

Pierazzo, 2012). The passage of the shock and rarefaction waves through target rocks cause 

loosening and mobilisation of rock material (Osinski and Pierazzo, 2012). An initial transient 

cavity with a diameter of several times compared to that of the projectile is excavated during 

this process (Melosh, 1989). This transient cavity is lined with melt and shocked rocks 

produced during impact (French, 1998). During this stage, vaporised rock material expands 

outward in a plume; some melted and fractured material is either ejected or displaced out of 

the crater, deforming the adjacent rocks, uplifting the surface near the crater rim and 

infiltrating the rocks located beneath the crater (Rosa, 2012). The ballistically ejected rocks 

beyond the transient crater rim during excavation forms the continuous ejecta blanket 

(Osinski and Pierazzo, 2012). The excavation stage lasts seconds to minutes depending on 

the size and type of the crater (Osinski and Pierazzo, 2012). As the energy of shock wave 

dissipates to the point when they no longer have enough energy to displace target rocks, 

marks the end of excavation stage (Melosh, 1989).  

1.3.1.3.Modification 

The modification stage is the last stage in impact cratering process. It consists of all processes 

that affect the impact structure after the excavation stage. After the transient crater has been 

completely excavated, the modification stage begins (Fig 1.2). During this stage, the 
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transient crater is modified by gravitational forces (French, 1998). The modification due to 

gravitational forces is mainly dependent on the size of the transient cavity, the properties of 

the target rock, and the gravity of the impacted body (Melosh, 1989; Osinski and Pierazzo, 

2012). In small craters on Earth (<2-4 km), this results in slumping of debris from the crater 

wall and filling the bottom of the crater floor (Melosh, 1989). In larger craters, rebound of 

the transient crater floor results in the formation of a central uplift, while the steep walls of 

the transient cavity undergo gravitational collapse forming slump terraces on the walls 

(Melosh, 1989). Modification continues for several years and has no marked end. The 

gravitational processes which govern the modification of the crater slowly merge into 

endogenic surficial processes such as erosion and deposition (French, 1998; Osinski and 

Pierazzo, 2012). 
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Fig 1.2. Six views of simple crater formation (generic and schematic). Projectile penetrates 

the surface and generates a shock wave. A transient crater begins to grow as excavation 

begins. The transient crater reaches its maximum depth before reaching its maximum radius. 

When excavation is complete, any remaining debris on the crater walls slump inward to form 

a breccia lens. Melt will be distributed in the ejecta and any material that falls back on top 

of the breccia lens. If the crater-forming event is energetic enough, then melt will also be 
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incorporated into the breccia lens. (Illustration from an educational poster, Geological Effects 

of Impact Cratering, David A. Kring, NASA Univ. Arizona Space Imagery Center, 2006). 

 

1.3.2. Types of craters 

Impact craters are categorized into three types based on size and morphology: (1) Simple 

Craters; (2) Complex Craters; (3) Multiring basins. The size and morphology of the crater 

formed during an impact event depend on the amount of energy released due to impact which 

is related to the size and composition of the projectile, and gravity of the planetary body on 

which impact event takes place (Melosh, 1989; French, 1998). The lower the gravity, the 

larger the size transition from simple to complex crater. On the Moon, the transition from 

simple to the complex crater is at ~20 km (diameter) compared to 4-5 km on Earth (French, 

1998). The structural and geological characteristics of impact crater and kind of impactites 

produced mainly depends on target rock properties (Simpson, 2015). 

1.3.2.1.Simple craters 

Simple Craters are bowl-shaped depressions with a diameter of less than a few kilometres; 

they tend to have the shape and dimensions of the original transient cavity. On Earth, simple 

craters range from 1-4 km in diameter (French, 1998; Osinski and Pierazzo, 2012). These 

types of craters lack central uplifts and rings. Simple craters are slightly modified after a 

transient crater is formed by minor collapse of upper crater walls in the crater cavity and by 

infill of ejected rocks in the crater (French, 1998; Osinski and Pierazzo, 2012). During 

modification stage, the simple crater gets filled with the allochthonous impactites which 

consist of a thin breccia lens of both shocked and unshocked material, and a mixture of 

shock-melted rocks and fallback ejecta and debris slumped from the crater walls and rim 

(French, 1998; Osinski and Pierazzo, 2012). The target rocks beneath the crater floor get 

fractured and brecciated but are usually not displaced during impact (French, 1998; Grieve 

and Therriault, 2013; Kenkmann et al., 2014). Meteor Crater in Arizona is the most famous 

example of a simple crater on Earth. 

1.3.2.2.Complex craters 

Complex Craters on Earth have diameter >4 km and generally characterised by a central 

uplift, flat floor, and extensive inward collapse around the rim. (French, 1998; Osinski and 

Pierazzo, 2012). With the increase in the size of the complex crater, the central uplift region 
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becomes a series of concentric alternating rings and basins  (French, 1998). During the 

formation of central peaks, the rim of the structure may experience collapse along concentric 

faults (French, 1998; Osinski and Pierazzo, 2012). This creates a ring graben. The final shape 

of complex crater consists of a central uplift, an annular trough and an outer rim (French, 

1998; Osinski and Pierazzo, 2012; Rosa, 2012).   

The crater is infilled with both shocked and unshocked target rocks; fallback ejected rocks, 

non-continuous melt bodies, and continuous melt sheets (French, 1998; Osinski and 

Pierazzo, 2012). The rocks beneath the crater floor are fractured and brecciated and may 

contain intrusions or dykes of allochthonous material from crater wall or frictional melt 

material known as pseudotachylite (French, 1998; Osinski and Pierazzo, 2012). The amount 

of impact melt produced and distributed in complex craters depends on the target rock 

composition, fluid saturation, and impact projectile parameters (French, 1998; Osinski and 

Pierazzo, 2012).  

1.3.2.3.Multiring structures 

Multi-ring impact structures can reach up to 1000 km in diameter and are uncommon on 

Earth. These impact structures are characterised by alternating uplifted rings and low-lying 

and faulted basins (French, 1998; Osinski and Pierazzo, 2012). Multi-ring basins are found 

on the surface of other terrestrial planets and the moon where these structures are preserved 

due to the lack of tectonic activities and erosion (Osinski and Pierazzo, 2012).  

 

1.4. Impact cratering and rock breakdown on Mars 

During the early history of Earth and Mars, the rate of impact was very high (Wetherill, 

1975). More than 350,000 impact craters with a diameter ≥1 km have been documented on 

Mars (Robbins and Hynek, 2012). A range of impacted rocks or impactites are expected to 

be present in craters on Mars. Osinski and Melosh (2004) suggested that a diverse range of 

impactites should also be expected on Mars, given the role of volatiles in the generation and 

deposition of ejecta (Weiss and Head, 2014). During the last two decades, unmanned 

missions roving the surface of Mars as well as orbiters have confirmed the detection of 

impactites such as impact breccia (Hayes et al., 2011), lithic impact breccia (Squyres et al., 

2012), impact melt breccia (Squyres et al., 2012; Arvidson et al., 2014), impact spherules 
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and tektites (Newsom et al., 2014; Kah, 2015), impact melts and glasses (Schultz and 

Mustard, 2004) as well as fractured target rocks.   

The surface of Mars is dominated by rocks of basaltic to andesitic composition (Chevrier 

and Mathé, 2007; Carr and Head, 2010). Sedimentary outcrops of evaporitic and basaltic 

composition have been found at the Opportunity and Curiosity rover landing sites 

(Grotzinger et al., 2005; Grotzinger et al., 2014). Float rocks ranging in size from cobble to 

boulder have been observed on Mars (Sharp and Malin, 1984; Ward et al., 1999; Sullivan et 

al., 2007; Smith et al., 2009; Clarke, 2011; Williams et al., 2013).  

It is possible that Earth and Mars undergo similar breakdown processes (Burns, 1993; 

Thomas et al., 2005), but in conditions clearly different (Catling and Leovy, 2006). Frost 

weathering (Matsuoka and Murton, 2008), thermoclasty (McFadden et al., 2005), haloclasty 

(Doehne, 2002), wetting and drying (Hall and Hall, 1996), and diverse aeolian and fluvial 

processes (Bourke and Viles, 2007) are identified as chief physical breakdown processes on 

Earth. Many of these processes may be acting on Mars as well.  

The long-term evolution of Martian water cycle (Bibring et al., 2006; Clarke, 2011) has led 

to a secular change in rock breakdown processes on Mars throughout its geologic history 

(Chevrier and Mathé, 2007). The earliest epochs in Martian geologic history are 

characterised by neutral to alkaline water dominated erosion and weathering (Bibring et al., 

2006). As water became scarcer and its activity transient, the environment was subject to 

more acidic sulfate-dominated (McLennan and Grotzinger, 2008) chemical and physical 

weathering. In the most recent time a very slow physical processes in cold and bone dry 

conditions, assisted by aeolian activity (Chevrier and Mathé, 2007), solar insolation (Eppes 

et al., 2015), and moisture-driven processes such as frost-thaw and/or acid fog dominate 

(Chevrier and Mathé, 2007; Clarke, 2011). 

There is considerable evidence suggesting that some types of weathering process may be 

currently taking place (Burns and Fisher, 1993; Bridges et al., 2004; Thomas et al., 2005) on 

Mars. Physical weathering is the major, non-tectonic mechanism for the rock breakdown on 

Mars (Jagoutz, 2006; Eppes et al., 2015). Most of the rock surfaces observed at various 

landing sites appear to have been abraded mechanically rather than broken down by chemical 

weathering. Noachian (  ̴4.1-3.7 Gyr) Martian surfaces have undergone chemical weathering 

(Carr and Head, 2010; Ehlmann and Edwards, 2014) which may not be very efficient on 

present day Mars. There has been active aeolian processes, in addition to dune forms (Bourke 
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et al., 2010; Hobbs et al., 2010), resulting in rock abrasion features such as ventifacts and 

other small scale feature. 

During the Noachian period (approx. 4.1 to 3.7 billion years ago), Mars possessed an 

atmosphere about as dense as Earth's, but most of it was lost to space due to solar wind and 

ultraviolet rays. The early climate of Mars was suitable to support chemical weathering 

(Zolotov and Mironenko, 2016). Spectroscopic data from orbiters and in-situ analysis by 

landers and rovers have detected secondary alteration minerals of rocks on Mars (Ehlmann 

and Edwards, 2014; Table 1). Bibring et al. (2006) use data from the OMEGA Visible and 

Infrared Mineralogical Mapping Spectrometer on board the Mars Express identified 

secondary alteration minerals such as phyllosilicates, sulfates, carbonates and oxides. 

Ehlmann and Edwards (2014)  found evidence of hydrated silicates such as clay minerals 

are widespread in the Noachian crust of Mars or in locations where Noachian crust is 

exposed due to impact event. The Martian history has been characterised by three dominant 

process: a non-acidic aqueous alteration responsible for producing clay-bearing 

phyllosilicates in Noachian (~4.1-3.7 Gyr); the Hesperian (~3.7-3.1 Gyr)  was dominated by 

an acidic aqueous alteration, producing sulfate minerals such as Jarosite, anhydrite, gypsum, 

and kieserite; from the end of this period to the present an atmospheric aqueous alteration 

producing iron oxides (Bibring et al., 2006). 

A question currently under discussion for Mars is whether the aqueous alteration processes 

occurred episodically or were sustained over periods sufficiently long to sustain habitable 

environment on Mars (Des Marais et al., 2008). Understanding the nature and rate of 

weathering can help answer this question and constrain the past climate on Mars and perhaps 

contribute to the early “warm and wet” (Carter et al., 2015) versus “cold and icy” (Fairén, 

2010) climate debate (Palumbo and Head, 2017; Ming et al., 2008). Viles et al. (2010) ran 

Mars weathering simulations for 12 days on basalt and found that rocks with stress history 

will deteriorate due to thermal cycling in present-day Mars conditions. They report no 

change in rock strength for rocks that were not pre-stressed. 

Noachian craters are widespread on Mars. Cratering events during Noachian would have 

produced an enormous amount of impactites consisting of shocked crystalline minerals and 

impact glasses (Boslough, 1991; Schultz and Mustard, 2004). Our understanding of impact-

induced modification and activation processes on subsequent weathering is limited on Mars. 

Most of the cratering of terrestrial and Martian surface occurred during the period of early 
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bombardment in the solar system, and therefore, these rocks have been exposed for billions 

of years to the weathering environment on Mars. Several studies have reported that most of 

the hydrous alteration minerals (i.e. phyllosilicates) on Mars are associated with impact 

craters and old cratered terrain (Tornabene et al., 2013; Ehlmann and Edwards, 2014; 

Loizeau et al., 2015; Carter et al., 2015). This suggests that the crater landforms housed 

lacustrine environments, where enhanced hydrological processes would have been in 

operation. These impact shock processes and the impact gardening of surface material on 

Mars have been the dominant process that contributed to the evolution of chemical, 

mineralogical, and physical properties of the Martian regolith (Boslough, 1991; Knauth et 

al., 2005) 

 

1.5. Effect of impact inheritance on rock breakdown 

There are 190 confirmed impact structures on Earth (Fig 1.4) (Earth Impact database). 

Terrestrial impact structures are usually poorly preserved and continually erased from rock 

records due to progressive erosion, volcanic resurfacing and dynamic plate tectonic activity 

(Grieve and Pesonen, 1992; Grieve and Robertson, 1979; Goudie and Viles, 2012; Grant and 

Schultz, 1993a; Grant and Schultz, 1993b; Hergarten and Kenkmann, 2015). However, on 

other planetary surfaces (e.g., Moon and Mars), where erosion and tectonic activity is 

currently limited or absent, abundant and well-preserved craters and impact basins are 

widespread  (Werner, 2008; Robbins and Hynek, 2012). Impact craters are very common on 

Mars (Fig 1.5); in fact, more than 350,000 impact craters with diameter ≥1 km have been 

documented on Mars (Robbins and Hynek, 2012).  
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Fig 1.3. Spatial distribution and sizes of craters formed on the early Earth, from (Marchi et 

al., 2014). Mollweide projections of the cumulative record of craters at four different times. 

Each circle indicates the final crater size estimated from the transient cavity size from 

(Marchi et al., 2014) simulation and a conservative estimate for the transient-to-final crater 

size scaling. The colour coding indicates the time of impact. The smallest projectiles 

considered have a diameter of 15 km and an estimated impact velocity of ~16 and ~25 km/s 

before and after 4.15 Ga, respectively, and a most likely impact angle of 45°. 

        

Fig 1.4.  Location of confirmed impact craters on the Earth (Earth Impact Database). The 

size of the circle represents the diameter of the crater and colour of the circle shows the age. 
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The world map is in equirectangular projection. This map is a modified version of the map 

produced by Lee (2018). 

 

 

Figure 1.5. The distribution of impact craters on present-day Mars. Salamunićcar et al. 

(2012) catalogued 132, 843 Martian impact craters manually and using crater detection 

algorithms. These crater range in diameter from 0.46 to 783.5 Km.  

 

The formation of impact craters is an instantaneous event that has a catastrophic effect on 

the geology at regional and sometimes global scales because the energy released during the 

process is much higher than any endogenic geological processes such as volcanic explosions, 

earthquakes, or the slow movements of plate tectonics (French, 1998; Kenkmann et al., 

2014). During an impact cratering event, a tremendous amount of target rocks are excavated 

due to impact fragmentation and spallation (Melosh, 1989; Senthil Kumar et al., 2014), 

creating freshly exposed surfaces as ejecta and crater rim uplift deposits (Osinski et al., 

2011). In addition, larger impact events generate an enormous amount of igneous rocks in 

the form of impact melt rocks and impact breccias (Caudill et al., 2018; Osinski et al., 2018). 

Once emplaced, weathering and erosional processes gradually rework impactites (Stöffler et 

al., 2007), breaking down larger debris and reducing vertical relief (Chapman, 2007). Similar 

to other subaerial rocks, impact rocks and ejecta are affected by mechanical, chemical and 

biological breakdown processes (Thomas et al., 2005). On a heavily impacted planetary 
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surface, impactites (or impact rocks) may undergo a different style and rate of weathering 

compared to non-impacted rocks when exposed to weathering environment (Tornabene et 

al., 2013; Boslough, 1991). Thus, the study of the subsequent breakdown of impactites is 

critically important for our understanding of rock breakdown processes on Early Earth and 

Mars – when the climate was different, and impact rate was much higher than today – and 

present-day Earth and Mars.  

Rock breakdown is responsible for regolith/soil production and plays a vital role in climate 

control via atmosphere-lithosphere interaction, biogeochemical cycling and landform 

evolution on a planetary scale (Goudie and Viles, 2012; Viles, 2013b). A considerable 

amount of literature is available on weathering (Moses et al., 2014; Bland and Rolls, 1998b) 

and references therein) and many studies have been conducted to understand the efficacy of 

weathering in desertic environments (Smith et al., 2005; Warke, 2007; Heslop, 2003; Viles 

et al., 2018; Viles et al., 2010; Viles and Goudie, 2007; Viles, 2005; Goudie et al., 2002; 

Laity and Bridges, 2009; Laity et al., 2001). Rock weathering is a slow process in deserts 

and depends on several factors such as lithology and rock properties, environment and 

microclimate, presence of salt, and stress history  (Cooke et al., 2006; Viles, 2011; Sharma, 

2010; Bland and Rolls, 1998b; Heslop, 2003; Warke, 2007; Viles et al., 2018). In recent 

years a few researchers have emphasised on the effect of stress history (inherited weakness 

from an extended period of past weathering) on subsequent weathering (Warke, 2007; Viles 

et al., 2010; Viles et al., 2018). These studies used simulated pre-stressed rocks (sedimentary 

and crystalline) with different weathering histories and subjected rocks to experimental 

weathering or field exposure trials in arid conditions. They found that pre-stressed rocks 

deteriorate faster than un-stressed rocks. Moreover, the nature of pre-stressing has a 

significant effect on the rate of breakdown (Warke, 2007; Viles et al., 2010; Viles et al., 

2018). However, no attempts to study the effect of heterogeneities and deformation caused 

by the impact process on subsequent weathering have been made to date.  

The impact metamorphism processes and their effects differ in non-porous crystalline target 

rocks in comparison to porous sedimentary rocks (Kieffer, 1971b; Cockell and Osinski, 

2007; Osinski, 2007; Singleton et al., 2011; Stöffler et al., 2018). In particular, no detailed 

study has been undertaken to explore the role of impact metamorphism on subsequent style 

and rate of rock breakdown. 
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Fig 1.6. Peak shock pressure contours in the plane of impact (i.e., the plane perpendicular to 

the target surface that includes the projectile’s line of flight) for a series of three-dimensional 

hydrocode simulation, at various impact angles. The dashed black line represents the isobaric 

core. The projectile, 10 km in diameter, is shown for scale. Vectors illustrate the direction 

of impact. From Pierazzo and Melosh (2000). 

 

During an impact event, a quasi-hemispherical shock wave travels radially in all directions 

through the target rocks at supersonic velocities (French, 1998; Pierazzo and Melosh, 2000; 

Stöffler et al., 2018). The amplitude of the shock decays exponentially with the radial 

distance from the point of impact due to the consumption of energy in causing deformations 

(Fig 1.6) (French, 1998; Pierazzo and Melosh, 2000; Kenkmann et al., 2014). This is 

translated into more intense shock-related deformation and melting of target rocks 

extensively beneath and around the impact crater compared to those located at a far distance 

(Pierazzo and Melosh, 2000; Kenkmann et al., 2014). In the case of porous rocks like 

sandstone, this effect is more pronounced (Kieffer, 1971b; Kieffer et al., 1976b). The 

resultant rock characteristics are influenced by a complex set of processes that involve shock 

wave, temperature, pressure and original target rock properties (Gillet and Goresy, 2013). 

Impact cratering generates transient strain rates due to the passage of shock wave through 
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the target rocks may reach 104-106 s-1, well outside the magnitude of standard geological 

processes by order of 107-1012 (French, 1998). Shock pressure of several gigapascals can 

exceed the effective strength of target lithology by three to four orders of magnitude leading 

to melting, vaporisation, shock metamorphism, fracturing and fragmentation of rocks as well 

as deformation and high-pressure mineral phase transformations (Melosh, 1989; Grieve and 

Therriault, 2013; Kenkmann et al., 2014). There is also a large volume of rocks in impact 

craters that show no sign of shock metamorphism and plastic deformation but are deformed 

at the sub-shock level by brittle fracturing mechanisms (Kieffer, 1971a; Madden et al., 2006; 

Kenkmann et al., 2014; Rae et al., 2017). The brecciation and fracturing due to impact results 

in a decrease in density of target rocks at the impact site and surrounding ejecta blanket, 

causing a gravity anomaly (French, 1998; French and Koeberl, 2010). Impact processes 

induce a wide range of fracture systems such as radial, concentric and conical fractures and 

decompression cracks (Kumar, 2005; Kumar and Kring, 2008; Newsom et al., 2013; Wright, 

2013). These fractures and microcracks will increase secondary porosity and affect total 

porosity and permeability of the rocks. The role of micro-fracturing as a control on the 

moisture flux in rocks is held to be important in subsequent rates of rock breakdown (Sousa 

et al., 2005; Anders et al., 2014). However, this is not well understood in any environment.  

Naturally occurring distinct diagnostic mineral deformation features related to impact shock 

waves such as planer fractures, planar deformation features, feather features, toasting, 

mosaicism, kink bands, high-pressure mineral phase transformations and impact shock 

melting at various shock pressures are well documented in the literature (French and 

Koeberl, 2010; Ferrière and Osinski, 2013; Stöffler et al., 2018), and assigned shock pressure 

levels by calibrated laboratory experiments (Kieffer, 1971b; Shipman et al., 1971; Kieffer et 

al., 1976a). What has not been investigated is the role of these features on subsequent 

weathering of rocks. 

During impact, porosity, permeability and density can dramatically change depending on the 

energy released during impact and target lithology as well as the location of the rock from 

the point of impact (Kieffer, 1971b; Cockell and Osinski, 2007; Singleton et al., 2011). For 

crystalline rocks, a nonlinear but clear correlation can be found between decreasing density 

and increase shock pressure caused due to fracturing, vesiculation and differential mineral 

melting (Singleton et al., 2011). In case of porous sedimentary rocks density increases due 

to pore collapse at low shock pressure levels (<10 GPa) and decreases as shock pressure 

increases (25 > P > 10 GPa) due to vesiculation and formation of glasses (Kieffer, 1971a; 
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Kieffer, 1971b). At lower shock pressure (<10 GPa) sandstones are weakly lithified due to 

comminution and fracturing of grains but become strongly lithified or cohesive due to the 

formation of glasses and melts that weld mineral grains at higher shock pressure (>10 GPa) 

(Kieffer, 1975). 

Low shock pressures (<10 GPa) cause pore collapse in sandstone whereas high shock 

pressures (25 > P > 10 GPa) can produce vesiculation (Kieffer, 1971a; Kieffer, 1971b; 

Cockell and Osinski, 2007). At even higher shock pressures (>30 GPa) the porosity is 

reduced as minerals recrystallise from the melt (Cockell and Osinski, 2007). If impact rocks 

are subject to longer-term heating and annealing during crater cooling, the porosity and 

permeability will be affected further. For highly porous substrates (such as sandstones), more 

of the impact energy is taken up in pore collapse resulting in lesser solid state transformations 

and higher post-shock temperatures than a similar impact into non-porous crystalline target 

lithology (Kieffer, 1971b; Madden et al., 2006). In crystalline rocks, porosity increases with 

an increase in shock pressure levels (Singleton et al., 2011). This is caused due to fracturing 

and differential mineral melting during the passage of the shock and subsequent rarefaction 

wave (Singleton et al., 2011). 

In addition to shocked target rocks in crater wall and ejecta blanket, complex impact 

processes produce produces a range of impact melt rocks and impact breccias. Complex flow 

and ejection processes mix rocks belonging to different shock levels to produce breccias 

(French, 1998; Grieve and Therriault, 2013; Kring, 2017). At higher shock pressures (>50 

GPa) during hypervelocity impact, protolith target rocks are consumed by melting processes. 

These melt rock materials solidify to form impact melt rocks (Osinski et al., 2018). These 

materials are distributed within and around the crater. A range of impactites such as shocked 

target rocks, impact melt rocks, impact breccias, impact melt-bearing breccias, and tektites 

are usually found at impact sites. Impactites are classified into autochthonous, 

parautochthonous and allochthonous based on origin and current location at the impact site. 

Allochthonous impactites are further classified into proximal and distal based on distance 

from the impact site. A detailed classification of impactites can be found in Stöffler et al. 

(2007) and Grieve and Therriault (2013). 

Over the past few decades, a number of studies have proposed different classification system 

to assign different levels to shocked rocks with different stages of shock metamorphism 

(Kieffer, 1971b; Kieffer et al., 1976a; Osinski, 2007; Singleton et al., 2011).  These 
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classifications are based on presence or absence of diagnostic shock effects in rocks and 

minerals. Since the behaviour of shock waves varies in porous sedimentary rocks and non-

porous crystalline rocks, different classification schemes are used (Stöffler et al., 2018). A 

detailed and updated shock classification of silicate rock can be found in Stöffler et al. 

(2018).   

Newsom et al. (2013) and Wright (2013) reported a unique style of rock breakdown 

associated with decompression cracks in impacted basalt at Lonar Crater, India. Natural 

silicate glass is susceptible to accelerated dissolution than their crystalline counterparts 

(Wolff-Boenisch et al., 2006). Since, impact generated glasses have a different texture, 

density and structure (French and Koeberl, 2010), they may weather/alter differently. The 

structural defects, deformations and change in surface area of minerals makes shocked rocks 

more susceptible to chemical weathering than unshocked rocks (Boslough and Cygan, 1988; 

Bell, 2017). Moreover, microstructures and defects in minerals generated during impact 

shock (e.g. Planar Fractures, Planar Deformation Features, mosaicism, microfractures) can 

provide permeable pathways for fluid circulation leading to chemical weathering (Leroux, 

2005; Furukawa et al., 2011). Increasing shock pressures also cause devolatilization in 

minerals (Madden et al., 2006), which may affect the response of rocks to thermal 

weathering (Farquharson et al., 2017). Environmental conditions and heterogeneities in rock 

properties exert an important control in rock breakdown. Earlier studies have demonstrated 

that pore geometry affects rock susceptibility to weathering and controls the intensity of 

weathering (Tuǧrul, 2004). 

In this thesis, I explore the effect of low shock deformation and heterogeneities produced 

due to melting and brecciation on the subsequent breakdown of impactites. To investigate 

this, I conducted a physical weathering experiment in simulated semi-arid conditions on 

impactites and performed a field survey at Meteor Crater in Arizona. This thesis advances 

the field of rock breakdown by providing insight into the influence of impact processes on 

subsequent rock breakdown processes. This work also provides insight into the fundamental 

mechanisms affecting the degradation of impact craters on planetary bodies. 

 

1.6. Themes of the thesis and outline  

This thesis contains 6 chapters. Chapter 1, this chapter, is an introduction to the thesis. 

Chapter 2 and 5 contains laboratory analysis and literature review of relevant topics. Three 
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of these chapters consist of one published paper (Chapter 4) and two manuscripts prepared 

(Chapter 3 and 5) for submission to peer-reviewed journals. Because these chapters were 

prepared as individual manuscripts, they each contain variably comprehensive introductions 

as well as self-contained conclusions. Chapter 6 contains a synthesis of the principal findings 

from Chapter 2-5 placed in the broader context of the aims of this thesis.  The thesis 

concludes with a number of suggestions for further work in the field.  

In this thesis, I explore the effect of impact processes on rock breakdown in terrestrial semi-

arid conditions. Specifically, this thesis investigates subsequent breakdown of low impact 

shocked sandstone. Also, a small number of low-shocked crystalline rocks, impact melt 

rocks and impact breccias were studied to compare the difference in lithology of impactites 

on rock breakdown. To address these questions, I undertook a laboratory and field-based 

approach to study the breakdown of impactites. This thesis has five central aims: 

1. To characterise petrographic properties of impactites (Chapter 2). 

2. To explore the effect of impact-generated heterogeneities and discontinuities on the 

subsequent weathering of impactites (Chapter 3). 

3. To develop a method to generate sub-mm resolution topographic data of rock 

surfaces at Meteor Crater site for investigation of rock breakdown features (Chapter 

4). 

4. To investigate the effect of low-impact shock on nature of breakdown of Sandstone 

(Chapter 5). 

Chapter 2 provides a summary of the impact cratering process. The chapter focuses on the 

mechanism of crater formation, the morphology of crater, impactites and its classification, 

and shock metamorphism. This chapter also contains petrographic analysis and description 

of samples used in this research. I presented the petrographic analysis of low shocked 

Moenkopi and Coconino Sandstone from Meteor Crater (Arizona), low shocked crystalline 

rocks, impact melt rocks and impact breccias from West Clearwater impact structure 

(Canada), and suevite or impact melt-bearing breccia from Ries Crater (Germany) in this 

chapter. These samples were analysed using optical petrographic microscopy, scanning 

electron microscopy, and powder X-ray diffraction techniques. 

Chapter 3 presents the first physical weathering experiment conducted on impactites. This 

chapter explores the effect of impact-generated heterogeneities and discontinuities on the 

subsequent weathering of impactites.  In order to better understand the role of low-shock 
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inheritance on rock breakdown, a rock breakdown experiment was conducted in a simulated 

environmental cabinet under conditions similar to terrestrial semi-arid conditions. I cycled 

temperature (-2 to 35 °C) and relative humidity (13-45%) lasting 8 hours for 13 days. 

Impactite samples included low shocked sedimentary and crystalline rocks, impact melt 

rocks and impact breccias. The detailed petrographic properties of these samples are 

described in chapter 2. A combination of techniques (petrographic microscopy, XRD, SEM, 

X-ray computed tomography, Equotip, photographic monitoring, and weighing) was used to 

characterise the rock samples relative to unshocked rocks, and to assess the shock related 

changes before and after the experiments. The low shocked sedimentary rocks show a 

decrease in porosity by 38% (Coconino sandstone) and 88% (Moenkopi sandstone) 

compared to unshocked counterparts. Macrofractures of 0.1-0.2 mm and microfractures 0.1-

5 µm in aperture are observed in all types of impactites. The experiment results show that 

impactites exhibit an accelerated decline in strength compared to non-impacted control 

samples. However, rock type and impact deformation history are important in controlling 

the rate of deterioration. 

In contrast to previous chapters, Chapter 4 presents a new method to generate sub-millimetre 

resolution digital elevation models (DEMs) of weathered rock surfaces using SfM 

photogrammetry technique in the field. I apply a close-range structure from motion (SfM) 

photogrammetry-based method in the field and use it to generate high-resolution topographic 

data for weathered boulders and bedrock. The method was pilot tested on extensively 

weathered Triassic Moenkopi sandstone outcrops near Meteor Crater in Arizona. Images 

were taken in the field using a consumer grade DSLR camera and were processed in 

commercially available software Agisoft Photoscan to build dense point cloud. Dense point 

clouds were registered to a local 3D coordinate system (x, y, z) which was developed using 

a specially designed triangle coded control target and then exported as digital elevation 

models (DEMs). The accuracy of the DEMs was validated under controlled experimental 

conditions. A number of checkpoints were used to calculate errors. I also evaluated the 

effects of image and camera parameters on the accuracy of our DEMs. I report a horizontal 

error of 0.5 mm and vertical error of 0.3 mm in our experiments. My approach provides a 

low-cost method, for obtaining very high-resolution topographic data on weathered rock 

surfaces (area < 10 m2). The method developed in this chapter is applied in the field to collect 

topographic data for Moenkopi sandstone at Meteor Crater for chapter 5.    
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In chapter 5, I investigated the effects of low impact shock on subsequent nature of 

breakdown of Moenkopi Sandstone by undertaking a comparative field study between low 

shocked Moenkopi Sandstone crater wall rock and ejecta on the rim and unshocked boulders 

and bedrocks present at the control sites. I used the Schmidt Hammer to collect rock hardness 

data and SfM method developed in chapter 4 to generate high-resolution DEMs of Moenkopi 

sandstone at Meteor Crater and Control sites. The DEMs generated was analysed using a 

range of areal surface roughness parameters and morphometric geomorphic feature 

classification. I found no statistical significant difference in terms of rock hardness, 

roughness and morphometric geomorphic features between low-shocked and unshocked 

Moenkopi Sandstone. However, a statistical significant difference in terms of rock hardness, 

roughness and morphometric features at multiple scales between N and S-SW facing crater 

wall slopes for Moenkopi Sandstone at Meteor Crater was found. This indicates that low-

shocked generated deformation combined with aspect related microclimatic variations are 

responsible for weathering of Moenkopi sandstone at Meteor Crater. 

Chapter 6 is a synthesis of the findings from the research presented in the chapters 2-6 of 

this thesis and the wider implications of the new findings to the field of rock breakdown in 

the arid environment. The broader implication of this research on early Earth and Mars is 

also discussed. Finally, some suggestions for future work stemming from the findings 

presented and challenges faced in the research are discussed. 

 

1.7. Author Contributions 

The four core chapters of this thesis consist of one published manuscript (chapter 4) and two 

manuscripts prepared for submission (chapter 3 and 5) to peer-reviewed journals. 

Additionally, there is one thesis chapter (Chapter 2). Also, a published manuscript on the 

application of method developed in chapter 4 is included in Appendix 1. I am the lead author 

of all these manuscripts in this thesis and second author of the manuscript in the appendix 1. 

I solely conducted field, laboratory and experimental work in this thesis. Dr Mary C. Bourke 

provided supervision, financial support and contributed through guidance, discussion and 

editing of all chapters of this thesis. All the manuscripts in this thesis are multi-authored and 

details of author contribution are expanded on below. 

The publication status and a list of co-authors is presented at the outset of each chapter. The 

contribution from the co-authors is expanded below.  
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Chapter 2: Petrographic properties of Impactites 

Author: Ankit K. Verma 

Status: Thesis chapter 

Contribution: A.K.V. conducted all the analytical analysis in this chapter. Juan Diego 

Rodriguez-Blanco advised A.K.V. on X-ray Diffraction analysis methods. A.K.V. collected 

samples from Meteor Crater (Arizona). Gordon R. Osinski provided West Clearwater Impact 

structure (Canada) samples. Mary C. Bourke provided samples from Ries Crater (Germany). 

A.K.V. wrote this chapter with editorial feedback provided by J.D.R.B. and editing by MCB. 

Chapter 3: The effect of impact-generated heterogeneities and discontinuities on the 

subsequent weathering of impactites: insights from laboratory experiments 

Authors: Ankit K. Verma, Mary C. Bourke, Heather A. Viles, Gordon R. Osinski, Juan 

Diego Rodriguez-Blanco 

Status: Manuscript prepared for submission in a peer-reviewed journal 

Contribution: A.K.V. developed the idea of weathering experiments on impactites and 

designed the experiment with input from M.C.B. and H.A.V.  H.A.V. suggested the 

desalination experiment. A.K.V. designed the desalination experiment. A.K.V. conducted 

the weathering and desalination experiments. A.K.V. and M.C.B. collected samples from 

Meteor Crater (Arizona), G.R.O. provided samples from West Clearwater Impact structure 

(Canada), M.C.B. provided samples from Ries Crater (Germany) A.K.V. performed the 

petrographic analysis on all the samples with advice from J.D.R.B. A.K.V. wrote the 

manuscript with guidance, discussion and editing from M.C.B and editorial feedback from 

J.D.R.B and H.A.V.  

Chapter 4: A Structure from Motion photogrammetry-based method to generate sub-

millimetre resolution Digital Elevation Models for investigating rock breakdown features 

Authors: Ankit K. Verma and Mary C. Bourke 

Status: Published in Earth Surface Dynamics  

Contribution: A.K.V. developed the control target and designed the SfM experiment with 

input from M.C.B. A.K.V. collected, processed and analysed field and experimental data. 

A.K.V. wrote the manuscript with guidance, discussion and editing from M.C.B. 

Chapter 5: The effect of low-shock impact deformation on the subsequent breakdown of 

Moenkopi Sandstone at Meteor Crater, Arizona in a semi-arid environment  

Authors: Ankit K. Verma, Mary C. Bourke and David A. Kring 
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Status: Manuscript prepared for submission in a peer-reviewed journal 

Contribution: A.K.V. planned the fieldwork with input from M.C.B. A.K.V. conducted 

fieldwork with assistance from D.A.K. and M.C.B. A.K.V. collected, processed and 

analysed all the data from the field. A.K.V. wrote the manuscript with guidance, discussion 

and editing from M.C.B 

Appendix I: A comparison of Structure from Motion Photogrammetry and the Traversing 

Micro Erosion Meter for measuring erosion on rock shore platforms 

Authors: Niamh D. Cullen, Ankit K. Verma and  Mary C. Bourke 

Status: Published in Earth Surface Dynamics 

Contribution: N.D.C. prepared and wrote the main body of the manuscript with discussion 

and contributions from A.K.V. and M.C.B.  N.D.C.  designed the experiment with input 

from A.K.V. and M.C.B. A.K.V. designed the original coordinate reference system, and 

N.D.C designed the field adapted version with input from A.K.V and M.C.B. N.D.C and 

A.K.V carried out the experiments. A.K.V. processed images and generated the digital 

elevation models. N.D.C. carried out data analysis. A.K.V. and M.C.B reviewed and edited 

the final manuscript. 
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2. Petrographic properties of impactites 

Abstract 

Impact cratering is a ubiquitous process in the solar system and has been a crucial process 

in shaping all terrestrial planets. The impact is an instantaneous process that occurs when a 

projectile travelling with hypervelocity strikes a planetary surface. During an impact event, 

a tremendous amount of energy is transferred to the target rocks through shock pressure 

resulting in shock-related deformation, melting, fracturing and brecciation. Target rock 

properties (e.g. porosity and density) are changed. The rocks produced as a result of an 

impact are collectively known as impactites. In this chapter the petrographic analysis of low 

shocked Moenkopi and Coconino Sandstone from Meteor Crater (Arizona), low shocked 

crystalline rocks, impact melt rocks and impact breccias from West Clearwater Impact 

Structure (Canada), and suevite or impact melt-bearing breccia from Ries Crater (Germany) 

is presented. These samples were analysed using petrographic microscopy, Scanning 

Electron Microscopy, and powder X-ray Diffraction.  

 

2.1. Impactites 

Impactite is the term used to collectively refer all the products formed or affected by impact 

metamorphism processes. The classification of impact rocks is based on their abundance of 

melt and lithic (non-melted) material, and relative location within the structure (Stöffler et 

al., 2007; French and Koeberl, 2010; Simpson, 2015).  

In addition to shocked target rocks in crater wall and ejecta blanket, complex impact 

processes produce a range of impact melt rocks and impact breccias. Complex flow and 

ejection processes mix rocks belonging to different shock levels to produce breccias (French, 

1998; Grieve and Therriault, 2013; Kring, 2017). At higher shock pressures (>50 GPa) 

during hypervelocity impact, protolith target rocks are consumed by melting processes. 

These melt rock materials solidify to form impact melt rocks (Osinski et al., 2018). These 

materials are distributed within and around the crater. A range of impactites such as shocked 

target rocks, impact melt rocks, impact breccias, impact melt-bearing breccias, and tektites 

are usually found at impact sites. Impactites are classified into three main categories based 

on their origin and current location at the impact site: autochthonous, those found in their 

original pre-impact location; parautochthonous which have been moved or brecciated but 
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appear to be in their original place; and allochthonous which originate from beyond their 

current location. Allochthonous impactites are further classified into proximal and distal 

(those within and nearby crater and those further away from the crater, respectively) based 

on distance from the impact site. A detailed classification of impactites can be found in 

Stöffler et al. (2007) and Grieve and Therriault (2013). 

2.2. Shock metamorphism 

The passage of shock waves through target rocks during impact results in shock 

metamorphism in rocks (Ferrière and Osinski, 2013). The shock metamorphism produces 

distinctive and diagnostic shock features in minerals and rocks, which can be used to 

estimate the amount of shock pressure and temperature experienced by the target rocks 

(French, 1998; Stöffler et al., 2007; French and Koeberl, 2010; Osinski and Pierazzo, 2012; 

Stöffler et al., 2018).  

Planar deformation features (PDFs) are sets of straight, closed parallel planar lamellae along 

which glass is typically found. PDFs are often less than 2 µm thick and typically spaced 2 to 

10  µm apart (French and Koeberl, 2010; Ferrière and Osinski, 2013). They are formed most 

commonly in quartz and more rarely in feldspars (French, 1998; French and Koeberl, 2010). 

PDFs form as a result of mechanical shock deformation at a range of pressures, from 5 to 35 

GPa and may contain small decoration by fluid inclusions, sometimes with minerals such as 

hematite, resulting from post-impact aqueous alteration and annealing (French and Koeberl, 

2010). PDFs differ from planar fractures (PFs), which are open planar cracks, often >3 µm 

wide and spaced ~15-20 µm apart, also following crystallographic planes (French, 1998; 

French and Koeberl, 2010; Osinski and Pierazzo, 2012).  

Diaplectic glass also known as thetomorphic glasses, forms by solid-state transformation of 

framework silicate minerals such as quartz and feldspar (French and Koeberl, 2010). These 

glasses are amorphous, optically isotropic, retaining the chemical composition, morphology, 

and texture of the original mineral grain (French and Koeberl, 2010). Diaplectic glasses do 

not show flow textures or vesiculation and are known to preserve grain boundaries, cleavage, 

and twin lamellae of their original mineral grain (French and Koeberl, 2010). Diaplectic 

glasses retain a significant degree of short-range structural order compared to melt glasses 

that have lost their internal ordered atomic arrangements (French and Koeberl, 2010). In 

crystalline rocks, these glasses start forming at 28 GPa for An-plagioclase and 35 GPa for 

quartz compared to more porous sedimentary rocks in which diaplectic glasses begins 
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forming at as low as 5 GPa for quartz (French, 1998; French and Koeberl, 2010; Osinski and 

Pierazzo, 2012).  

Toasted quartz is a post-shock thermal feature. It appears distinct brown-yellow, dirty, 

“toasted” in transmitted light due to the high density of inclusions (Ferrière and Osinski, 

2013). Toasted quartz grains have a high albedo and appear opaque bright white grain in 

hand sample (Simpson, 2015). 

Kink bands in micas are formed during impact and occur at high angles to the direction of 

cleavage (French and Koeberl, 2010; Ferrière and Osinski, 2013). Mosaicism is another 

shock feature that typically occurs in quartz. Mosaicism is an irregular extinction pattern 

patterns seen crystals comprising of several subdomains with different optic axis under 

transmitted light (French and Koeberl, 2010; Ferrière and Osinski, 2013). However, kink 

bands and mosaicism are not diagnostic of impact and are also formed by other geological 

processes (French and Koeberl, 2010).  

Ballen quartz is spherical to the hemispherical texture that is developed in quartz due to post-

shock recrystallisation of higher temperature polymorphs (e.g. α-quartz, α-cristobalite) and 

glasses (French and Koeberl, 2010; Ferrière and Osinski, 2013).  Ballen quartz is believed 

to form at ≥ 35 GPa of shock pressure (Ferrière and Osinski, 2013).  

Shatter cones are macroscopic shock feature that only forms at pressures between 2 and 10 

GPa during impact (French, 1998; French and Koeberl, 2010; Osinski and Pierazzo, 2012). 

Shatter cones are conical, radiating striations forming on fracture surfaces of fine-grained 

sedimentary and fine-crystalline igneous target rocks (French, 1998; French and Koeberl, 

2010).  

Metastable high-pressure polymorphs of quartz are formed due to shock metamorphism. 

Coesite forms at 30-60 GPa and stishovite at 12-45 GPa in crystalline rocks whereas in 

sedimentary rocks they can form between 10-60 GPa (French and Koeberl, 2010; Stöffler et 

al., 2018). They usually occur as inclusions in diaplectic glasses or PDFs (French and 

Koeberl, 2010). Stishovite is the only high-pressure polymorph of quartz that only forms 

during impact (French, 1998; Osinski and Pierazzo, 2012).  
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Fig 2.1. Shock metamorphism in Sandstone. 

 

2.3. Effect of shock on porosity and permeability of sedimentary and crystalline rocks 

During impact, porosity, permeability and density can dramatically change depending on the 

energy released during impact and target lithology as well as the location of the rock from 

the point of impact (Kieffer, 1971b; Cockell and Osinski, 2007; Singleton et al., 2011). For 

crystalline rocks, a nonlinear but clear correlation can be found between decreasing density 

and increase shock pressure caused due to fracturing, vesiculation and differential mineral 

melting (Singleton et al., 2011). In case of porous sedimentary rocks density increases due 

to pore collapse at low shock pressure levels (<10 GPa) and decreases as shock pressure 

increases (>10 GPa, <25 GPa) due to vesiculation and formation of glasses (Kieffer, 1971a; 

Kieffer, 1971b). At lower shock pressure (<10 GPa) sandstones are weakly lithified due to 

comminution and fracturing of grains but becomes strongly lithified or cohesive due to 

formation glasses and melts that weld mineral grains at higher shock pressure (>10 GPa) 

(Fig 2.1) (Kieffer, 1975). 
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Low shock pressures (<10 GPa) causes pore collapse in sandstone whereas high shock 

pressures (>10, <25 GPa) can cause vesiculation (Fig 2.1) (Kieffer, 1971a; Kieffer, 1971b; 

Cockell and Osinski, 2007). At even higher shock pressures (>30 GPa) the porosity is 

reduced as minerals recrystallise from the melt (Cockell and Osinski, 2007). If impact rocks 

are subject to longer-term heating and annealing during crater cooling, the porosity and 

permeability will be affected further. For highly porous substrates (such as sandstones), more 

of the impact energy is taken up in pore collapse resulting in lesser solid-state 

transformations and higher post-shock temperatures than a similar impact into non-porous 

crystalline target lithology (Madden et al., 2006; Kieffer, 1971b). In crystalline rocks, 

porosity increases with an increase in shock pressure levels (Singleton et al., 2011). This is 

caused due to fracturing and differential mineral melting during the passage of the shock and 

subsequent rarefaction wave (Singleton et al., 2011). 

 

2.4. Materials and Methods 

2.4.1. Samples 

Various types of impactites were selected for this study because of their different impact 

history. Thirty-four samples of impactites and non-impacted rocks were selected for the 

analysis (Table 2.1). These rock samples are sourced from Meteor Crater (USA), West Clear 

Water impact structure (Canada), and Ries crater (Germany) (Fig 2.2). These rock samples 

include low-shocked sedimentary and crystalline rocks, impact melt rocks, and impact 

breccias.  
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Fig 2.2. The map showing the location of three impact craters from where rock samples are 

collected. Image source: Blue Marble: Next Generation collected by NASA Terra Moderate 

Resolution Imaging Spectroradiometer (MODIS). 

 

Table 2.1. Summary of the samples analysed in this study. 

Impact 
site/control site 

Location Type of 
impactite/rock 

No. of 
samples 

Unshocked 
control 
sample 

Note 

Meteor Crater Arizona, 
USA 

Coconino Sandstone 
(CS) 

8 2 Unshocked CS 
samples were 
collected from 
Clear Creek 
Reservoir 

Moenkopi 
Sandstone (MS) 

9 2 Unshocked MS 
samples were 
collected along 
Meteor Crater 
road. 

West Clearwater 
Impact 
Structure 

Quebec, 
Canada 

Crystalline impacted 
rock 

3 none These samples 
were collected 
during NASA 
FINESSE mission  

Impact melt rock 6 none 
Impact breccia 3 none 

Ries Crater  Bavaria, 
Germany 

Impact melt-bearing 
breccia or suevite 

1 none  
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2.4.1.1.Meteor Crater Samples: Sedimentary impacted rocks 

Meteor Crater aka Barringer Meteorite Crater is in a relatively low-relief portion of the 

southern part of the Colorado Plateau approximately 55 km east of Flagstaff near the town 

of Winslow in north-central Arizona. Two types of sedimentary rock samples were included 

in this study. These are Permian Coconino sandstone and Triassic Moenkopi sandstone from 

the 50,000 years old 1.2 km diameter Meteor Crater in Arizona (Shoemaker and Kieffer, 

1979; Kieffer, 1971a). Eight impacted Coconino sandstone and nine impacted Moenkopi 

sandstone samples were collected from NW, NE, SE and S crater walls and ejecta blanket 

on the south side of the crater during a field campaign in 2015 and 2017 (Fig 2.3). Non-

impacted varieties of Coconino and Moenkopi sandstone samples were included as control 

samples. Two non-impacted Moenkopi sandstone samples were collected from two sites 

along Meteor Crater road, 5 and 9 km from the Meteor Crater visitor centre in 2016 (Fig 

5.5). Two non-impacted Coconino sandstone samples were collected from Clear Creek 

Reservoir 50 km from Meteor Crater visitor centre in 2016. Freshly broken samples from 

outcrops and float samples were collected wherever possible. Care was taken while 

removing the samples from outcrops; use of hammer was avoided as it can produce fractures 

in the rocks. Impacted samples were named according to Barringer Crater reference 

collection naming convention, so these sample names are used throughout this study. 
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Fig 2.3. Sampling location at Meteor Crater. Image source: USGS. 

 

2.4.1.2.West Clearwater Impact Structure samples: Crystalline impacted rocks, impact 

melt rocks, and impact breccias   

The ~36 km diameter West Clearwater Impact Structure (WCIS) is about 125 km east of 

Hudson Bay in Quebec, Canada (Simonds et al., 1978). WCIS is ~286 Ma old and is 

relatively well preserved with a large ring of islands in the ~30 km diameter lake (Schmieder 

et al., 2015; Osinski and Grieve, 2017). The samples from this crater were collected during 

NASA FINESSE (Field Investigation to Enable Solar System Science and Exploration) 

expedition in 2014 by one of the co-authors. Target lithologies comprise of granitic gneiss, 

granite, tonalite, granodiorite, quartz monzodiorite with later diabase dykes (Simonds et al., 

1978; Phinney et al., 1978; Rosa, 2012; Osinski and Grieve, 2017; Rae et al., 2017). Osinski 

and Grieve (2017) proposed a general stratigraphy of impactites from the bottom to top in 
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the sequence: Fractured basement > Lithic impact breccia > impact melt-bearing breccia or 

suevite > clast rich impact melt rock > clast poor impact melt rock > clast free impact melt 

rock.  

Impacted granite and tonalite samples were collected from around the rim and impact melt 

rocks and impact breccias were collected from ring islands. Samples were named according 

to NASA FINESSE WCIS campaign naming convention, and these sample names are used 

throughout this study. 

2.4.1.3.Ries Crater samples: Impact melt-bearing breccia or suevite 

The ~26 km diameter Ries Crater in western Bavaria, Germany is one of the best-preserved 

terrestrial mid-sized complex impact structures (Pohl et al., 1977). Ries crater was formed 

~15 million years ago in the flat-lying sequence of Mesozoic sedimentary rocks that 

unconformably overlie Hercynian crystalline basement (Pohl et al., 1977; Osinski, 2003; 

Rocholl et al., 2018; Schmieder et al., 2018). Suevite samples from this crater are used in 

this study. The sample came from the repository collection of one of the co-authors, so its 

location in the field is not known.  

2.4.2. Sample preparation 

Polished thin section of 30 μm thickness was prepared for petrographic examination in 

sample preparation laboratory at Department of Geology in Trinity College Dublin. 

Powdered samples were prepared in a mortar and pestle for powder X-ray Diffraction 

analysis.  

2.4.3. Characterisation of samples 

Several Laboratory analysis techniques were used to characterise petrographical properties 

in rock samples. Characterisation of samples was necessary to describe the deformation and 

changes in rock samples due to impact. Samples were assessed to determine compositional 

and textural properties using a combination of qualitative and quantitative techniques such 

as SEM, XRD, petrographical microscopy, X-ray CT. In order to classify each sample into 

a shock pressure class, the shock deformation state of quartz was determined in polished thin 

section under a petrographic microscope. These features are then matched to the published 

classification, and the shock pressure class was assigned to the samples (Kieffer, 1971b; 

Stöffler et al., 2018). These shock levels were assigned based on the presence and absence 

of specific shock features (e.g. PF, PDFs) in quartz and decreasing quartz content in the 

samples due to conversion into high-pressure polymorphs and glass. Quantitative X-ray 
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diffraction was used to determine the high-pressure polymorphs in the samples. The shock 

progression seen in the quartz is similar to other studies (Kieffer, 1971b; Rosa, 2012; Rae et 

al., 2017; Engelhardt, 1997). 

These laboratory analysis methods are described in the following sections. 

2.4.3.1.Quantitative X-ray diffraction (XRD) for identification of mineral phases in 

rock samples 

Quantitative powder X-ray diffraction (XRD) analysis was performed on rock samples to 

identify and measure minerals and their high-pressure polymorphs formed during impact. 

This was necessary to classify rock samples into various shock pressure classes. In addition, 

XRD was used to identify salt species present in the field. 

The Bruker D5000 in Trinity College Dublin has a 2.2 kW Cu long fine focus (0.4 x 12mm 

filament), with the following optical configuration: 2.5° primary soller, 1 mm aperture 

diaphragm, 1 mm scattered radiation diaphragm, no secondary soller, 0.2 mm detector 

diaphragm and a secondary curved graphite monochromator ahead of the scintillation 

counter. A scan of the sample was made from 5 to 70° 2θ at a speed of 2 seconds / 0.02° step 

at 40 kV and 40 mA. Sample rotation was used. This technique was used to determine the 

mineral composition and identify high-pressure polymorphs of quartz in the Moenkopi 

Sandstone. These data allowed us to assign shock pressure class to these samples based on 

abundances of higher-pressure mineral polymorphs. Rietveld refinement was used to 

determine the weight percentage of various mineral phases in the samples. 

The Panalytical X’Pert Pro XRD at Natural History Museum, London was used to analyse 

Coconino sandstone, crystalline impactites, melt rocks and breccia samples. It has a primary 

monochromator and para-focussing optics for high-resolution measurements of Cu radiation, 

with divergence slit 0.25, soller slits 0.02 rad, and an X’celerator solid-state detector. It used 

Bragg Brentano geometry. Data was collected from 3-120° 2θ with a step size of 0.017°, per 

step 100 s at 45 kV and 40 mA. 

Identification of crystalline phases was carried out with the Philips X’pert HighScore 

software in combination with the Powder Data File (PDF-2, The International Centre for 

Diffraction Data (ICDD)). The criteria used for identified minerals are – quartz (Levien et 

al., 1980; Glinnemann et al., 1992), kaolinite (Gruner, 1932; Bish and Von Dreele, 1989), 

muscovite (Brigatti et al., 1998), rutile (Swope et al., 1995), albite (Downs et al., 1994), 

microcline (Bailey, 1969), hornblende (Phillips et al., 1989), prehnite (Žunić et al., 1990), 
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clinochlore (Nelson and Guggenheim, 1993), andesine (Fitz Gerald et al., 1986),  

montmorillonite (Viani et al., 2002), hematite (Maslen et al., 1994), orthoclase (Colville and 

Ribbe, 1968), anorthoclase (Harlow, 1982), sanidine (Phillips and Ribbe, 1973), biotite 

(Brigatti and Davoli, 1990), gypsum (Boeyens and Ichharam, 2002), illite (Drits et al., 2010), 

calcite (Sitepu et al., 2005), and dolomite (Althoff, 1977) . Pattern-matching refinement and 

quantification of percentage of crystalline phases in rock samples were carried out with the 

Rietveld refinement software TOPAS (Bruker and Topas, 2003).  

2.4.3.2.Petrographic examination using Scanning Electron Microscope (SEM) and 

Petrographic Microscope  

A petrographic microscope and SEM were used to analyse and identify the composition and 

impact associated deformation features (e.g., PF, PDFs, microfractures) of the rock. Polished 

thin sections were examined under Nikon Eclipse LV100 petrographic microscope. Grain 

size and sorting analysis for sedimentary rocks were carried out by using the DSG-master 

Matlab tool developed by Buscombe (2013). A Zeiss Axio Imager 2 microscope was used 

to obtain mosaics of thin sections in order to understand the composition and clast-matrix 

relationship of the rocks.   

A Tescan Mira XMU field emission scanning electron microscope (SEM) at the Centre for 

Microscopy and Analysis (CMA) in Trinity College Dublin was used to obtain backscattered 

electron (BSE) images of thin sections of rocks. The SEM was equipped with a KE 

Developments Centaurus system. Thin sections were carbon coated to a thickness of 10 nm 

to allow conductivity. BSE images were obtained at a working distance of 18 mm. Beam 

operating conditions were 20 kV of accelerating voltage and probe current of 10 pA. 

SEM BSE mosaics of size ~50 mm2 were obtained for porosity determination of impacted 

and non-impacted samples (Buhl et al., 2013b). SEM BSE mosaics (~50 mm2) represents a 

significant subsection of the entire thinsection. The area for BSE mosaic was selected 

manually by locating subsection of thinsection that roughly represented the whole 

thinsection. Macrofractures were avoided in the field of view BSE mosaic for estimating 

primary porosity of rock sample in order to avoid any bias in the result.  Porosity in rock 

samples was estimated by quantitative BSE image analysis in freely available software 

Image J following the method used by (Buckman et al., 2017). BSE images have high 

contrast, which enables discrimination between grains and the lowest intensity (or darkest) 

epoxy-filled pore spaces. Images were scaled manually using the pixel scale information in 
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image J. Grey-Scale intensity thresholding was visually applied at the default setting by 

manually adjusting the intensity in order to capture the maximum degree of observed 

porosity in image J. The percentage area of thresholded pore space was measured for 

porosity percentage determination in image J. The grey to black regions in image represents 

pores and white regions in image represents rock substrate (Fig 2.4). Image J calculates the 

percentage of the thresholded area (pore space – grey to back region) by dividing the area of 

grey to black regions by total area of the image. BSE images were also used to quantify the 

microfractures in rock samples. The width and length of the fractures were measured from 

scaled BSE images in image J. Automatic fracture density, and intensity quantification from 

SEM-BSE images is challenging due to the complexity of grey-scale textures of pores, grains 

and cement in comparison to fractures (Gomez and Laubach, 2006; Healy et al., 2017). In 

addition, obtaining cm2 areas of the SEM-BSE mosaic is a time-consuming and expensive 

process. The aperture and length of the fractures were manually measured from BSE images. 

However, quantification of the microfractures intensity and density in impacted samples are 

beyond the scope of this paper.  

2.4.3.3.X-ray Computed Tomography (CT) 

X-ray CT was used to visualise and quantify macro-fractures present in the sample blocks. 

Nikon Metrology HMX ST 225 X-ray CT at Natural History Museum was used to 

characterise the samples. X-ray CT images were acquired at 200 kV and 200 µA using 0.5 

mm copper filter and ultra-focus x-ray head. Approximately 3142 projections were acquired 

at 2 frames per projection by 0.2 mm detector pixel size. X-ray CT scan 2 hours for each 

sample at 0.046 mm voxel size. The scan was reconstructed into 16-bit unsigned raw file 

format, and it took 1.5 hours for each sample. The resolution of 0.046 mm per voxel is the 

best that could be achieved for 5 cm cube rock block with our setup.  

 

2.5. Results and discussion 

In this study, sedimentary and crystalline impactites samples were classified into shock 

pressure classes using XRD, SEM-BSE, and petrographic microscopy observation following 

classification by (Kieffer, 1971b; Kieffer, 1971a; Madden et al., 2006; Stöffler et al., 2018). 

 

2.5.1. Sedimentary impactites 
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2.5.1.1.Coconino Sandstone (CS) 

Unshocked Coconino sandstone: The unshocked CS is pale buff, white, fine-grained, 

saccharoidal, cross-bedded aeolian Sandstone of average porosity ~20% (Kieffer, 1971a). 

Detrital quartz grains in the sandstone are generally well rounded, well-sorted, and, have an 

average grain size ranging 0.09-0.16 mm (Table 2.2 and Fig A.2.1 in Appendix 2). The grain 

diameters in CS range from 0.01 – 0.37 mm (Fig A.2.1 in Appendix 2). CS contains 94-99 

% quartz 0.4-5% kaolinite, minor feldspar, heavy minerals (rutile, zircon), and calcite and 

hematite as secondary minerals can occur in trace quantity. The percentage composition of 

minerals present in Coconino Sandstone was determined by Rietveld refinement method 

(section 2.2.3.1). A number of quartz grains have been observed to contain fluid inclusions 

(Madden et al., 2006). The quartz grains do not show wavy extinction when seen under 

crossed polars with a petrographic microscope. CS is weakly to moderately well cemented 

with silica, in the form of recrystallised quartz overgrowth on the grains (Kieffer, 1971a). In 

hand specimen, the CS may be either: (1) massive sandstone, in which laminations if they 

exist, are several centimetres thick, and (2) laminated sandstone, containing parallel 

laminations which are 0.5 to 2.0 mm thick (Appendix 3). The most extensive variations of 

mineralogy, porosity and grain size are associated with the laminations. Many hand 

specimens part easily along the laminations (Kieffer, 1971a). Subparallel laminae 5.0 to 17.5 

mm thick are separated by thin laminae 0.5 mm thick containing more than average amount 

of silt and clay-sized grains (Kieffer, 1971a). The pores are heterogeneously distributed in 

Coconino sandstone (Kieffer, 1971a). The bulk density of CS found to be between 1.98 

(Shipman et al., 1971) and 2.08 (Ai and Ahrens, 2004) g/cm3. The grain density of Coconino 

sandstone is 2.67 g/cm3 (Shipman et al., 1971). The dry and wet (water-saturated) crushing 

strength of Coconino sandstone is 31.4 and 36.4 MPa (Shipman et al., 1971). Ai and Ahrens 

(2004) measured tensile strength of CS 17 MPa for 2.4×10-6 s strain rate and 20 MPa for 

1.4×10-6 s strain rate. They also reported the tensile strength of 30 MPa for the onset of radial 

cracks and 40 MPa for complete fragmentation. For a more detailed petrographic study on 

Coconino sandstone, readers are referred to (Whitmore et al., 2014; Kieffer, 1971a). 
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Table 2.2. Description of properties of Coconino Sandstone samples. Same sample names 

with Roman numerals in brackets indicate blocks cut from the same sample.  

 

Shocked Coconino Sandstone: We only describe samples belonging to shock pressure class 

1a and 1b in detail here, as only these samples are used in this study. The shock 

metamorphism features observed with increasing shock pressure in CS have been described 

in detail previously. Kieffer (1971b) has classified CS into six shock pressure classes based 

on petrographic observation, along with quantitative XRD measurements of quartz and its 

polymorphs. A detailed study of shock features in CS under transmission electron 

microscopy is reported in Kieffer et al. (1976b). For a detailed description of shock pressure 

class 2-5 (5-60 GPa) of CS readers are referred to elsewhere (Kieffer, 1971b; Kieffer, 1971a; 

Coconino 
Sandstone 

Sample 
Size (cm) 

Type of 
rock 

Porosity 
(%) 

Grain 
size 
(mm) 

Sorting Lamination Visible macro-fracture 
in hand sample 

CT 
Scan 

MC51517-8 
(II) 

~5×5×5 Crater wall 
rock 

13.69 0.16 0.09 One band of -1 mm 
thick lamination, 
massive 

No Yes 

MC51417-5 
(II) 

~5×5×5 Ejecta 5.81 0.12 0.08 5 sets parallel 
lamination bands, 
width of band is 1 
mm 

No No 

MC51417-9 ~7×7×3 Ejecta from 
quarry 

10.98 0.1 0.07 no but friable 
sample 

No No 

MC51417-8 ~5×4×4 Ejecta 12.27 0.09 0.06 No, massive No, crumbled corner No 

MC51517-4 ~5×5×5 Crater wall 
rock 

13.69 0.12 0.08 No, massive One set of fracture 4 cm 
in length and 0.2 mm 
width only visible on 
two adjacent surfaces 

Yes 

MC51417-7 ~5×5×5 Ejecta 18.5 0.14 0.09 8 bands of width 1 
mm parallel, closely 
spaced 0.5 cm 

No No 

MC51417-6 ~5×5×5 Ejecta 14.42 0.09 0.07 No, massive No No 

MC51517-8 (I) ~5×5×5 Crater wall 
rock 

13.69 0.16 0.09 No, massive One set of fracture,5.5 
cm in length, 0.2 mm 
wide, visible only on two 
adjacent surfaces of the 
block 

Yes 

MC51417-5 (I) ~5×5×5 Ejecta 5.81 0.12 0.08 5 sets parallel 
lamination bands, 
width of band is 1 
mm 

No Yes 

MC51517-2 ~5×5×3 Crater wall 
rock 

12.72 0.11 0.07 Four bands of 
lamination with 1 
mm width, closely 
spaced 0.5 cm 

One set of fracture 3 cm 
in length and 0.2 cm in 
width only visible on 
two adjacent surfaces, 
broke along a fracture or 
lamination during 
sample preparation 

No 

CLR-1 ~5×5×5 Control 20.44 0.09 0.07 No, massive 1.5 cm long fracture, 
visible on two adjacent 
surfaces only. 

Yes 

CLR-2 ~5×5×5 Control 20.93 0.09 0.04 No, massive No Yes 
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Kieffer, 1975; Kieffer et al., 1976b; Madden et al., 2006). Even though shock metamorphism 

in Coconino Sandstone has been studied in detail previously, it was necessary to understand 

the shock deformation in samples that we have collected to understand their behaviour in the 

weathering experiment conducted in chapter 3. 

Class 1a (<5GPa): Class 1a CS may have experienced <5 GPa of shock pressure during 

impact. In general, specimens of class 1a shocked CS do not differ in macroscopic 

appearance from unshocked Coconino sandstone (Appendix 3). The mean grain size ranges 

0.09 – 0.16 mm (Table 2.2) and grains are weakly to moderately cemented. In thin section, 

these rocks have less porosity than massive unshocked Coconino sandstone. Porosity has 

been reduced in these samples due to compaction caused by slight translation and rotation 

of individual grains or small group of grains during the passage of shock waves (Fig 2.4 and 

Table 2.2). However, remnant porosity is still visible under a petrographic microscope (Fig 

2.4). The apparent porosity in thin section measured from SEM-BSE images of Coconino 

Sandstone ranges between 5-18% (Table 2.2). Less than 5% of quartz grains show wavy 

extinction under crossed polars. Class 1a samples retain their original grain size as in found 

in unshocked samples and 37-65% quartz grains displayed irregular microfractures (Fig 2.4) 

(Madden et al., 2006).  

Class 1b (~5 GPa): Class 1b CS have experienced approximately 5 GPa shock pressure 

during impact. Class 1b rock is fragile and friable, fine-grained, powdery in texture. The 

rock is snow-white in hand sample and can be broken by gentle hand pressure (Appendix 3). 

The size of the grains is reduced by fracturing (Fig 2.4h). The fracturing of grains occurs 

irregularly throughout the rock, only a fraction of the grains preserves the original grain size 

(Fig 2.4h). These isolated grains are surrounded by much smaller, highly fractured quartz 

particles. In class 1b CS ~98% of grains contain irregular fractures (Madden et al., 2006). 

No high-pressure phases are detectable by powder X-ray method. 

The aperture/width of intragranular microfracture in the quartz grains in low shocked 

Coconino sandstone ranged from 0.1-5 µm.  
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Fig 2.4. Coconino sandstone (CS). (a) Photomicrograph of unshocked CS with visible 

porosity in crossed polars. Blue epoxy represents pore space. Scale bar is 500 µm. (b) 

Photomicrograph of Class 1a CS showing a collapse in pore space Scale bar is 500 µm. (c) 

Photomicrograph of Class 1b CS with apparent primary porosity in crossed polars. Scale bar 

is 500 µm. (d) BSE image of unshocked CS showing pore spaces. Black substrate represents 

pores. Scale bar is 500 µm. (e) BSE image of class 1a CS showing a reduction in porosity. 

Scale bar is 500 µm. (f) BSE image of class 1b CS showing collapsed primary pores and 

extensive fracturing in quartz grains. Scale bar is 500 µm. (g) BSE image showing 

intragranular fractures in quartz grain in class 1 a CS. Scale bar is 100 µm. (h) BSE image 

displaying pervasive grain fracturing in quartz grains in class 1b CS. Scale bar is 100 µm. 

 

2.5.1.2. Moenkopi Sandstone (MS) 

Table 2.3. Description of properties of Moenkopi sandstone samples. Same sample names 

with Roman numerals in brackets indicate blocks cut from the same sample. 

Moenkopi Sandstone Sample 
Size (cm) 

Type of 
rock 

Porosity 
(%) 

Grain 
size 

(mm) 

Sorting Lamination Visible 
microfracture in 

Hand sample 

CT 
scan 

MC51317-5 ~5×5×5 Ejecta 0.74 0.09 0.07 Four set of sub-
parallel cross 

lamination 

No No 

MC51317-1 ~5×5×5 Crater wall 
rock 

0.58 0.09 0.06 Three sets of 
sub-parallel 

cross-
laminations 

No No 

MC51317-4 (I) ~5×5×5 Crater wall 
rock 

1.09 0.1 0.07 Three sets of 
sub-parallel 

cross 
laminations 

One big 5 cm long 
and 0.2 mm wide 

orthogonal 
fracture visible on 
all facets. Smaller 

fractures are 
ranging from 1-2 
cm long 0.1 mm 
wide visible on 
multiple facets. 

Yes 

MC51317-03 ~5×5×5 Crater wall 
rock 

0.50 0.1 0.06 No, massive No No 

MC51417-1 (I) ~5×5×5 Crater wall 
rock 

0.96 0.09 0.05 Three set of 
sub-parallel 

cross lamination 

No No 

MC8215-01 ~5×5×3 Crater wall 
rock 

0.7 0.09 0.06 No, massive Two sets of 
fractures passing 

through two 
facets, the first 
one is 2 cm in 

length and second 
is 6 cm long. The 

aperture of the 
fractures is 0.1 

mm 

Yes 

MC51317-2 ~5×5×5 Crater wall 
rock 

0.78 0.09 0.06 Three sets of 
sub-parallel 

cross-
lamination 

Six set of fracture 
along cross-

lamination on 
different facets. 

the length of 
fracture ranges 

No 
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from 1-2 cm and 
aperture 0.1 mm 

MC51417-1 (II) ~5×5×4.5 Crater wall 
rock 

0.96 0.09 0.05 One set of 
visible cross 
lamination 

Two sets of small 
fractures on two 
adjacent faces, 

ranging in length 
from 1-2.5 cm and 
aperture 0.1 mm 

No 

MC51417-2 (II) ~5×5×5 Ejecta 0.71 0.07 0.05 One set of 
cross-

lamination 

No No 

MC51317-6 ~5×4×5 Ejecta 0.83 0.09 0.07 No, massive One set of 4 cm 
long fracture 

visible on two 
adjacent facets. 

the aperture of the 
fracture is 0.1 mm 

No 

MC51417-2 (I) ~5×5×5 Ejecta 0.71 0.07 0.05 Three sets of 
sub-parallel 

cross-
laminations 

No No 

MC51317-4 (II) ~5×5×3 Crater wall 
rock 

1.09 0.1 0.07 Two sets of 
sub-parallel 

cross-
laminations 

Three sets of 
fracture ranging 

from 1.5-5 cm and 
aperture 0.1-0.2 
mm visible on 

three facets 

No 

MC51417-2 (III) ~5×5×2.5 Crater wall 
rock 

0.71 0.07 0.05 Three sets of 
sub-parallel 

cross-
laminations 

No No 

CS16-01 ~5×5×5 Control 8.39 0.1 0.06 No, massive No Yes 

CS16-02 ~5×5×5 Control 5.23 0.08 0.06 Four set of sub-
parallel cross 

lamination 

No No 

 

Unshocked Moenkopi sandstone is very fine-grained sandstone which is cemented by 

carbonates. Moenkopi contains 50-80 % quartz, microcline, muscovite, hematite and 

kaolinite in minor amounts and remainder being composed of carbonate minerals (calcite 

and dolomite). The percentage composition of minerals present in Moenkopi Sandstone was 

determined by Rietveld refinement method (see section 2.2.3.1). Quartz is subrounded, 

equant, and well-sorted and has subhedral grain boundary (See Appendix 2). The matrix is 

very-fine grained and iron-rich. The mean grain size ranges from 0.07-0.1 mm. The grain 

size ranges from 0.009-0.12 mm (Table 2.3). The texture of the rock is grain-supported. The 

porosity in unshocked Moenkopi Sandstone ranges 5-8.5% (Table 2.3). Some of the 

Moenkopi Samples contain cross laminations in hand samples. 

 

Class 1a (<5GPa): Class 1a MS may have experiences <5 GPa of shock pressure during 

impact. In hand specimen, there is no visible difference between class 1a and unshocked MS 

(Appendix 3). No high-pressure polymorphs were identified in XRD analysis and no change 

in mineralogy was observed in class 1a MS compared to unshocked MS. Macroscopic 

fractures are present in some of the class 1a MS samples (Fig 2.5f). Due to low shock, this 
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porosity is reduced in class 1a MS (Fig 2.5). The porosity in low shocked Moenkopi is 0.5-

1% (Fig 2.5 and Table 2.3). No irregular grain fracturing due to impact can be seen in class 

1a MS (Fig 2.5). A small amount of the quartz grains show wavy extinction. 

 

 

Fig 2.5. Moenkopi sandstone. (a) BSE image of unshocked MS showing pores. Black 

substrate represents pore spaces. (b) thresholded image-(a) showing pores in black colour. 

(c) BSE image of class 1a MS showing reduced porosity. (d) thresholded image-(c) 
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displaying reduced pore spaces in black. (e) BSE image of class 1a MS with macro-fractures. 

(f) thresholded image-(e) showing macro-fractures as faint black linear features. 

2.5.2. Crystalline impactites 

Two low shocked granite and one low shocked tonalite sample were used in the weathering 

experiment. We did not have any unshocked equivalent of crystalline impactites. 

Table 2.4. Description of properties of crystalline impactite samples.  

WCIS target rocks Sample 
Size (cm) 

Type of rock Porosity 
(%) 

Visible microfracture in Hand 
sample 

CT scan 

WCIS-14 MK-004 ~5×5×5 Target rock from around 
rim (granite) 

0.07 Multiple macro-fractures on all 
surfaces ranging in length from 2-5 

cm and 0.1 mm in aperture 

Yes 

WCIS-14 MK-001a ~3.5×3.5×3 Target rock from around 
rim (granite) 

negligible One set of fracture 4 cm in length and 
0.1 mm width only visible on two 

adjacent surfaces 

No 

WCIS-14 Oz-015 ~4×3×3 Target rock from around 
rim (Tonalite) 

0.26 No No 

 

Class 1a granite (<10 GPa): Class 1a granite samples may have experienced <10 GPa shock 

pressure during impact. The granite sample has pinkish-grey hue in hand sample (Appendix 

3). Class 1a granite is medium-grained hypidiomorphic, equigranular, with average grain-

sizes varying from ~1 up to ~3 mm (Appendix 2). The granite samples contain quartz, albite, 

microcline and in minor amounts muscovite and clinochlore (Appendix 2). Feldspar grains 

are subhedral to anhedral and make up the dominant mineralogy of the sample (Appendix 

2). Chemical alteration can be observed in feldspar crystals. Albite is more strongly altered 

than microcline. Intragranular and intergranular fracturing is pervasive in the sample (Fig 

2.6). Planar fracture is present in quartz grains (Fig 2.6). The primary porosity in granite is 

≤0.07% (Table 2.4). 

Class 1a tonalite (<10 GPa): Class 1a tonalite have undergone low shock (<10 GPa) 

deformation during impact. The sample looks greenish in hand sample (Appendix 3). Class 

1a tonalite is medium grained hypidiomorphic, equigranular, with average grain-sizes 

varying from ~ 1mm to up to ~3 mm (Appendix 2). Class 1a tonalite contains quartz, albite, 

biotite, hornblende and in minor amounts calcite and clinochlore (Appendix 2). Albite grains 

are subhedral to anhedral and are the dominant mineral present in the sample. Intragranular 

fracturing is pervasive in the sample (Fig 2.6). Kink bands can be observed in biotite (Fig 

2.6). Planar Fractures in quartz is present (Fig 2.6). The primary porosity in the tonalite 

sample is 0.26% (Table 2.4). 
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Fig 2.6.  Crystalline impactites. (a), (c), and (d) Photomicrographs of class 1a granite 

samples showing extensive fracturing grains in crossed polars (XPL). In (a) Planar Fractures 

(PFs) in quartz can be seen. (b) BSE image showing intergranular fractures in class 1 a 

granite. (e) Photomicrograph of class 1a tonalite showing microfractures in quartz grains in 

crossed polars (XPL). In the bottom left of this image kink bands in biotite is visible. (f) BSE 

image of class 1a tonalite showing intragranular fractures in a grain. Scale bar in 

photomicrographs (a), (c), (d), and (e) is 500µm. 



 

66 
 

2.5.3. Impact melt rocks and impact breccias 

Table 2.5. Description of properties of impact melt rock and impact breccia samples. 

Impactites Sample Size 
(cm) 

Type of rock Porosity 
(%) 

Visible microfracture in Hand sample CT scan 

WCIS-14 RW-019 ~3.5×3.5×3.5 Clast rich fine-
grained impact 

melt rock 

2.91 No No 

WCIS-14 MK-082 ~5×5×3 Clast poor fine-
grained impact-

melt rock 

0.15 Multiple macro-fractures on all surfaces ranging 
in length from 1-5 cm and 0.1 mm in aperture 

No 

WCIS-14 MK-015 ~5×5×3 Clast poor fine-
grained impact 

melt rock 

0.28 Multiple macro-fractures are ranging from 3-5 
cm and 0.1 mm in aperture visible on multiple 

facets/ surfaces. Two vugs of diameter 0.5 and 1 
cm are visible on two facets. 

Yes 

WCIS-14 MK-087  ~3×3×3 Clast poor fine-
grained impact-

melt rock 

0.61 A few fractures ranging in length 1-2 cm with 
aperture less than 0.1 mm seen on three facets. 

No 

WCIS-14 MK-60 ~4×4×4 Clast free impact 
melt rock 

1.51 One fracture 3 cm in length and 0.1 mm visible 
on one surface only 

No 

WCIS-14 MK-077 ~5×4×3 Clast free impact 
melt rock 

0.21 No No 

WCIS-14 MK-058B ~5×5×3 Lithic breccia 2.07 No No 

WCIS-14 058C ~4×4×4 Lithic breccia 2.57 One set of fracture 4 cm in length and 0.1 mm in 
aperture visible on only one facet 

Yes 

WCIS-14 Oz-005 ~5×5×3 Impact melt-
bearing breccia or 

suevite 

3.46 Multiple small fractures of length 1.5 cm and 
aperture 0.1mm visible three facets 

No 

Suevite (I) ~5×5×5 Impact melt-
bearing breccia or 

suevite 

10.39 Multiple macro-fractures on all surfaces ranging 
in length from 1-5 cm and 0.1-0.2 mm in aperture 

on all facets of the rocks. 

Yes 

Suevite (II) ~5×5×5 Impact melt-
bearing breccia or 

suevite 

10.39 Multiple macro-fractures on all surfaces ranging 
in length from 1-5 cm and 0.1-0.2 mm in the 

aperture. In hand sample observation, this sample 
contains more fractures and vitreous phases 

compared to Suevite (I) 

Yes 

 

2.5.3.1. Clast rich fine-grained impact-melt rock 

WCIS-14 RW-019 is a clast rich melt rock. This sample is massive and appears reddish-

purple colour in hand sample due to oxidation of matrix (Appendix 3). Clast rich melt rocks 

contain up to 25% fragments coarser than 1 mm (Rosa, 2012). The subhedral morphology 

of feldspar in the rock indicates that the matrix is crystallised from a melt (Phinney et al., 

1978). Clast rich impact melt rock contain quartz, andesine, sanidine, and minor muscovite, 

hematite and montmorillonite. Clast rich impact melt rock is more coherent than lithic 

breccia and impact melt-bearing breccias, the melted material in the sample weld the clasts 

together. Porosity in this sample was 2.9% (Table 2.5). Clasts usually compose 40-60%, and 

matrix occupies 60-40% of most of the samples (Rosa, 2012). Under the petrographic 

microscope in clast rich impact melt rock, the matrix appears dark brown, nearly extinct 

under crossed polars, and very fine-grained (<10 µm) (Fig 2.7 b). The matrix is composed 

of microlites made of iron oxide and plagioclase (<10 µm) (Fig 2.7 b and c). The matrix has 



 

67 
 

reacted with embedded clasts in clast rich impact melt rock (Fig 2.7). Clasts in the sample 

have micro-fractures (Fig 2.7). 

 
Fig 2.7. Clast-rich fine-grained impact melt rock, WCIS-14 RW-019. (a) Photomicrograph 

in PPL showing the distribution of clasts in the melt matrix. (b) Photomicrograph in XPL 

showing the dark brown matrix and clasts. Scale bar is 500 µm. (c) SEM BSE mosaic 

showing the distribution of clasts in the melt matrix. (d) and (e) show the clasts that have 

altered due to reaction with melt matrix. 

 

2.5.3.2. Clast-poor fine-grained impact melt rock 

WCIS-14 MK-015, WCIS-14 MK-087 and WCIS-14 MK-082 are clast-poor fine-grained 

melt rock. The clast-poor impact melt rocks WCIS-14 MK-015, and WCIS-14 MK-087 

appears red to purple in hand sample (Appendix 3). Whereas, WCIS-14 MK-082 looks 
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yellowish-brown in hand sample (Appendix 3). Clast poor impact melt rock contains less 

than 15% clasts larger than 1 mm across (Simonds et al., 1978; Rosa, 2012). Clast poor 

impact melt rocks WCIS-14 MK-015, and WCIS-14 MK-087 contain microcline, 

muscovite, andesine, and montmorillonite in minor quantity (Appendix 2). Clast-poor 

impact melt rock WCIS-14 MK-082 consist of quartz, anorthite, albite, sanidine and minor 

amounts of montmorillonite (Appendix 2). In thin section, WCIS-14 MK-082 appears very 

different than WCIS-14 MK-015 and WCIS-14 MK-087 (Fig 2.8-2.9). The melt matrix (size 

<50 µm) in WCIS-14 MK-082 displays interlocking texture (Fig 2.8), whereas in WCIS-14 

MK-015 and WCIS-14 MK-087 matrix displays fine-grained microlites (<10 µm) feldspar 

(Fig 2.9). Clasts in all clast-poor impact melt rocks are fractured and reacted with 

surrounding melt matrix (Fig 2.8-2.9). The matrix is oxidised in the samples. WCIS-14 MK-

082 appears to be extensively chemically weathered/altered (Fig 2.8). WCIS-14 MK-015 

may have been affected by hydrothermal alteration as it contains quartz vugs (Fig 2.9 a). 

Porosity in clast-poor impact melt rock is very low (0.15-0.6%) (Table 2.5). 

 

 
Fig 2.8. Clast poor fine-grained impact melt rock, WCIS-14 MK-082. (a) Optical 

microscopy mosaic in PPL showing the distribution of clasts in melt matrix. Melt flow 

patterns can be seen in the bottom left of the image. Scale bar is 2000 µm. (b) 

Photomicrograph in XPL clasts surrounded by melt matrix. The melt seems to be oxidised. 

Scale bar is 500 µm. (c), (d), and (e) show the clasts that seem to have reacted with melt. 

Scale bar is 100 µm. 
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Fig 2.9. Clast-poor fine-grained impact melt rock. (a) Optical microscopy mosaic of the 

sample WCIS-14 MK-015 showing the distribution of the clasts in melt matrix. In the centre 

of the thinsection, a tear-shaped vein is present. Scale bar is 2000 µm. (b)  Photomicrograph 

of the sample WCIS-14 MK-015 in XPL showing the clasts embedded in needle-shaped 

crystallite melt matrix. Scale bar is 500 µm. (c) Photomicrograph of the sample WCIS-14 

MK-087 in XPL showing the clasts embedded in needle-shaped crystallite melt matrix. Scale 

bar is 500 µm. (d) SEM BSE mosaic of sample WCIS-14 MK-015 showing the distribution 

of the clast in melt matrix. (e) SEM BSE mosaic of sample WCIS-14 MK-087 showing the 

distribution of the clast in melt matrix.  (f) SEM BSE image of sample WCIS-14 MK-015 

showing clast embedded in melt matrix. (g) SEM BSE image of sample WCIS-14 MK-087 

showing a clast that has reacted with melt matrix.  

 

 

2.5.3.3.Clast-free impact melt rock 

WCIS-14 MK-060 and WCIS-14 MK-077 are clast-free impact melt rock. These samples 

contain no clast up to the size of 1 mm. These samples appear reddish-brown in hand sample 

(Appendix 3). They appear to be more coherent than clast-rich, and clast-poor impact melt 

rocks. These samples contain quartz, anorthite, albite, muscovite, hornblende and minor 

montmorillonite (Appendix 2). The matrix is oxidised and consist of devitrified glass (Fig 

2.10 b and c). At high magnification, plagioclase laths (<10 µm) in matrix show interstitial 

texture (Fig 2.10). Some of the small plagioclase clasts appears to be resorbed (Fig 2.10). 

Clasts are fractured and have reacted to melt matrix (Fig 2.10). Porosity in clast free impact 

melt rock ranges between 0.2-1.5% (Table 2.5). 

 



 

71 
 

  

 
Fig 2.10. Clast-free impact melt rock. (a) Optical microscopy mosaic of sample WCIS-14 

MK-60 in PPL show the distribution of minerals in melt matrix. Scale bar is 2000 µm.  (b) 

Photomicrograph of sample WCIS-14 MK-60 in XPL showing the small mineral crystals 
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embedded in melt matrix. Scale bar is 500 µm. (c) Photomicrograph of sample WCIS-14 

MK-077 in XPL showing the small mineral crystals embedded in melt matrix. Scale bar is 

500 µm. (d) SEM BSE mosaic of sample WCIS-14 MK-60 showing the distribution of the 

clast in melt matrix. (e) SEM BSE mosaic of sample WCIS-14 MK-077 showing the 

distribution of the clast in melt matrix. (f) SEM BSE image of sample WCIS-14 MK-60 

showing a clast that has reacted with melt matrix. (g) SEM BSE image of sample WCIS-14 

MK-077 showing a clast that has reacted with melt matrix. 

 
 

2.5.3.4. Lithic impact breccia (without melt particles) 

WCIS-14 MK-058B and WCIS-14 058C are polymict lithic impact breccia that does not 

contain melt. Lithic breccia appears red in hand sample (Appendix 3). These samples contain 

larger clast (≥1 mm) embedded in the clastic matrix (Fig 2.11). The breccia samples consist 

of quartz, albite, orthoclase, muscovite, montmorillonite and minor hematite (Appendix 2). 

The clasts are fractured and contain shock features (Fig 2.11). Toasted quartz and PDFs and 

PFs was observed in quartz and feldspar. In the thin section, matrix appears reddish-brown 

due to oxidation (Fig 2.11). Porosity in lithic breccia is higher than impact melt rocks (2-

2.5%) (Table 2.5).   
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Fig 2.11. Lithic breccia. (a) (a) Optical microscopy mosaic of sample WCIS-14 MK-058B 

in PPL show the distribution of clasts in the matrix. Scale bar is 2000 µm. (b) Optical 

microscopy mosaic of sample WCIS-14 058C in PPL show the distribution of clasts in the 

matrix. Scale bar is 2000 µm. (c) Photomicrograph of sample WCIS-14 MK-058B in XPL 

showing the altered mineral clasts. Scale bar is 500 µm. (d) Photomicrograph of sample 

WCIS-14 MK-058B in XPL showing the altered mineral clasts. Scale bar is 500 µm. (e) 

Photomicrograph of sample WCIS-14 058C in XPL showing the altered mineral clasts. Scale 
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bar is 500 µm.  (e) and (f) SEM BSE images of samples WCIS-14 MK-058B and WCIS-14 

MK-058C respectively showing fractured mineral clasts embedded in the matrix.  

 

2.5.3.5. Impact melt-bearing breccia or suevitic breccia (with melt particles) 

Impact melt breccias are polymict impact breccia containing melt particles. Suevite (I), 

Suevite (II), and WCIS-14 Oz-005 are impact melt-bearing breccia or suevitic breccia. 

Suevite (I) and Suevite (II) are from Ries crater, Germany and WCIS-14 Oz-005 is from 

West Clearwater Impact Structure, Canada. Both of the samples contain fragments of 

glasses. 

 

WCIS-14 Oz-005 contain red, oxidised impact melt particles set in a fine-grained matrix 

(Fig 2.12). Glass component is surrounded by clastic groundmass (Osinski and Grieve, 

2017). It contains clasts of quartz and feldspars. The clasts range in size from 100-900 µm. 

Hematite is present as opaque minerals. Some of the feldspar clasts are altered (Fig 2.12). 

Quartz clasts are fractured (Fig 2.12). The microfractures range from 0.1 to 4 µm in width 

(Fig 2.12). The glass fragment contains vesicles. Porosity in this sample is 3.46% (Table 

2.5). 

 

Suevite samples contain clasts of vitric or glassy material, quartz, albite, microcline, 

hornblende, and minor amounts of muscovite and prehnite. Mineral clasts are 100-700 µm 

in diameter. The clast and lithic fragments are supported by clastic groundmass, which forms 

up to ~80 % of the volume of which 30-50 % is glass (Fig 2.12) (Osinski et al., 2004). All 

the mineral clasts are highly fractured, and planar fractures can be observed in some quartz 

grains, but most of the clast do not contain high-pressure shock features. The microfractures 

were 0.5-6 µm in width (Fig 2.12). Some of the mineral grains seem to have been weathered. 

The samples contained macro-fractures with aperture 0.2-0.4 mm and up to 2-5 cm in length 

(Fig 2.12). Ries Crater suevites are well-studied impact melt-bearing breccia. A detailed 

petrographic description of suevites can be found in Stähle (1972); Engelhardt et al. (1995); 

Engelhardt (1997); Osinski et al. (2004); Osinski (2003); Osinski et al. (2016). Suevite 

samples had the highest porosity among impact melt rocks and impact breccias (10.3%) 

(Table 2.5). 
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Fig 2.12. Impact melt-bearing breccia. (a) SEM BSE mosaic of the suevite sample showing 

the clast distribution in the matrix. The curved black lines show a fracture in the sample. 

Scale bar is 500 µm. (b) SEM BSE mosaic of the sample WCIS-14 Oz-005 showing clasts 

embedded in the matrix. Scale bar is 500 µm. (c) SEM BSE image of the suevite sample 

showing fractured mineral clasts embedded in the matrix. Scale bar is 100 µm. (d) SEM BSE 

mosaic fractured minerals embedded in a very fine-grained matrix. Scale bar is 100 µm. (e) 
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Photomicrograph of suevite sample in XPL showing clasts embedded in the clastic matrix. 

Scale bar is 500 µm. (f) Photomicrograph of sample WCIS-14 Oz-005 in XPL showing clasts 

of quartz and feldspar minerals in the oxidised matrix. Scale bar is 500 µm. 

 

2.6. Conclusions 

In this chapter we presented the petrographic analysis of low-shocked Moenkopi and 

Coconino sandstone from Meteor Crater (Arizona), low-shocked crystalline rocks, impact 

melt rocks and impact breccias from West Clearwater Impact Structure (Canada), and 

suevite or impact melt-bearing breccia from Ries crater (Germany). These samples were 

analysed using petrographic microscopy, scanning electron microscopy (SEM), powder X-

ray diffraction (XRD), and X-ray computed tomography (CT) to describe the deformation 

and changes in rock samples due to impact. By combining these techniques samples were 

characterised in order to determine the compositional and textural properties of the rock 

samples, which was used to classify all samples into classes of impactites as well as into 

shock pressure classes (Stöffler et al., 2018). Macrofractures of 0.1-0.2 mm and 

microfractures 0.1-5 µm in aperture were observed in all types of impactites. Porosity was 

reduced by 38% in class 1a Coconino Sandstone and by 88% in class 1a Moenkopi 

Sandstone compared to their unshocked counterparts. Class 1b Coconino Sandstone has 

become friable due to pervasive grain fracturing. Shock features such as Planar Fractures, 

kink bands were present in class 1a crystalline impact samples. Impact melt rocks were 

classified into three classes based on the presence of clast fragments coarser than 1 mm: clast 

rich, clast poor, and clast free. Porosity in impact melt ranges from 0.28 to 2.91%. Breccias 

were classified into two classes: Lithic breccia and impact melt bearing breccia. Lithic 

breccias are less porous (2.07-2.57%) compared to impact melt bearing breccias (3.46-

10.39%). All the impactites samples that are characterised in this chapter are used in a 

laboratory weathering experiment in Chapter 3.  
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Abstract 

Impact cratering is an important geological process that affects all planetary bodies in our 

solar system. As rock breakdown plays a vital role in the evolution of landforms and 

sediments on a planetary scale, it is crucial to assess the role of inheritance in the subsequent 

breakdown of impactites (impact rocks). The shock pressure of several gigapascals 

generated during the impact can exceed the effective strength of target lithology by three to 

four orders of magnitude and is responsible for melting, vaporisation, shock metamorphism, 

pore collapse, vesiculation fracturing and fragmentation of rocks. Environmental conditions 

and heterogeneities in rock properties exert an important control in rock breakdown. Similar 

to other subaerial rocks, impactites are affected by a range of rock breakdown processes. In 

order to better understand the role of low-shock inheritance on rock breakdown, a rock 

breakdown experiment was conducted in a simulated environmental cabinet under 

conditions similar to terrestrial semi-arid conditions.  We cycled temperature (-2 to 35°C) 

and relative humidity (13-45%) through 39 accelerated diurnal cycles (each of 8 hours 

duration). We used 41 impactite samples in the experiment that included low shocked 

sedimentary and crystalline rocks, impact melt rocks and impact breccias. Mechanical 

(Equotip and weighing), photographic (photographic monitoring), microscopic and solid-

state methods (petrographic microscopy, powder X-ray diffraction, scanning electron 

microscopy, X-ray computed tomography) were used to characterise the rock samples 

relative to unshocked rocks, and to assess the shock related changes before and after the 

experiments. The low shocked sedimentary rocks showed a decrease in porosity by 38% 

(Coconino Sandstone) and 88% (Moenkopi Sandstone) compared to unshocked 

counterparts. Macrofractures of 0.1-0.2 mm and microfractures 0.1-5 µm in aperture were 

observed in all types of impactites. The results showed that impactites exhibited an 

accelerated decline in strength compared to non-impacted control samples. However, rock 
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type and impact deformation history were key parameters controlling the rate of 

deterioration.  

3.1. Introduction 

Impact cratering is a ubiquitous and catastrophic geologic process that has a crucial role in 

the evolution and modification of all planetary bodies with solid surfaces. During impact, 

the energy released is much higher than any endogenic geological processes. During an 

impact event, the impact shock wave is translated into more intense shock-related 

deformation and melting of target rocks extensively beneath and around the impact crater 

compared to those located at a far distance (Pierazzo and Melosh, 2000; Kenkmann et al., 

2014). In the case of porous rocks like sandstone, this effect is more pronounced (Kieffer, 

1971b; Kieffer et al., 1976b).   

A range of impactites such as shocked target rocks, impact melt rocks, impact breccias, 

impact melt-bearing breccias, and tektites are usually found at impact sites. Impactites are 

classified into autochthonous, parautochthonous and allochthonous based on origin and 

current location at the impact site. Allochthonous impactites are further classified into 

proximal and distal based on distance from the impact site. A detailed classification of 

impactites can be found in Stöffler et al. (2007) and Grieve and Therriault (2013). 

During impact, porosity, permeability and density can dramatically change depending on the 

energy released and the target lithology as well as the distance from the point of impact 

(Kieffer, 1971b; Cockell and Osinski, 2007; Singleton et al., 2011). The impact 

metamorphism processes and their effects differ in non-porous crystalline target rocks in 

comparison to porous sedimentary rocks (Kieffer, 1971b; Cockell and Osinski, 2007; 

Osinski, 2007; Singleton et al., 2011; Stöffler et al., 2018).  

In crystalline rocks, porosity increases with an increase in shock pressure levels (Singleton 

et al., 2011). This is caused due to fracturing and differential mineral melting during the 

passage of the shock and subsequent rarefaction wave (Singleton et al., 2011). 

For porous sedimentary rocks, such as sandstone, that are subject to low shock pressure 

levels (<10 GPa) the rock density increases due to pore collapse, comminution and fracturing 

of grains. Rock density decreases as shock pressures rise (25 > P > 10 GPa) due to 

vesiculation and formation of glasses and melts that weld mineral grains (Kieffer, 1971a; 
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Kieffer, 1971b). At even higher shock pressures (>30 GPa) the porosity is further reduced 

as minerals recrystallise from the melt (Cockell and Osinski, 2007).  

If impact rocks are subject to longer-term heating and annealing during crater cooling, the 

porosity and permeability will be affected further. For highly porous substrates (such as 

sandstones), more of the impact energy is taken up in pore collapse resulting in lesser solid 

state transformations and higher post-shock temperatures than a similar impact into non-

porous crystalline target lithology (Kieffer, 1971b; Madden et al., 2006).  

There are two shock-related features that we investigate in this study, micro-fracturing and 

mineral-scale deformation. First, The role of micro-fracturing as a control on the moisture 

flux in rocks is held to be important in subsequent rates of rock breakdown (Sousa et al., 

2005; Anders et al., 2014). Impact fractures and microcracks, produced during impact, 

increase secondary porosity and affect the total porosity and permeability of the rocks. 

However, microfracturing is not well understood in any environment (Anders et al., 2014).  

Second, naturally occurring distinct diagnostic mineral deformation features related to 

impact shock waves such as planer fractures, planar deformation features, feather features, 

toasting, mosaicism, kink bands, high-pressure mineral phase transformations and impact 

shock melting at various shock pressures are well documented in the literature (French and 

Koeberl, 2010; Ferrière and Osinski, 2013; Stöffler et al., 2018), and assigned shock pressure 

levels by calibrated laboratory experiment (Kieffer, 1971b; Shipman et al., 1971; Kieffer et 

al., 1976a). What has not been adequately investigated is the role of the mineral-scale 

deformation features may have on the subsequent breakdown of rocks.  

3.1.1. Previous work 

Environmental conditions and heterogeneities in rock properties exert an important control 

in rock breakdown. Earlier studies have demonstrated that pore geometry affects rock 

susceptibility to weathering and controls the intensity of weathering (Tuǧrul, 2004). Several 

studies (Newsom et al., 2013; Wright, 2013) have reported a unique style of rock breakdown 

associated with decompression cracks in impacted basalt at Lonar Crater, India. Natural 

silicate glasses are susceptible to accelerated dissolution when compared to their crystalline 

counterparts (Wolff-Boenisch et al., 2006). Since, impact generated glasses have a different 

texture, density and structure (French and Koeberl, 2010), they may weather differently. The 

structural defects, deformations and change in surface area of minerals makes shocked rocks 

more susceptible to chemical weathering than unshocked rocks (Boslough and Cygan, 1988; 
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Bell, 2017). Moreover, microstructures and defects in minerals generated during impact 

shock (e.g. Planar Fractures (PFs), Planar Deformation Features (PDFs), mosaicism, 

microfractures) can provide permeable pathways for fluid circulation leading to chemical 

weathering (Leroux, 2005; Furukawa et al., 2011). Increasing shock pressures also causes 

devolatilization in minerals (Madden et al., 2006), which may affect the response of rocks 

to thermal weathering (Farquharson et al., 2017).  

To understand the mechanism, style and rate of weathering and the role of a range of 

environmental factors, geomorphologists conduct weathering experiments in controlled 

laboratory conditions. A range of weathering and field exposure experiments has been 

conducted to understand the role of lithology (Warke, 2007; Viles and Goudie, 2007), 

environment and microclimate (e.g. Goudie and Parker (1998); Warke and Smith (1998); 

Viles (2005); Viles and Goudie (2007); Smith et al. (2011); Viles et al. (2010), mechanism 

and style of deterioration (Williams and Robinson, 2001; De Kock et al., 2015; Ghobadi and 

Babazadeh, 2015), the presence of salts (Goudie and Parker, 1998; Goudie et al., 2002; Smith 

et al., 2005; Warke, 2007), and porosity and fractures (Sousa et al., 2005; Tuǧrul, 2004). 

These data have emphasised the role of stress history and the inherited weakness that may 

result from past weathering. Few studies used simulated pre-stressed rocks (sedimentary and 

crystalline) with different weathering histories and subjected rocks to experimental 

weathering and field exposure trials in arid conditions (Warke, 2007; Viles et al., 2010; Viles 

et al., 2018). They found that pre-stressed rocks deteriorate faster than un-stressed rocks. 

Moreover, the nature of pre-stressing had a significant effect on the rate of breakdown 

(Warke, 2007; Viles et al., 2010; Viles et al., 2018). 

No detailed study has been undertaken to explore the role of impact metamorphism and the 

effect of inherited heterogeneities and deformation caused by impact process on subsequent 

on subsequent style and rate of weathering. Here, we present data from the first physical 

weathering experiment in simulated semi-arid conditions on impactites. The focus of this 

study is to identify how the inheritance of an impact event affects the subsequent breakdown 

of impactites exposed at the surface to sub-aerial weathering.  
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3.2. Materials and methods 

3.2.1. Sample source  

The primary focus of this study is to understand the effect of impact-related deformation on 

weathering of sandstone in simulated weathering environmental conditions using low-

shocked sedimentary rocks sampled from Meteor Crater (USA). We also report on pilot 

weathering experiment on a small number of crystalline impacted rocks, impact melt rocks, 

and impact breccias from West Clear Water Impact structure (Canada) and Ries Crater 

(Germany) as these are also common rocks in terrestrial impact craters, but they have a 

different impact history (Fig 2.1). Forty-one samples of impactites and non-impacted rocks 

were selected for the weathering experiment. 

3.2.1.1. Meteor Crater Samples: Sedimentary impacted rocks 

Two types of sedimentary rock samples are included in this study. These are Permian 

Coconino Sandstone, and Triassic Moenkopi Sandstone sampled from the 50, 000 years old 

1.2 km diameter Barringer Meteorite Crater aka Meteor Crater in Arizona (Kieffer, 1971a; 

Shoemaker and Kieffer, 1979). The impacted samples were collected from NW, NE, SE and 

S Crater walls and the ejecta blanket on the south side of the crater (Fig 2.2). Non-impacted 

varieties of Coconino and Moenkopi Sandstone samples were included as control samples 

in the experiment. Non-impacted Moenkopi Sandstone samples were collected from two 

sites along Meteor Crater road that experience similar environmental conditions, 5 and 9 km 

from the Meteor Crater (Fig 6.5). Non-impacted Coconino Sandstone samples were collected 

from Clear creek reservoir 50 km from Meteor Crater (this was one of the closest surface 

exposures). Eight impacted Coconino sandstone, nine impacted Moenkopi sandstone and 

two non-impacted (control) samples of both Coconino and Moenkopi Sandstone were used 

in the weathering experiment (i.e., 21 samples). Impacted samples were named according to 

Barringer Crater Reference Collection naming convention (pers. comm. D. Kring). 

3.2.1.2. West Clearwater Impact Structure samples: Crystalline impacted rocks, 

impact melt rocks, and impact breccias   

The ~36 km diameter West Clearwater Impact Structure (WCIS) is about 125 km east of 

Hudson Bay in Quebec, Canada (Simonds et al., 1978). WCIS is ~286 Ma old and is 

relatively well preserved with a large ring of islands in the ~30 km diameter lake (Schmieder 

et al., 2015; Osinski and Grieve, 2017). The samples from this crater were collected during 

NASA FINESSE (Field Investigation to Enable Solar System Science and Exploration) 
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expedition in 2014 by one of the co-authors. Target lithologies comprise granitic gneiss, 

granite, tonalite, granodiorite, quartz monzodiorite with later diabase dykes (Phinney et al., 

1978; Simonds et al., 1978; Rosa, 2012; Rae et al., 2017; Osinski and Grieve, 2017). Osinski 

and Grieve (2017) proposed a general stratigraphy of impactites from the bottom to top in 

the sequence: Fractured basement > lithic impact breccia > impact melt-bearing breccia or 

suevite > clast rich impact melt rock > clast poor impact melt rock > clast free impact melt 

rock.  

Impacted granite and tonalite samples were collected from around the rim and impact melt 

rocks and impact breccias were collected from ring islands. Samples were named according 

to NASA FINESSE WCIS campaign naming convention. 

3.2.1.3. Ries Crater samples: Impact melt-bearing breccia or suevite 

The ~26 km diameter Ries Crater in western Bavaria, Germany is one of the best preserved 

terrestrial mid-sized complex impact structures (Pohl et al., 1977). Ries crater was formed 

~15 million years ago in the flat-lying sequence of Mesozoic sedimentary rocks that 

unconformably overlie Hercynian crystalline basement (Pohl et al., 1977; Osinski, 2003; 

Rocholl et al., 2018; Schmieder et al., 2018). A single Suevite sample from this crater is used 

in this study. The sample came from the repository collection of one of the co-authors, and 

its precise sample location in the field is not known.  

 

3.2.2. Sample preparation 

Polished thinsection of 30 μm thickness was prepared for petrographic examination. 

Powdered samples were prepared in a mortar and pestle for X-ray diffraction analysis. For 

the weathering experiments, rock samples were cut into cube blocks of 5 cm side length 

using a wet rock saw at Trinity College Dublin. A few samples which were not big enough 

for making 5 cm cube blocks, were cut down into the biggest dimension possible (see Table 

3.1-3.4). 

 

3.2.3. Characterisation of samples 

Characterisation of samples was necessary to describe the deformation and changes in rock 

samples due to impact. Several laboratory analysis techniques were used to characterise 
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petrographical properties in rock samples. Samples were assessed to determine 

compositional and textural properties using a combination of qualitative and quantitative 

techniques including scanning electron microscopy (SEM), powder X-ray diffraction 

(XRD), petrographical microscopy and X-ray computed tomography (CT). In order to 

classify each sample into a shock pressure class, the shock deformation state of quartz was 

determined in polished thinsection under a petrographic microscope. These features were 

then matched to the published classification, and the shock pressure class was assigned to 

the samples (Kieffer, 1971b; Stöffler et al., 2018) based on the presence and absence of 

specific shock features (e.g. PF, PDFs) in quartz and decreasing quartz content in the samples 

due to conversion into high-pressure polymorphs and glass. Quantitative powder X-ray 

diffraction was used to determine the relative proportion of high-pressure mineral 

polymorphs in the samples. The shock progression seen in the quartz is similar to that found 

in other studies (Kieffer, 1971b; Engelhardt, 1997; Rosa, 2012; Rae et al., 2017). 

3.2.3.1. Quantitative X-ray diffraction (XRD) for identification of mineral phases in 

rock samples 

Quantitative powder X-ray diffraction (XRD) analysis was performed on rock sample to 

identify and measure relative proportion of minerals and their high-pressure polymorphs 

formed during impact using the Bruker D5000 in Trinity College Dublin and the Panalytical 

X’Pert Pro XRD at the Natural History Museum, London. These data allowed us to assign 

shock pressure class to these samples based on abundances of higher-pressure mineral 

polymorphs. Furthermore, powder XRD was used to identify salt species present in the field. 

3.2.3.2. Petrographic examination using scanning electron microscope (SEM) and 

petrographic microscope  

Petrographic microscopy and SEM were used to analyse and identify the composition 

(mineral composition, grain size, grain size distribution, grain contact, porosity, grain shape, 

matrix, sorting), weathering (secondary alteration minerals, grain disintegration, grain shape, 

secondary porosity, fracture patterns), and impact associated deformation features (e.g., PF, 

PDFs, microfractures) of the rock. Polished thin sections were examined under Nikon 

Eclipse LV100 petrographic microscope. Grain size and sorting analysis for sedimentary 

impactites were done in the MATLAB tool developed by Buscombe (2013). Zeiss Axio 

Imager 2 microscope was used to obtain mosaic of thin sections to understand the 

composition and grain-matrix relationship in the thin section.   



 

92 
 

A Tescan Mira XMU Field Emission scanning electron microscope (SEM) at the Centre for 

Microscopy Analysis (CMA) in Trinity College Dublin was used to obtain Backscattered 

Electron (BSE) images of rock thin sections. The SEM was equipped with KE Developments 

Centaurus system. Thin sections were carbon coated to a thickness of 10 nm to aid 

conductivity. BSE images were obtained at a working distance of 18 mm. Beam operating 

conditions were 20 kV of accelerating voltage and probe current of 10 pA. 

SEM BSE mosaics  (~50 mm2) were used for porosity determination of impacted and non-

impacted samples (Buhl et al., 2013b). SEM BSE mosaics (~50 mm2) represents significant 

subsection of the entire thinsection. The area for BSE mosaic was selected manually by 

locating subsection of thinsection that roughly represented the whole thinsection. 

Macrofractures were avoided in the field of view BSE mosaic for estimating primary 

porosity of rock sample in order to avoid any bias in the result.  Porosity in rock samples 

was estimated by quantitative BSE image analysis in freely available software Image J 

following established methodology (Buckman et al., 2017). BSE images have high contrast 

which enables discrimination between grains and the lowest intensity (or darkest) epoxy-

filled pore spaces. Grey-Scale intensity thresholding was visually applied at the default 

setting by manually adjusting the intensity in order to capture the maximum degree of 

observed porosity. The percentage area of thresholded pore space was measured for porosity 

percentage determination. BSE images were also used to quantify the microfractures in rock 

samples.  

3.2.3.3. X-ray computed tomography (CT) 

X-ray CT was used to visualise and quantify macro-fractures (0.1 mm – 1 mm) present in 

the sample blocks. A Nikon Metrology HMX ST 225 X-ray CT at the Natural History 

Museum (London) was used to characterise the samples. X-ray CT images were acquired at 

200 kV and 200 µA using 0.5 mm copper filter and ultra-focus X-ray head. Approximately 

3142 projections were acquired at 2 frames per projection by 0.2 mm detector pixel size. The 

X-ray CT scanned 2 hours for each sample at 0.046 mm voxel size. The scan was 

reconstructed into a 16-bit unsigned raw file format which took 1.5 hours for each sample. 

The resolution of 0.046 mm per voxel is the highest that could be achieved for 5 cm cube 

rock block with this approach.  

X-ray CT was used to characterise macro-fractures both before and after the environmental 

chamber experiments (De Kock et al., 2015). This technique helped to quantify the presence 
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of pre-existing micro-fractures and those that may be enhanced or generated by the 

experiments.  

 

3.2.4. Laboratory weathering experiment 

3.2.4.1. Weathering experiment design 

In order to understand the role of impact inheritance on rock weathering, an experiment was 

conducted to simulate physical weathering under terrestrial semi-arid conditions over a short 

timespan (c 39 diurnal cycles). A Sanyo Fissons-FE300H/MP/R20 environmental cabinet 

was used to simulate the semi-arid environment conditions found at Meteor Crater in 

Arizona during spring (Fig A.3.8-A.3.9 in Appendix 3). It is required to ensure the samples 

have sufficient exposure to manifest a physical response to the conditions. Shorter run times 

may not produce measurable effects. Viles et al. (2010) ran terrestrial simulations for 12 

days on basalt and had a successful outcome. Due to limited availibility of funding and 

access to the environmental cabinet facility, the experiment was run for 13 days.  

In the physical weathering experiment, environmental cycling simulated heating and 

cooling, wetting and drying, freeze and thaw, and salt weathering processes. Our motivation 

was to simulate natural weathering conditions to produce an observable rock breakdown in 

the short experiment timeframe available. Forty-one sample blocks of impactites and non-

impacted rocks were used in this experiment. 

To provide a pedogenic component to the experimental environment and to isolate the base 

of the rock from the metallic tray, a ~2 cm thick sand layer was placed in sample trays (Fig 

3.1). Building sand (quartz sand) was used in this experiment which had similar albedo and 

grain size as the sand found at Meteor Crater site. This was done to recreate field-like thermal 

gradients. The mean grain size of the sand used in the experiment was 270 µm (measured by 

Malvern Laser Particle Sizer Mastersizer 2000) which is similar to sand sampled from the 

field site (230 µm, measured by dry sieving). Salt samples (MC51417-3 and MC51417-4) 

collected in the field at the Meteor Crater site were analysed to identify the salt species. 

Gypsum salt (calcium sulphate dihydrate, CaSO4·2H2O) was detected in the powder XRD 

analysis (Fig A.3.10 in Appendix 3) and was used in this experiment to simulate the natural 

field conditions. Although gypsum is not known to be an aggressive salt in short duration 

weathering experiment conditions (Charola et al., 2007; Williams and Robinson, 2001), 
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gypsum salt was mixed into the sand in 1:10 ratio by weight as this sand to salt ratio is known 

to produce observable breakdown (Goudie and Parker, 1998; Goudie et al., 2002). The rock 

samples were placed on top of this sand-salt layer to simulate natural conditions in which 

salt uptake take place by a capillary rise in the field (Fig 3.1). Samples were separated in the 

tray to prevent possible interactions. 

In this simulation, diurnal cycles of temperature and humidity (forced by convection) were 

accelerated so that each 24 hours was simulated over 8 hours in the environmental cabinet 

(Fig 3.1). Temperature and relative humidity data obtained from an iButton (Viles, 2011) 

deployed at Meteor Crater was used in this simulation (Fig A.3.8-A.3.8 in Appendix 3). A 

full diurnal spring range (-2 to 35°C) which recorded the highest temperature gradient was 

chosen and compressed into an 8h cycle by reducing the length of time at near-constant 

temperatures to induce rock breakdown in reasonably realistic circumstances. This was done 

to preserve a natural rate of temperature change during periods of maximum heating and 

cooling and to minimise chamber time (Viles et al., 2010). An 8-hour cycle is appropriate as 

a shorter cycle require accelerating conditions too far from reality, that can have negative 

consequences on the experiment outcome. The mean rate of change in air temperature 

(dT/dt) in this experiment was ~0.15°C/min. Thirty-nine cycles were repeated in total. Each 

cycle lasted 8 hours, and consist of 8 steps, of 1 h duration each step, with a constant cooling 

and warming rate. The temperature inside the environmental chamber was recorded using 

an iButton to ensure that the chamber was performing the temperature and relative humidity 

simulations correctly.  

The chamber was configured into two compartments using a metallic shelf (Fig 3.1). Seven 

sample trays containing six samples (Fig A.3.1-A.3.7 in Appendix 3) in each tray were 

placed in the chamber (4 sample trays in the top compartment and 3 in the bottom 

compartment). A 40W halogen incandescent bulb was placed ~30 cm from the samples in 

each compartment of the chamber (Fig 3.1) to provide direct heating of rock surfaces by 

radiation to mimic natural condition of heat transfer (Warke and Smith, 1998; Viles et al., 

2010). The lamp was switched on for half of each cycle using a programmable timer plug 

(Fig 3.1). The rain was simulated by spraying both the sand and the sandstone block surface 

with 25 mL of distilled water every 6 cycles. The spatial position of each sample tray was 

changed within chamber shelf sixth cycle when the chamber was opened for rain simulation 

to ensure equal exposure to any slight variations in conditions in the chamber (e.g. direct 
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radiational heating variation due to the position of the lamp in the chamber). The surface 

temperature of the rock surface was monitored every sixth cycle with an infrared 

thermometer to ensure that rock does not get too much heat from an artificial light source.  

 

Fig 3.1. Physical weathering experiment protocols. (a) Terrestrial semi-arid condition 

simulation chamber with a lamp on top. (b) and (c) Rock sample tray. Sample blocks were 

placed on the sand-salt layer in the tray. (d) and (e) Temperature and humidity cycling of air 

in the simulation chamber. 

3.2.4.2. Change metrics 

Large-scale changes were monitored by weighing and photographing the samples before and 

after the experiments. Before weighing the sample at the end of the experiment, the samples 

were softly brushed to remove any sand, salt or debris attached to the rock surface. The 

change in weight is expressed as a percentage of initial block weight. A high-resolution 

Nikon D5500 24-megapixel camera with 35 mm prime lens was used to take scale 

photographs of the top and bottom facets of the sample blocks before and after the 

experiment. For small-scale changes, close up photographs of the rock samples were 

analysed before and after the rock breakdown experiments to identify and quantify changes 
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in order to establish the nature, rate, and intensity of breakdown under experimental 

conditions.  

Rock hardness was measured using the Proceq Equotip Piccolo Bambino 2 before and after 

the experiment to detect any changes in rock strength (Kompatscher, 2004; Aoki and 

Matsukura, 2007; Viles et al., 2011). The measurement was obtained using D device version 

(impact body 27 mm long, flat support ring) in HLD mode (Kompatscher, 2004). The 

hardness measured by equotip are represented as Leeb hardness value (Kompatscher, 2004). 

Samples were supported by 1 m thick solid granite worktop bench. A rigid connection 

between the sample and solid support was ensured. The contact surface of the sample and 

the surface of the solid support was level, flat and smooth clean and dry. This was done to 

prevent unwanted energy absorption resulting in distortion in test results due to vibration as 

the impact body as the equotip hits the test point (Kompatscher, 2004). Twenty equotip 

measurements on each block were taken on different locations on the same surface and 

averaged. Any decrease in rock surface strength as a result of the generation of new 

microfractures or modification of an existing one is expected to be reflected in a decrease in 

Leeb hardness value (Aoki and Matsukura, 2007; Viles et al., 2011).  

3.2.4.3. Desalination experiment 

In order to quantify the amount of salt taken into macrofractures by capillary action during 

the experiment a series of desalination experiments were conducted. The samples were 

placed in individual, non-reactive, transparent, 1L cylindrical containers made up of Nalgene 

polypropylene copolymer material. The container was filled with 600 ml of distilled water, 

tightly capped and left for 48h. Samples were then removed and oven dried for 24 h at 50 

°C to avoid the potential of inducing thermal breakdown. The experiment was repeated for 

three cycles. The conductivity of the water in which samples were immersed was measured 

using a handheld electrical conductivity meter and weight of the sample was recorded at the 

beginning and the end of each cycle. When there was little to no difference in the water 

conductivity or weight of the rock sample, then the experiment was stopped. At the end of 

the desalination, the sample strength was measured by Equotip. The Equotip measurement 

was carefully obtained on the same surface on which measurements were obtained before 

and after the weathering experiment. Care was taken to avoid previous Equotip measurement 

locations.  
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3.3. Results 

3.3.1. Characterisation of rock samples 

In this study, sedimentary and crystalline impactites samples were classified into shock 

pressure classes using XRD, SEM-BSE, and petrographic microscopy observation following 

classification by (Kieffer, 1971b; Kieffer, 1971a; Madden et al., 2006; Stöffler et al., 2018). 

Below is a summary of the characterisation of impactite samples (Tables 3.1-3.4). Further 

detailed of the petrographic analysis can be found in Chapter 2. 

Table 3.1. Description of properties of Coconino Sandstone sample blocks used in the 

weathering experiment. Same sample names with Roman numerals in brackets indicate 

blocks cut from the same big sample. 

Coconino 
Sandstone 
(CS) 

Shock 
pressure 
class 

Sample 
Size (cm) 

Type of 
rock 

Porosity 
(%) 

Grain 
size 
(mm) 

Sorting Lamination Visible macro-
fracture in 
hand sample 

Petrographic overview 

MC51417-5 
(I) 

1A ~5×5×5 Ejecta 5.81 0.12 0.08 Five sets 
parallel 
lamination 
bands, the 
width of the 
band is 1 mm 

No Class 1a (<5GPa) CS may have 
experienced <5GPa of shock pressure 
during impact. In general, specimens of 
class 1a shocked CS do not differ in 
macroscopic appearance from unshocked 
CS. The grains are weakly to moderately 
cemented. In thin section, these rocks 
have less porosity than massive 
unshocked Coconino Sandstone. Porosity 
has been reduced in these samples due to 
compaction caused by slight translation 
and rotation of individual grains or small 
group of grains during the passage of 
shock waves. However, remnant porosity 
is still visible under a petrographic 
microscope. Less than 5% of quartz 
grains show wavy extinction under cross-
polars. Class 1a samples retain their 
original grain size as in found in 
unshocked samples and 37-65% quartz 
grains displayed irregular microfractures 
(Madden et al., 2006). 

MC51417-5 
(II) 

1A ~5×5×5 Ejecta 5.81 0.12 0.08 5 sets parallel 
lamination 
bands, width of 
band is 1 mm 

No 

MC51417-6 1A ~5×5×5 Ejecta 14.42 0.09 0.07 No, massive No 

MC51417-7 1A ~5×5×5 Ejecta 18.5 0.14 0.09 8 bands of 
width 1 mm 
parallel, closely 
spaced 0.5 cm 

No 

MC51417-8 1A ~5×4×4 Ejecta 12.27 0.09 0.06 No, massive No, crumbled 
corner 

MC51517-2 1A ~5×5×3 Crater wall 
rock 

12.72 0.11 0.07 Four bands of 
lamination with 
1 mm width, 
closely spaced 
0.5 cm 

One set of 
fracture 3 cm in 
length and 0.2 
cm in width 
only visible on 
two adjacent 
surfaces, broke 
along a fracture 
or lamination 
during sample 
preparation 

MC51517-4 1A ~5×5×5 Crater wall 
rock 

13.69 0.12 0.08 No, massive One set of 
fracture 4 cm in 
length and 0.2 
mm width only 
visible on two 
adjacent 
surfaces 

MC51517-8 
(I) 

1A ~5×5×5 Crater wall 
rock 

13.69 0.16 0.09 No, massive One set of 
fracture,5.5 cm 
in length, 0.2 
mm wide, 
visible only on 
two adjacent 
surfaces of the 
block 

MC51517-8 
(II) 

1A ~5×5×5 Crater wall 
rock 

13.69 0.16 0.09 One band of -1 
mm thick 
lamination, 
massive 

No 

MC51417-9 1B ~7×7×3 Ejecta 
from quary 

10.98 0.1 0.07 no, but the 
friable sample 

No Class 1b (~5 GPa) CS is fragile and 
friable, fine-grained, powdery in texture. 
The rock is snow white in hand sample 
and can be broken by gentle hand 
pressure. The size of the grains is reduced 
by fracturing, only a fraction of the grains 
preserves the original grain size. These 
isolated grains are surrounded by much 
smaller, highly fractured quartz particles. 
In class 1b CS ~98% of grains contain 



 

98 
 

 

 

 

 

 

Table 3.2. Description of properties of Moenkopi Sandstone sample blocks used in the 

weathering experiment. Same sample names with Roman numerals in brackets indicate 

blocks cut from the same big sample. 

Moenkopi Sandstone 
(MS) 

Shock 
Pressure 

class 

Sample 
Size (cm) 

Type of 
rock 

Porosity 
(%) 

Grain 
size 

(mm) 

Sorting Lamination Visible 
macrofracture in 

Hand sample 

Petrographic overview 

MC8215-01 1A ~5×5×3 Crater 
wall rock 

0.7 0.09 0.06 No, massive Two sets of 
fractures passing 

through two 
facets, the first one 
is 2 cm in length 

and the second is 6 
cm long. The 

aperture of the 
fractures is 0.1 

mm 

Class 1a (<5GPa) MS may have 
experienced <5GPa of shock pressure 
during impact. In hand specimen, there is 
no visible difference between class 1a and 
unshocked MS. No high-pressure 
polymorphs were identified in XRD 
analysis and no change in mineralogy was 
observed in class 1a MS compared to 
unshocked MS. Macroscopic fractures are 
present in some of the class 1a MS 
samples. Due to low shock, this porosity 
is reduced in class 1a MS. The porosity in 
low, shocked Moenkopi is 0.5-1%. No 
irregular grain fracturing due to impact 
can be seen in class 1a MS. A small 
amount of the quartz grains shows wavy 
extinction 

MC51317-1 1A ~5×5×5 Crater 
wall rock 

0.58 0.09 0.06 Three sets 
of sub-
parallel 
cross-

laminations 

No 

MC51317-2 1A ~5×5×5 Crater 
wall rock 

0.78 0.09 0.06 Three sets 
of sub-
parallel 
cross-

lamination 

Six set of fracture 
along cross-

lamination on 
different facets. 

the length of 
fracture ranges 

from 1-2 cm and 
aperture 0.1 mm 

MC51317-03 1A ~5×5×5 Crater 
wall rock 

0.50 0.1 0.06 No, massive No 

MC51317-4 (I) 1A ~5×5×5 Crater 
wall rock 

1.09 0.1 0.07 Three sets 
of sub-
parallel 
cross 

laminations 

One big 5 cm long 
and 0.2 mm wide 

orthogonal 
fracture visible on 
all facets. Smaller 

fractures are 
ranging from 1-2 
cm long 0.1 mm 
wide visible on 
multiple facets. 

MC51317-4 (II) 1A ~5×5×3 Crater 
wall rock 

1.09 0.1 0.07 Two sets of 
sub-parallel 

cross-
laminations 

Three sets of 
fracture ranging 

from 1.5-5 cm and 
aperture 0.1-0.2 
mm visible on 

three facets 
MC51317-5 1A ~5×5×5 Ejecta 0.74 0.09 0.07 Four set of 

sub-parallel 
cross 

lamination 

No 

MC51317-6 1A ~5×4×5 Ejecta 0.83 0.09 0.07 No, massive One set of 4 cm 
long fracture 

visible on two 
adjacent facets. the 

aperture of the 
fracture is 0.1 mm 

MC51417-1 (I) 1A ~5×5×5 Crater 
wall rock 

0.96 0.09 0.05 Three set of 
sub-parallel 

cross 
lamination 

No 

MC51417-1 (II) 1A ~5×5×4.5 Crater 
wall rock 

0.96 0.09 0.05 One set of 
visible cross 
lamination 

Two set of small 
fractures on two 
adjacent faces, 

ranging in length 
from 1-2.5 cm and 
aperture 0.1 mm 

MC51417-2 (I) 1A ~5×5×5 Ejecta 0.71 0.07 0.05 Three sets 
of sub-

No 

irregular fractures (Madden et al., 2006). 
The aperture/width of intragranular 
microfracture in the quartz grains in low 
shocked Coconino Sandstone ranged 
from 0.1-5 um. 

CLR-1 unshocked ~5×5×5 Control 20.44 0.09 0.07 No, massive 1.5 cm long 
fracture, visible 
on two adjacent 
surfaces only. 

The unshocked CS is pale buff, white, 
fine-grained, saccharoidal, cross-bedded 
eolian Sandstone Detrital quartz grains in 
the sandstone are generally well rounded, 
well sorted. CS contains 94-99 % quartz 
0.4 – 5 % kaolinite, and minor feldspar, 
heavy minerals (rutile, zircon), calcite 
and hematite as secondary deposits can 
occur in trace quantity. 

CLR-2 unshocked ~5×5×5 Control 20.93 0.09 0.04 No, massive No 
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parallel 
cross-

laminations 
MC51417-2 (II) 1A ~5×5×5 Ejecta 0.71 0.07 0.05 One set of 

cross-
lamination 

No 

MC51417-2 (III) 1A ~5×5×2.5 Crater 
wall rock 

0.71 0.07 0.05 Three sets 
of sub-
parallel 
cross-

laminations 

No 

CS16-01 Unshocked ~5×5×5 Control 8.39 0.1 0.06 No, massive No Unshocked Moenkopi sandstone is very 
fine-grained sandstone which is cemented 
by carbonates. Moenkopi contains 50-80 
% quartz, microcline, muscovite, hematite 
and kaolinite in minor amounts and 
remainder being composed of carbonate 
minerals (calcite and dolomite). Quartz is 
subrounded, equant, and well sorted and 
has subhedral grain boundary. The matrix 
is very fine grained and iron rich. The 
mean grain size ranges from 0.07-0.1 mm. 
The grain size ranges from 0.009-0.12 
mm. The texture of the rock is grain 
supported.  

CS16-02 Unshocked ~5×5×5 Control 5.23 0.08 0.06 Four set of 
sub-parallel 

cross 
lamination 

No 

 

 

Table 3.3. Description of properties of crystalline impactite sample blocks used in the 

weathering experiment.  

WCIS target rocks Shock 
pressure 

class 

Sample Size 
(cm) 

Type of 
rock 

Porosity 
(%) 

Visible macrofracture in 
Hand sample 

Petrographic overview 

WCIS-14 MK-004 1a ~5×5×5 Target rock 
from around 
rim (granite) 

0.07 Multiple macro-fractures on 
all surfaces ranging in length 
from 2-5 cm and 0.1 mm in 

aperture 

Class 1a granite (<10 GPa) may have experienced <10 GPa shock 
pressure during impact. The granite sample has a pinkish grey hue in 
hand sample. Class 1a granite is medium grained hypidiomorphic, 
equigranular, with average grain-sizes varying from ~1 mm to up to 
~3 mm. The granite samples contain quartz, albite, microcline and in 
minor amounts muscovite and clinochlore. Intragranular and 
intergranular fracturing is pervasive in the sample. Planar Fracture is 
present in quartz grains.  

WCIS-14 MK-001a 1a ~3.5×3.5×3 Target rock 
from around 
rim (granite) 

Negligible One set of fracture 4 cm in 
length and 0.1 mm width only 

visible on two adjacent 
surfaces 

WCIS-14 Oz-015 1a ~4×3×3 Target rock 
from around 

rim 
(Tonalite) 

0.26 No Class 1a tonalite (<10 GPa) have undergone low shock (<10 GPa) 
deformation during impact. The sample looks greenish in hand 
sample. Class 1a tonalite is medium grained hypidiomorphic, 
equigranular, with average grain-sizes varying from ~ 1mm to up to 
~3 mm. Class 1a tonalite contains quartz, albite, biotite, hornblende 
and in minor amounts calcite and clinochlore. Intragranular 
fracturing is pervasive in the sample. Kink bands can be observed in 
biotite. Planar Fractures in quartz is present.  
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Table 3.4. Description of properties of impact melt rock and impact breccia sample blocks 

used in the weathering experiment. Same sample names with Roman numerals in brackets 

indicate blocks cut from the same big sample. 

Impactites Sample Size 
(cm) 

Type of rock Porosity 
(%) 

Visible macrofracture in 
Hand sample 

Petrographic overview 

WCIS-14 
RW-019 

~3.5×3.5×3.5 Clast rich fine-
grained impact 

melt rock 

2.91 No This sample is massive and appears reddish-purple colour in hand sample due to oxidation of 
matrix. Clast rich melt rocks contain up to 25% fragments coarser than 1 mm. Clast rich impact 
melt rock contain quartz, andesine, sanidine, and minor muscovite, hematite and montmorillonite. 
Clasts usually compose 40-60%, and matrix occupies 60-40% of most of the samples (Rosa, 
2012). The matrix is composed microlites made of iron oxide and plagioclase (<10 µm). The 
matrix has reacted with embedded clasts in clast rich impact melt rock. Clasts in the sample have 
micro-fractures. 

WCIS-14 
MK-082 

~5×5×3 Clast poor fine-
grained impact-

melt rock 

0.15 Multiple macro-fractures 
on all surfaces ranging in 

length from 1-5 cm and 0.1 
mm in aperture 

The clast poor impact melt rocks WCIS-14 MK-015, and WCIS-14 MK-087 appears red to purple 
in hand sample. Whereas, WCIS-14 MK-082 looks yellowish brown in hand sample. Clast poor 
impact melt rock contains less than 15% clasts larger than 1 mm across (Simonds et al., 1978, 
Rosa, 2012). Clast poor impact melt rocks WCIS-14 MK-015, and WCIS-14 MK-087 contain 
microcline, muscovite, andesine, and montmorillonite in minor quantity. Sample WCIS-14 MK-
082 consist of quartz, anorthite, albite, sanidine and minor amounts of montmorillonite. In thin 
section, WCIS-14 MK-082 appears very different than WCIS-14 MK-015 and WCIS-14 MK-087. 
The melt matrix (size< 50 µm) in WCIS-14 MK-082 displays interlocking texture, whereas in 
WCIS-14 MK-015 and WCIS-14 MK-087 matrix displays fine-grained microlites (<10 µm) 
feldspar. Clasts in all clast poor impact melt rocks are fractured and reacted with the surrounding 
melt matrix. The matrix is oxidised in the samples. WCIS-14 MK-082 appears to be extensively 
chemically weathered/altered. WCIS-14 MK-015 may have been affected by hydrothermal 
alteration as it contains quartz vugs. 

WCIS-14 
MK-015 

~5×5×3 Clast poor fine-
grained impact 

melt rock 

0.28 Multiple macro-fractures 
are ranging from 3-5 cm 
and 0.1 mm in aperture 

visible on multiple facets/ 
surfaces. Two vugs of 

diameter 0.5 and 1 cm are 
visible on two facets. 

WCIS-14 
MK-087  

~3×3×3 Clast poor fine-
grained impact-

melt rock 

0.61 A few fractures ranging in 
length 1-2 cm with aperture 

less than 0.1 mm seen on 
three facets. 

WCIS-14 
MK-60 

~4×4×4 Clast free 
impact melt 

rock 

1.51 One fracture 3 cm in length 
and 0.1 mm visible on one 

surface only 

These samples contain no clast upto the size of 1 mm. These samples appear reddish brown in 
hand sample. They appear to be more coherent than clast rich- and clast poor- impact melt rocks. 
These samples contain quartz, anorthite, albite, muscovite, hornblende and minor montmorillonite. 
The matrix is oxidised and consist of devitrified glass. At high magnification, plagioclase laths 
(<10 µm) in matrix show interstitial texture. Clasts are fractured and have reacted to melt matrix.  

WCIS-14 
MK-077 

~5×4×3 Clast free 
impact melt 

rock 

0.21 No 

WCIS-14 
MK-058B 

~5×5×3 Lithic breccia 2.07 No Lithic breccia appears red in hand sample. These samples contain larger clast (≥1 mm) embedded 
in the clastic matrix. The breccia samples consist of quartz, albite, orthoclase, muscovite, 
montmorillonite and minor hematite. The clasts are fractured and contain shock features. Toasted 
quartz and PDFs and PFs was observed in quartz and feldspar. In the thin section, matrix appears 
reddish brown due to oxidation.  

WCIS-14 
058C 

~4×4×4 Lithic breccia 2.57 One set of fracture 4 cm in 
length and 0.1 mm in 

aperture visible on only one 
facet 

WCIS-14 
Oz-005 

~5×5×3 Impact melt-
bearing breccia 

or suevite 

3.46 Multiple small fractures of 
length 1.5 cm and aperture 
0.1mm visible three facets 

WCIS-14 Oz-005 contain red, oxidised impact melt particles set in a fine-grained matrix. Glass 
component is surrounded by clastic groundmass (Osinski and Grieve, 2017). It contains clasts of 
quartz, feldspar. The clasts range in size from 100-900 micron. Hematite was present as opaque 
minerals. Some of the feldspar clasts are altered. Quartz clasts were fractured. The microfractures 
range from 0.1 to 4 microns in width. The glass fragment contains vesicles. 

Suevite (I) ~5×5×5 Impact melt-
bearing breccia 

or suevite 

10.39 Multiple macro-fractures 
on all surfaces ranging in 
length from 1-5 cm and 

0.1-0.2 mm in an aperture 
on all facets of the rocks. 

Suevite samples contain clasts of vitric or glassy material, quartz, albite, microcline, hornblende, 
and minor amounts of muscovite and prehnite. Mineral clasts are 100-700 micron in diameter. The 
clast and lithic fragments are supported by clastic groundmass which forms up to ~80 % of the 
volume of which 30-50 % is glass (Osinski et al., 2004). All the mineral clasts are highly 
fractured, planar fractures were observed in some quartz grains, but most of the clast do not 
contain high-pressure shock features. The microfractures were 0.5-6 micron in width. Some of the 
mineral grains are appearing to be weathered. The samples contained macro-fractures in hand 
sample with aperture 0.2-0.4 mm and up to 2-5 cm in length. 

Suevite 
(II) 

~5×5×5 Impact melt-
bearing breccia 

or suevite 

10.39 Multiple macro-fractures 
on all surfaces ranging in 
length from 1-5 cm and 

0.1-0.2 mm in the aperture. 
In hand sample 

observation, this sample 
contains more fractures and 
vitreous phases compared 

to Suevite (I) 

 

3.3.2. Experimental results 

Figure 3.1 d and e show that our experimental design was successful in reproducing air and 

relative humidity changes known in semi-arid terrestrial conditions. At low temperatures (-

2 to 5°C), a layer of dew was observed to precipitate on the top surface of the blocks. A 

gypsum salt crust was noted on the sand layer following water spray. At the end of the 

experiment, salt efflorescence can be seen on the surface of the blocks in contact with the 

sand-salt bed. In the following section, results from different types of impactites used in the 

weathering experiments are reported separately. 
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3.3.2.1. Sedimentary impactites 

3.3.2.1.2. Coconino Sandstone (CS) 

Table 3.5. Summary of results from weathering and desalination experiment 

 

Most of the low shocked CS, assigned to shock pressure class 1a (Table 3.1) exhibited a 

higher loss in Leeb hardness values compared to unshocked CS following the weathering 

experiment (Fig 3.2). In terms of weight loss class 1a CS did not show any significant 

difference compared to unshocked rocks during weathering and desalination experiment (Fig 

3.3). Sample MC51517-2 was the exception with the most significant amount of breakdown 

and debris (Fig 3.3). After desalination experiment class 1a CS (with the exception of 

MC51517-8 (I) and MC51517-8 (II)) gained strength whereas unshocked CS samples lost 

strength (Fig 3.2). 

CS sample (MC51417-9) the only sample representing class 1b shock pressure class show a 

much more significant loss in weight in comparison to its unshocked counterpart during 

weathering and desalination experiment (Fig 3.3). This sample was not tested for rock 

strength using equotip as it was friable and start breaking with slight hand pressure. 

Coconino 
Sandstone 

Shock 
pressure 

class 

Equotip 
Leeb values 
before the 

experiment 

Equotip 
Leeb values 

after the 
experiment 

% change in 
Leeb values 

due to 
experiment 

Equotip 
Leeb values 

after 
desalination 

% change in 
Leeb values 

due to 
desalination 

Conductivity 
(µS/cm) 

%change 
in weight 

due to 
weathering 
experiment 

%change in 
weight due 

to 
desalination 

MC51417-
5 (I) 

1A 418 383 -8.37% 388 -7.18% 58 -0.12% -0.07% 

MC51417-
5 (II) 

1A 373 334 -10.46% 334 -10.46% 63 -0.09% -0.07% 

MC51417-
6 

1A 379 326 -13.98% 345 -8.97% 25 -0.06% -0.05% 

MC51417-
7 

1A 343 322 -6.12% 331 -3.50% 65 -0.08% -0.07% 

MC51417-
8 

1A 303 270 -10.89% 285 -5.94% 42 -0.07% -0.06% 

MC51417-
9 

1B not measured not measured - not measured - 81 -0.45% -0.23% 

MC51517-
2 

1A 393 342 -12.98% 351 -10.69% 78 -7.42% -0.09% 

MC51517-
4 

1A 345 289 -16.23% 322 -6.67% 43 -0.07% -0.03% 

MC51517-
8 (I) 

1A 430 399 -7.21% 397 -7.67% 18 -0.05% -0.04% 

MC51517-
8 (II) 

1A 427 406 -4.92% 397 -7.03% 20 -0.04% -0.03% 

CLR-1 unshocked 386 363 -5.96% 355 -8.03% 31 -0.09% -0.05% 

CLR-2 unshocked 373 357 -4.29% 349 -6.43% 21 -0.10% -0.05% 

Mean 
percent 
change 

1A   -10.13%  -7.57%  -0.89% -0.06% 

Mean 
percent 
change 

1B   not 
measured 

 not 
measured 

 -0.45% -0.23% 

Mean 
percent 
change 

unshocke
d 

  -5.13%  -7.23%  -0.10% -0.05% 



 

102 
 

Most of the class 1a and the sample 1b CS showed higher conductivity during desalination 

experiment (Table 3.5). The higher conductivity showed no correlation to higher porosity. 

X-ray CT examination did not reveal any new fracture growth or change in existing fracture 

aperture and length due to weathering experiment. 

 

Fig 3.2. Change in Equotip Leeb Hardness value in Coconino Sandstone shock class 1a 

samples due to the weathering and desalination experiment. The percent value on top of each 

column is the percent change from the initial Leeb value. Equotip measurements were not 

obtained for shock class 1b sample MC51417-9 because it was friable. 
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Fig 3.3. Percent weight change in Coconino Sandstone samples due to the weathering and 

desalination experiment (including shock class 1b sample MC51417-9). 

3.3.2.1.2. Moenkopi Sandstone (MS)  

Table 3.6. Summary of results from weathering and desalination experiment 

Moenkopi 
Sandstone 

Shock 
Pressure 

class 

Equotip 
Leeb 

values 
before the 

experiment 

Equotip 
Leeb 

values 
after the 

experiment 

% change in 
Leeb values 

due to 
experiment 

Equotip 
Leeb values 

after 
desalination 

% change in 
Leeb values 

due to 
desalination 

Conductivity 
(µS/cm) 

%change 
in weight 

due to 
weathering 
experiment 

%change in 
weight due 

to 
desalination 

MC8215-01 1A 461 435 -5.64% 430 -6.72% 103 0.02% -0.25% 

MC51317-1 1A 485 470 -3.09% 464 -4.33% 102 0.20% -0.16% 

MC51317-2 1A 485 466 -3.92% 462 -4.74% 188 0.30% -0.05% 

MC51317-03 1A 489 461 -5.73% 458 -6.34% 80 -0.05% -0.19% 

MC51317-4 (I) 1A 450 449 -0.22% 429 -4.67% 186 0.23% -0.21% 

MC51317-4 
(II) 

1A 472 462 -2.12% 437 -7.42% 104 -0.07% -0.21% 

MC51317-5 1A 515 490 -4.85% 488 -5.24% 74 -0.01% -0.17% 

MC51317-6 1A 460 433 -5.87% 420 -8.70% 84 0.63% -0.19% 

MC51417-1 (I) 1A 451 432 -4.21% 430 -4.66% 87 -0.08% -0.12% 

MC51417-1 
(II) 

1A 432 423 -2.08% 398 -7.87% 63 0.19% -0.12% 

MC51417-2 (I) 1A 484 458 -5.37% 462 -4.55% 78 0.07% -0.13% 

MC51417-2 
(II) 

1A 501 479 -4.39% 473 -5.59% 92 0.02% -0.13% 

MC51417-2 
(III) 

1A 470 447 -4.89% 443 -5.74% 56 0.14% -0.13% 

CS16-01 unshocked 451 419 -7.10% 418 -7.32% 70 -0.06% -0.12% 

CS16-02 unshocked 503 474 -5.77% 474 -5.77% 70 0.03% -0.15% 

Mean 1A   -4.03%  -5.89%  0.12% -0.16% 

Mean unshocked   -6.44%  -6.55%  -0.02% -0.14% 

MC51417-5 (I)
MC51417-5 (II)
MC51417-6
MC51417-7
MC51417-8
MC51417-9
MC51517-4
MC51517-2
MC51517-8 (I)
MC51517-8 (II)
CLR-1
CLR-2

Weight Percent Change
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All of the low shocked Moenkopi sandstone samples belong to class 1a. In these samples, 

primary porosity is reduced to ≤1% from ~5-8% in unshocked samples (Table 3.2). Some 

class 1a samples contain macroscopic fractures visible in hand samples (Table 3.2). Class 1a 

low shocked MS samples with no visible macro-fractures showed a similar loss in Leeb 

hardness to unshocked control samples due to weathering and desalination experiment (Fig 

3.4). Class 1a MS samples with visible macro-fractures on the bottom surface in hand 

samples exhibited lower change Leeb hardness compared to unshocked control and other 

class 1a MS samples (Fig 3.4 and Table 3.2). The macro-fractures on the bottom surface 

(surface in contact with the sand-salt surface) in class 1a assisted in salt uptake due to 

capillary action which likely increased strength. These samples gained weight due to salt 

uptake might be higher than the loss of weight due to granular disintegration (Fig 3.5). In 

addition, the first conductivity measurement of the water containing these samples had 

higher conductivity values in comparison with unshocked control counterparts (Table 3.6).  

After desalination experiment, all the Class 1a MS samples lost strength as the salts were 

removed from the fractures. Unshocked control samples showed very little to no change (Fig 

3.4). After desalination experiment, all the class 1a samples which initially gained weight 

during the weathering experiment had lost weight (Fig 3.5). Of note is that Class 1a MS 

containing macro-fractures showed a higher decrease in strength after desalination compared 

to unshocked and other class 1a MS (Fig 3.4 and Table 3.2). 
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Fig 3.4. Change in Equotip Leeb Hardness value in Moenkopi Sandstone samples due to 

the weathering and desalination experiment. The percent value on top of each column is 

the percent change from the initial Leeb value.  

 

Fig 3.5. Percent weight change in Moenkopi Sandstone samples due to the weathering and 

desalination experiment. 

 

3.3.2.2. Crystalline Impactites 

Table 3.7. Summary of results from weathering and desalination experiment 

WCIS target rocks Shock 
pressure 

class 

Equotip 
Leeb values 
before the 

experiment 

Equotip 
Leeb values 

after the 
experiment 

% change in 
Leeb values 

due to 
experiment 

Equotip 
Leeb values 

after 
desalination 

% change in 
Leeb values 

due to 
desalination 

Conductivity 
(µS/cm) 

%change 
in weight 

due to 
weathering 
experiment 

%change in 
weight due 

to 
desalination 

WCIS-14 MK-004 1a 855 835 -2.34% 824 -3.63% 22 0.00% -0.03% 

WCIS-14 MK-001a 1a 733 685 -6.55% 656 -10.50% 20 0.01% -0.06% 

WCIS-14 Oz-015 1a 710 708 -0.28% 658 -7.32% 16 0.01% -0.04% 

 

Two samples of low shocked granite and one sample of low shocked tonalite were used in 

the weathering experiment of crystalline impactites. These samples belonged to shock 

pressure class 1a. These rocks did not have an unshocked control counterpart.  

MC8215-01
MC51317-1
MC51317-2

MC51317-03
MC51317-4 (I)

MC51317-4 (II)
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MC51317-6

MC51417-1 (I)
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MC51417-2 (I)

MC51417-2 (II)
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CS16-01
CS16-02
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Class 1a tonalite sample (WCIS-14 Oz-015) showed minimal change in strength due to 

weathering experiment but showed a higher change in strength following desalination (Fig 

3.6). Class 1a granite samples (WCIS-14 MK-001a and WCIS-14 MK-004) exhibited a 

higher change in Leeb hardness compared to tonalite (Fig 3.6). The variation between granite 

samples may be due to impact-induced deformation heterogeneity. All samples showed a 

lowering of Leeb hardness following desalination (Fig 3.6). While there was negligible 

weight loss due to weathering experiment or desalination (Fig 3.7). No visible granular 

fragments were observed, and X-ray CT examination did not show any new fracture growth 

or change in existing fracture aperture and length. 

Shocked crystalline rocks have higher initial Leeb hardness compared to sedimentary 

impactites that represent the higher strength of crystalline rocks (Table 3.5-3.7). After 

desalination experiment class 1a granite and tonalite samples (WCIS-14 MK-001a and 

WCIS-14 Oz-015) showed a higher change in strength compared to unshocked Moenkopi 

and Coconino Sandstone samples, and most of the low-shocked Moenkopi sandstone (Table 

3.5-3.7 and Fig 3.2, 3.4, and 3.6).  

 

 

Fig 3.6. Change in Equotip Leeb Hardness value in crystalline impactites samples due to the 

weathering and desalination experiment. The percent value on top of each column is the 

percent change from the initial Leeb value.  

-2.34%

-6.55%
-0.28%

-3.63%

-10.50% -7.32%

0

100

200

300

400

500

600

700

800

900

WCIS-14 MK-004 WCIS-14 MK-001a WCIS-14 Oz-015

E
q

u
o

ti
p

 L
e

e
b

 V
a

lu
e

Rock Sample Block

Equotip before Equotip after Equotip after desalination



 

107 
 

 

 

Fig 3.7. Percent weight change in crystalline impactite samples due to the weathering and 

desalination experiment. 

 

3.3.2.3. Impact melt rocks and impact breccias 

Table 3.8. Summary of results from weathering and desalination experiment 

WCIS-14 MK-004

WCIS-14 MK-001a

WCIS-14 Oz-015

Weight Percent Change
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k
%change due to desalination %change due to weathering experiment

Impactites Type of rock Equotip 
Leeb values 
before the 

experiment 

Equotip 
Leeb 

values 
after the 

experiment 

% change 
in Leeb 

values due 
to 

experiment 

Equotip 
Leeb values 

after 
desalination 

% change 
in Leeb 

values due 
to 

desalination 

Conductivity 
(µS/cm) 

%change 
in weight 

due to 
weathering 
experiment 

%change in 
weight due 

to 
desalination 

WCIS-14 RW-
019 

Clast rich 
fine-grained 
impact melt 
rock 

643 654 1.71% 578 -10.11% 16 -0.26% -0.21% 

WCIS-14 MK-
082 

Clast poor 
fine grained 
impact-melt 
rock 

603 529 -12.27% 494 -18.08% 27 0.71% -0.13% 

WCIS-14 MK-
015 

Clast poor 
fine-grained 
impact melt 
rock 

730 711 -2.60% 703 -3.70% 16 0.01% -0.11% 

WCIS-14 MK-
087  

Clast poor 
fine grained 
impact-melt 
rock 

642 637 -0.78% 599 -6.70% 7 -0.17% -0.43% 
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3.3.2.3.1. Clast rich fine-grained impact-melt rock 

WCIS-14 RW-019 is a clast rich impact melt rock. The sample had an initial Leeb value 

lower than shocked crystalline impactites (Table 3.7-3.8). RW-019 showed a gain in strength 

during weathering experiment possibly due to salt uptake (Fig 3.8). After desalination 

experiment, the sample lost strength (Fig 3.8). This sample lost 0.26% in weight during 

weathering experiment (Fig 3.9). The sample may have lost more weight due to granular 

disintegration than gained weight due to salt uptake. The sample shows a slight loss in weight 

after the desalination (Fig 3.9). 

 

3.3.2.3.2. Clast poor fine-grained impact-melt rock 
WCIS-14 MK-015, WCIS-14 MK-087 and WCIS-14 MK-082 are clast poor fine-grained 

impact melt rocks. WCIS-14 MK-015 have fractures visible in hand sample. The sample had 

an initial Leeb value similar to crystalline impactites (Table 3.7-3.8). This sample lost 

strength during weathering experiment (Fig 3.8). The sample also lost strength after 

desalination (Fig 3.8). The sample exhibits a slight gain in weight due to salt uptake during 

weathering experiment (Fig 3.9). After desalination, the sample lost more weight than after 

weathering experiment (Fig 3.9).  

WCIS-14 MK-087 had initial Leeb value lower than crystalline rocks (Table 3.7-3.8). This 

sample lost very little strength during weathering experiment (Fig 3.8). The sample lost 

strength after desalination (Fig 3.8). The sample lost weight during weathering experiment 

and lost slightly more weight after desalination (Fig 3.9). The slight differences in the 

behaviour of both samples could be due to internal variation (e.g. macro-fractures, 

crystallites arrangement). 

WCIS-14 MK-082 had initial Leeb value lower than crystalline impactites (Table 3.7-3.8). 

The sample lost strength due to the weathering experiment (Fig 3.8). The sample lost even 

WCIS-14 MK-
60 

Clast free 
impact melt 
rock 

769 740 -3.77% 723 -5.98% 15 -0.15% -0.11% 

WCIS-14 MK-
077 

Clast free 
impact melt 
rock 

772 742 -3.89% 729 -5.57% 13 -0.02% 0.00% 

WCIS-14 MK-
058B 

Lithic breccia 623 533 -14.45% 585 -6.10% 21 -0.13% -0.08% 

WCIS-14 058C Lithic breccia 513 490 -4.48% 483 -5.85% 17 -0.04% -0.82% 

WCIS-14 Oz-
005 

Impact melt 
bearing 
breccia or 
suevite 

476 402 -15.55% 404 -15.13% 27 -0.33% -0.61% 

Suevite (I) Impact melt 
bearing 
breccia or 
suevite 

321 327 1.87% 312 -2.80% 61 1.45% -1.11% 

Suevite (II) Impact melt 
bearing 
breccia or 
suevite 

394 351 -10.91% 324 -17.77% 53 2.01% -1.28% 
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more strength after desalination (Fig 3.8). The sample gained weight during weathering 

experiment possibly due to salt uptake (Fig 3.9). The sample lost a little weight after 

desalination (Fig 3.9).  

 

WCIS-14 MK-082 exhibited the highest rate of deterioration among clast poor impact melt 

rocks. 

 

3.3.2.3.3. Clast free impact melt rock 

WCIS-14 MK-060 and WCIS-14 MK-077 are clast free impact melt rock. The sample had 

an initial Leeb value similar to crystalline rocks (Table 3.7-3.8). The samples lost strength 

during weathering experiment and after desalination (Fig 3.8). These samples lost a little 

weight during weathering experiment (Fig 3.9). The sample WCIS-14 MK-077 lost less 

weight during the weathering and desalination experiment than WCIS-14 MK-060 (Fig 3.9). 

 

3.3.2.3.4. Lithic breccia 

WCIS-14 MK-058B and WCIS-14 058C are lithic breccia which contains no melt. These 

samples had an initial Leeb value lower than crystalline impactites (Table 3.7-3.8). WCIS-

14 058C has lower initial Leeb values compared to WCIS-14 MK-058B (Table 3.8). WCIS-

14 MK-058B lost more strength during weathering and desalination experiment in 

comparison to WCIS-14 058C (Fig 3.8). WCIS-14 MK-058B showed more loss in weight 

than WCIS-14 058C after weathering experiment (Fig 3.9). After desalination WCIS-14 

058C lost more weight than WCIS-14 MK-058B (Fig 3.9). 

 

3.3.2.3.5. Impact melt-bearing breccia or suevite 

Suevite (I), Suevite (II), and WCIS-14 Oz-005 are impact melt-bearing breccia or suevitic 

breccia. These samples had an initial Leeb value lower than crystalline impactites and similar 

to sedimentary impactites (Table 3.5-3.8). Suevite (II) contains more visible fracture and 

vitric clasts than Suevite (I). Suevite (II) and WCIS-14 Oz-005 lost strength during 

weathering experiment, but Suevite (I) gained strength (Fig 3.8). After desalination 

experiment, all samples lost strength, but Suevite (I) show a little loss in strength (Fig 3.8). 

Suevite (I) and Suevite (II) gained weight due to salt uptake during weathering experiment 

due to salt uptake through the macro-fractures (Fig 3.9). However, WCIS-14 Oz-005 lost 

weight during weathering experiment (Fig 3.9). After desalination, all the samples lost 

weight (Fig 3.9). 
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X-ray CT examination did not show any new fracture growth or change in existing fracture 

aperture and length due to weathering experiment in any of the samples. 

 

 

Fig 3.8. Change in Equotip Leeb Hardness value in Impact melt rock and impact breccia 

samples due to the weathering and desalination experiment. The percent value on top of each 

column is the percent change from initial leeb value.  
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Fig 3.9. Percent weight change in impact melt rock and impact breccia samples due to the 

weathering and desalination experiment. 

 

3.4. Discussion and interpretation 

3.4.1. Role of simulated semi-arid environmental conditions 

The decline in strength and loss of weight of the sample blocks under semi-arid terrestrial 

environment conditions demonstrates that the semi-arid environmental conditions may be 

sufficient to instigate breakdown. These findings suggest that relatively moderate rates of 

heating and cooling (dT/dt = ~0.15°C/min in this experiment) in the presence of salt and 

moisture can induce breakdown in rocks and the often cited 2°C/min thermal shock threshold 

is not required. Under the semi-arid conditions simulated in this study our experiment shows 

that rocks with impact inheritance tend to deteriorate faster than non-impacted rocks.  

At night-time, cold conditions (low temperatures, lamp off) in the presence of high relative 

humidity, gypsum may have been mobilised. Lower loss or increase in strength in some 

impactites with macro-fractures compared to their counterparts with no visible macro-
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fractures or non-impacted control samples are noted due to the uptake of salt by the capillary 

rise through fractures present in the bottom surface in contact with sand-salt layer. Because 

of its low mobility and solubility compared to other salts (e.g. sodium sulphate, sodium 

nitrate), gypsum tends to accumulate in the larger macro fracture opening (Charola et al., 

2007), the accumulation of salt start to close the macro-fractures openings and inhibits 

subsequent ingress of salt and moisture (Smith et al., 2011). Similar behaviour was also 

recorded during initial cycles in laboratory weathering experiments for gypsum treated 

sandstone blocks by (Williams and Robinson, 2001) and other sodium sulphate treated 

sandstone (Ghobadi and Babazadeh, 2015) and crystalline rocks (Zhu et al., 2003; Viles et 

al., 2010; Viles et al., 2018). However, after removal of salts by desalination experiment, 

these samples exhibited a loss in strength. This suggests that if the length of our experiment 

were longer, the weakening of blocks that have taken up salt would have occurred. The 

effectiveness of salt depends on a combination of its solubility, rate of solubility changes 

with temperature, crystal habit, the rate of crystal growth and volume increases associated 

with hydration/dehydration changes (Warke, 2007). Due to its low solubility and mobility, 

gypsum salts are not as aggressive as other more soluble salts such as sodium sulphate and 

sodium nitrates. However, in the presence of other salt species and more extended exposure 

in the environment gypsum salts can cause a breakdown in rocks as the initial cementing 

role of salts is replaced by a deteriorative role (Williams and Robinson, 2001; Charola et al., 

2007).  

 

3.4.2. Size and shape of the blocks 

Some of the sample blocks used in the weathering experiment were cuboidal instead of a 

cube, and few of them had a smaller dimension ca. 3 cm. In order to understand the possible 

effects of variations in size and shape of blocks on weathering experiment results, we tested 

blocks with slight variation in size and shape. We obtained blocks of different size and shape 

(cube and cuboid in this experiment) from a few larger samples collected in the field. In the 

experiment, we found that a small (~ 1-2 cm in side length) variation in size and shape did 

not affect the response of sample blocks due to the weathering experiment. The block 

response is more influenced by internal variation (e.g. presence and distribution of flaws 

such as fractures and laminations, distribution of vitric phases in the sample) than the size 

and shape of the blocks. 
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3.4.3. Severity and mode of deterioration 

Our weathering experiment simulated natural semi-arid field conditions for a short duration 

of time. This did not have a significant effect on most of the blocks, and no severe damage 

was observed compared to those observed in a longer weathering experiment simulations 

(e.g.  (Warke, 2007) 

Small amounts (0.03 g) of granular disintegration was noticed in some of the Class 1a MS 

samples (Fig 3.10), and class 1b CS sample. A few of the impact melt rocks (WCIS-14 MK-

082), and impact melt-bearing breccias (Suevite I and Suevite II) also lost material due to 

granular disintegration. Class 1a Coconino Sandstone lost measurable mass through granular 

disintegration, but due to the similar colour of the base sand layer, it was difficult to 

differentiate between the debris and sand used in the experiment.  

We also observed salt efflorescence on many sample blocks in contact with the sand-salt 

layer in the experiment. 

 

Fig 3.10. The observed breakdown in rock samples. Black arrows show chips and granular 

disintegrated material in class 1a MS after the sample block is removed from the bed.  
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3.4.4. Fracture propagation   

The sample blocks were monitored using X-ray CT before and after the weathering 

experiment to understand the role of impact generated macroscopic fractures to subsequent 

weathering. CT scans were helpful in visualising and quantifying pre-existing fractures in 

the blocks (Fig 3.11). While no changes in aperture or length of the fractures were observed 

following the weathering experiment in CT images, some factors may be responsible for 

this. First, the resolution of CT images (46 µm) may not have been sufficient to resolve any 

changes in existing fractures or indeed detect a newly generated fracture. Second, the 

weathering simulation may not have produced any change. Regardless, we are confident that 

this technology, which can yield higher resolutions, will enable a better understanding of 

rock response that is normally not accessible to the investigator to assess a change in the 

short length.  

 
 

                                          
Fig 3.11. Macro-fractures seen in a class 1a MS (MC51317-4_I) block in X-ray CT image. 

The aperture of fractures ranges from 0.09-0.2 mm. In the bottom portion of the sample, one 

set of cross laminations is visible. Resolution of the image is 46 µm/voxel. 

 

3.4.5. Lithology  

In our experiment, different impactites were subjected to identical weathering conditions. 

Thus the results can be broadly compared.  

There was no significant difference in initial strength of class 1a shocked and unshocked 

control CS samples. Even though porosity is reduced in class 1a CS compared to unshocked 

CS (Table 1a), class 1a CS showed an accelerated loss of strength in comparison with 

unshocked CS. This may be due to the presence of irregular intragranular fractures in quartz 
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grains. It is likely that intragranular fractures are exploited and enlarged by thermal stressing 

in the presence of salt and moisture. This would lead to an accelerated weakening in class 

1a Coconino Sandstone. In previous studies, it was noted that the CS samples are also weaker 

along lamination planes (Kieffer, 1971a). The passage of shock wave in the Coconino 

Sandstone may also have made samples weaker along these laminations (Kieffer, 1975). 

 

At shock pressure class 1b, the passage of shock wave has caused weak lithification in CS 

due to extensive grain fracturing and comminution (Kieffer, 1975).  As a result, the CS has 

become friable and easily breaks down under slight hand pressure. This sample had lower 

initial strength compared to class 1a and unshocked CS, as the sample was so soft that 

equotip measurement was not possible. Primary porosity was reduced in this sample due to 

compaction and grain rotation. However, similar to sample 1a, secondary porosity due to 

grain fracturing support the ingress of salt and moisture. The sample easily loses mass due 

to granular disintegration. This sample showed evidence of more rapid breakdown relative 

to all other samples. Suggesting, that even in low shocked rocks of specific lithologies, an 

increase in shock influences breakdown rates, if not styles of breakdown. Future access to 

samples for experimental work will permit these findings to be validated. 

Although not statistically significant, we found that the trend is for weathering of Coconino 

Sandstone to have been more strongly expressed relative to Moenkopi Sandstone in the low 

shock pressure deformation class (1a). This can be due to two reasons – 

1. Coconino Formation being the closest to the point of impact might have experienced 

relatively higher shock deformation in low shock pressure regime (0-5 GPa) 

compared to Moenkopi Formation which represents the free surface of the impact 

site (Kring, 2017). 

2. The finer grain size of Moenkopi Sandstone (0.07-0.1 mm) and low porosity (5-8%) 

when compared to Coconino Sandstone (grain size = 0.09-0.16 mm, porosity = 20%), 

may have led to a different response in low shock pressure regime (0-5 GPa). Class 

1a MS only exhibits a reduction in porosity, unlike class 1a CS, it is not affected by 

irregular fracturing in quartz grains. This difference may be key in the subsequent 

expression of rock breakdown in sandstone. 

The response of specific samples during the experiments did not always indicate the final 

outcome. We found a significant difference in the response of the class 1a MS which initially 
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showed a decrease in strength but at the end of the cycle, showed a trend to increase in 

strength, although, not back to initial values. Unshocked Moenkopi Sandstone did not have 

this trend. We hypothesise that this is due to the higher frequency of macro-fractures in the 

class 1a MS that creates accommodation space for the precipitation of salts. Class 1a MS 

that had macrofractures became stronger due to the ingress of salts via macrofractures. 

However, following de-salination the rock samples exhibited an accelerated decrease in 

strength compared to unshocked and other class 1a MS. This suggests that macro-fractures 

in class 1a MS samples are compensating for the loss in porosity and if the experiment were 

extended in duration, perhaps class 1a samples may have shown higher deterioration relative 

to unshocked samples. 

Unusually class 1a CS gained strength following desalination. This may be due to grain size, 

composition and packing difference in two different types of sandstone (Israeli and 

Emmanuel, 2018). However, there is no conclusive explanation for this behaviour of class 

1a CS since this was not observed in unshocked CS. 

Class 1a crystalline granite and tonalite were much stronger than Coconino and Moenkopi 

Sandstone.  These rocks have coarser grains and smaller macro-fractures than MS samples. 

These samples had a negligible primary porosity (0.07-0.2 %), however intergranular(?) and 

intragranular fracturing in these rocks created space for moisture and salt ingress. The 

smaller pores in crystalline impactites limited the initial salt and moisture penetration 

whereas macro-fractures aided in ingress of salt and moisture. After a few wetting cycles, 

cementation of salt in macro-fractures blocked the subsequent ingress of moisture and salt 

in the fracture openings. These rocks showed a muted response during weathering 

experiment. After removal of cemented salts by desalination experiment the rocks show a 

higher loss of strength. This loss of strength was comparable to low shocked sandstone 

samples. Nevertheless, low shocked crystalline impactites do not lose material as much as 

low shocked sedimentary impactites due to weathering and desalination experiment because 

these samples are much stronger than sandstone samples and require longer stressing to start 

deterioration. 

 

Impact melt-bearing breccias or suevites were weaker than crystalline rocks, lithic breccias 

and impact melt rocks but have similar strength as class 1a sandstone. Impact melt-bearing 

breccia exhibited the highest loss in strength and weight among impact breccias and impact 

melt rocks. They deteriorate faster than class 1a sandstone and crystalline rocks.  
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Lithic breccias are weaker than crystalline rocks and impact melt rocks but were as strong 

as class 1a sandstone. The loss of strength in lithic breccias was higher than impact melt 

rocks but similar to class 1a sandstone and crystalline rocks.  

Heterogeneous and anisotropic nature of gains and lithic fragment arrangement by finer 

grained matrix made impact melt breccia and lithic breccia less cohesive than other 

impactites. The coefficient of thermal expansion and heat capacity of different crystalline 

and amorphous phases are different (Fei, 1995; Navrotsky, 1995). Mismatch in the thermal 

response of neighbouring grains due to these thermal properties may enhance deterioration 

due to heating and cooling. Because of the heterogeneous arrangement of grains, impact 

breccias might experience higher thermal fatigue due to thermal cycling. 

Impact melt rocks are weaker than crystalline rocks but are stronger than impact melt-

bearing breccia, lithic breccia and class 1a sandstone. The impact melt rocks with increasing 

clast density showed higher loss in strength. The clast free impact melt rock showed lower 

loss in strength compared clast rich and clast poor impact melt rocks due to weathering and 

desalination experiment. One clast poor fine-grained impact melt rock (WCIS-14 MK-082) 

exhibited the highest loss in strength due to weathering and desalination experiment among 

all the samples. This sample had lower strength than other impact melt rocks (Table 3.8). 

This sample was stronger than impact melt-bearing breccia and sandstone but weaker than 

crystalline rocks. The accelerated loss in strength in this sample may because it was more 

chemically altered than other impact melt rocks.  

In this experiment, we found that class 1b Cononino Sandstone will breakdown the fastest 

followed by impact melt-bearing breccias, altered impact melt rock, lithic breccia, class 1a 

Coconino Sandstone, class 1a Moenkopi Sandstone, impact melt rock, and class 1a 

crystalline rock (Fig 3.12). This order of breakdown is proposed based on the observation of 

deterioration and initial strength of the samples used in this experiment. 
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Fig 3.12. Relative rates of breakdown observed on sample rocks following experiments. 

Highest rates are at the bottom. ‘T’ represents the top surface of the sample block.  
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3.5. Conclusion 

This study is the first systematic attempt to understand the effect of impact generated 

heterogeneities and deformation on the subsequent weathering of impactites. A physical 

weathering experiment on impactites was conducted for the first time in an environmental 

chamber.   Several types of impactites were subjected to physical weathering experiment in 

simulated terrestrial semi-arid environmental conditions. These impactites include low 

shocked Coconino and Moenkopi Sandstone from Meteor Crater, low shocked Granite and 

Tonalite, impact melt rocks, lithic breccias, and impact melt-bearing breccia from West 

Clearwater Impact Structure, and Suevite breccia from Ries Crater.  

The major results summarised as follows.  

1. Low shock pressure (<5 GPa) causes pore collapse and macro- and micro-fracturing 

in porous sandstone. The macro- and micro-fractures make sandstone weaker and 

guide the entry of moisture and salt and so have a control on the intensity of 

weathering. Low shocked (class 1a and 1b) sandstone exhibits accelerated 

deterioration than unshocked counterparts.  

2. Low shocked crystalline impactites (<10GPa) exhibit similar loss of strength 

comparable to low shocked sandstone samples. Nevertheless, low shocked 

crystalline impactites were stronger than low shocked sedimentary impactites. They 

do not lose material as much as low shocked sedimentary impactites due to 

weathering and desalination experiment as these samples will require longer 

stressing to start deterioration. 

3. Impact melt bearing breccia were weaker and less cohesive compared to impact melt 

rocks, lithic breccia and class 1a crystalline and sedimentary impactites. These 

samples breakdown faster than other samples. 

4. Lithic breccias have strength comparable to low shocked sedimentary impactites. 

The rate of deterioration of these samples are similar to low shocked sedimentary 

impactites.  

5. The impact melt rocks have strength comparable to low shocked crystalline 

impactites. The impact melt rocks with increasing clast density show accelerated loss 

in strength. This is because as the clast content decreases, welding action of melt 

becomes stronger. For example, Clast free impact melt rocks are stronger than clast 

rich impact melt rocks.   
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6. Since melt and glasses are more susceptible to chemical alteration than their 

crystalline counterparts (Wolff-Boenisch et al., 2006). Once the impact melt rocks 

are chemically altered, their breakdown is faster than low shocked sedimentary and 

crystalline impactites due to subsequent physical weathering (e.g. WCIS-14 MK-082 

in our experiment).  

7. Our weathering experiment successfully simulated realistic spring-time semi-arid 

temperature regimes and demonstrated that the semi-arid environmental conditions 

might be sufficient to instigate breakdown. Relatively moderate rates of heating and 

cooling (dT/dt = ~0.15°C/min in this experiment) in the presence of salt and moisture 

can induce breakdown in rocks and often-cited 2°C/min thermal shock threshold may 

not be necessary.  

8. A small variation in clast shape and size does not significantly affect the response of 

sample blocks in the weathering experiment. The response of the blocks is more 

affected by internal variation (e.g. presence and distribution of flaws such as fractures 

and laminations, distribution of vitric phases in the sample). 

9. Granular disintegration and salt efflorescence are two of the observed breakdown 

features in the sample blocks after the weathering experiment. X-ray CT examination 

of samples at a resolution of 46 µm revealed no change in existing macro-fractures 

and no new fractures. The changes in macro-fractures may occur below the detection 

limit of 46 µm. 

We found that impactites exhibited an accelerated decline in strength compared to non-

impacted control samples. However, the rock type and impact deformation history are 

important in controlling the rate of deterioration. As impact craters are widespread on Mars, 

the enhanced breakdown of impactites are likely to have played an important role in 

landscape evolution on Mars. Even on airless bodies, the impact generated discontinuities 

and heterogeneities can be exploited by thermal cycling to produce an accelerated 

breakdown (Hazeli et al., 2017). 
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4. A Structure from Motion photogrammetry-based method to 

generate sub-millimetre resolution Digital Elevation Models for 

investigating rock breakdown features 

Published in Earth Surface Dynamics 

Co-author: Mary C. Bourke 

Abstract 

We have generated sub-millimetre resolution DEMs of weathered rock surfaces using SfM 

photogrammetry techniques. We apply a close-range Structure from Motion (SfM) 

photogrammetry-based method in the field and use it to generate high-resolution topographic 

data for weathered boulders and bedrock. The method was pilot tested on extensively 

weathered Triassic Moenkopi Sandstone outcrops near Meteor Crater in Arizona. Images 

were taken in the field using a consumer grade DSLR camera and were processed in 

commercially available software to build dense point clouds. The point clouds were 

registered to a local 3D coordinate system (x, y, z) which was developed using a specially 

designed triangle coded control target and then exported as Digital Elevation Models 

(DEMs). The accuracy of the DEMs was validated under controlled experimental conditions. 

A number of checkpoints were used to calculate errors. We also evaluated the effects of 

image and camera parameters on the accuracy of our DEMs. We report a horizontal error of 

0.5 mm and a vertical error of 0.3 mm in our experiments. Our approach provides a low-cost 

method for obtaining very high-resolution topographic data on weathered rock surfaces (area 

< 10 m2).  The results from our case study confirm the efficacy of the method at this scale 

and show that the data acquisition equipment is sufficiently robust and portable. This is 

particularly important for field conditions in remote locations or steep terrain where portable 

and efficient methods are required. 

 

4.1. Introduction 

Rock breakdown describes a range of geomorphic processes that transform rock masses into 

soil or regolith and unconsolidated rock materials. It plays a vital role in climate control via 

atmosphere-lithosphere interaction, biogeochemical cycling and landform evolution on a 

planetary scale (Goudie and Viles, 2012). The scale of features range from µm (e.g., 

fractures, weathering pits, fractures) to m scale (e.g., tafoni, scaling and blisters) (Viles, 

2001; Bourke and Viles, 2007). In addition, many active rock breakdown processes that 
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operate over a short geological timescale (100-102 years) produce observable microscale 

(mm-cm) breakdown features. To better understand the weathering processes, high 

resolution (sub-mm to mm) microtopographic data are necessary for in-situ measurement of 

small-scale weathering features (Viles, 2001). To date, the inability to measure the general 

geomorphometry of small-scale breakdown features has inhibited our understanding of the 

causal links at relevant scales. Many small-scale (mm-cm) breakdown features are 

ambiguous, and it remains challenging to distinguish between similar looking features (e.g. 

aeolian pits vs dissolution pits) and therefore to establish a clear link between weathering 

feature form and the formative process. Even for homogenous forms on a surface, it may be 

difficult to understand the role of individual weathering mechanisms (Viles, 2005; Warke, 

2007; Viles et al., 2010; Viles et al., 2018). In addition, extending analysis routines between 

rock breakdown sites, to better understand features that often show considerable complexity 

in their intensity, size and shape depending on lithological, geological and micro-

environmental factors (Viles, 2001) has been limited by the application of different 

techniques at different scales and in different locations. Using the same technique (i.e. SfM) 

across scales will permit similar analysis routines for different scale landscapes (Cullen et 

al., 2018a).  

This will facilitate the investigation of potential feedbacks across various scales boundaries. 

The morphometric analysis of topography at different scales will aid the interpretation of the 

complex interrelationship of weathering processes and landscapes and facilitate a better 

understanding of the multi-scale weathering system (Viles, 2013b).  

 

Quantitative analysis of landforms is necessary for the identification and interpretation of 

landform genesis and history. In the past few decades, a range of micro-topographic data 

collection methods has been used in rock breakdown and soil erosion studies. These include: 

(1) laser scanning techniques (Fardin et al., 2001; Fardin et al., 2004; Bourke et al., 2007a; 

Bourke et al., 2008; Aguilar et al., 2009; Sturzenegger and Stead, 2009; MŁynarczuk, 2010; 

Medapati et al., 2013; Chen et al., 2014; Ge et al., 2014; Lai et al., 2014), (2) 

stereophotogrammetry (Rieke‐Zapp and Nearing, 2005; Taconet and Ciarletti, 2007; Aguilar 

et al., 2009; Bui et al., 2009; Sturzenegger and Stead, 2009; Kim et al., 2015), (3) Micro-

roughness meters (MRM) (McCarroll, 1992; McCarroll and Nesje, 1996; White et al., 1998). 

However, there are significant logistical, technical and for some, financial constraints that 

have hindered the adoption of these methods, particularly in physically challenging terrains 

such as remote, difficult to access and steep terrains.  
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Laser scanning permits collection of high-resolution topographic data at the relevant scale 

for the study of small-scale rock breakdown features. However, due to difficulties associated 

with transporting the often-cumbersome instrument in the field (Ehlmann et al., 2008b), this 

technology has rarely been used to collect data on rock surfaces in situ (Fardin et al., 2004). 

Additionally, laser scanners require a stable platform, on which to operate and this can be 

difficult to find in steep terrain (e.g. crater and canyon walls, and mountainous terrain). There 

are hand-held portable laser scanners available which do not require a stable platform to 

operate, but the resolution offered by them is currently insufficient to resolve mm-cm scale 

rock breakdown features (Chan et al., 2016).  

Stereophotogrammetry is a method of DEM generation using stereo images of an 

object/surface. It is widely-applied in terrestrial and planetary terrains (Kim and Muller, 

2009; Li et al., 2011). The knowledge of camera internal geometry (i.e. sensor type and size), 

camera calibration parameters and Ground Control Points (GCPs) with known coordinates 

along with inertial measurement parameters (i.e., yaw, pitch and roll) are critical 

requirements for stereo photogrammetry to solve collinearity equation and orient 

photogrammetric model (Taconet and Ciarletti, 2007; Aguilar et al., 2009).  

While both methods have been effectively used to analyse rock breakdown at larger scales, 

both require expensive software (e.g. SocetSet, PHOTOMOD, FARO Scene, Trimble 

RealWorks, Leica CYCLONE, VisionLidar) and expert knowledge to process data and 

generate DEMs, the cost of which may push this technology beyond many academic research 

budgets. 

The micro-roughness meter (MRM) (McCarroll, 1992; McCarroll and Nesje, 1996; White 

et al., 1998) is operated manually and has been used to characterise and quantify breakdown 

on rock surfaces. Direct physical access to the rock surface is required, which limits 

sampling in out of reach locations (McCarroll and Nesje, 1996). While the resolution, 

precision, and accuracy of MRM (~0.001 to 0.005 mm) is higher than laser scanning and 

photogrammetry techniques (sub-mm to mm), the topographic data obtained from MRM is 

one dimensional and limits the analysis to the calculation of profile roughness parameters. 

The profile roughness parameters only provide information along a profile, not the entire 

rock surface, which often makes it difficult to determine the exact nature of a topographic 

feature (Leach, 2013). In comparison, 3D data from laser scanners and photogrammetry 

enable calculation of areal surface roughness parameters. These parameters have advantages 
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over traditional profile roughness parameters and have more statistical significance than 

equivalent profile measurements (Leach, 2013).  

4.1.1. Structure from Motion (SfM) 

Structure from Motion (SfM) is an established and widely used method to generate 3D 

models in the geosciences (Favalli et al., 2012; Westoby et al., 2012; Smith et al., 2016). It 

is increasingly used in geomorphology for characterisation of topographic surfaces and 

analysis of spatial and temporal geomorphic changes, with an accuracy comparable to 

existing laser scanning and stereo photogrammetry techniques in close range scenario 

(Aguilar et al., 2009; Thoeni et al., 2014; Smith et al., 2016; Wilkinson et al., 2016).  SfM 

photogrammetry utilises a sequence of overlapping digital images of a static subject taken 

from different spatial positions to produce a 3D point cloud. Image metadata for image 

matching is used to estimate 3D geometry and camera positions using bundle adjustment 

algorithm (Smith et al., 2016). The workflow uses an automated Scale Invariant Feature 

Transform (SIFT) image matching method (Smith et al., 2016). The advancement in new 

image matching algorithms has eased and automated the SfM workflow compared to 

stereophotogrammetry (Remondino et al., 2014; Smith et al., 2016).  

Applications in geomorphology include laboratory flume experiments (Morgan et al., 2017), 

rockslides and landslide (Niethammer et al., 2012; Russell, 2016), eroding badlands (Smith 

and Vericat, 2015), fluvial morphology (Javernick et al., 2014; Dietrich, 2015; Bakker and 

Lane, 2016; Dietrich, 2016a; Dietrich, 2016b), peatland microforms (Mercer and 

Westbrook, 2016), glacial processe dynamics (Piermattei et al., 2016; Immerzeel et al., 

2017), river restoration (Marteau et al., 2016), mapping coral reefs (Casella et al., 2016), 

beach surveying (Brunier et al., 2016a), soil erosion (Snapir et al., 2014; Balaguer-Puig et 

al., 2017a; Prosdocimi et al., 2017; Vinci et al., 2017; Heindel et al., 2018), volcanic terrains 

(James and Robson, 2012; Bretar et al., 2013; Carr et al., 2018), porosity of river bed material 

(Seitz et al., 2018), grain size estimation of gravel bed rivers (Pearson et al., 2017) and 

coastal erosion (James and Robson, 2012). In addition, SfM has also been widely used in 

archaeology for the photogrammetric recording of small-scale rock art and artefacts, and 

large-scale archaeological sites (Sapirstein, 2016; Sapirstein and Murray, 2017; Jalandoni et 

al., 2018; Sapirstein, 2018).  

The increased uptake of this method is primarily due to its relatively low cost, high 

portability, and ease of data processing workflow. Much of the SfM workflow is automated 
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in a range of relatively affordable commercial software (e.g. Agisoft Photoscan, SURE, 

Photomodeler), closed source free software (e.g. VisualSfM, CMPMVS), and open source 

software (e.g., Bundler, OpenMVG, OpenMVS, MicMac, SFMToolkit).  

There is a considerable amount of available literature on SfM techniques and workflows. A 

detailed discussion of the technique is found in several available papers, e.g. Westoby et al. 

(2012); Fonstad et al. (2013); Thoeni et al. (2014); Micheletti et al. (2015a); Micheletti et al. 

(2015b); Eltner et al. (2016); Ko and Ho (2016); Smith et al. (2016); Schonberger and Frahm 

(2016); Bedford (2017); Zhu et al. (2017); Ozyesil et al. (2017). 

Several studies have reported high accuracy in 3D topographic data obtained using SfM 

when compared to methods such as Terrestrial Laser Scanner (TLS) or RTK-GPS surveys 

(Harwin and Lucieer, 2012; Favalli et al., 2012; Andrews et al., 2013; Fonstad et al., 2013; 

Dietrich, 2014; Nilosek et al., 2014; Caroti et al., 2015; Palmer et al., 2015; Clapuyt et al., 

2016; Koppel, 2016; Piermattei et al., 2016; Panagiotidis et al., 2016; Wilkinson et al., 2016). 

A detailed comparison of cost-benefit, data acquisition rate, spatial coverage, operating 

conditions, resolution and accuracy analysis between TLS and SfM techniques are found in 

Smith et al. (2016), and Wilkinson et al. (2016). The recent advances in Structure from 

Motion approaches (SfM) have yet to be widely applied to micro-scale landforms, such as 

rock breakdown features.  

 

Here we trial the use of SfM for very high resolution (sub-mm) application. Our approach 

uses high-resolution digital photography (from consumer grade camera) combined with SfM 

workflow. We evaluate errors in our DEMs using checkpoints in the field and validate our 

approach through a series of controlled experiments. We also assess the error propagation 

with distance from the control target in DEMs generated in our experiment. We find that 

SfM offers a robust approach to rock breakdown studies.  

Our work provides an alternative and additional cost-effective, transportable and fieldwork-

friendly method for use in geomorphological studies that require the production of high-

resolution topographic models from field sites. Below, we outline the development and test 

of our approach in the field and under controlled conditions. We provide a detailed guide so 

that others may adopt our approach in their research. 
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4.2. Methodology 

 

Fig 4.1. A schematic diagram of the typical workflow for Digital Elevation Model (DEM) 

production described in this study.  
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4.2.1. Equipment  

The quality of image data collection can be improved by careful camera system selection, 

configuration, and image acquisition. The Camera system plays a vital role in effective 

resolution, signal-to-noise ratio, and distortion (Mosbrucker et al., 2017). For this work, low-

cost, consumer-grade, ultra-compact and lightweight Nikon D5500 DSLR camera was used. 

A Digital Single Lens Reflex (DSLR) camera system includes a camera body and a lens. 

This camera has an Advanced Photo System type-C (APS-C) sensor (366.6 mm2) with no 

anti-aliasing filter and captures an image with an effective resolution of 24.2 Mega Pixels 

(MP).  A DSLR camera provides flexibility in selecting different kinds of lenses and captures 

high-resolution images in raw (RAW) format. Images in raw format store more Red Green 

blue (RGB) pixel information than in Joint Photographic Experts Group (JPEG) format. We 

used a zoom lens with a variable focal length of 18-55 mm and a 35 mm prime or fixed 

focal-length lens in this study. A more comprehensive discussion of camera system 

consideration and configuration for SfM Photogrammetry work is found in Bedford (2017), 

Mosbrucker et al. (2017), and Sapirstein and Murray (2017).  

 

4.2.2. Control target and local coordinate system 

The dense point cloud generated by SfM is not scaled or oriented to a real-world dimension. 

Therefore, registration to a known coordinate system (geographic or local) using Ground 

Control Points (GCPs) is required to reference and scale the model. GCP refers to a point 

with known coordinates (x, y, z). Incorporating GCPs in the SfM workflow is known to 

reduce systematic errors such as doming and dishing (Javernick et al., 2014; James and 

Robson, 2014) and permits a check on the accuracy of DEMs. At least three GCPs are 

required to generate a DEM from a dense point cloud.   

For our study, we designed and built a new, portable control target (Fig 4.2). The triangle 

control target was made from 13 cm long craft sticks covered with textured plastic tape to 

protect it from shrinking and swelling in humid conditions (Fig 4.2). Each vertex served as 

a GCP. A set of three 12-bit coded markers were printed from Agisoft Photoscan software, 

laminated and attached at each vertex (Fig4.2). The advantage of using coded markers is that 

they can be automatically identified in Photoscan, which minimises the time and reduces 

error. Goldstein et al. (2015) found that the number and the placement of GCPs affect the 
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accuracy of SfM derived DEMs. In this work, our area of interest was small (<10 m2); hence, 

we determined that three GCPs would be sufficient. 

We used our triangle coded control target (GCPs) to calculate local coordinates to scale and 

reference our DEMs (Fig 4.2). The length of the triangle sides to the GCP centre was 

measured using an Engineer’s scale with 0.5 mm accuracy. The sides of the triangle were 

0.133, 0.132, and 0.131 m, respectively, for a, b, and c (Fig 4.2). The angle A (54.03°/1.06 

radians) was determined using cosine rule, and the coordinates of each vertex of the triangle 

were determined using trigonometry (Fig 4.2 and Table 4.1). 

 

 

                                         

Fig 4.2. Triangle coded control target. Each vertex of this triangle is a GCP.  

 

Table 4.1. Local coordinates for each vertex of triangle coded control target. 

 

Coded marker Vertices X (m) Y (m) Z (m) 

Target 16 A position 0 0 0 

Target 13 B position 0.131 0 0 

Target 14 C position 0.064489 0.115175 0 

 

4.2.3. Data processing  

Following image data acquisition (described below) the data were processed using an Intel 

Xeon workstation with 32 GB of RAM and 2GB Nvidia Quadro 4000 graphics card. We 

used commercially available software (Adobe Lightroom CC) to process raw images and 
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Agisoft PhotoScan for DEM generation. Photoscan is a ‘black box’ software, so it remains 

unclear the exact SfM algorithm used.  

Photoscan does not support NEF file format (RAW) images generated by the Nikon camera, 

and they were  converted to tiff format. While this step increases processing time, the benefit 

of capturing images in raw format is that any photometric corrections (i.e., exposure 

correction) can be performed without losing metadata (Guidi et al., 2014a). Raw images 

were imported into Lightroom and exported as uncompressed tiff image files with 

AdobeRGB (1998) colour space (Süsstrunk et al., 1999; Korytkowski and Olejnik‐Krugly, 

2017) and 16 bits/component bit depth. Image histograms generated in Lightroom confirmed 

that the images were well exposed, and no photometric correction was required. Each RAW 

file was 25-30 MB. When converted to uncompressed tiff, this increase to 130-140 MB per 

image file. Exporting tiff images from Lightroom took about 5-10 minutes in total. 

4.2.4. DEM generation workflow in Photoscan 

Agisoft Photoscan is a popular software for generating DEMs from SfM photogrammetry 

technique. Many published studies have already described DEM production workflow in 

Photoscan (e.g. Leon et al. (2015); James et al. (2017a)), so we only summarise the 

parameters used in our study here. A detailed step by step guideline for this study is presented 

in Section A4.1 (Appendix 4). For a more detailed explanation of workflow in Photoscan, 

we refer readers to Agisoft (2016) and Shervais K. (2016).  

Table 4.2. Summary of processing parameters in the development of DEM in Photoscan 

St
ag

e 
1 

General  
Images Loading images, image quality 

determination, images with quality index 
<0.5 discarded 

Identification of markers: scale bar and 
coordinate input 

Coded markers detected, local coordinates 
entered, scale bar created 

Measurement and scale bar accuracy setting Measurement and scale bar accuracy 
adjustment, 0.01 mm for experiments, 0.5 

mm for field data 
Masking Only if images contain unwanted scenes 
Coordinate system 
 

Local Coordinates (m) 

St
ag

e 
2 

Alignment parameters  
Accuracy Highest 
Pair preselection Generic 
Key point limit 40,000 
Tie point limit 4,000 
Constrain features by mask No (yes if images were masked) 
Optimization parameters  
Parameters 
 

f, cx, cy, k1-k3, p1, p2 
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St
ag

e 
3 Dense point cloud Reconstruction parameters  

Quality High 
Depth filtering 
 

Mild 

St
ag

e 
4 

Mesh Model Reconstruction parameters  
Surface type Height field 
Source data Dense 
Interpolation Enabled 
Quality High 
Depth filtering Mild 
Face count 11,536,078 
Texturing parameters  
Mapping mode Generic 
Blending mode Mosaic 
Texture size 4,096 x 4,096 
DEM Reconstruction parameters  
Coordinate system Local Coordinates (m) 
Source data Dense cloud 
Interpolation Enabled 
Orthomosaic Reconstruction parameters  
Coordinate system Local Coordinates (m) 
Channels 3, uint16 
Blending mode Mosaic 
Surface Mesh 
Enable color correction Yes 

 

 

4.2.5. Error evaluation experiments  

A series of controlled image acquisition experiments were conducted to evaluate the 

horizontal and vertical errors of the DEMs generated using the GCP developed in this study 

(Fig 4.3 and 4.4). In addition, we tested the influence of a range of other variables on the 

accuracy and quality of DEMs. These include: (1) Type of lens, (2) Prior lens profile 

correction, (3) colour space of images, (4) dense point cloud quality setting in Photoscan, 

(5) image file format, (6) the position of control target with respect to subject, and (7) 

masking of images (Table 3).  

 

4.2.5.1. Experiment design 

In order to validate the sub-mm horizontal and vertical accuracy of DEM generated, a 

calibrated error evaluation chart was designed in Adobe Indesign and printed as 1.4 × 1.4 m 

poster (Fig 4.3). This chart contains four concentric squares and 16 coded scale bars of 

known length (Fig 4.3). This chart was laid on the relatively flat ground (±1° from the centre 

of the poster), and 16 wooden cubes of dimension ~5 cm were placed on vertices of each 

square (Fig 4.3 and 4.5a). We chose wooden blocks because of their non-homogeneous 
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texture, which is easily reconstructed using photogrammetry. Sixteen coded scale bars were 

used as checkpoints to estimate horizontal (XY) errors, and sixteen wooden blocks were 

used to determine vertical (Z) errors. Two triangle coded control targets were designed in 

the centre and the left corner of the poster (Fig 4.3). An additional four, 25 cm long coded 

scale bars were placed 60 cm away from the outer scale bar on each side of the poster. The 

coordinates of the triangle coded target were determined as described in section 4.2.2. The 

experiment was undertaken outside in overcast lighting conditions.  

Three sets of images of the poster and nearby ground surface made up of concrete paving 

stones with visible edges were acquired using a zoom lens set at 24 mm and a 35 mm prime 

or fixed focal-length lens. Two sets of images were taken by the zoom lens set at 24 mm and 

35 mm prime lens. The third set of images were acquired, using the zoom lens set at 24 mm, 

to cover the extended area where four additional scale bars were placed outside the poster 

on the cement surface. All the images were acquired using Nikon D5500 in manual mode. 

Camera settings were adjusted for the best result for the lighting conditions during the 

experiment. Aperture was set at f/7.1, the shutter speed was fixed at 1/200 s, and ISO was 

kept at 100. The focus was set to auto-focus during image acquisition. Images were acquired 

in raw and then converted into an uncompressed tiff in Adobe Lightroom (section 4.2.3).  

RAW images were processed to change a few parameters in the image sets. Ten models were 

run in Photoscan from the three sets of images acquired. The DEMs were generated using 

the workflow described in section 4.2.4. Table 4.3 summarises the variables tested in the ten 

DEMs.  
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Fig 4.3. Error evaluation chart (1.4 × 1.4 m). Coded scale bars are horizontal checkpoints. 

Wooden blocks (small squares) at each vertex of bigger squares are vertical checkpoints. 

Two triangle coded control targets were used to georeferenced DEMs. 
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Table 4.3. The experimental design used in error evaluation experiment. Cross mark 

represents the DEMs compared for a variable. 

Variables 
tested  

Type 
of lens 
(zoom 
lens vs 
prime 
lens) 

Prior lens 
profile 

correction 
in images 

Colour space 
(e.g. 

ProPhotoRGB, 
sRGB, 

AdobeRGB) 

Dense 
point 
cloud 

quality 
setting 

(e.g.ultra 
high,high, 
medium) 

Image 
format 
(tiff vs 
jpeg) 

Position 
of the 

control 
target 

Masking 
of 

images 

DEMs         

24 mm 
extended area 

       

24 mm profile 
corrected 

 ×      

24 mm 
without 
profile 
corrected 

× ×      

35 mm 
AdobeRGB 

  ×     

35 mm sRGB   ×     
35 mm 
ProPhotoRGB 

 × × × ×   

35 mm jpg     ×   
35 mm profile 
corrected 

 ×      

35 mm 
masked 

×   ×  × × 

35 mm corner 
control target 

     × × 

 

 

4.2.5.2. Estimating errors  

The error evaluation chart (Fig 4.3) was used to estimate errors in the following way. The 

coded scale bars were used as horizontal checkpoints. The distance between coded markers 

and the centroid of the triangular control target was measured with an accuracy of 0.01 mm 

in Adobe InDesign. The scale bars were automatically detected in Photoscan. These scale 

bars were not used to scale or optimise the sparse point cloud in Photoscan. Photoscan 

estimated the length of coded scale bars based on the referencing information from the 

control target. The known length of coded scale bars was subtracted from the estimated 

length in Photoscan to calculate the horizontal error.  

To determine the vertical error of the DEMs, the wooden blocks were used as checkpoints 

(Fig 4.5a). The DEMs and orthophotos were imported in ArcMap 10.4.1 (Fig 4.5). The 

height of wooden blocks was measured in ArcMap using the Interpolate Line tool (3D 
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Analyst tool), by drawing a straight line across one of the sides of the wooden block and 

extending it to the ground surface. Height was estimated as the difference in mean elevation 

between wooden block top surface and the surrounding ground surface on each side. The 

actual height of wooden blocks was measured by an electronic digital Vernier Caliper. The 

Vernier Caliper has an accuracy of 0.03 mm and a measurement repeatability of 0.01 mm. 

We obtained five measurements along the same side of the wooden block measured in 

ArcMap. We take the mean of these five measurements to calculate the height of the wooden 

block. The measured height was subtracted from the estimated DEM height to calculate the 

vertical error. The distance between the centre of wooden blocks and centroid of the triangle 

coded target was determined in Adobe Indesign. We used horizontal and vertical checkpoint 

errors with their distance from the control target to visualise error propagation in DEMs with 

distance (section 4.3.1). 

 

4.3. Experiment Results 

4.3.1. Distribution of horizontal and vertical errors  

Error propagation with distance was estimated, and the data are shown in Tables A.4.1-A.4.1 

(Appendix 4). The horizontal checkpoint errors for 24 mm extended area and 35 mm masked 

DEMs (Table A.4.1 in Appendix 4) were used to visualise errors over an area of 6.14 m2 and 

1.96 m2 respectively as a contour plot (Fig 4.4 a and c). The data show that horizontal errors 

are almost symmetrical in X and Y direction (Fig 4.4 a and c). We used vertical checkpoints 

for 24 mm extended area and 35 mm masked DEMs (Table A.4.2 in Appendix 4) to visualise 

vertical errors as the surface plot over an area of 1.96 m2 (Figure 4.4 b and d). 
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Fig 4.4. (a) Horizontal error contour plot for a DEM generated using images acquired with 

the zoom lens. Contours represent horizontal (XY) error (in mm) in the DEM. (b) Vertical 

errors in DEM generated using images from a zoom lens. Red cubes on the surface in the 

plot shows the location of wooden blocks (vertical checkpoints). (c) Horizontal error contour 

plot for a DEM generated using images from a prime lens. Contours represent horizontal 

(XY) error (in mm) in the DEM. (d) Vertical errors in DEM generated using images from a 

prime lens. Red cubes on the surface in the plot shows the location of wooden blocks 

(vertical checkpoints). 
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4.3.2. Role of image variables in DEM error 

In this section, we present the findings from our DEM error evaluation experiment. 

Orthophoto and DEM of the error evaluation chart are shown in Figure 4.5. The summary 

of ten DEMs produced in the error evaluation experiment is presented in Table 4.4. 

 

 

Fig 4.5. (a) Orthophoto of error evaluation chart. Coded scale bars represent horizontal 

checkpoints. Wooden blocks denote vertical checkpoints. (b) DEM of the error evaluation 

chart. 
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Table 4.4. Summary of experimental DEM data. Reprojection Error is the root mean square 

reprojection error (RMSE) averaged over all tie points on all images. In some publications, 

reprojection error is also referred to as RMS image residual (James et al., 2017a). In Agisoft 

manual, reprojection error is defined as the distance between the point on the image where 

a reconstructed 3D point can be projected, and the original projection of that 3D point 

detected on the photo (Agisoft, 2016). It is used to quantify how closely an estimate of a 3D 

point recreates the point's original projection and as a basis for the 3D point reconstruction 

procedure. Root Mean Square Error (RMSE) XY is the root mean square error for X and Y 

coordinates for control location/checkpoint. Root Mean Square Error (RMSE) Z is the root 

mean square error for X and Y coordinates for control location/checkpoint. Projection 

Accuracy (in pixels) is the root mean square error for X, Y coordinates on an image for 

control location/checkpoint averaged over all the images. 

Below we also explored the role of several parameters on the accuracy of DEMs, and the 

detailed results are in section A.4.2 (Appendix 4). Horizontal and vertical checkpoint errors 

are used to compare these DEMs.  

 

Although, our experiment suggests that there is no statistically significant difference in the 

accuracy of DEMs generated from prime and zoom lens we find that the use of the prime 

lens will yield lower errors compared to a zoom lens for SfM photogrammetry. Our results 

also indicate that prior lens profile correction, placement of control target relative to the 

subject of interest and masking of images had no statistically significant effect on the 

accuracy of DEM. However, we report that using Adobe RGB colour space and tiff file 

compression reduced error in DEMs (Table 4.4). We obtained better resolution and accuracy 

DEM Colour space No. of 
images 

RMSE 
X,Y 

(Check) 
(mm) 

RMSE Z 
(Check) 

(mm) 

RMSE 
X,Y 

(Control) 
(mm) 

RMSE Z 
(Control) 

(mm) 

Reprojection 
error (pix) 

Projection 
accuracy 
(control) 

(pix) 

Accuracy 
(check) 

(pix) 

Resolution 
(mm/pix) 

Point 
density 

(pts/mm2) 

DEM 
quality 
setting 

Time 
taken 
(Hr) 

24 mm extended 
area 

ProPhotoRGB 259 0.52 0.35 0.08 0.17 0.81 0.28 0.37 0.51 3780 High 169 

24 mm profile 
corrected 

ProPhotoRGB 178 0.56 0.37 0.08 0.16 0.72 0.29 0.35 0.45 4810 High 59 

24 mm without 
profile corrected 

ProPhotoRGB 178 0.55 0.35 0.08 0.17 0.77 0.29 0.37 0.45 4910 High 62 

35 mm 
AdobeRGB 

AdobeRGB 236 0.59 0.3 0.08 0.09 0.53 0.15 0.19 0.65 2330 Medium 10 

35 mm corner 
coded target 

ProPhotoRGB 236 0.59 0.27 0.02 0.54 0.54 0.17 0.2 0.32 9230 High 67 

35 mm jpg ProPhotoRGB 236 0.91 0.34 1.16 3.18 3.19 0.75 1.72 0.67 2180 Medium 8 

35 mm masked ProPhotoRGB 236 0.59 0.28 0.08 0.08 0.62 0.16 0.19 0.32 9760 High 67 

35 mm profile 
corrected 

ProPhotoRGB 236 0.59 0.39 0.08 0.07 0.54 0.17 0.2 0.66 2290 Medium 9 

35 mm 
ProPhotoRGB 

ProPhotoRGB 236 0.59 0.41 0.08 0.06 0.53 0.16 0.2 0.65 2330 Medium 10 

35 mm sRGB sRGB 236 0.59 0.42 0.08 0.62 0.54 0.16 0.19 0.65 2330 Medium 10 
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using “High” dense point cloud quality setting in Photoscan. Based on our findings, we use 

these parameters in our field survey. 

4.3.3. Repeatability 

We used two independent image surveys to test the repeatability of our DEM generation 

method. We obtained a very high intraclass correlation for horizontal (ICC=0.999), and 

vertical (ICC=0.911) checkpoint errors between two DEMs produced from two different set 

of images (24 mm extended area and 24 mm without profile corrected). These DEMs were 

generated using identical image parameters and settings in Photoscan. Therefore, this 

method of DEM generation can easily be repeated. 

 

Fig 4.6. a) and b) Horizontal checkpoint and vertical checkpoint errors in DEMs produced 

from two different image sets to test repeatability.  

Additionally, we performed DEM of Difference (DoD) on these two DEMs (24 mm 

extended area - 24 mm without profile corrected) of the same subject generated from two 

independent image surveys. The change in vertical elevation for the evaluation chart and 

surrounding ground surface made up of concrete paving stones was calculated from the DoD, 

(Fig 4.7). The change in elevation (E) is within Limit of Detection (LoD) and is interpreted 

as no change (±0.49 mm), and the change above the LoD value is interpreted as change (-

0.49>E>0.49 mm). We find that the nearby textured concrete ground surface which had a 

good number of keypoints during sparse point cloud generation shows no change. The 

shadow areas within the sides of wooden blocks, the edges of wooden blocks and flat and 

textureless evaluation chart area that had poor image match and thus low keypoints shows 

changes. Cullen et al. (2018a) have demonstrated that the reliability of SfM to detect sub-

mm changes depends on the texture and complexity of the rock surface. SfM is known to 

less reliable in reconstructing non-textured, reflective and flat objects or scenes (Agisoft, 

2016). We notice that these changes are not related to the distance from the control target 

but areas with poor image matching due to homogeneous texture and shadows. The rock 
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surface with non-homogeneous texture will produce better image matches and thus improve 

model quality and accuracy. The result shows that with our control target approach, it is 

possible to generate DEM with sub-mm accuracy, but this will depend on the complexity 

and texture of the surface. Using our approach, Cullen et al. (2018a) successfully generated 

DEMs of simulated rock surface (~100 cm2) with sub-mm accuracy.  

 

Fig 4.7. (a) The orthophoto showing evaluation test chart and nearby ground surface area. 

(b) DoD showing a change in surface elevation between two independent DEMs. The yellow 

coloured area is within the LoD (±0.49 mm) and is interpreted as no change. 

4.5.Field application of SfM for DEM generation 

We tested the approach on eight Moenkopi Sandstone outcrops (intermediate axis = ~ 2 m) 

at a field site near Meteor Crater, Arizona. Meteor Crater is located in a relatively low-relief, 

southern part of the Colorado Plateau near the town of Winslow in north-central Arizona 

(35° 1’ N, 111° 1’ W) (Shoemaker and Kieffer, 1979; Shoemaker, 1987). Moenkopi is very 

fine-grained reddish-brown sandstone (Kring, 2017). These outcrops have weathered to 

produce surfaces with different shapes, sizes, aspect, slope and contain a range of weathering 

features such as pits, alveoli, flaking, crumbling, fractures, colouration, and lichen 

colonisation (see Chapter 6). 

4.5.1. Data collection 



 

148 
 

We used the zoom lens set at 24 mm focal length (36 mm full frame camera equivalent). The 

focal length of 24 mm was chosen as it provided a greater field of view where there was little 

space to move around to take images in the field (e.g., very steep slope). Camera aperture 

was set to f/6.3. A smaller aperture allows less light to reach the camera sensor and gives a 

larger depth of field (Haukebø, 2015). An image with larger depth of field is sharper and has 

a larger area in focus and are recommended for photogrammetry work (Bedford, 2017). A 

higher shutter speed (1/400) was chosen to compensate camera shake due to, e.g., the wind. 

ISO was kept at 100 to minimise the noise in the images (Mosbrucker et al., 2017). White 

balance was kept at daylight mode. During photo acquisition, care was taken to ensure that 

the image was sharp, and everything in the frame was in focus. Matrix metering mode was 

selected to provide the best exposure and equal brightness throughout the image. Images 

were taken in autofocus mode to maintain optimal image quality (sharpness). These settings 

were chosen based on the lighting and field conditions, and field testing demonstrated high 

image quality at these settings.  

Several images were acquired from different vantage points. Firstly, from all around the 

boulder surface (from a distance of ~2 m) followed by additional close-range (from a 

distance of < ~1 m) images (see Figure 8). Images were acquired with at least 60% lateral 

overlap. The theoretical minimum number of images required in SfM workflow is 3 (Favalli 

et al., 2012; Westoby et al., 2012). However, there is no maximum limit to the number of 

input images in the SfM workflow. The number of images required to reconstruct accurate 

dense point cloud depends on the size and complexity (e.g. shape, surface texture, curvature, 

and slope) of the outcrop. It is always better to take more images as it will permit less sharp 

images to be discarded before processing. 
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Fig 4.8. Multi-exposure image showing the different spatial positions from where images 

were acquired. First images were acquired from a distance of   ̴ 2 m then close-up images 

were taken from a distance of <  ̴1 m.  DEM and orthophoto of the imaged boulder are shown 

in Figure 10 g and h. 

For a detailed guideline for ideal image acquisition in the field, we recommend the 

following: Smith et al. (2016); Bedford (2017); Mosbrucker et al. (2017). For our data 

collection, a triangle coded control target (Fig 4.2) was placed on the ground parallel to the 

top surface of the boulder (Fig 4.1). It is crucial for the control target to be flat and 

approximately parallel to the surface of interest as it defines the orientation of the surface of 

interest in the DEM. If the adjacent ground is not level, the control target can be placed on 

top of the target surface. We used four rulers of 30 cm and placed them around the outcrops 

(Fig 4.1). These rulers were used as checkpoints to estimate horizontal errors in the DEMs. 

The images were acquired in quick succession in the field to ensure that there was a 

minimum change in the shadow lengths and lighting conditions. We acquired images during 

early morning and evening and tried to avoid shadows in the image. The images were shot 

in raw format. A potential limitation to this in the field is that they take up to twice as much 

storage space as JPEGs. For an area ~10m2, placement of GCPs, rulers and image acquisition 

took approximately 20 minutes. Images were processed as described in section 2.4. DEM 

and Orthophoto generation took 8-10 hours on “high” dense point cloud quality setting. 
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4.5.2. Field Results 

4.5.2.1.DEMs of Moenkopi outcrops in the field 

We generated eight DEMs and orthophotos of weathered Moenkopi outcrop surfaces (Fig 

4.9 and 4.10). We find that small weathering features, such as weathering pits (mm scale), 

are clearly resolved in our DEMs and Orthophotos (Fig 4.9 and 4.10).  Details of DEM 

parameters have been summarized in Table 4.5. Horizontal errors for checkpoints were 

calculated by measuring the length of rulers from orthophoto in Photoscan and subtracting 

the known length of the ruler from it. The distance of the checkpoints from the control target 

was measured in Photoscan.  Horizontal error propagation with distance from the control 

target in DEMs is presented in Table 4.6. The resolution of DEMs ranges from 0.45 to 0.68 

mm/pixel. All the Orthophotos have a resolution of 0.5 mm/pixel. Horizontal and vertical 

RMSE of control points is less than 0.5 mm except for vertical error for boulder S2-M2 

(Table 4.5). Horizontal RMSE estimated from checkpoints were also less than 0.5 mm 

(Table 4.5).  

 

Table 4.5. Field DEM data summary 

DEM Boulder 
dimension (m) 

No. of 
Images 

Resolution 
(mm/pix) 

Reprojection 
Error (pix) 

RMSE XY 
(control) 

(mm) 

RMSE Z 
(control) 

(mm) 

Projection 
accuracy 
(control) 

(pix) 

RMSE XY 
(check 
points) 
(mm) 

S2-M1 
2.64 × 1.91 

 
62 

 
0.68 0.45 

0.26 

 

0.28 

 

0.23 

 

0.31 

 

S2-M2 
1 × 0.9 

 
47 

 
0.49 0.56 

0.28 

 

0.88 

 

0.29 

 

0.22 

 

S2-M3 
1.82 × 1.23 

 
55 

 
0.61 0.46 

0.28 

 

0.14 

 

0.29 

 

0.21 

 

S2-M4 
1.31 × 1.04 

 
48 

 
0.45 0.50 

0.31 

 

0.64 

 

0.14 

 

0.15 

 

S2-M5 
1.38 × 1.05 

 
55 

 
0.55 0.67 

0.26 

 

0.1 

 

0.29 

 

0.19 

 

S2-M7 
2.5 × 1.6 

 
59 

 
0.51 0.48 

0.35 

 

0.39 

 

0.21 

 

0.13 

 

S2-M20 
3.2 × 1.8 

 
52 

 
0.60 0.41 

0.32 

 

0.28 

 

0.09 

 

0.25 

 

S3-M33 
5 × 2.9 

 
66 

 
0.58 0.30 

0.32 

 

0.38 

 

0.06 

 

0.27 
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Fig 4.9. Orthophotos and DEMs of Moenkopi outcrops. (a) and (b) Boulder S2-M2. (c) and 

(d) Boulder S2-M5. (e) and (f) Boulder S2-M4. (g) and (h) Boulder S2-M3. 
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Fig 4.10. Orthophotos and DEMs of Moenkopi outcrops. (a) and (b) Bedrock S2-M7. (c) 

and (d) Bedrock S2-M20. (e) and (f) Bedrock S3-M33. (g) and (h) Boulder S2-M1. 
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Table 4.6. Horizontal error propagation with distance from control target in DEMs from 

the field.  

 

Distance from the 
target (m) 

S2-M1 
(mm) 

 Distance from the 
target (m) 

S2-M2 
(mm) 

 Distance from the 
target (m) 

S2-M3 
(mm) 

1.39 

 

0.1 

 

0.57 

 

0.2 

 

1.59 

 

0.2 

 

0.8 

 

0.1 

 

0.63 

 

0.2 

 

0.31 

 

0.2 

 

2.5 

 

0.1 

 

1 

 

0.3 

 

1.42 

 

-0.1 

 

3.4 

 

-0.6 

 

1.2 

 

0.2 

 

1.95 

 

0.3 

 

     

Distance from the 
target (m) 

S2-M4 
(mm) 

 Distance from the 
target (m) 

S2-M5 
(mm) 

 Distance from the 
target (m) 

S2-M7 
(mm) 

1.1 

 

0.1 

 

1.1 
 

-0.2 

 

2.47 

 

0.1 

 

0.71 

 

0.1 

 

1.18 

 

-0.1 

 

1.9 

 

-0.1 

 

1.24 

 

0.2 

 

1.55 

 

0.1 

 

0.56 

 

0.2 

 

1.43 

 

0.2 

 

1.41 

 

-0.3 

 

1.95 

 

0.1 

 

     

Distance from the 
target (m) 

S2-M20 
(mm) 

 Distance from the 
target (m) 

S2-M33 
(mm) 

   

0.45 0.2 

 

5.66 

 

-0.1 

 
  

1.48 

 

0.3 

 

4.21 

 

0.4 

 
  

2.48 0.3 

 

2.17 

 

0.2 

 
  

2.68 

 

-0.2 

 

2.72 

 

0.3 
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4.6.Discussion 

There are significant technical and logistical challenges that have resulted in 

geomorphologists not directly capturing the topographic data of outcrops at the microscale 

(mm) in the field (Ehlmann et al., 2008b). In order to generate high-resolution DEMs (~mm 

accuracy) of the relatively small boulder and bedrock surfaces (areas < 10 m2), geographic 

coordinates cannot be used to register SfM dense point cloud. GPS surveying is used to 

collect topographic point data from surfaces which can be used to register SfM point dense 

point cloud to build a DEM. The surveying equipment can be expensive (e.g. dGPS, RTK-

GPS, and total station). These survey instruments (except total station) have centimetre 

accuracy, which is inadequate for generating DEMs of sub-mm accuracy. The equipment 

can be challenging to transport in poorly accessible field terrains and can rely on satellite 

signals which may not work in all locations or global locations.  In addition, the equipment 

requires a relatively low gradient, stable surface to set up. A relatively new approach known 

as ‘direct georeferencing’ only requires the camera orientation parameters and GPS 

(Carbonneau and Dietrich, 2016). However, it can only provide centimetre accuracy, which 

is coarser than needed for small-scale weathering feature analysis.  

A total station can be used to determine the coordinates of an unknown point relative to a 

known coordinate if a direct line of sight can be established between the two points. 

Coordinates obtained from a total station can be used to register SfM dense point cloud to 

generate high-resolution DEMs (mm accuracy). However, operating a total station in 

challenging field conditions have drawbacks similar to those of dGPS survey equipment 

described above. 

A number of previous studies have produced mm-cm resolution DEMs with mm-cm 

horizontal and vertical accuracy (Favalli et al., 2012; James and Robson, 2012; Bretar et al., 

2013; Snapir et al., 2014; Haukebø, 2015; Leon et al., 2015; Micheletti et al., 2015a; 

Balaguer-Puig et al., 2017a; Prosdocimi et al., 2017; Vinci et al., 2017; Smith and 

Warburton, 2018). These studies employed relatively complicated methods for 

georeferencing SfM dense point cloud to generate DEM, for example, Favalli et al. (2012) 

and Micheletti et al. (2015a) used a laser scanner coordinate system, Snapir et al. (2014) 

used laser range finder and optical level to find the relative 3D positions of the GCPs, Bretar 

et al. (2013) employed stereo-photogrammetric method using a measuring tape for scaling 

the model, Haukebø (2015) measured 3D positions of each camera positions which are 
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difficult to replicate in the field, James and Robson (2012) utilised distance measured 

between multiple points on a turntable to scale the model of a sample of size 10 cm in the 

lab, Prosdocimi et al. (2017) used RTK-GPS to reference DEMs of soil plots (0.25 m2) in 

the field, Leon et al. (2015) used handheld GPS and several GCPs to scale the DEMs, and 

others (Balaguer-Puig et al., 2017a; Vinci et al., 2017; Smith and Warburton, 2018) used a 

total station to estimate coordinates for GCPs. 

The method presented by Snapir et al. (2014) is useful for making DEMs of a horizontal 

surface, but difficult to replicate on remote and treacherous field terrain (e.g. slope of 

mountain, crater or canyon wall). This is due to the difficulty of placing several GCPs and 

determining their relative position with sub-mm accuracy in these terrains. Another problem 

of using many GCPs for smaller surface (<5 m2) is that it may cover the area of interest and 

obscure the DEM of the target surface for further analysis. In this study, we have solved this 

problem by using a small triangle control target (area ~75 cm2, Fig 4.2) to georeference the 

dense point cloud used to generate DEMs with high accuracy. In our experience, we found 

that using three arbitrary points separated by a longer distance (few metres) and using these 

points to find relative coordinates with each other can be difficult in the field due to curvature 

and slope of the rock surfaces (e.g. Heindel et al. (2018)).  In comparison, this study achieved 

sub-mm horizontal (<0.5 mm) and vertical (<1 mm) accuracy in sub-mm resolution DEM 

using a relatively simple georeferencing approach (section 4.2.2) without any expensive and 

bulky survey equipment.  The DEMs generated following our methodology have sufficient 

resolution for measurement and quantification of mm-cm scale rock breakdown features. 

4.6.1. High-resolution DEMs with low errors 

Scaling errors in DEMs are important as they will affect any 2D distance or 3D volume 

measurements obtained from the DEMs (Carbonneau and Dietrich, 2016). Uncertainties in 

the DEMs are linked to the accuracy of the SfM model (James et al., 2017b), and knowledge 

of the source and magnitude of error helps in interpreting the results. The resolution and 

accuracy of SfM based DEMs also relies on image quality. Low-quality images used in SfM 

workflow reduces the resolution and accuracy of DEMs (Russell, 2016). It has been found 

that image acquisition geometry affects the output of SfM models (Carbonneau and Dietrich, 

2016; Morgan et al., 2017). We acknowledge that controlling image acquisition geometry in 

the field will be difficult as the outcrop may not be accessible from all angles for image 

acquisition (e.g. a boulder on steeply sloping crater wall).  The error in DEMs depends 

mainly on image quality and geometry and the method of georeferencing. Proper planning 
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of image acquisition and high GCP accuracy can improve the accuracy of DEM. Image 

matching is a limiting factor for point cloud density, camera calibration, error related to 

model scaling and orientation in the SfM workflow and DEM accuracy (Mosbrucker et al., 

2017). Image matching depends on image quality, lighting condition, surface texture and the 

complexity of the subject. Image quality depends on good exposure (which depends on 

camera settings and lighting conditions), sharpness (i.e. the entire subject in the image in 

focus), noise in the image (higher ISO), camera configuration (camera sensor and lens 

combination). Improvement in image matching reduces reprojection error which ultimately 

propagates high accuracy in the dense point cloud and DEM. We have achieved a horizontal 

accuracy of <0.5 mm for in situ generated DEM of boulders and bedrock. To our knowledge, 

this accuracy has not been reported before in the literature for SfM generated DEMs of rock 

outcrops generated in the field.  

4.6.2. DEM resolution 

The resolution of the DEM depended on the resolution of camera sensor used, the distance 

of image acquisition from the object, quality of images and quality settings used for 

processing dense point cloud in Photoscan. Since a 24 MP camera was used and images were 

acquired <2 m from the boulder/bedrock resulted in DEM of resolution <1 mm/pixel. This 

resolution could be further increased if “Ultra High” quality settings would have been used 

while processing dense point cloud in Photoscan. Instead, “High” quality setting was chosen 

during processing dense point cloud because it cut down the time required to process DEM 

by 70-80% and resulted in a smaller DEM file size which can be easily handled in external 

analysis software (e.g. ArcGIS, Landserf).  

In our experiment, we found that “medium” dense point quality setting does not dramatically 

deteriorate the horizontal and vertical accuracy of DEM. The “medium” quality DEM is 

good enough for geomorphological studies if time and computing power are a constraint. 

Given optimal lighting and weather conditions, this SfM workflow can outperform laser 

scanning solutions for small surfaces (<10 m2). However, the performance of SfM based 

topographic data is affected by vegetation and shadows and texture of the surface of interest 

(Micheletti et al., 2015b; Smith et al., 2016). 

4.6.3. DEM errors 

Our experiment was conducted under controlled conditions to validate sub-mm horizontal 

and vertical accuracy using our triangle control target georeferencing approach. We obtained 
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horizontal accuracy <0.60 mm and vertical accuracy of <0.45 mm in our experiment. The 

use of the prime lens at a fixed focus will yield lower errors compared to a zoom lens for 

SfM photogrammetry, as suggested by Mosbrucker et al. (2017). Our experimental results 

suggest that prime lens had slightly better vertical accuracy compared to zoom lens when 

both lenses were used in autofocus mode. However, there is no statistically significant 

difference in the accuracy of DEMs generated from prime and zoom lens used at autofocus. 

The slightly higher errors due to using zoom lens in comparison with prime lenses is 

acceptable considering that it offers flexibility to choose a focal length (choice depends on 

the field of view) and its low cost. Most of the less expensive DSLR camera lenses do not 

come with a focusing scale. Lens set at autofocus is more suitable than those set at the fixed 

focus for acquiring images of outcrops in challenging and steep terrains such as crater walls. 

Lens set at autofocus allows us to take sharper images from a very close distance (few 

centimetres) as well as from farther away (few meters) from the rock outcrop without 

introducing issues associated with the hyperfocal distance of the camera system. Photoscan 

does an excellent job performing accurate autocalibration from EXIF data of the images. We 

found that using AdobeRGB colour space and tiff image compression improves the DEM 

accuracy. Prior Lens profile correction and the position of the control target had a negligible 

effect on the accuracy of DEM. Masking of images in our experiment did not reduce the 

processing time for DEM generation.  We find that changing the position of the control target 

with respect to the area of interest had an almost negligible effect on horizontal and vertical 

errors. For the field data, the horizontal checkpoint errors derived using rulers for Moenkopi 

outcrop DEMs in the field (Table 4.6) correspond to the results obtained in our experiment 

(Fig 4.4a). In some cases, the horizontal error was found to be lower in the field for a certain 

distance from the control target (Table 4.6) compared to the results obtained in the 

experiment (Fig 4.4a). This could be due to better image texture of weathered outcrops in 

the field compared to the reduced texture of our experiment subject (Fig 4.3). This is evident 

in the reprojection error and projection accuracy (Table 4.4 and 4.5). Some of the field DEMs 

have lower reprojection and projection error than the DEMs generated in the experiment. 

Photoscan provides an option to improve the reprojection errors and thus the overall error in 

DEMs if errors are high due to poor image matching. This can be performed using “gradual 

selection” tool in Photoscan to filter and remove tie points with high reprojection errors after 

image matching during stage 2 (see Table 4.2) of processing DEM (Agisoft, 2016).  

4.6.4. Portable and affordable 
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For many projects, it is the budget, ease of use, and portability that require researchers to 

choose one technique over others. To date, relatively few studies have undertaken a cost-

benefit, data acquisition rate, spatial coverage, operating conditions, resolution and accuracy 

analysis of the SfM with other topography data collection methods. Some researchers (e.g. 

Smith et al. (2016) and Wilkinson et al. (2016)) have proposed that SfM photogrammetry 

ranks highly as it is the cheapest and has the highest resolution compared to other 

topographic data collection methods (e.g. total station, differential GPS (dGPS), Terrestrial 

Laser Scanning (TLS), stereophotogrammetry). They also found that the speed of data 

acquisition and accuracy for SfM method is comparable to TLS and stereophotogrammetry 

in a close-range scenario. Our work supports their findings but goes further and outlines an 

approach to produce sub-mm resolution DEMs with sub-mm accuracy using ground-based, 

close-range SfM photogrammetry. The cost of the camera system (camera + zoom lens) used 

in this study is €460. The triangle control target used in this study cost less than €10. The 

educational licence of Agisoft Photoscan was purchased for €600 (a one-time investment). 

The total cost of field equipment and software used in this study is well within the budget of 

a small research project. In addition, the total weight of the camera system and control target 

used is less than 1 kg. Our approach can be used in any scenario where high resolution, 

accurate DEMs and orthophotos are required (e.g., scaled laboratory experiments or small-

scale features in the field). In addition, we have demonstrated an SfM photogrammetry 

approach that is relatively affordable, field-portable, fast and efficient method without 

requiring any prior information on camera position, orientation or internal camera 

parameters or the need for additional survey equipment. 

4.6.5. Importance of microtopographic data in the rock breakdown 

We propose that the generation of microscale topographic data by methods described here 

will be important for the advancement of rock breakdown studies. Specific rock breakdown 

processes can leave a unique morphological signature on rock surfaces (Bourke and Viles, 

2007). More often, the synergies linking breakdown processes, mechanisms and agents 

operate over a range of spatial and temporal scales (Viles, 2013b) and can result in a 

palimpsest of features that represent a change in, e.g., weathering conditions (Ehlmann et 

al., 2008b). As such, the breakdown is non-linear, and processes can exploit inheritance 

features and overprint them over time. Micro-scale DEMs will permit us to move from a 

predominant specific geomorphometry approach to a general geomorphometry approach, 

where, e.g., the relationships can be investigated. In addition, our approach will ease the 
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cumbersome task of collecting morphometric data on individual weathering features in the 

field (e.g. Norwick and Dexter (2002); Bruthans et al. (2018)).  

There are a number of areal surface roughness and geomorphometric parameters that can be 

applied to quantify rock breakdown (Leach, 2013; Lai et al., 2014; Davis et al., 2015; Du 

Preez, 2015; Trevisani and Rocca, 2015; Verma and Bourke, 2017). The ability to quantify 

surface change across an area rather than limited to specific points will aid interpretation of 

the causal links between controls and resultant landform development. This is particularly 

relevant for the recent developments in monitoring micro-climates (Mol and Viles, 2012; 

Coombes et al., 2013) of rock breakdown environments or dynamic environments such as 

intertidal rock platforms (e.g., Cullen et al. (2018a)).  

Our companion paper (Cullen et al., 2018a) shows the potential application of our approach 

and provides a comparison between the traditional method of measuring erosion on rock 

shore platforms using a Traversing/Micro Erosion Meter (T/MEM) with Structure from 

Motion (SfM) Photogrammetry. The results indicated that SfM Photogrammetry offers 

several advantages over the T/MEM allowing measurement of erosion at different scales on 

rock surfaces with low roughness while also providing a means for identifying different 

processes and styles of erosion. In addition, the work demonstrated accuracy in the 

repeatability of measurements.  

Diagnostic indices that reveal morphometric differences has been attempted at the landscape 

scale (e.g., Lyew‐Ayee et al. (2007)). The production of a high-resolution dataset for 

microscale weathering features offers an opportunity to test analysis routines such as semi-

variogram, areal surface roughness and fractal analysis to identify patterns of the breakdown 

features at different scales (Inkpen et al., 2000; Viles, 2001; Fardin et al., 2004; Bourke et 

al., 2008; Leach, 2013). Areal surface fractal analysis of rock surfaces would help to 

elucidate on equifinality in the production of breakdown features and issue of distinguishing 

fossil from current forming features (Viles, 2001; Fardin et al., 2004).  

Our approach permits the comparative study of weathering features in different 

environments and the same environment over time. The ability to replicate our approach to 

assemble a time-series of data (as outlined in a companion paper, Cullen et al. (2018a), will 

facilitate the determination of weathering rates in the field at seasonal and annual temporal 
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scales. This will assist with issues in extrapolating from the laboratory to the field where 

rates of weathering have traditionally been overestimated (Viles, 2001).  

 

4.7.Conclusion 

We have developed and tested a triangle coded control target which is used to register SfM 

generated dense point clouds to produce DEMs. We applied SfM photogrammetry on eight 

Moenkopi Sandstone outcrops near Meteor Crater, Arizona. We found that the deployment 

of existing techniques to generate high-resolution data not suitable for use in our remote and 

poorly accessible field terrains (e.g. crater wall, canyon). In this study, we have demonstrated 

that this challenge can be overcome by SfM photogrammetry.  A triangle coded control 

target (GCPs) was specifically developed to a) compute local coordinates and b) used to 

georeference the 3D point cloud generated by SfM photogrammetry. This allowed 

generation of a sub-mm resolution DEM with sub-mm accuracy. We validated sub-mm 

accuracy in DEMs with an experimental approach. Our study demonstrated that it is possible 

to use our method to generate DEMs of rock outcrops (< 10 m2) in the field to sub-mm 

horizontal and vertical accuracy. In optimal conditions (good lighting, weather and 

vegetation-free) local coordinate georeferencing workflow may outperform TLS for certain 

applications. Development of a triangle coded control target not only helped to generate sub-

mm resolution DEM but also permitted the automation of the SfM batch process workflow, 

generating a DEM as the end product. We anticipate that the ease of production of sub-mm 

resolution DEM without the use of any bulky survey equipment has the potential to 

transform the existing approach to small-scale topographic data acquisition and offers a 

promising solution to data collection challenges in the confined laboratory and difficult field 

conditions. The SfM workflow in this study provides an easy, simple, quick and relatively 

affordable method to generate 3D topographic data for weathering features in hard to access 

terrains. The high-resolution DEMs of rocks surfaces in this study facilitate faster data 

collection and offers a potential solution to overcome many challenges in the field, including 

short and long-term monitoring of micro to mesoscale erosion in dynamic environments 

(Cullen et al., 2018a). 
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5. The effect of low impact shock deformation on the subsequent 

breakdown of sandstone in a semi-arid environment 

Co-authors: Mary C. Bourke and David A. Kring 

 

Abstract 

This study investigates the effects of low impact shock (<5 GPa) on the subsequent nature 

of breakdown of Moenkopi Sandstone at Meteor Crater in Arizona. A comparative field 

study was undertaken between low shocked Moenkopi Sandstone crater wall rock and ejecta 

on the North, North East, and South crater wall at Meteor Crater and unshocked boulders 

and bedrock at three control sites that have the same rock formation and similar climatic 

history but were not affected by impact shock. These three sites along Meteor Crater road 

were 9, 5, and 4 km respectively away from the N rim of Meteor Crater.  We used the 

Schmidt hammer to collect rock hardness data and Structure from Motion (SfM) to generate 

high-resolution digital elevation models (DEMs). The DEMs generated were analysed using 

a range of areal surface roughness parameters and morphometric geomorphic feature 

classification. We found no statistically significant difference in terms of rock hardness, 

roughness and morphometric geomorphic features between low-shocked and unshocked 

Moenkopi Sandstone. However, we do find a statistically significant difference in terms of 

rock hardness, roughness and morphometric features at multiple scales between N and S-

SW facing crater wall slopes for Moenkopi Sandstone at Meteor Crater. Field study revealed 

that there is no obvious difference in nature of weathering between low shocked and 

unshocked Moenkopi Sandstone. However, our findings suggest that aspect related 

microclimate is a dominant control in subsequent weathering of low shocked Moenkopi 

Sandstone.  

 

5.1. Introduction 

 

Rock breakdown refers to a range of weathering and erosion processes that transform rock 

masses into the soil and unconsolidated rock materials (Bourke and Viles, 2007). In an arid 

environment, rock breakdown is crucial to the process of landscape denudation (Warke, 

2013). The scale of breakdown features range from μm (e.g., fractures, weathering pits) to 

m scale (e.g., tafoni, scaling and blisters) (Viles, 2001; Bourke and Viles, 2007).  
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A considerable amount of literature is available on weathering (Moses et al., 2014; Bland 

and Rolls, 1998b; Bourke and Viles, 2007; Viles, 2011) and references therein). Many 

studies have been conducted to understand the efficacy of rock breakdown in desert 

environments (Goudie et al., 1979; Heslop, 2003; Smith et al., 2005; Viles and Goudie, 2007; 

Viles et al., 2010; Viles, 2005; Goudie and Parker, 1998; Goudie and Viles, 2000; Goudie et 

al., 2002; Laity, 2009b; Warke, 2007; Laity and Bridges, 2009; Laity et al., 2001; Bridges 

and Laity, 2001; Cooke et al., 2006; Smith et al., 2000; Laity, 1995; Laity, 2009a; Laity, 

2011; Viles et al., 2018). Rock breakdown studies have been undertaken in a range of 

terrestrial desert environment (see for example Heslop (2003), Viles and Goudie (2007), 

Warke (2007), McKay et al. (2009)). Haloclasty, thermoclasty and aeolian abrasion are 

considered as dominant processes responsible for the mechanical breakdown of rock in an 

arid environment (Warke, 2013). Role of water-based weathering processes such as slaking 

and cryoclasty, and the chemical weathering has been considered important in the 

breakdown of rock as our understanding of moisture and the thermal regime in arid 

environment deepened (Warke, 2013). In the arid environment, availability of sufficient 

moisture in the form of dew, fog or occasional rainfall support colonisation of algae and 

cyanobacteria (Warke, 2013). They are considered responsible for bioweathering and 

biokarst development on and below rock surfaces (Smith et al., 2000). 

Rock breakdown is generally a slow process in semi-arid environment (recession rates 0.5-

2.5 mm/100 years; Wells et al. (2008)) and depends on several factors such as lithology and 

rock properties, environment and microclimate, presence of salt, and stress history (Bland 

and Rolls, 1998b; Cooke et al., 2006; Heslop, 2003; Smith et al., 2005; McKinley and 

Warke, 2007; Warke, 2007; Sharma, 2010; Viles et al., 2010; Viles, 2011; Warke, 2013; 

Viles et al., 2018).  

Rock properties are one of the most critical factors that control breakdown (Goudie, 2016). 

The influence of rock properties on rock breakdown and landform development is termed 

rock control (Goudie, 2016). The importance of rock control has been recognised for a long 

time in rock breakdown research, but only a limited number of studies have attempted to 

quantify its influence (McKinley and Warke, 2007; Tuǧrul, 2004).  

Rock properties can be measured at a range of scales (µm to m), from lineaments and 

fractures to rock micro-pores (Goudie, 2016). The scale of analysis is vital in understanding 

the role of rock control in rock breakdown as the relationship between rock control and rock 

breakdown operating at different spatial and temporal scales can be non-uniform (Viles, 

2013b; Viles, 2001).   
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In recent years a few researchers have emphasised on the effect of stress history (inherited 

weakness from an extended period of past weathering) on subsequent weathering (Warke, 

2007; Viles et al., 2010; Viles et al., 2018). They found that rocks with a stress history 

deteriorate faster than un-stressed rocks. Moreover, the nature of pre-stressing has a 

significant effect on the rate of breakdown (Warke, 2007; Viles et al., 2010; Viles et al., 

2018).  

At micro and macro scale (µm to cm) porosity is one of the most important rock properties 

for controlling rock breakdown since it influences the permeability of fluid and salt transport 

through the rock (McKinley and Warke, 2007; Goudie, 2016). Rock porosity can be due to 

pores or fractures and is affected by subsequent physical and chemical weathering (Sausse 

et al., 2001; Cardell et al., 2008; Viles et al., 2010; Jin et al., 2011; Labus and Bochen, 2012; 

Navarre-Sitchler et al., 2013; De Kock et al., 2015). 

An important geologic process that affects rock properties is impact cratering. Impact 

cratering is a catastrophic and instantaneous geologic process that affects the petrographic 

and petrophysical properties of rocks (Kieffer, 1971a; French, 1998; Osinski and Pierazzo, 

2012). Shock pressure of several gigapascals during impact exceeds the effective strength of 

target lithology by three to four orders of magnitude leading to melting, vaporisation, shock 

metamorphism, fracturing and fragmentation of rocks as well as deformation and high-

pressure mineral phase transformations (Melosh, 1989; Grieve and Therriault, 2013; Gillet 

and Goresy, 2013; Kenkmann et al., 2014). There is also a large volume of rocks in impact 

craters that show no sign of shock metamorphism and plastic deformation but are deformed 

at the sub-shock level by brittle fracturing mechanisms (Kieffer, 1971b; Kieffer, 1975; 

Madden et al., 2006; Rosa, 2012; Kenkmann et al., 2014; Rae et al., 2017). 

Impact in sandstone targets significantly changes the porosity, permeability, density and 

cohesion. The nature of the change depends on the energy released during impact and the 

location of the rock from the point of impact (Kieffer, 1971b; Cockell and Osinski, 2007; 

Singleton et al., 2011; Madden et al., 2006).  

In addition to environmental conditions, heterogeneities in rock properties exert an important 

control on rock breakdown. Studies have demonstrated that pore geometry affects rock 

susceptibility to weathering and controls the intensity of weathering (Tuǧrul, 2004; 

McKinley and Warke, 2007).  

In the case of porous sandstone, density increases due to pore collapse at low shock pressure 

levels (<10 GPa) and decreases as shock pressure increases (>10 GPa, <25 GPa) due to 

vesiculation and formation of glasses (Kieffer, 1971a; Kieffer, 1971b). At lower shock 
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pressure (<10 GPa), sandstones are weakly lithified due to comminution and fracturing of 

grains but become strongly lithified or cohesive due to the formation of glasses and melts 

that weld mineral grains at higher shock pressure (>10 GPa) (Kieffer, 1975). Low shock 

pressures (<10 GPa) causes pore collapse in sandstone whereas high shock pressures (>10, 

<25 GPa) can produce vesiculation (Kieffer, 1971a; Kieffer, 1971b; Cockell and Osinski, 

2007). At even higher shock pressures (>30 GPa) the porosity is reduced as minerals 

recrystallise from the melt (Cockell and Osinski, 2007). If impact rocks are subject to longer-

term heating and annealing during crater cooling, the porosity and permeability will be 

affected further (Kieffer et al., 1976b). For highly porous substrates (such as sandstones), 

more of the impact energy is taken up in pore collapse resulting in lesser solid-state 

transformations and higher post-shock temperatures than a similar impact into non-porous 

crystalline target lithology (Kieffer, 1971b; Madden et al., 2006).  

There are numerous studies of the erosion and degradation of crater landforms on Earth and 

Mars (Grant and Schultz, 1993a; Grant and Schultz, 1993b; Grant et al., 2006; Grant et al., 

2008; Golombek et al., 2006; Kumar et al., 2010; Golombek et al., 2014; Osinski and 

Pierazzo, 2012; Komatsu et al., 2014) and references therein), but relatively few have 

examined the inherited effects of impacts on the nature of subsequent rock breakdown 

(Boslough, 1991; Frattini et al., 2014). In particular, there are no detailed studies on the role 

of low impact shock on the subsequent style and rate of rock breakdown. Here the role of 

low impact shock inheritance on the subsequent nature of breakdown of sandstone is 

qualitatively and quantitatively assessed. 

 

5.1.1. Sandstone weathering 

Sandstone is one of the commonly found sedimentary rocks on Earth. Sandstone consists of 

sand-sized grains (1/16 to 2 mm diameter), dominantly quartz supported by a matrix of other 

minerals. Quartz is exceptionally resistant to chemical weathering, though it does dissolve 

in certain conditions (Ollier and Pain, 1996). Quartz has no cleavage, which makes it 

resistant to physical weathering and attrition during transport by wind (Ollier and Pain, 

1996). Sandstone rich in clay and feldspar is more prone to chemical weathering than quartz-

rich sandstone (Taylor and Eggleton, 2001).  

The sandstone of evaporitic and basaltic composition have also been reported in Meridiani 

Planum and Gale Crater on Mars (Grotzinger et al., 2005; Grotzinger et al., 2014; Grotzinger 

et al., 2015; Stack et al., 2015). They are sourced from mafic-rich precursors so are rich in 
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olivine, pyroxene, and calcic plagioclase (Grotzinger et al., 2014), compared to quartz and 

feldspar-rich sandstone found on Earth. Mafic minerals contain cleavage planes and are 

softer compared to quartz, making them more susceptible to chemical weathering and 

physical abrasion (Taylor and Eggleton, 2001; Hausrath et al., 2008; Hausrath and Brantley, 

2010; Cornwall et al., 2015). These sandstone targets are also affected by impact processes 

(Boslough, 1991; Golombek et al., 2014; Newsom et al., 2014; Treiman et al., 2015). Thus, 

Martian sandstone should be more susceptible to breakdown than terrestrial sandstone.  

Sandstone is weathered by the attack on the cement and matrix, removing support of the 

sand grains (Ollier and Pain, 1996). Sand grains of quartz is little affected; however feldspar 

and mica present in the sandstone are easily weathered (Taylor and Eggleton, 2001). 

Calcareous sandstone is affected by solution, and because of initial porosity, the solution 

penetrates deeper (Ollier and Pain, 1996). Clay matrix sandstones weather by breakdown 

and eluviation of clay (Ollier and Pain, 1996). Iron-oxide cements generally weather due to 

hydration of iron oxide to hydroxides (Ollier and Pain, 1996). 

Considerable literature has accumulated which discusses nature, role and relationship of 

various weathering processes in development of these breakdown features in sandstone 

(Mottershead, 1994; Wray, 1997; Turkington, 1998; Williams and Robinson, 2001; 

Turkington and Paradise, 2005; Wells et al., 2008; Labus and Bochen, 2012; Mol and Viles, 

2012). Israeli and Emmanuel (2018) showed that grain size is important in the rate of 

weathering. Labus and Bochen (2012) found in an experiment that the character of grain 

contacts is an important factor influencing sandstone weathering. The most resistant are 

sandstones of concave-convex contacts; less resistant are the ones with straight grain 

contacts.   

The works of many authors emphasise the role of rock porosity and pore size distribution as 

in sandstone weathering (Tuǧrul, 2004; McKinley and Warke, 2007) and references therein). 

Due to high porosity in sandstone ample water is absorbed, and in cold regions, it causes 

frost weathering (Ollier and Pain, 1996). Thermal expansion due to insolation is important 

in causing sandstone weathering as quartz, for example, has a coefficient of volumetric 

expansion of 0.36 between 20 and 100° C (Turkington and Paradise, 2005). Sandstone often 

displays extensive bedding and cross-bedding, and joints. Variations in-water holding ability 

due to joints, bedding and porosity, make lines of weakness for physical weathering (Ollier 

and Pain, 1996). Sandstone displays diverse assemblages of breakdown features created by 

a combination of processes that appear to act together or in sequence, causing weakening 

and disintegration of the rock (Turkington and Paradise, 2005). Examples include 



 

179 
 

exfoliation, flaking and crumbling, case hardening, granular disintegration, polygonal 

cracking, tafoni, weather-pits, Gnammas and fluting (Fitzner et al., 2003; Bourke and Viles, 

2007). While discussing rock breakdown features in the arid environment, there is often 

confusion over the processes forming these features. This confusion arises because of the 

equifinality of breakdown features. Several breakdown forms are the result of different 

processes occurring in synergy (Viles, 2013b).   

 

The aim of this study is to compare nature of breakdown between low impact shocked 

(<5GPa) Moenkopi Sandstone (MS) from Meteor Crater and unshocked Moenkopi 

Sandstone from three control sites that share similar climatic history to Meteor Crater. In 

this paper, we compared the weathering between Meteor Crater and the control sites using 

rock hardness measurements and rock surface texture analysis methods. In addition, we also 

explore the effect of aspect on the breakdown of Moenkopi Sandstone at Meteor Crater. 

 

5.2.Study Site 

5.2.1. Meteor Crater 

5.2.1.1. Introduction 

Meteor Crater (aka Barringer Meteorite Impact Crater) was the first recognised impact crater 

on Earth. Scientific investigation at Meteor Crater began more than a century ago (Foote, 

1891). G.K. Gilbert, who investigated the theory of meteorite impact for lunar craters, was 

one of the first geologists to study Meteor Crater. He advocated a volcanic origin for Meteor 

Crater (Gilbert, 1896). A few years later, Barringer, a mining geologist and his business 

partner Tilghman suggested an impact origin for Meteor Crater (Barringer, 1905; Tilghman, 

1905). The Gilbert-Barringer controversy raged for many decades until detailed studies at 

Meteor Crater by Shoemaker (1959); (1960). Shoemaker (1960) compared Meteor Crater 

and Teapot Ess crater (Nevada) formed by the nuclear explosion, to explore the impact 

mechanics of Canyon Diablo asteroid (Shoemaker, 1987). The debate for the origin of 

Meteor Crater was finally settled with the discovery of coesite and stishovite (high-pressure 

polymorphs of quartz) in breccia from the crater (Chao et al., 1960; Chao et al., 1962). A 

detailed review of Meteor Crater origin studies can be found in Masaitis (2006).  

Meteor Crater is a simple impact crater and one of the best-preserved impact sites on Earth 

(Fig 5.1). This ~50,000 year old crater was formed by the hypervelocity impact (12 km/s) of 
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an iron asteroid named Canyon Diablo (Melosh and Collins, 2005) in a ~1070 m thick 

sequence of Paleozoic and Mesozoic sedimentary rocks of the Colorado Plateau underlain 

by Precambrian crystalline basement (Chapman, 2007; Newsom et al., 2013; Kring, 2017). 

It is located in a relatively low-relief portion of the southern part of the Colorado Plateau 

approximately 55 km east of Flagstaff near the town of Winslow in north-central Arizona 

(35° 01’ N, 111° 01’ W) (Shoemaker, 1987).  

 

Fig 5.1. Meteor Crater in Arizona (looking toward East crater wall). 
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Fig 5.2. Geologic map of Meteor Crater produced by Shoemaker (1960). 
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5.2.1.2.Geologic setting 

Meteor Crater is a bowl-shaped, near-circular impact structure on Earth and has a diameter 

of 1.2 km (Kring, 2017). The rim crest rises 30-60 m above the surrounding terrain, and the 

depth of the bowl-shaped depression is ~180 m (Roddy et al., 1975; Pilon et al., 1991; Kring, 

2017).  The average slopes of upper crater walls are ~40 to 50° (Kring, 2017). Adjacent to 

the crater is the ~18-25 m deep sinuous Canyon Diablo (Fig 5.3) which pre-dates Meteor 

Crater impact event (Shoemaker, 1960; Kring, 1997). Canyon Diablo is formed by northeast 

flowing Little Colorado River. 

                               

Fig 5.3. Landsat 8 image showing the location of Meteor Crater and Canyon Diablo.  

Meteor crater lies near the anticlinal bend of a gentle monoclinal fold (Shoemaker, 1987). 

The strata along crater walls are cross-cut by tear faults in four locations, which controlled 

the square shape in plan view (Kring, 2017). Faulting at the time of the crater-forming event 
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along two mutually perpendicular joint sets in SE-NW and SW-NE (present before impact) 

caused uplift to various degrees in the crater wall (Shoemaker and Kieffer, 1979; Newsom 

et al., 2013; Kring, 2017). Kring (2015) measured the bearing of 80 vegetation lines that 

delineate joints on the north and south side of the crater and found that the dominant joint 

direction is in agreement with regional joint direction, i.e., NW-SE. The crater is underlain 

by relatively flat-lying Permian and Triassic beds (Faure and Mensing, 2007; Newsom et al., 

2013). Three principal formations are the Coconino Sandstone (Permian), the Kaibab 

Limestone (Permian) and the Moenkopi Formation (Triassic) comprises 99% of the target 

lithology and subsequent ejecta (Faure and Mensing, 2007; Newsom et al., 2013; Kring, 

2017). Outcrops and boulders of Moenkopi and Kaibab are extensively exposed in the region 

and close to the crater. This is due to minimal vegetation and erosion in the semi-arid climate 

and a thin and sparse soil cover in the region. Kaibab Formation is also well exposed in the 

walls of Canyon Diablo which is close to the crater. 

At present, below the crater floor lies ~30 m thick lens of lacustrine sediments, beneath 

which is a ~200 m thick lens of impact breccia and an underlying >750 m thick sequence of 

Paleozoic sedimentary rock beds. Crystalline basement rocks are ~1070 m below the surface 

(Kumar and Kring, 2008; Kring, 2017). Shoemaker and Kieffer (1979) mapped three breccia 

units within the crater: authigenic breccia, allogenic breccia, and mixed debris (Fig 5.2). 

Authigenic breccias are monomict formed due to disruptive shear within rock formations 

(Kring, 2017). These breccias are locally present along faults in the crater walls (Fig 5.2) 

(Shoemaker and Kieffer, 1979; Kring, 2017). 

Allogenic breccias are made up chiefly of fragments from a single formation but can also 

contain fragments from other formations (Shoemaker and Kieffer, 1979; Kring, 2017). These 

breccias occur in upper crater wall as well as in the breccia lens beneath the lake bed. The 

breccia lens contains fragments of shocked Coconino Sandstone, lechatelierite (melt derived 

from Coconino) and meteoritic material. In the crater wall, breccias are dominated by debris 

from Kaibab Formation (Shoemaker and Kieffer, 1979; Kring, 2017). 

A layer of mixed debris occurs as 10.5 m thick layer, rests on top of allogenic breccia and 

beneath talus and lake beds and in patches along upper crater wall (Shoemaker and Kieffer, 

1979; Kring, 2017).  The mixed debris is composed of fragments derived from all formations 

and include all five stages of shocked Coconino Sandstone (as classified by Kieffer (1971b)) 

and oxidised meteoritic material. Shoemaker and Kieffer (1979) suggested that this breccia 
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unit was formed by fallout debris blasted to a great height and then redeposited on top of the 

crater. The material in this unit is well mixed. 

5.2.1.3. Target rocks 

Colorado Plateau near Meteor Crater is made up of ~1070 m thick sedimentary rocks 

overlying a crystalline basement. The ~100 m thick Devonian Martin Formation 

unconformably overlies the basement rock (Kring, 2017). It is unconformably covered by 

~23 m Mississippian Redwell Formation (Kring, 2017). These units are overlain by ~2 m 

thick Permian Molas Formation followed by ~85 m Permian Naco Formation (Kring, 2017). 

The Naco Formation is covered by the ~550 m thick Permian Supai Formation (Kring, 2017). 

These units are not exposed in the crater wall. Although seismic refraction survey by 

Ackermann et al. (1975) revealed the impact fractures extend to at least ~800 m beneath the 

crater floor till Martin Formation.  

Three distinct rock layers (i.e. Coconino, Kaibab and Moenkopi Formations) are visible on 

the crater sidewalls (see Fig 5.4). The boundary between these rock layers is easy to identify 

due to the difference in their appearance in the outcrops. Permian Coconino is partly exposed 

on the present-day middle to lower crater wall (Fig 5.2); it consists of fine-grained, 

saccharoidal, white, cross-bedded, quartzose sandstone of aeolian origin; the thickness of 

Coconino is 210 to 240 m around the crater (Shoemaker and Kieffer, 1979; Kumar et al., 

2010; Kring, 2017). In outcrop, Coconino Sandstone appears as white to light cream colour 

(Munsell value ranges from 10YR 8/1 to 10YR 8/2). Coconino sandstone is composed of 

>95% quartz, traces of clay minerals, and heavy minerals (Shipman et al., 1971; Kieffer, 

1971a; Kieffer, 1971b; See et al., 2002; Madden et al., 2006; Whitmore et al., 2014). Grains 

are well rounded with an average size of 0.12 to 0.15 mm (Ahrens and Gregson, 1964; 

Shipman et al., 1971). The non-impacted Coconino Sandstone have a porosity of 24-25% 

(Ahrens and Gregson, 1964; Shipman et al., 1971). The bulk density of the sandstone is 2.08 

± 0.03 g/cm3 (Ai and Ahrens, 2004), and grain density is 2.65 g/cm3 (Shipman et al., 1971). 

In an experiment, Ai and Ahrens (2004) found that radial cracks appear at ~30 MPa and 

complete fragmentation at ~40 MPa in Coconino Sandstone. 

The Permian Toroweap formation conformably overlies Coconino formation (Fig 5.2) is 1 

to 3 m thick and consists of a white to yellowish-brown, medium to coarse-grained 

calcareous sandstone interbedded with thin dolomite beds (Shoemaker and Kieffer, 1979; 

Kumar and Kring, 2008; Kring, 2017). It is conformably overlain by 79 to 81 m thick 
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Permian Kaibab formation which is composed of dolomitic limestone (Fig 5.2), fossiliferous 

marine sandy dolomite, and thin calcareous sandstone horizons (Shoemaker, 1987; Kring, 

2007; Kring, 2017). The Kaibab Formation consists of three member beds: Alpha (yellowish, 

vuggy textured, dolomite interbedded with a few white sandstone beds), Beta (yellowish 

massive dolomite), Gamma (white to yellowish massive dolomite) from top to the bottom 

i.e., Gamma is the oldest member and Alpha is the youngest member (Shoemaker and 

Kieffer, 1979; Kring, 2007; Kumar et al., 2010; Kring, 2017). The mineral composition 

within Kaibab Formation varies as it is composed of limestone, dolomite and sandstone, 

major minerals include carbonate ranging from 20 to 97% and minor quartz, plagioclase, 

microcline and opaque minerals (Kring, 2017).  The average bulk density of Kaibab 

Formation is 2.24 g/cm3, and grain density is 2.79 g/cm3 (Watkins and Walters, 1966). The 

porosity in non-impacted Kaibab Formation ranges from 12-24% (Watkins and Walters, 

1966). 

Thin Triassic Moenkopi Formation unconformably overlies Kaibab Formation (Fig 5.2), is 

a dark reddish-brown 3 to 6 m thick fissile shale and siltstone. The Moenkopi has two 

members: Moqui Member (fissile dark-brown shale) and Wupatki Member (pale reddish-

brown, cross-bedded, sandstone and siltstone) (Kring, 2007; Kumar and Kring, 2008; 

Newsom et al., 2013; Kring, 2017). Moenkopi Sandstone is composed of quartz, microcline, 

kaolinite, muscovite, hematite, calcite and dolomite. The matrix in the sandstone is stained 

by iron. The average grain size is 0.05-0.06 mm. Porosity in non-impacted Moenkopi 

Sandstone ranges from 7-18% (Kring, 2017). Dry bulk density in Moenkopi Sandstone 

ranges from 2.19-2.48 g/cm3 and grain density 2.68-3.63 g/cm3 (Watkins and Walters, 1966). 

The inverted sequence of these sedimentary rocks is present in the hinge zone and overturned 

flap and further outward in the ejecta blanket. The Kaibab and Moenkopi Formations are 

exposed in the upper part of the crater wall as well as in the near vicinity of the crater 

(Shoemaker, 1987). Additional details of these lithologies can be found elsewhere (chapter 

2 of Kring (2017) and references therein). 
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Fig 5.4. North-West crater wall showing three prominent rock formations exposed in the 

crater wall. 

 

5.2.1.4. Age of the crater 

Meteor Crater is a very well preserved crater for impacts on Earth. The lack of erosion on 

sharp edges of ejecta fragments in a desert environment led Barringer (1905) to suggest that 

Meteor Crater was 2,000 to 3,000 years old. Similarly, Tilghman (1905) suggested that 

Meteor Crater was 10,000 to 5,000 years old based on the pristine structure of the crater. 

Blackwelder (1932) suggested that Meteor Crater was formed between 40,000 to 70,000 

years ago based on his study of the thickness of lake sediments inside the crater; the volume 

of fine-grained debris and alluvium on the crater walls floor; gully incision into crater walls 

and dissolution weathering of Kaibab ejecta blocks. Kaye (1963) measured 59Ni in 4 pieces 

of Canyon Diablo meteorite and determined a terrestrial age of <40,000 years. Ives et al. 

(1964) obtained an age of 24,000 ± 2,000 years by radiocarbon dating gastropod shells from 

a sample of lake beds obtained from dump around the main shaft in the crater floor. 

Shoemaker and Kieffer (1979) originally estimated late Pleistocene age between ~20 ka to 

~30 ka of Meteor Crater based on the stratigraphy of Quaternary sediments within the crater. 

Sutton (1985) determined an average age of 49,000 ± 3000 by thermoluminescence 
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measurements of quartz in four impact-shocked Coconino sandstone (from classes 3 and 4 

of Kieffer (1971b) classification) breccia in the crater floor and three shocked Kaibab 

dolomite derived from the fallout layer (Sutton, 1985). Phillips et al. (1991) obtained a mean 

exposure age of 49,700 ± 850 years using cosmogenic 36Cl accumulation in exhumed rocks 

normally buried Kaibab Formation, as well as 14C in rock varnish. The mean 36Cl date is 

supported by 14C dates in the oldest rock varnish (Phillips et al., 1991). They sampled three 

boulders from the crater rim and two from the ejecta blanket surrounding the crater of 

siliceous dolomite of the Kaibab Formation. In a parallel study Nishiizumi et al. (1991) 

sampled four of the same boulders from crater walls and six rock samples from the summits 

of large blocks on the crater rim in a layer of ejecta derived from Permian Kaibab formation 

and dated the surface exposure of these boulders from in situ production of 10Be and 26Al. 

They derived a minimum age of 49,200 ± 1,700 years. The remarkable agreement of the age 

of Meteor Crater derived from three independent methods (Sutton, 1985; Nishiizumi et al., 

1991; Phillips et al., 1991) has led the scientific community to accept that Meteor Crater was 

formed 49,000 to 50,000 years ago. 

5.2.1.5.Distribution of Ejecta  

Meteor Crater has a relatively well-preserved ejecta blanket, extending out 800 to 1150 m 

from the crater rim (Fig 5.2). Roddy et al. (1975) estimated that 175 million tons of rock 

were ejected from the crater. Ejecta blanket is well preserved up to the radial distance of >1 

km from the crater wall and is distributed over ~7.5 km2. It consists of fragmented material 

from Coconino, Kaibab and Moenkopi Formations (Kumar and Kring, 2008; Kring, 2017). 

The ejecta blanket consists of exhibiting a generally inverted stratigraphy (Pilon et al., 1991). 

The lowest unit in the debris contains fragments from Moenkopi Formation (Shoemaker, 

1987). A layer of Kaibab debris rests on top of the Moenkopi debris (Shoemaker, 1987). 

There is sharp contact between this two debris unit within the crater, but at distances of 0.8 

km from the crater rim, there is slight mixing of Moenkopi and Kaibab fragments at the 

contact (Shoemaker, 1987). Patches of a third debris unit, composed of sandstone fragments 

from the Coconino and Toroweap, overlies with sharp contact on the Kaibab debris unit 

(Shoemaker, 1987).  

At Meteor Crater ejecta has been distributed asymmetrically, Coconino debris is prevalent 

on the south side of the crater, whereas Kaibab dolomite dominates elsewhere around the 

crater (Kring et al., 2011). The thickness of the ejecta blanket is found to be greatest on the 
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south side and thins with the distance from the crater rim (Kring, 2017). In NE of the crater, 

the thickness of ejecta blanket ranges from 3 m close to the crater rim to 10 m at the distal 

end of the ejecta blanket (Roddy et al., 1975; Pilon et al., 1991). The coarsest material within 

the ejecta blanket is concentrated near the crater rim (Kring, 2017).  

5.2.1.6. Past and present environment 

The climatic conditions at the time of the impact were relatively warmer than in general 

within the Wisconsin period of glaciation. The late Pleistocene age of the crater occurs 

within the Pinedale interstadial (Kring (1997); Fig 5).  

Lacustrine sediments on the crater floor indicate that an ephemeral lake was present in the 

crater during wet intervals in the late Pleistocene epoch. These coincide with the late 

Wisconsin glaciation event. This lake dried up due to a decrease in the annual amount of 

precipitation in northern Arizona caused by the retreat of Laurentide ice sheet from North 

America about 10,000 years ago (Faure and Mensing, 2007). At the centre of the crater floor, 

30 meters of lacustrine sediments and debris from weathered wall rock accumulated as the 

lake dried up (Shoemaker and Kieffer, 1979; Kring, 2017).  

Meteor Crater is close to the San Francisco volcanic field consisting of 400 cinder cones 

(Shoemaker and Kieffer, 1979). The ages of the eruption in the San Francisco volcanic field 

range from 6.13 Ma to 1000 years (S.J. Reynolds, 1986), with the Sunset Crater eruption 

being the youngest one. The Sunset Crater eruption began in 1064 A.D. and lasted for nearly 

200 years (Shoemaker and Kieffer, 1979).  The interbedded volcanic ash deposits with 

lacustrine sediments and beneath colluvium on the crater floor may be associated with the 

Sunset Crater eruption (Shoemaker and Kieffer, 1979; Kring, 2017).  

The area immediately around the crater is drained by Little Colorado river. Before the impact 

event, the area in the vicinity of the crater was probably drained by a network of shallow 

streams flowing towards the Little Colorado River in the northeast (Kring, 1997). 

Environmental reconstruction of the area in the vicinity of the crater based on megaflora and 

megafauna fossil information suggests that these shallow streams may have been sustained 

for a longer period providing a higher amount of moisture at that time than the present 

(Kring, 1997).  Ground Penetrating Radar (GPR) survey conducted by Pilon et al. (1991) 

located the water table ~65 m below the crater floor. Shoemaker and Kieffer (1979) found 

that the impact event occurred during an interval in which the groundwater table was 30-40 
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m higher than at present. They also suggested that the talus deposits in the crater are mid-

Wisconsin in age and that the debris flow deposits are late Wisconsin.   

At present, the vegetation around Meteor Crater is dominated by grassland consisting of 

shrubs like sagebrush, snakeweed, rabbit-brush, groundsel, and cliffrose (Kring, 1997). 

These grasses can also be seen in the crater with a subtle difference in vegetation type and 

coverage due to different microclimatic zones within the crater due to its topography 

(Whiteman et al., 2008). Junipers occur inside the south crater wall and on the south rim of 

the crater (Barringer, 1905; Kring, 1997). Vegetation patterns in the Colorado Plateau have 

changed many times during the Holocene and Pleistocene, but in general, the genera of the 

plant involved have been the same (Kring, 1997). 

The mean total rainfall averages ~194 mm and mean annual snowfall averages ~285 mm, 

recorded at a weather station ~25 km away from Meteor Crater, in and around the crater over 

the past 123 years (the Western Regional Climate Center). Palucis et al. (2011) report annual 

precipitation of 300 to 450 mm consisting of the approximately equal amount of rain and 

snow at Meteor Crater.  

During winter, the maximum daily temperature difference increases by 15° C from the floor 

to rim (Whiteman et al. (2008); Fig 1). Diurnal air temperature differences across the crater 

are created by shadows cast by the rim and the effects of differential insolation on opposing 

sidewalls (Whiteman et al. (2008); Fig 2). At night when temperature inversions formed 

within the crater, the temperature differences between sidewalls at the same height became 

small (Whiteman et al., 2008). On crater rim level, however, the SW rim could be 3°C colder 

than the NE rim when a large-scale cold air drainage flow from the SW affected the crater 

(Whiteman et al., 2008). During the daytime, temperature differences reach 4°C when one 

sidewall was exposed to sunlight, and the opposing sidewall was in shadow. The N and W 

sidewalls were relatively warmer in the morning, and the E sidewall was relatively warmer 

in the afternoon (Whiteman et al., 2008). Whiteman et al. (2008) conducted a month-long 

meteorological field experiment called Meteor Crater Experiment (METCRAX 2006) in 

October 2006 in Meteor Crater. They found out that during the daytime, horizontal-axis 

eddies were shed by the crater rim and large vertical-axis eddies formed over the crater floor. 

5.2.1.7.Erosion and crater degradation 

The vicinity of Meteor Crater is dominated by the erosion of very fine-grained Moenkopi 

Formation (Kring, 1997). Gullies are formed on the crater walls, and the crater floor is filled 
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with alluvium and windblown material since the crater was formed. The alcove-channel-fan 

morphology of the gullies on the interior crater walls suggests that they were formed by 

fluvial processes (Kumar et al., 2010). Intense precipitation in the form of rain and snow at 

Meteor Crater may have played a role in the development of these gullies (Palucis et al., 

2011). Grant and Schultz (1993a) used field mapping, air photos, and Landsat Thematic 

Mapper (TM) imagery and determined morphometry of radial gullies draining the flanks of 

Meteor Crater, measuring 1-5 m wide, 1-2 m deep, and have a density of 8.6 km/km2, 3.4 

km/km2, and 0.0 km/km2. Most gullies occur in relict debris chutes along the steep walls and 

give drainage densities of 13.7 km/km2 and 4.3 km/km2 inside Meteor Crater (Grant and 

Schultz, 1993a; Grant and Schultz, 1993b). Present-day precipitation is probably limited to 

the production of small gullies and modification of pre-existing gullies; most of the erosion 

and gullies may have an older origin (Kumar et al., 2010). The total mass of materials 

transported by fluvial processes appears to be twice than that removed by eolian deflation 

(Grant and Schultz, 1993a). 

Sandy dolomite of the Kaibab formation is by far the most resistant to weathering of all the 

rock types at Meteor Crater (Nishiizumi et al., 1991). Hence, the dolomite, which forms 

ledges on the crater walls and prominent knobs in the ejecta, was expected to have the most 

prolonged continuous exposure at the surface (Nishiizumi et al., 1991). The fallout layer 

containing highly shocked Coconino Sandstone was much more easily eroded than the 

Kaibab layer and had been entirely removed from most of the crater rim (Nishiizumi et al., 

1991). A previous study by Norwick and Dexter (2002) reported tafoni developed on the 

Moenkopi and Kaibab Formation in Meteor Crater and found that the size of the tafoni 

enlarges with age in the Colorado Plateau region.  

An estimate of 15-20 m of erosion in crater rim was made by (Shoemaker and Kieffer, 1979). 

The lower parts of the crater walls are mantled with Pleistocene talus and debris flow 

deposits. Lower Inner crater wall is covered by talus deposits while leaving 80-100 m of the 

upper crater wall is exposed to the erosion (Poelchau et al., 2009). 

An average erosion rate of 30 cm/1,000 years was found near Whale Rock on the west rim 

of the crater (Nishiizumi et al., 1991). On the other hand, the mean denudation rate for the 

last 23,000 years is 5 cm/1,000 years (Nishiizumi et al., 1991). 

In contrast, Grant and Schultz (1993b) reported smaller amounts of erosion around the crater, 

although they focused their studies on debris farther from the rim crest and on shallower 

slopes. Their estimate was based on the production of coarse erosional lag deposits and the 
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sediment budget of multiple drainage systems on the flank of the crater. They estimated <1 

m of erosion beyond 0.25-0.5 crater radii from the crater rim, although the loss of 2 to 3 m 

of material occurred in small areas. These estimates of erosion are smaller than those in 

previous studies, but Grant and Schultz (1993b) suggest that there are true variations with 

radial distances from the crater rim. Higher erosion rates determined by Shoemaker and 

Kieffer (1979), (Roddy et al., 1975), and (Nishiizumi et al., 1991) reflect erosional 

conditions on or near the steep rim crest, whereas their results indicate erosional conditions 

on the shallower flanks of the ejecta blanket.   

5.2.2. Control sites  

The Moenkopi Formation is extensively exposed at the surface of the Mogollon Slope 

surrounding Meteor Crater. We selected three sites of Moenkopi sandstone that were not 

affected by impact shock outside Meteor Crater as control sites. The samples collected from 

these sites were analysed in a preliminary study to make sure that Moenkopi Sandstone at 

these sites did not experience any impact shock related deformation (Chapter 2). At these 

sites, Moenkopi Formation bedrocks/boulders are well exposed. These sites are easily 

accessible by road. The first control site is approximately 9 kilometres to the north of Meteor 

Crater (Fig 5.5). The second and third control site is located along the Meteor Crater road, 5 

and 4 kilometres, respectively from the Crater (Fig 5.5). 



 

192 
 

                               

Fig 5.5. This map shows the location of the Meteor Crater and control sites. Image source: 

Landsat 8. 

5.3. Methodology 
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Fig 5.6. Map showing the location of Schmidt Hammer and Structure from Motion data, and 

Moenkopi Sandstone sampling locations at Meteor Crater. Image source: The USGS 

National Map. 

5.3.1. Contemporary microclimate at the study site 

5.3.1.1. Microclimatic sensor installation in the field 

Meteor crater experiences semi-arid climatic conditions (Whiteman et al., 2008; Lehner et 

al., 2016). Five miniature (<1cm diameter) microclimatic iButton sensors were set up at 

Meteor Crater site. This was necessary to ascertain the contemporary microclimatic 

conditions under which the breakdown features are being formed. Hygrochron (records air 

temperature and relative humidity) type 8-bit iButton sensors were deployed in the field. The 

resolution of relative humidity (RH) and air temperature measurement was 0.6% RH and 0.5 

°C respectively. Safe places (e.g., away from the sight of tourists and places where iButtons 

are easy to retrieve) were chosen while deploying iButtons in Moenkopi outcrops, keeping 

in mind natural and anthropogenic disturbances. Two iButtons were deployed on the North, 

and North East crater walls and three iButtons were deployed outside Meteor Crater (Fig 

5.7). These iButtons (hygrochrons) (Viles, 2011) measured and logged temperature and 
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relative humidity data for 11 months at 2-hour intervals. Two-hour interval was chosen 

because 8-bit iButton sensors are limited to recording 8192 reading. Data recording at a 

smaller time interval (<2 hours) for one year was not possible as there was not enough 

memory on the iButton sensor. The battery in three iButton sensors (hygrochrons - H 04, H 

05, and H 19) could not survive for one year in the field, and the data was lost for these 

sensors (Fig 5.7). We were able to retrieve data from two iButtons (hygrochrons – H 06 and 

H 10) deployed at NE crater wall at Meteor Crater and a site close to Bar T Bar ranch road 

in the field (Fig 5.7). 
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Fig 5.7. Map showing locations where iButton sensors (hygrochrons) were installed in the 

field. USGS orthoimage image is overlayed on Landsat 8 image. Image: The USGS National 

Map and Landsat 8. 
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5.3.1.2. The Meteor Crater Experiment - METCRAX I and METCRAX II data 

In order to assess a difference in aspect related microclimate, we analysed air temperature 

and relative humidity data from two meteorological experiments METCRAX I (2006) 

(Whiteman et al., 2008) and METCRAX II (2013) (Lehner et al., 2016) that were conducted 

at Meteor Crater. In addition, solar radiation and shadow progression models at Meteor crater 

were generated from METCRAX I data.  

During METCRAX I experiment, air temperatures were measured at the 5-minute interval 

while the METCRAX II experiment took the air temperature and relative humidity reading 

every 2.5-minute interval. The air temperature and humidity data measurements were 

obtained using HOBO Pro Temp/Ext Temp temperature and humidity data loggers, installed 

along several transects along all the crater sidewalls at Meteor Crater.  

 

5.3.1.3. Solar insolation modelling 

Incoming solar radiation was modelled for 12 months in a year at Meteor Crater in ArcGIS 

10.6.1. The model does not incorporate real atmospheric conditions throughout the year such 

as clouds and humidity that affect energy received at the ground, but parameters were 

adjusted to model approximate average conditions at the Meteor Crater. The area solar 

radiation tool was used to calculate solar insolation across entire Meteor Crater. The model 

was created using Palucis and McEnulty (2010) 1 m/pixel DEM of Meteor Crater. The sky 

size was input as 200 cells, and a whole year with monthly interval time configuration was 

selected. The 0.5-hour time interval through the day was used for calculation of sky sectors 

for sun maps. The z factor was one as x,y and z units were similar. The number of azimuth 

direction used when calculating the viewshed was 32. The number of divisions used to create 

sky sectors in the sky map was 8. The diffuse model type was created for the uniform sky. 

The fraction of radiation that passes through the atmosphere, transmissivity, was 0.5 and 

diffuse proportion of 0.3 used. The output radiation rasters will always be the floating-point 

type and have units of watt-hours per square meter (WH/m2). 

 

5.3.2. Rock breakdown features documentation at Meteor Crater and the control sites 

Before collecting data on rock breakdown features in the field, reconnaissance fieldwork 

was conducted to inspect breakdown features on Moenkopi Sandstone outcrops at Meteor 

Crater and the control sites. This was done in order to constrain the feature and to 
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design/select suitable data collection and analysis techniques (see sections 5.3.5 and 5.3.6). 

It was important to determine the scale at which breakdown features occur at field sites in 

order to plan microtopographic data collection methods. Survey of style and scale of 

breakdown features also helped to choose roughness analysis parameters and window scale 

for roughness analysis (section 5.3.6). Rock breakdown features survey also helped to assess 

the morphometric feature analysis performed in section 5.4.6. Bedrocks and boulders at 

control sites lie on a relatively flat area of Mogollon slope (±5°). Most of the outcrops were 

flat and generally had one dominant facet (approximately parallel to the ground). In order to 

avoid the effect of aspect on weathering only dominant facet (approximately parallel to the 

ground) of outcrops were sampled for photo documentation, Schmidt hammer and Structure 

from Motion data collection. Similarly, at Meteor Crater, dominantly exposed facet (near 

parallel to local crater wall slope) of crater wall rocks and ejecta boulders on crater walls 

were sampled. The facets sampled receive maximum insolation compared to other facet and 

were suited for taking images as these surfaces were well illuminated during most of the day. 

 

5.3.3. Petrophysical characterisation of Moenkopi Sandstone 

A total of nine Moenkopi Sandstone samples were collected at Meteor Crater (see Fig 2.2 

for locations) and two Moenkopi Sandstone samples at control sites (see Fig 5.5 for 

locations). The mineralogical composition and petrographic properties of these Moenkopi 

Sandstone samples were determined using a petrographic microscope and powdered X-ray 

diffraction (XRD). X-ray computed tomography (CT) was used to visualise and measure the 

size of fractures in the Moenkopi samples. Porosity in Moenkopi Sandstone was determined 

using a scanning electron microscope (SEM) backscattered electron (BSE) images. The BSE 

images were processed to determine porosity. Detailed information on the sampling and 

analysis methods can be found in Chapter 2. 

5.3.4. Rock hardness measurements 

Rock surface hardness was measured at Meteor Crater and the three control sites (Fig 5.5; 

Table 5.2) in Arizona using the N-type Schmidt hammer (Viles et al., 2011). At Meteor 

Crater, Schmidt Hammer (SH) rebound values were obtained at North, North-East, and 

South crater wall (Fig 5.6). SH rebound values were used to estimate the mechanical strength 

of the rock surface. SH rebound values are highly correlated with rock surface hardness that 

is further related to the mechanical strength of rock surface. SH rebound data was collected 
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according to the International Society of Rock Mechanics (ISRM) suggested method (Aydin, 

2015). Twenty SH rebound measurements were collected for each outcrop and values were 

averaged. For a very small number of outcrops with small and insufficient surface area, ten 

SH measurements were obtained. SH values vary with moisture and surface texture 

inhomogeneity, so the measurements were taken on the dry and relatively smooth surface. 

SH values are further affected by lichen cover, weak and fractured rocks, and small surface 

area and size of rock outcrop (<15 cm). In order to minimise errors from these factors, we 

only took measurements on outcrops bigger than > 50 cm, avoided heavily lichen-covered 

surface and weakly fractured and flaked areas on rock surfaces. All the measurements were 

obtained in similar weather conditions (on dry summer days).  

5.3.5. Structure from Motion: Digital Elevation Model generation 

High-resolution topographic data of rock surfaces was collected using Structure from Motion 

(SfM) photogrammetry (Favalli et al., 2012; Westoby et al., 2012; Smith et al., 2016) 

technique to compare the roughness of weathering features and geomorphic morphometric 

forms at range of scales between Meteor Crater and Control sites. A number of Moenkopi 

Sandstone outcrops were selected at Meteor Crater and the three control sites for DEM 

generation (Fig 5.5-5.6; Table 5.3). We used a 24.2 Megapixels Nikon D5500 camera with 

a variable zoom lens fixed at 24 mm focal length, on a tripod where possible to reduce effects 

of the handshake, to obtain images of rock outcrops. At Meteor Crater, the crater walls are 

very steep, so a tripod was not used at Meteor Crater. Approximately 100 images of each 

block were obtained. This number of images was required to capture the full extent of the 

outcrops in the field. Several images were acquired from different vantage points. Firstly, 

from all around (~1-2 m) the boulder surface followed by additional close-range images (<50 

cm). Images were acquired with at least 60% lateral overlap. 

We used the zoom lens set at 24 mm focal length (36 mm full frame camera sensor 

equivalent). The focal length of 24 mm was chosen as it provided a greater field of view 

where there was little space to move around to take images in the field (e.g., very steep 

slope). Camera aperture was set to f/6.3. A smaller aperture allows less light to reach the 

camera sensor and gives a larger depth of field (Haukebø, 2015). An image with larger depth 

of field is sharper and has a larger area in focus and are recommended for photogrammetry 

work (Bedford, 2017). A higher shutter speed (1/400) was chosen to compensate camera 

shake due to, e.g., the wind. ISO was kept at 100 to minimise the noise in the images 

(Mosbrucker et al., 2017). White balance was kept at daylight mode. During photo 
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acquisition, care was taken to ensure that the image was sharp, and everything in the frame 

was in focus. Matrix metering mode was selected to provide the best exposure and equal 

brightness throughout the image. Images were taken in autofocus mode to maintain optimal 

image quality throughout all the images. These settings were chosen based on the lighting 

and field conditions, and field testing demonstrated high image quality at these settings. 

For our data collection, a triangle coded control target (Verma and Bourke, 2019) was placed 

on the ground or top of the outcrop parallel to the top surface of the boulder. It is crucial for 

the control target to be flat and approximately parallel to the surface of interest as it defines 

the orientation of the surface of interest in the DEM. We used four rulers of 30 cm and placed 

them around the outcrops. These rulers were used as checkpoints to verify horizontal errors 

in the DEMs (see Chapter 4). The images were acquired in quick succession in the field to 

ensure that there was a minimum change in the shadow lengths and lighting conditions. We 

acquired images during early morning and evening and tried to avoid shadows in the image. 

The images were shot in raw format. A potential limitation to this in the field is that they 

take up to twice as much storage space as JPEGs. For an area ~10m2, placement of GCPs, 

rulers and image acquisition took approximately 20 minutes. Images were processed as 

described in Verma and Bourke (2019).  

Image acquisition and DEM generation were performed according to guidelines provided in 

Verma and Bourke (2019).  DEM and Orthophoto generation took 8-10 hours on “high” 

dense point cloud quality setting. DEMs were generated in Agisoft Photoscan with a 

resolution of 0.5 mm and precision of 0.5-1 mm.  

A detailed guideline for DEM generation from SfM photogrammetry can be found in 

Chapter 4 (Verma and Bourke, 2019). 

 

5.3.6. Analysis of boulder DEMs to quantify breakdown features  

Rock breakdown processes result in a range of breakdown features (Bourke and Viles, 2007). 

These breakdown features have varying geometry and morphologies. Often geologists 

observe rock breakdown features and qualitatively describe in the field (Heslop, 2003; 

Thornbush, 2012). Usually, dimensions of these features are manually measured (Norwick 

and Dexter, 2002). These two-dimensional manual measurements of complex and 

heterogeneously distributed hundreds and thousands of individual breakdown features are 

cumbersome, biased and not sufficient to compare the nature of breakdown features at 

different field locations. Many of the breakdown features have a third dimension – they are 
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volumetric. Areal surface roughness analysis can be used to characterise the 3D forms of 

breakdown features automatically, with high detail and accuracy, without human bias at 

multiple scales (Medapati et al., 2013; Chen et al., 2014; Lai et al., 2014). Roughness 

analysis captures complex breakdown features at different scales and offers a potential to 

quantitatively compare breakdown features between low shocked Moenkopi Sandstone at 

Meteor Crater and unshocked Moenkopi Sandstone at control sites (Chen et al., 2014). 

DEMs of rock surfaces generated using SfM photogrammetry were used as input for areal 

surface roughness analysis and morphometric geomorphic feature classification in 

commercially available and widely used Geographic Information System (GIS) platforms 

Arc GIS 10.4.1 and freely available open source Landserf 2.3 (Copyright, Jo Wood, 1996-

2009). A range of areal surface roughness parameters such as Standard Deviation of Height 

(Sq), Standard deviation of slope (Sdq), Maximum Height (Sz), Vector Ruggedness Measure 

(VRM), and morphometric geomorphic feature classification was performed on moving 

windows of 1.5, 5.5, 10.5, 15.5, 20.5, 25.5, and 50.5 mm to quantify the boulder surface 

breakdown features. The roughness analysis was performed in ArcMap. Morphometric 

classification of geomorphic forms was performed in Landserf. These analysis parameters 

are described in detail below.  

The aim of this study was first to explore if there is any difference in areal surface roughness 

due difference in nature of weathering features between low shocked and unshocked 

Moenkopi Sandstone. The second aim was to assess which roughness parameters and scale 

better characterise different breakdown features. 

 

5.3.6.1. Areal Surface Roughness Parameters 

Four roughness parameters were selected to calculate areal surface roughness using DEMs 

of the rock outcrops at multiple scales. These parameters were selected based on ease of 

calculation in commonly available ArcGIS software. These parameters were also tested to 

assess which roughness parameters were more suitable in the study of rock weathering.  

5.3.6.1.1. Standard deviation of height (Sq) 

The standard deviation of height is a measure of surface roughness that captures the local 

dispersion of elevation within a sample window area. The standard deviation of height is 

equivalent to the root mean square height  
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𝑆𝑞 =
1

𝐴
𝑧 − 𝑧̅ 𝑑𝑥 𝑑𝑦 

 

Where A is the area, zij is the height of the cell, and  𝑧̅ is the mean height of cells within the 

analysis neighbourhood window. Sq parameter was calculated at multiple window scale (1.5, 

5.5, 10.5, 15.5, 20.5, 25.5, and 50.5 mm) in Benthic Terrain Modeler tool in Arc Map 

(Walbridge et al., 2018). Sq is always a positive value. 

 

5.3.6.1.2. Standard deviation of slope (Sdq) 

The standard deviation of slope is equivalent to the root mean square gradient. Sdq is the 

root mean square of slopes at all points within a sampling window area. Sdq is 

mathematically calculated as - 

𝑆𝑑𝑞 =
1

𝐴
∫ ∫

𝑑𝑧

𝑑𝑥
+

𝑑𝑧

𝑑𝑦
𝑑𝑥 𝑑𝑦 

 

Where A is the area, z is vertical height, and x, y are horizontal dimensions. First, the slope 

of the DEM was calculated using Spatial Analyst Tools in Arc Map. Then, the standard 

deviation of the slope was calculated at multiple window scale (1.5, 5.5, 10.5, 15.5, 20.5, 

25.5, and 50.5 mm) in Benthic Terrain Modeler tool in Arc Map (Walbridge et al., 2018).  

Sdq is measured in degrees. Sdq of a completely flat surface is 0. When a sub-sample surface 

has any slope, its Sdq value becomes larger.  

5.3.6.1.3. Maximum height (Sz) 

Maximum height is defined as the height between the highest peak and deepest valley within 

a sampling window area.  

Sz = Sp – Sv 

Sp represents the maximum peak height, i.e., the height of the highest point of the surface in 

a sampling window. The Sv represents the maximum pit/valley height, i.e. the height of the 

lowest point of the surface in a sampling window. Sz was calculated using neighbourhood 

focal statistics tool at multiple scales (1.5, 5.5, 10.5, 15.5, 20.5, 25.5, and 50.5 mm) in 

ArcMap.  
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5.3.6.1.4. Vector Ruggedness Measure (VRM)  

Vector Ruggedness Measure (VRM) measures terrain ruggedness as the variation in 3D 

orientation within a sampling window area (Sappington et al., 2007; Walbridge et al., 2018). 

VRM was adapted from a method first proposed by Hobson (1972) and later developed by 

Sappington et al. (2007). For each grid cell in the window, vector analysis is used to calculate 

the dispersion of vectors normal (orthogonal) to grid cells using the three-dimensional 

location of the cell centre, the local slope, and the local aspect within the specified 

neighborhood (Sappington et al., 2007; Walbridge et al., 2018). A resultant vector for the 

window is evaluated and divided by the number of cells in the moving window (Walbridge 

et al., 2018). The resultant magnitude of the vector is subtracted from 1 to obtain a 

dimensionless that ranges from 0 (no variation) to 1 (total variation)(Walbridge et al., 2018). 

Typical values are small (≤0.4) for data of natural surfaces (Walbridge et al., 2018). Vector 

Ruggedness Measure (VRM) was calculated at multiple moving window sizes in Benthic 

Terrain Modeler tool in Arc Map (Walbridge et al., 2018).  

 

5.3.6.2. Morphometric classification of geomorphic features 

DEMs allow high-resolution characterisation of 3D forms at a range of scales. Surface 

features were classified into six classes of simple mathematical morphometric forms (viz. 

ridge, channel, peak, pass, planar and pit) using landscape analysis method adopted from 

Fisher et al. (2004). Each morphometric form is equivalent to a “landform” which in the 

context of analysis of a boulder surface may correspond to a specific surface breakdown 

feature, e.g., planar surface caused by flaking, ridges representing alveoli rims (Fisher et al., 

2004; Ehlmann et al., 2008b). We refer the reader to Fisher et al. (2004) and Ehlmann et al. 

(2008b) for the mathematical background of this classification. Percentage frequency of each 

morphometric features was calculated over multiple window sizes in Landserf 2.3. We used 

threshold values of slope and curvatures of 5.0 and 0.1, respectively, as suggested in Fisher 

et al. (2004) and Ehlmann et al. (2008b). This data was used to compare the morphometric 

breakdown forms on Moenkopi Sandstone outcrops at multiple scales from Meteor Crater 

and the control sites. 

5.3.7. Statistical analysis of the data 

Once Schmidt Hammer hardness, roughness and morphometric analysis were completed for 

each boulder/bedrock, these results were compared between Meteor Crater and the three 

control sites to determine if differences were significant.  
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The SH data, roughness data and morphometric data were not normally distributed, so were 

analysed with a non-parametric, Kruskal-Wallis test statistic in IBM SPSS Statistics 24 

(White et al., 1998; Nicholson, 2008), at the 0.05 significance level. Dunn’s pairwise tests 

were carried out as post-hoc to Kruskal-Wallis test, and significance values were adjusted 

by the Bonferroni correction for multiple tests. Data were tested for normality using Shapiro-

Wilk test before application of statistical tests.   

5.4. Results 

5.4.1. Microclimate at the study site  

5.4.1.1. Microclimatic data retrieved from iButtion sensors 

In winters, the air temperature ranges from a minimum of -8°C to a maximum of 7°C (diurnal 

minimum and maximum temperature) while during summer the daily air temperatures can 

range between 18 to 44 °C at the north-east rim of the crater (Fig 5.8). Relative humidity can 

vary from 20 to 80% in a single day in winters while in summers diurnal range can be 

between 10 to 40% (Fig 5.9). The air temperature and relative humidity range suggest freeze 

and thaw weathering in winters and insolation weathering in summers (Bland and Rolls, 

1998a). Meteor Crater site receives moisture in the form of rain throughout the year and 

snowfall in winters. The mean total rainfall averages ~194 mm and mean annual snowfall 

averages ~285 mm, recorded at a weather station ~25 km away from Meteor Crater, in and 

around the crater over the past 123 years (The Western Regional Climate Center). Since the 

control sites are located close to Meteor Crater in relatively flat-lying, low-relief plains of 

the Mogollon slope (Fig 5.2), these sites experience similar microclimatic as Meteor Crater. 

The temperature and humidity data from outside Meteor Crater, close to Bar-T-Bar ranch 

road, show similar trends in temperature and relative humidity compared to Meteor Crater 

data (Fig 5.8-5.11). The small difference could be due to the difference in elevation and 

aspect where the temperature and relative humidity were collected.  
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Fig 5.8. Air temperature data retrieved from iButton H 10 installed at Meteor Crater (see 

Fig 5.7 for location). Different colours on the plot represent temperature data from 

different months. 

 

Fig 5.9. Air temperature data retrieved from iButton H 06 installed close to Bar T Bar 

Ranch road junction (see Fig 5.7 for location). Different colours on the plot represent 

temperature data from different months.  
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Fig 5.10. Relative humidity data retrieved from iButton H 10 installed at Meteor Crater 

(see Fig 5.7 for location). Different colours on the plot represent relative humidity data 

from different months.  

 

Fig 5.11. Relative humidity data retrieved from iButton H 06 installed close to Bar T Bar 

ranch road junction (see Fig 5.7 for location). Different colours on the plot represent 

relative humidity data from different months. 

5.4.1.2.Microclimatic data from METCRAX I and METCRAX II  

METCRAX I experiment investigated temperature inversions and the formation of 

atmospheric seiches in the crater. A yearlong temperature data from NE crater rim and crater 

floor showed that temperature inversions are strongest in midwinter and temperature 

differences can exceed 15°C between the crater rim and crater floor (Whiteman et al., 2008). 

The minimum temperature differences also show that diurnal lapse conditions in the crater, 

with no events in the period of data recording when the night-time inversion persisted 

throughout the day (Whiteman et al., 2008). The outer slopes of the Meteor crater 

experienced lower temperatures than the same altitudes inside the crater (Whiteman et al., 



 

206 
 

2008). The upper 70% of the crater wall on the south and west side experienced lower 

temperatures than the north and east side at Meteor Crater (Whiteman et al., 2008). The 

maximum temperatures were higher on the inner north and south sidewalls since they were 

subject to strong afternoon insolation (Fig 5.17). Whiteman et al. (2008) found that outer 

sidewalls experienced warmer maximum temperatures than on the inner sidewalls at the 

south and west side of the crater. At elevations above 1591 m, the crater sidewalls are 

approximately isothermal (Whiteman et al., 2008). During the middle of the day, crater walls 

at higher altitude have lower air temperatures as temperature decreases with altitude in the 

well-mixed atmosphere (Whiteman et al., 2008). Sudden temperature fall at the individual 

sites in the afternoon (and abrupt temperature jumps in the morning) indicate the times of 

local sunset and sunrise at the sites on crater wall as shadows propagate across the crater 

(Fig 5.15) (Whiteman et al., 2008). A temperature jump developed at crater rim level due to 

rapid cooling inside the crater than the atmosphere just above the crater (Whiteman et al., 

2008). This results in the development of a deep near-isothermal layer in the upper 80% of 

the crater atmosphere during nighttime (Whiteman et al., 2008).  

Temperature data from METCRAX I and METCRAX II experiments close to the Moenkopi 

outcrops locations on N, NE and S crater walls (Fig 5.6) showed that S crater wall 

experienced slightly lower air temperatures than N and NE crater walls during most of the 

day and night in October (Fig 5.12-5.14). S crater wall becomes slightly warmer than the N 

and NE crater wall for a brief period during the day (after 1430 MST) due to shadow 

propagation effects in the crater basin (Fig 5.15). Relative humidity data from the 

METCRAX II experiment near the Moenkopi outcrops on NE and S crater wall showed that 

S crater wall received more relative humidity than NE crater wall (Fig 5.14). This might be 

one of the reasons for more flora and lichen colonisation on the south side of the crater. 
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Fig 5.12. METCRAX I air temperature data collected every 5 minutes interval for 15 days 

in October in 2006. This graph represents the difference in air temperature between N (south 

facing) and S (north facing) crater wall. This temperature data was collected from the 

elevation of ~1700 m (~140 m above crater floor). During the night, temperature differences 

between the same elevations on the crater walls are small. During the day, temperature 

differences rise to 4 °C when a crater wall is in sunlight, and the opposing crater wall is 

shadowed. In general, the north walls are relatively warmer in the morning than south crater 

walls.  

 

Fig 5.13. METCRAX II air temperature data collected every 2.5 minutes interval for October 

in 2013. This graph represents the difference in air temperature between NE (south-west 

facing) and S (north facing) crater wall. This temperature data was collected from the 
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elevation of ~1700 m (~140 m above crater floor). In general, the north-east crater wall is 

warmer than the south crater wall for the most part of the day.  However, for a brief period 

in the afternoon (after 1430 MST till sunset), the south crater wall gets slightly warmer due 

to shadow progression.  

 

 

 

Fig 5.14. METCRAX II relative humidity data collected every 2.5 minutes interval for 

October in 2013. This graph represents the difference in relative humidity between NE 

(south-west facing) and S (north facing) crater wall. This temperature data was collected 

from the elevation of ~1700 m (~140 m above crater floor). In general, the south crater wall 

has more relative humidity than north-east crater wall.  
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Fig 5.15. The METCRAX I experiment documented the diurnal air temperature differences 

caused by oblique sunlight and shadows on the crater walls. The figure shows the modelled 

progression of sunlight and shadows in the crater on October 15, 2006, within units of 

Mountain Standard Time (MST). Image source: Image was published in Kring (2017) and 

was originally produced by David Whiteman of METCRAX team. 

 
 

The solar radiation map presented in Fig 5.16 shows the effect of the sun over Meteor Crater 

in every month for the year 2017. The solar insolation model exhibits strong contrasts in 

insolation related to aspect and seasonal changes, over the entire crater (Fig 5.16). During 

summer (May to July), overall insolation reaches a maximum, and north- and south-facing 

slopes receive the slightly different amount of solar radiation. However, in the fall, winter 

and spring months, difference in insolation between north and south facing slopes are the 

largest. 
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Sebastian Hoch from METCRAX I team modelled global radiation (direct + diffuse) 

received by inclined surfaces in and around Arizona's Meteor Crater, for 15 October 2006 

(Whiteman et al., 2008; Hoch et al., 2010). The astronomical sunrise and sunset were at 0639 

MST and 1740 MST, respectively (Fig 5.15). Soon after solar noon, the maximum global 

solar radiation was achieved at the crater (Fig 5.17) (Whiteman et al., 2008). The shading 

caused by crater sidewalls delayed sunrise at both the crater floor (0800 MST) and upper 

south sidewall (1018 MST) and resulted to an earlier sunset (crater floor: 1620 MST, upper 

south: 1648 MST) (Fig 5.17) (Whiteman et al., 2008). Maximum insolation occurs at the 

crater floor during solar noon, due to slope and aspect the upper south crater wall delays the 

maximum insolation until 1400 MST (Fig 5.17). 

 

 

Fig 5.17. The METCRAX I experiment documented the diurnal air temperature differences 

caused by oblique sunlight and shadows on the crater walls. The figure shows the modelled 
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global radiation (direct + diffuse) received by inclined surfaces in and around Arizona's 

Meteor Crater, for 15 October 2006, with timestamps in units of Mountain Standard Time 

(MST). The unit of solar radiation is watt/m2 (W/m2). This differential solar radiation created 

differential air temperatures that were measured at the crater. Source: This model was made 

by Sebastian Hoch from the METCRAX team. Image source: This unpublished image was 

provided by David Whiteman of METCRAX team. 

 

5.4.2. Photo documentation of breakdown features 

Photo documentation, qualitative assessment, and identification of breakdown features were 

undertaken at Meteor Crater and control sites (Fig 5.18-5.19). A range of rock breakdown 

features was observed at the Meteor Crater and the control sites. Rock breakdown features 

observed at both the Meteor Crater and the control site include flaking, granular 

disintegration, cracks, alveoli, grus, exfoliation, splitting, tafoni, pachydermal weathering, 

spalling, crumbling, multiple splits, aeolian etching, and lichen-associated breakdown. All 

of these features were present on boulders and bedrocks at both Meteor Crater and the control 

site. Table 5.1 presents the detailed description of breakdown features observed in Moenkopi 

Sandstone at Meteor Crater and the control sites. 

Table 5.1. Rock breakdown features observed at the field site 

Type Breakdown 
features  

Description Occurrence Weathering processes 

1-
L
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s 
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l (
L

S)
 

Alveoli Alveoli are small (<1m) cavernous weathering 
features that occur in groups. Individual alveoli are 
separated from neighbours by narrow, thin walls, 
which looks like honeycomb (Bourke and Viles, 
2007) 

Facet of boulder 
and bedrock 

Salt weathering, aeolian erosion, 
frost weathering (Mustoe, 1982; 
Rodriguez-Navarro et al., 1999) 

Tafoni Tafoni are large (>1m) cavernous weathering 
features. They are often developed towards the base 
of large outcrop with near-circular arch-shaped 
opening and characterised by flaking backwall, 
concave inner wall, the overhanging lip in front, and 
debris covered floor (Heslop, 2003; Bourke and 
Viles, 2007). 

Facet of boulder 
and bedrock 

Salt weathering, frost weathering, 
chemical weathering (Goudie, 
2004; Heslop, 2003; Brandmeier 
et al., 2011) 

Back weathering Back weathering is a uniform loss of mm to cm scale 
rock material parallel to the original rock surface.  
Back weathering can occur due to loss of scales, 
crumbs, rock layers (Fitzner and Heinrichs, 2001) 

Facet of boulder 
and bedrock 

Mechanical and chemical 
weathering (Bland and Rolls, 
1998a; Fitzner and Heinrichs, 
2001; Bourke and Viles, 2007) 

Weathering pits Weathering pits are small closed circular depression 
features on a horizontal and gently inclined rock 
surface that have a diameter ranging several cm. 
Depression backwall contains soil deposits and debris 

Facet of boulder 
and bedrock 

Frost weathering, chemical 
weathering, salt weathering, 
biochemical weathering (Goudie, 
2004) 

Micropitting Micropitting are small (mm-cm) pit type features. 
Micropitting develops from microscale irregularities 
within the rock surface which may be lithologically 
controlled (e.g. vesicles in volcanic rocks) (Bourke 
and Viles, 2007) 

Facet of boulder 
and bedrock 

Chemical and biochemical 
weathering (Bourke and Viles, 
2007; Thornbush, 2012) 

Breakout Breakout is the loss of large-scale rock fragments 
(cm3 to dm3). 

 Mechanical weathering (Bland 
and Rolls, 1998a; Bourke and 
Viles, 2007) 

Aeolian etching Less resistant minerals or laminations within a facet 
preferentially attacked by windblown dust and sand 

Facet of ejecta 
boulder and 

Aeolian abrasion (Laity, 2009b) 
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forming mm-cm etching patterns (Bourke and Viles, 
2007). 

crater wall rock 
at the south side 
of Meteor 
Crater 
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Discolouration Discolouration on the rock surface is produced by µm 
thick coating on the rock surface. The reddish-brown 
to the black colour coating can be due deposition of 
manganese and iron (Bourke and Viles, 2007) 

Facet of boulder 
and bedrock 

Chemical and biochemical 
weathering (Taylor and Eggleton, 
2001) 

Soiling Loose coating of µm to mm thick dust/soil layer on 
the rock surface. Soiling can occur over cm2 to m2 

area. 

Facet of boulder 
and bedrock 

Aeolian erosion (Bourke and 
Viles, 2007). 

Efflorescence  Efflorescence is deposition of a layer of crystalline 
salt on the rock surface. It occurs when the water 
leaves behind salt deposits on the rock surface. It 
appears as a white, µm-mm thick salt coating. 
(Bourke and Viles, 2007). Powdered XRD analysis 
revealed the presence of gypsum at field sites. 

Facet of boulder 
and bedrock 

Salt weathering (Pel et al., 2004) 

Lichen colonisation The occurrence of lichens on the rock surface. The 
lichen cover can be µm-mm thick and covering area 
ranging from cm2 to m2. 

Facet of boulder 
and bedrock 

Biochemical weathering (Chen et 
al., 2000) 

Colonisation by 
higher plants 

Small plants tend to grow from fracture or joints on 
the bedrock.  

Facet of boulder 
and bedrock 

Biochemical weathering (Warke, 
2013) 
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Flaking Flaking is the removal of mm to cm sections of the 
near-surface layer of rock.  

Facet of boulder 
and bedrock 

Mechanical weathering (Bland 
and Rolls, 1998a; Bourke and 
Viles, 2007) 

Granular 
disintegration 

Granular disintegration occurs at mm scales where a 
range of rock breakdown processes acts together to 
detach individual grains from a rock surface 
producing a rough surface. The product of granular 
disintegrating is fine-grained debris that is easily 
eroded by wind and water, where not eroded they 
remain as loose debris near the outcrop. (Bourke and 
Viles, 2007) 

Facet of boulder 
and bedrock 

Salt weathering, chemical 
weathering, biochemical 
weathering (Goudie and Viles, 
2015) 

Crumbling Crumbling is a detachment of larger compact rock 
pieces (cm3 to dm3)in the form of crumbs (Fitzner and 
Heinrichs, 2001) 

Facet of boulder 
and bedrock 

Mechanical weathering (Bourke 
and Viles, 2007; Warke, 2013) 

Exfoliation Exfoliation is mm-cm cracking in rocks 
approximately parallel to the surface of rock (Thomas 
et al., 2005). 

Facet of boulder 
and bedrock 

Insolation weathering (Leask and 
Wilson, 2003) 

Splitting Splitting is the breaking of a bolder/outcrop into 
smaller parts. It occurs on clast scale where the 
combination of mechanical weathering processes 
enhances pre-existing weakness within 
boulder/bedrock to produce split rocks (Bourke and 
Viles, 2007) 

Entire boulder 
and bedrock 

Mechanical weathering (Bourke 
and Viles, 2007) 

Spalling Spalling is the peeling off cm long platy fragments 
from rock surface (Bourke and Viles, 2007) 

Facet of boulder 
and bedrock 

Chemical weathering (Bourke 
and Viles, 2007) 
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Cracks Cracks or fissures are mm to cm wide lines of 
weakness along which rock surface splits without 
breaking apart (Bourke and Viles, 2007). 

Facet of boulder 
and bedrock or 
entire outcrop 

Insolation weathering (Bourke 
and Viles, 2007) 

Polygonal cracking Polygonal cracking (also known as pachydermal 
weathering, (Thomas et al., 2005) occurs mm-cm 
wide cracks connected to form a polygon with 5 to 6 
sides. It looks similar to desiccation cracks. 
Individual polygons have an interior angle of about 
120° (Bourke and Viles, 2007; Chan et al., 2008) 
 

Facet of boulder 
and bedrock 

Frost weathering, insolation 
weathering, wetting and drying 
(Chan et al., 2008) 
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5.4.3. Petrographic properties of unshocked and shocked Moenkopi Sandstone 

The petrographic properties of Moenkopi Sandstone are presented in detail in chapter 2 and 

are summarised here for self-consistency of this paper format. 

Unshocked Moenkopi sandstone (MS) is very fine-grained sandstone which is cemented by 

carbonates. Moenkopi contains 50-80 % quartz, microcline, muscovite, hematite and 

kaolinite in minor amounts and remainder being composed of carbonate minerals (calcite 

and dolomite). Quartz is subrounded, equant, and well sorted and has subhedral grain 

boundary. The matrix is very fine grained and iron rich. The mean grain size ranges from 

0.07-0.1 mm. The grain size ranges from 0.009-0.12 mm. The texture of the rock is grain 

supported. The porosity in unshocked Moenkopi Sandstone ranges 5-8.5%. The pore 

diameter ranges from 3 to 300 µm. Some of the Moenkopi Samples contain cross laminations 

in hand samples. The powdered X-ray Diffraction of efflorescence sample from two of the 

Moenkopi Sandstone outcrops revealed the presence of Gypsum salt in the field. This 

suggests ongoing salt weathering process in Moenkopi Sandstone. 

 

Class 1a (<5GPa) Shocked Moenkopi Sandstone (MS) may have experiences <5GPa of 

shock pressure during impact. In hand specimen, there is no visible difference between class 

1a and unshocked MS. No high-pressure polymorphs were identified in XRD analysis and 

no change in mineralogy was observed in class 1a MS compared to unshocked MS. 

Macroscopic fractures with an aperture of 4-200 µm and length from 0.5 to 5 cm are present 

in some of the class 1a MS samples. Due to low shock, porosity is reduced by 88% in class 

1a MS compared to unshocked MS. The porosity in low shocked Moenkopi is 0.5-1%. The 

pore diameter ranges from 3 to 180 µm. No irregular grain fracturing due to impact can be 

seen in class 1a MS. A small amount of the quartz grains show wavy extinction. 

More comprehensive and detailed information on all the samples of Moenkopi Sandstone is 

presented in Chapter 2. 
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Fig 5.20. Moenkopi sandstone. (a) BSE image of unshocked MS showing pores. Black 

substrate represents pore spaces. (b) thresholded image minus (a) showing pores in black 

colour. (c) BSE image of class 1a MS showing reduced porosity. (d) thresholded image 

minus (c) displaying fewer pore spaces in black. 

 

    
Fig 5.21. Fractures in low shocked Moenkopi Sandstone. a) The X-ray CT image on the left 

showing the distribution of fractures with apertures ranging from 0.09 to 0.2 mm. The white 
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arrows show fractures with ~0.2 mm aperture and yellow arrows show fractures with ~0.09 

mm. The blue arrow shows the cross-lamination in the sample. b) The SEM BE image of the 

same sample shows collapsed pores (shown by yellow arrows) and inter-granular fracture 

(shown by white arrows) of aperture 0.15 mm. 

5.4.4. Rock Hardness 

In terms of rock surface hardness, the mean Schmidt Hammer (SH) rebound values (Table 

5.2, Fig. 5.22) do not reveal a significant difference between Meteor Crater and the three 

control sites at p<0.05 level. Rock hardness varies with the breakdown features present on 

the rock surface. Rock surface with intensive flaking features had lower hardness value 

compared to rock surfaces with alveoli. Detailed statistical analysis of SH rebound data can 

be found in Appendix 5. 

 

Table 5.2. Schmidt hammer statistics and averages per boulder. Schmidt hammer rebound 

values are mean standard (±standard deviation). 

Location No. of rock 
outcrops 
Sampled 

Schmidt 
hammer 

rebound value 
Control Site 1 30 38.8 ± 5.6  
Control Site 2 31 37.5 ± 6.6 
Control Site 3 39 38.5 ± 7.0 
Meteor Crater 22 37.9 ± 7.7 
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Fig 5.22. Box and whisker plot showing a summary of Schmidt hammer data (min, max, and 

inter-quartile range) for Meteor Crater and the three control sites. The ‘x’ represents the 

mean of the SH rebound values at each site. The hollow circle represents an outlier SH 

rebound value at Meteor Crater. 

5.4.5. Areal surface roughness analysis 

The results of four areal surface roughness analysis: the standard deviation of height (Sq), 

the standard deviation of slope (Sdq), Maximum height (Sz), and Vector Ruggedness 

Measure (VRM) at seven window scale sizes (1.5, 5.5, 10.5, 15.5, 20.5, 25.5, 50.5 mm) are 

presented in the following sections. The spatial resolution of DEMs that were analysed to 

calculate these parameters was 0.5 mm; the resolution was kept constant for DEMs from all 

the sites. 

Table 5.3. Summary of DEM analysis conducted. 

Site No. of 
DEMs 

Areal surface roughness and morphometric feature 
classification  
Sq Sdq Sz VRM Morphometric 

feature classification 
Control Site 1 13 ✓ ✓ ✓ ✓ ✓ 
Control Site 2 15 ✓ ✓ ✓ ✓ ✓ 
Control Site 3 22 ✓ ✓ ✓ ✓ ✓ 
Meteor 
Crater  

21 ✓ ✓ ✓ ✓ ✓ 
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In the following sections, we present the results from roughness analysis on all the DEMs 

from Meteor Crater and control sites. The data and detailed statistical analysis of roughness 

analysis can be found in Appendix 5. 

               

Fig 5.23. Weathering features on a boulder from site 2. The roughness analysis of this 

boulder is presented as an example in the following sections. 

5.4.5.1. Standard Deviation of height (Sq) 

The distribution of Sq for all seven window scale sizes had no statistically significant 

difference between Meteor Crater and the three control sites. Fig 5.24 shows the median of 

Sq from all the sites at seven window scale sizes. One general trend can be seen in the data 

is that Sq increases as the window scale size increases for all the sites. Fig 5.25-5.26 shows 
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the Sq analysis on a boulder from site 2 (Fig 5.23) as an example. Analysis of other samples 

is in Appendix 5. The roughness (Sq value) is increasing as the window scale increases. The 

variation in Sq value is smaller at 1.5 mm window scale, so it is unable to detect breakdown 

features larger than 1.5 mm (Fig 5.25). At higher window sizes, 5.5 to 25.5 mm, the edges 

and walls of alveoli and flaking features (mm-cm scale) can be distinguished (Fig 5.25). At 

50.5 mm window size, the visibility of cm-scale features such as breakouts and crumbling 

are more prominent, and edges and walls of neighbouring smaller alveoli and flaking 

features are not distinguishable (Fig 5.26).  

 

 

Fig 5.24. The plot of median values of Sq according to moving-window size. 
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Fig 5.25. Sq output calculated at four moving window sizes for a boulder at Site 2 (Fig 
5.23). 
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Fig 5.26. Sq output calculated at three moving window sizes for a boulder at Site 2 (Fig 
5.23). 
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5.4.5.2. Standard Deviation of slope (Sdq) 

The distribution of Sdq at all seven window scales reveal no statistical significance between 

Meteor Crater and the three control sites. The median of Sdq for Site 1 at all window scales 

was slightly higher than the values for Meteor Crater and control sites 2 and 3 (Fig 5.27). 

The distribution of Sdq was very similar for Site 3 and Meteor Crater at all window scales. 

Similar to Sq, Sdq increases with an increase in window scale size. At smaller scales, 1.5 to 

5.5 mm, the edges and walls of alveoli and flaking (mm-cm scale) are less distinct from 

neighbouring features. At the larger scale, 10.5 to 25.5 mm, the boundaries of breakdown 

features are easily distinguishable (Fig. 5.28). At scale 50.5 mm, cm scale crumbling, and 

breakout features standout from neighbouring breakdown features (Fig 5.29). Sharp alveoli 

edges and walls can still be distinguishable from neighbouring breakdown features, but mm 

scale flaking and smoothened alveoli are difficult to distinguish (Fig 5.29).  

 

 

Fig 5.27. The plot of median values of Sdq according to moving-window size. 
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Fig 5.28. Sdq output calculated at four moving window sizes for a boulder at Site 2 (Fig 
5.23). 
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Fig 5.29. Sdq output calculated at three moving window sizes for a boulder at Site 2 (Fig 
5.23). 
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5.4.5.3. Maximum height (Sz) 

We found no statistically significant difference in Sz for all window scales between Meteor 

Crater and the control sites. Similar to Sq and Sdq, Sz increases with the increase in window 

scale (Fig 5.30). The distribution of Sz at all window scale for Site 1 and Meteor Crater is 

very similar (Fig 5.30). The variation in Sz value is smaller at 1.5 mm window scale, so it is 

unable to detect breakdown features larger than 1.5 mm (Fig 5.31). At higher window sizes, 

5.5 to 25.5 mm, the edges and walls of alveoli and flaking features (mm-cm scale) can be 

distinguished (Fig 5.31). At 50.5 mm window size, the visibility of cm-scale features such 

as breakouts and crumbling are more prominent, and edges and walls of neighbouring 

smaller alveoli and flaking features are not distinguishable (Fig 5.32). 

 

 

Fig 5.30. The plot of median values of Sz according to moving-window size. 
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Fig 5.31. Sz output calculated at four moving window sizes for a boulder at Site 2 (Fig 
5.23). 
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Fig 5.32. Sz output calculated at three moving window sizes for a boulder at Site 2 (Fig 
5.23). 
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5.4.5.4. Vector Ruggedness Measure (VRM) 

VRM at window scale 1.5 mm revealed statistical significance difference between Site 1 and 

Site 2 (control sites). However, there was no statistically significant difference between 

Meteor Crater and two other control sites (Site 2 and Site 3). At higher window scale, 5.5 to 

50.5 mm, no statistically significant difference was found between Meteor Crater and the 

three control sites. The median of VRM for Site 1 at all window scale was slightly higher 

than the values for Meteor Crater and the other two control sites. VRM increases as window 

scale increases (Fig 5.33). Fig 5.34-5.35 shows VRM calculated for a boulder on seven 

moving window sizes. 

 

 

 

Fig 5.33. The plot of median values of VRM according to moving-window size. 
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Fig 5.34. VRM output calculated at four moving window sizes for a boulder at Site 2 (Fig 

5.23). 
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Fig 5.35. VRM output calculated at three moving window sizes for a boulder at Site 2 (Fig 

5.23). 
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5.4.6. Morphometric feature classification 

In percent area of morphometric geomorphic feature classes, at all window scale and all 

feature classes, there were no statistically significant differences between Meteor Crater and 

the three control sites. The median of percent area of the pit, pass, and the ridge was slightly 

higher for site 1 compared to Meteor Crater and two other control sites (Fig 5.36). The 

median of percent area of planar features was slightly higher for Meteor Crater compared to 

the three control sites (Fig 5.36). Fig 5.37-5.38 shows morphometric feature calculated for a 

boulder on seven moving window sizes. Detailed statistical analysis and data tables for 

morphometric feature analysis is presented in Appendix 5. 
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Fig 5.36. The plot of median values of area percent frequency of morphometric classes as a 

function of scale window size used. Note y-axes vary between plots. Classes are (a) pit, (b) 

channel, (c) pass, (d) ridge, (e) peak, and (f) planar. 
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Fig 5.37. Morphometric feature classification output calculated at four moving window 

sizes for a boulder at Site 2 (Fig 5.23). 
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Fig 5.38. Morphometric feature classification output calculated at three moving window 

sizes for a boulder at Site 2 (Fig 5.23). 
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5.4.7. Effects of crater wall aspect on weathering 

The effect of wall aspect on breakdown was explored at Meteor Crater. We compared SH 

rebound values, roughness parameters and morphometric feature classes between North 

facing (S crater wall), South facing (N crater wall), and SW facing (NE crater wall) outcrops. 

The results are presented in Tables 5.4 and 5.5. 

We found a statistically significant difference in SH rebound value between S, SW and N 

facing outcrops at Meteor Crater. In terms of rock surface roughness, there was no 

statistically significant difference in Sq and Sz at any window scale between S, SW, and N 

facing outcrops at Meteor Crater. There was a statistically significant difference in Sdq at 

5.5×5.5 - 50.5×50.5 mm window scale between S-SW and N facing outcrops. We find a 

difference in Sdq at 1.5×1.5 mm window scale between SW and N facing outcrops but no 

difference between S and N facing outcrops at Meteor Crater.   

For VRM, we find statistical significance difference at 15.5×15.5 – 50.5×50.5 mm window 

scale between S-SW and N facing outcrops. At window scale 5.5×5.5 -10.5×10.5 mm, there 

was a significant difference between S and N facing outcrops but no difference between SW 

and N facing outcrops. At the lowest window scale 1.5×1.5 mm there was a significant 

difference between SW and N facing outcrops but no significant difference between S and 

N facing outcrops at Meteor Crater.  

There was no statistically significant difference found in any of the roughness parameters at 

all window scale and SH rebound value between S and SW facing outcrops.  

Table 5.4. Data for roughness analysis at Meteor Crater calculated at multiple window 

sizes. The values are mean standard (±standard deviation). 

              Moenkopi Sandstone at Meteor Crater 
 SW facing (NE 

crater wall) 
N facing (S crater 

wall) 
S facing (N crater 

wall) 
    
SH rebound value 36.8±4.0 45.5±2.1 31.7±10.0 
Sq (1.5×1.5 mm) mm 0.34±0.19 0.22±0.05 0.30±0.07 
Sq (5.5×5.5 mm) mm 1.15±0.47 0.80±0.42 1.09±0.27 
Sq (10.5×10.5 mm) mm 1.98±0.69 1.48±0.35 1.97±0.52 
Sq (15.5×15.5 mm) mm 2.72±0.86 2.11±0.51 2.81±0.78 
Sq (20.5×20.5mm) mm 3.41±1.02 2.73±0.67 3.61±1.04 
Sq (25.5×25.5 mm) mm 4.07±1.18 3.31±0.82 4.38±1.30 
Sq (50.5×50.5 mm) mm 7.06±1.97 5.97±1.54 7.89±2.52 
Sdq (1.5×1.5 mm)  3.9±1.0° 2.8±0.5° 3.6±0.5° 
Sdq (5.5×5.5 mm)  7.3±2.0° 5.1±0.6° 6.7±0.8± 
Sdq (10.5×10.5 mm) 8.7±2.4° 6.0±0.6° 8.0±0.9° 
Sdq (15.5×15.5 mm) 9.5±2.5° 6.5±0.6° 8.7±0.9° 
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Sdq (20.5×20.5mm) 9.9±2.6° 6.9±0.7° 9.2±1.0° 
Sdq (25.5×25.5 mm) 10.2±2.6° 7.1±0.7° 9.6±1.0° 
Sdq (50.5×50.5 mm) 11.1±2.4° 7.8±0.8° 10.7±1.0° 
VRM (1.5×1.5 mm) 0.01±0.01 0 0.01±0 
VRM (5.5×5.5 mm) 0.03±0.02 0.01±0 0.03±0.01 
VRM (10.5×10.5 mm) 0.04±0.03 0.02±0.01 0.04±0.01 
VRM (15.5×15.5 mm) 0.05±0.04 0.02±0.01 0.04±0.01 
VRM (20.5×20.5mm) 0.05±0.04 0.02±0.01 0.05±0.01 
VRM (25.5×25.5 mm) 0.06±0.04 0.03±0.01 0.05±0.01 
VRM (50.5×50.5 mm) 0.06±0.04 0.03±0.01 0.06±0.01 
Sz (1.5×1.5 mm) mm 1.04±0.53 0.67±0.15 0.93±0.22 
Sz (5.5×5.5 mm) mm 4.53±1.86 3.21±0.72 4.33±1.06 
Sz (10.5×10.5 mm) mm 8.31±3.0 6.23±1.41 8.30±2.08 
Sz (15.5×15.5 mm) mm 11.8±3.99 9.15±2.08 12.1±3.09 
Sz (20.5×20.5mm) mm 15.1±4.95 12.0±2.75 15.8±4.09 
Sz (25.5×25.5 mm) mm 18.3±5.9 14.8±3.4 19.3±5.0 
Sz (50.5×50.5 mm) mm 33.3±10.6 28.1±6.6 36.1±9.7 

 

Percent morphometric feature classification revealed interesting results at different window 

scales. For pit at 5.5×5.5 mm and 20.5×20.5 mm, we find a significant difference between 

SW and N facing outcrops but no difference between S and N facing outcrops. For pass at 

5.5×5.5, we find a significant difference between SW and N facing outcrops but no 

difference between S and N facing outcrops. For Ridge at 20.5×20.5 mm and 25.5×25.5 mm, 

we find a significant difference between SW and N facing outcrops but no difference 

between S and N facing outcrops. 

We did not find any significant difference in terms of morphometric features at all window 

scale between S and SW facing outcrops.  

Table 5.5. Data for area percent morphometric feature classification at Meteor Crater 

calculated at multiple window sizes. The are values are mean standard (±standard 

deviation). 

 Moenkopi Sandstone at Meteor Crater 

 SW facing N facing S facing 
    
Pit (1.5×1.5 mm)  0.55±0.4% 0.96±0.41% 0.67±0.35 
Pit (5.5×5.5 mm)   0.52±0.26% 1.14±0.52% 0.72±0.35% 
Pit (10.5×10.5 mm)   0.57±0.29% 1.30±0.63% 0.77±0.40% 
Pit (15.5×15.5 mm) 0.61±0.33% 1.36±0.69% 0.78±0.43% 
Pit (20.5×20.5mm) 0.63±0.36% 1.39±0.68% 0.77±0.44% 
Pit (25.5×25.5 mm) 0.66±0.41% 1.39±0.64% 0.77±0.47% 
Pit (50.5×50.5 mm) 0.75±0.55% 1.44±0.54% 0.73±0.57% 
Channel (1.5×1.5 mm) 35.38±2.79% 30.68±3.66% 34.37±2.04% 
Channel (5.5×5.5 mm)   31.65±6.14% 28.84±2.51% 31.87±2.39% 
Channel (10.5×10.5 mm)   32.45±6.46% 28.77±2.52% 31.30±2.42% 
Channel (15.5×15.5 mm) 32.38±6.06% 28.43±2.41% 30.83±2.24% 
Channel (20.5×20.5mm) 31.88±5.66% 28.13±2.34% 30.36±2.14% 
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Channel (25.5×25.5 mm) 31.43±5.25% 27.72±2.40% 30.08±2.02% 
Channel (50.5×50.5 mm) 28.67±3.69% 26.12±2.73% 29.30±1.92% 
Pass (1.5×1.5 mm) 1.89±1.12% 3.31±1.46% 2.34±1.20% 
Pass (5.5×5.5 mm)   1.72±0.97% 3.82±1.89% 2.43±1.22% 
Pass (10.5×10.5 mm)   1.85±1.02% 4.38±2.33% 2.55±1.33% 
Pass (15.5×15.5 mm) 2.01±1.10% 4.65±2.58% 2.65±1.40% 
Pass (20.5×20.5mm) 2.16±1.23% 4.81±2.61% 2.67±1.50% 
Pass (25.5×25.5 mm) 2.32±1.38% 4.87±2.61% 2.66±1.50% 
Pass (50.5×50.5 mm) 2.74±1.97% 4.99±2.33% 2.66±1.80% 
Ridge (1.5×1.5 mm) 35.12±2.34% 30.78±3.66% 34.61±2.28% 
Ridge (5.5×5.5 mm)   31.14±4.15% 28.99±2.64% 33.22±2.75% 
Ridge (10.5×10.5 mm)   32.37±4.62% 29.27±2.45% 33.14±2.82% 
Ridge (15.5×15.5 mm) 33.05±4.66% 29.23±2.21% 33.21±2.76% 
Ridge (20.5×20.5mm) 33.49±4.45% 29.05±1.96% 33.40±2.76% 
Ridge (25.5×25.5 mm) 33.61±4.13% 29.12±1.81% 33.46±2.92% 
Ridge (50.5×50.5 mm) 34.67±3.23% 30.04±1.97% 34.56±4.02% 
Peak (1.5×1.5 mm) 0.54±0.33% 0.97±0.42% 0.68±0.34% 
Peak (5.5×5.5 mm)   0.54±0.27% 1.17±0.62% 0.76±0.37% 
Peak (10.5×10.5 mm)   0.60±0.31% 1.32±0.78% 0.78±0.39% 
Peak (15.5×15.5 mm) 0.65±0.34% 1.40±0.78% 0.80±0.40% 
Peak (20.5×20.5mm) 0.69±0.39% 1.44±0.82% 0.81±0.40% 
Peak (25.5×25.5 mm) 0.74±0.44% 1.50±0.83% 0.81±0.40% 
Peak (50.5×50.5 mm) 0.90±0.59% 1.65±0.74% 0.85±0.54% 
Planar (1.5×1.5 mm) 26.52±4.60% 33.30±8.91% 27.33±4.61% 
Planar (5.5×5.5 mm)   34.44±9.75% 36.03±7.01% 31.0±5.21% 
Planar (10.5×10.5 mm)   32.16±10.42% 34.96±7.14% 31.46±5.22% 
Planar (15.5×15.5 mm) 31.31±10.20% 34.92±7.19% 31.74±4.89% 
Planar (20.5×20.5mm) 31.14±9.74% 35.18±7.23% 32.0±4.66% 
Planar (25.5×25.5 mm) 31.23±9.13% 35.40±7.32% 32.22±4.56% 
Planar (50.5×50.5 mm)   32.26±5.78% 35.76±7.12% 31.89±5.01% 

 

5.5. Discussion 

5.5.1. Rock hardness, roughness and morphometric features  

We found no significant difference in SH rebound value, roughness parameters, and 

morphometric geomorphic features at all seven window sizes between Meteor Crater and 

the control sites. Roughness analysis revealed that in general, the median of all roughness 

parameters increases with increase in window size and follow a linear trend. SH rebound 

value shows a weak negative correlation to surface roughness. McCarroll (1992) has 

demonstrated the importance of the rock surface roughness at the point of impact on 

controlling the SH rebound value. The smoother the outcrop surface roughness, the higher 

the SH rebound value due to the greater amount of surface contact made by the SH plunger 

tip.  

Morphometric feature class abundance tends to show a relationship with rock surface 

roughness at all window scales. The smoother rock surfaces had a slightly higher percent 

area of planar, pit, peak, and pass features whereas rougher surfaces had a higher percent of 
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the ridge and channel features. The increased percentage of ridges on slightly rough outcrops 

at all window scales may be due to the sharp edges and sidewalls of mm to cm scale 

weathering features (e.g. alveoli, flaking, crumbling, pachydermal weathering). The higher 

roughness of the outcrops is related to channels and ridges because these morphometric 

features are related to weathering features where the material is lost, generating greater local 

differences in microtopography at mm-cm scale.   

We find that surface roughness analysis and morphometric geomorphic feature classification 

provide a way to compare in situ rock surface textures in order to compare weathering in 

low shocked and unshocked Moenkopi Sandstone. Both roughness analysis and 

morphometric feature classification can be useful in assessing spatial and temporal rock 

breakdown processes.  

We find that the direct DEM generation of in-situ rock surfaces for roughness analysis is 

advantageous over indirect DEM generation methods such as in the field used by Ehlmann 

et al. (2008b). Ehlmann et al. (2008b) used the molding and casting technique to capture 

microtopography of the rock surface in the field. They used plaster of paris to cast 15 × 15 

cm weathered rock surface. The molds were bought back from the field and scanned using 

Konica Minolta VI-9i three-dimensional digitiser, and the 3D point cloud data obtained from 

scan was converted into DEMs. These techniques lead to an artificial reduction in absolute 

roughness (Bourke et al., 2008; Ehlmann et al., 2008b). A possible explanation for this 

smoothness of the cast is due to the failure in capturing mm scale breaks in slope and 

disturbance of the uppermost mm of the rock surface during applying and removing molds 

(Ehlmann et al., 2008b). Consequently, we do not recommend this approach for the 

comparison of rock outcrops at different field locations.  

In addition, the sampling of smaller rock surface areas (<0.5m2) for roughness analysis 

reduces the statistical significance. Smaller sampling area (<0.5m2) on large outcrop facet 

may not represent the distribution of style of weathering features present on the entire facet. 

Smaller sampling areas will produce biased results when compared with entire rock facet 

sampling.  In situ SfM DEM generation techniques can be used to produce sub-mm 

resolution microtopographic data of larger rock surface areas (up to 10 m2) (Verma and 

Bourke, 2019) than the indirect DEM generation techniques which are limited to smaller 

areas (~225 cm2) (Ehlmann et al., 2008b). We also find that the direct SfM DEM generation 
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technique is accurate and less time-consuming compared to the indirect technique (Ehlmann 

et al., 2008b; Verma and Bourke, 2019). 

 

 

5.5.2. Recommendation of roughness parameters for breakdown feature analysis 

Roughness parameters measure variation in local relief at the scale specified by the size of 

the neighbourhood window.  At 1.5×1.5 mm window size generally, the roughness 

parameters for MS outcrops at Meteor Crater and the control site have generally similar 

values. At the smallest window scale, roughness parameters were only able to detect granular 

detachment and mm scale flaking but not cm scale features. As the window scale increases 

to 5.5×5.5 mm, the ability to detect cm-scale weathering increases as well. However, at 

highest window scale 50.5×50.5 mm, weathering features smaller than 2 cm in size 

(diameter/length) are smoothed out due to higher window scale and less likely to be detected 

by height-based roughness parameters (e.g. Sq and Sz). 

All roughness parameters were normalised (normalised values = (raster value - raster min) / 

(raster max - raster min)) to dimensionless values ranging from 0 (smoothest) to 1 (roughest) 

so that their performance could be compared. Fig 5.40 shows the behaviour of roughness 

parameters at 10.5×10.5 mm window scale across a profile on a boulder from control site 2 

(Fig 5.39).  

Sq is a measure of height variability within the moving window (Leach, 2013). When the 

window size is similar to the weathering features slope length, Sq provides a measure of 

local relief. For much larger window sizes (50.5×50.5 mm), Sq measure the roughness of 

the landscape at that coarser scale (Gallant, 2000). With large window sizes, Sq identifies 

breaks of slope and could be used to detect regional relief. At fine resolutions and small 

window sizes, it remains good at identifying small features. The Sq parameter represents an 

overall measure of the texture comprising the surface. Sq parameter is insensitive in 

differentiating the nature of morphometric peaks, valleys, pits and the spacing of these 

morphometric features. Thus, Sq may be ambiguous in that many surfaces with extremely 

different spatial and height symmetry weathering features (e.g., micropitting vs alveoli) may 

have the same Sq value but have very different distribution on the rock surface.   
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The Sz parameter is similar to Sq in that it measures variation in local relief but has a 

disadvantage of sometimes changing abruptly as individual peaks and pits/valleys enter and 

leave the moving window (Leach, 2013). This can result in visible overlapping rectangular 

regions in the results at higher window scale (Fig 5.32 c) (Gallant, 2000).  

Sz parameter has a very high positive correlation with Sq parameter (Table 5.6). The Sz 

parameters should be used with caution as it is sensitive to isolated peaks and pits/valleys 

which may not be significant. Also, Sz parameter is always successful in finding unusual 

conditions such as sharp edges, dips on the rock surface that may be indicative of a 

weathering feature.  

Sdq is a general measurement of the slopes which encompass the surface and may be used 

to tell the difference in surfaces with similar Sq and Sz values roughness values. Sdq may 

find application for highly weathered rock surfaces, the surface containing similar looking 

morphometric features (e.g. micropitting and alveoli, multiple flakes and exfoliation) but 

with a very different distribution. Both the amplitude and spacing of weathering texture 

affects Sdq. Thus, for a given Sq and Sz, wider spaced weathering features may indicate a 

lower Sdq value than a rock surface with the same Sq and Sz, but finer spaced weathering 

features, as demonstrated in Fig 5.40. Sdq parameters have a moderate positive correlation 

between Sq and Sz parameters (Table 5.6).  

VRM effectively captures variability in slope and aspect into a single measure and is less 

correlated with the slope (Sappington et al., 2007; Walbridge et al., 2018). VRM appears to 

decouple terrain ruggedness from slope better than current ruggedness indices, such as 

Terrain Ruggedness Index (TRI) or Land Surface Ruggedness Index (LSRI) (Sappington et 

al., 2007). VRM and Sdq parameters have a very high positive correlation (Table 5.6).  Both 

VRM and Sdq are good at identifying fine-scale weathering features.  

Sdq and VRM correctly identify steep, smooth slopes and areas of surface clutter (e.g., 

alveoli) while also identifying breaks of slope across different scales. In addition to the 

excellent performance at a variety of scales, both Sdq and VRM are simple to calculate in 

BTM toolbox (Walbridge et al., 2018), although any noise or error in the original DEM may 

be enhanced as they are calculated from height values (Grohmann et al., 2011). 

Fig 5.40 demonstrates how different roughness parameter for the same surface (same scale) 

have different behaviour. At the places with little variation in microtopography Sq and Sz 

parameter are less effective compared to Sdq and VRM parameters. Nonetheless, once 

weathering features are visually identified, the Sq and Sz parameters may be used to indicate 
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significant deviations in the texture characteristics. In combination with Sdq or VRM 

parameters, Sq or Sz parameters can be useful in distinguishing different weathering features 

at a given scale. 

 

 

 

Table 5.6. The matrix of correlation coefficients for all roughness parameters at multiple 

scales obtained using the Pearson correlation in R. The Pearson correlation coefficient (PCC) 

which describes the strength of the relationship and its sign, ‘-1’ being the strongest negative 

relationship, ‘0’ expressing no correlation and ‘1’ representing the strongest positive 

relationship. The numerical value in brackets represents the window scale in mm.  

 

 
 
 

 

Roughness P
arameter 

Sq 
(1.5) 

Sq 
(5.5) 

Sq 
(10.5)

Sq 
(15.5)

Sq 
(20.5)

Sq 
(25.5)

Sq 
(50.5)

Sdq 
(1.5)

Sdq 
(5.5)

Sdq 
(10.5)

Sdq 
(15.5) 

Sdq 
(20.5) 

Sdq 
(25.5) 

Sdq 
(50.5) 

VRM 
(1.5) 

VRM 
(5.5) 

VRM 
(10.5) 

VRM 
(15.5) 

VRM 
(20.5) 

VRM 
(25.5) 

VRM 
(50.5) 

Sz 
(1.5) 

Sz 
(5.5) 

Sz 
(10.5) 

Sz 
(15.5) 

Sz 
(20.5) 

Sz 
(25.5) 

Sz 
(50.5) 

Sq (1.5×1.5) 1.00 
                           

Sq (5.5×5.5) 0.99 1.00 
                          

Sq 
(10.5×10.5) 

0.97 1.00 1.00 
                         

Sq 
(15.5×15.5) 

0.95 0.98 1.00 1.00 
                        

Sq 
(20.5×20.5) 

0.93 0.97 0.99 1.00 1.00 
                       

Sq 
(25.5×25.5) 

0.91 0.96 0.98 0.99 1.00 1.00 
                      

Sq 
(50.5×50.5) 

0.73 0.78 0.82 0.85 0.87 0.88 1.00 
                     

Sdq (1.5×1.5) 0.40 0.37 0.35 0.33 0.31 0.30 0.22 1.00 
                    

Sdq (5.5×5.5) 0.43 0.42 0.41 0.40 0.38 0.37 0.29 0.96 1.00 
                   

Sdq 
(10.5×10.5) 

0.44 0.44 0.44 0.43 0.42 0.41 0.35 0.91 0.99 1.00 
                  

Sdq 
(15.5×15.5) 

0.45 0.45 0.45 0.45 0.44 0.44 0.38 0.88 0.97 1.00 1.00 
                 

Sdq 
(20.5×20.5) 

0.45 0.46 0.46 0.46 0.46 0.45 0.40 0.86 0.96 0.99 1.00 1.00 
                

Sdq 
(25.5×25.5) 

0.45 0.46 0.47 0.47 0.47 0.46 0.42 0.84 0.95 0.99 1.00 1.00 1.00 
               

Sdq 
(50.5×50.5) 

0.47 0.48 0.49 0.50 0.50 0.50 0.46 0.81 0.93 0.97 0.99 0.99 1.00 1.00 
              

VRM 
(1.5×1.5) 

0.46 0.39 0.35 0.33 0.31 0.29 0.19 0.88 0.82 0.75 0.71 0.69 0.68 0.65 1.00 
             

VRM 
(5.5×5.5) 

0.46 0.41 0.38 0.36 0.34 0.32 0.22 0.91 0.90 0.86 0.83 0.81 0.80 0.77 0.97 1.00 
            

VRM 
(10.5×10.5) 

0.44 0.41 0.39 0.37 0.36 0.34 0.25 0.89 0.94 0.92 0.90 0.89 0.88 0.85 0.90 0.98 1.00 
           

VRM 
(15.5×15.5) 

0.44 0.41 0.40 0.39 0.37 0.36 0.28 0.88 0.95 0.94 0.93 0.92 0.91 0.89 0.85 0.95 0.99 1.00 
          

VRM 
(20.5×20.5) 

0.43 0.41 0.41 0.40 0.38 0.37 0.29 0.87 0.94 0.95 0.94 0.93 0.92 0.91 0.82 0.93 0.99 1.00 1.00 
         

VRM 
(25.5×25.5) 

0.43 0.42 0.41 0.40 0.39 0.38 0.31 0.86 0.94 0.95 0.95 0.94 0.93 0.92 0.80 0.92 0.98 0.99 1.00 1.00 
        

VRM 
(50.5×50.5) 

0.44 0.43 0.43 0.43 0.42 0.42 0.35 0.83 0.93 0.95 0.95 0.95 0.94 0.94 0.77 0.89 0.96 0.98 0.99 0.99 1.00 
       

Sz (1.5×1.5) 1.00 0.98 0.97 0.95 0.93 0.91 0.73 0.42 0.45 0.46 0.46 0.47 0.47 0.48 0.48 0.48 0.46 0.45 0.45 0.45 0.45 1.00 
      

Sz (5.5×5.5) 0.99 0.99 0.98 0.97 0.96 0.94 0.77 0.42 0.46 0.47 0.48 0.48 0.49 0.50 0.46 0.46 0.46 0.45 0.46 0.46 0.47 0.99 1.00 
     

Sz 
(10.5×10.5) 

0.96 0.97 0.97 0.96 0.95 0.94 0.78 0.43 0.46 0.48 0.48 0.49 0.49 0.51 0.44 0.45 0.45 0.45 0.45 0.46 0.47 0.96 0.99 1.00 
    

Sz 
(15.5×15.5) 

0.94 0.95 0.96 0.95 0.95 0.94 0.79 0.41 0.45 0.47 0.48 0.48 0.49 0.51 0.41 0.42 0.42 0.43 0.43 0.44 0.46 0.94 0.98 0.99 1.00 
   

Sz 
(20.5×20.5) 

0.91 0.93 0.94 0.94 0.94 0.93 0.79 0.40 0.44 0.46 0.47 0.48 0.49 0.50 0.39 0.40 0.40 0.41 0.42 0.43 0.45 0.92 0.96 0.98 1.00 1.00 
  

Sz 
(25.5×25.5) 

0.89 0.92 0.93 0.93 0.93 0.93 0.80 0.40 0.43 0.45 0.47 0.47 0.48 0.50 0.37 0.39 0.39 0.40 0.41 0.41 0.44 0.90 0.95 0.97 0.99 1.00 1.00 
 

Sz 
(50.5×50.5) 

0.83 0.86 0.88 0.90 0.90 0.90 0.80 0.37 0.41 0.44 0.45 0.46 0.47 0.50 0.31 0.33 0.35 0.36 0.38 0.39 0.42 0.83 0.90 0.94 0.97 0.98 0.99 1.00 
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Fig 5.39. Location of profile extracted on the boulder surface to compare the behaviour of 

the roughness parameter along the same profile in relation to weathering features. 

 

 

Fig 5.40. Morphometric profile for four roughness parameters across the weathering features 

on a boulder in Fig 5.39. 
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Based on our results, we recommend roughness parameters for suitable for detection of 

weathering features ranging mm-cm scale in Table 5.7.  

Table 5.7. Roughness analysis recommendation at different scales for four groups of rock 

breakdown features: 1. Loss of rock material (LS), 2. Depositions (D), 3. Detachment of 

rock material (DT), and 4. Fissures/deformation (FD). 

 

We recommend the use of a height roughness parameter (Sq, Sz) with Sdq or VRM. Based 

on our results and PCC matrix in Table 6.6, any combination of height parameter (Sq or Sz) 

with Sdq or VRM at 10.5, 25.5, and 50.5 mm window scale should be optimum for 

comparing weathering features observed at a similar scale to this study. 

5.5.3. Effect of low shock on the breakdown of Moenkopi Sandstone  

The petrophysical analysis of Moenkopi Sandstone revealed that it had undergone low shock 

damage. The porosity of low shocked Moenkopi Sandstone has been decreased by 88% 

compared to unshocked Moenkopi Sandstone. The pore throat size has been significantly 

decreased due to pore collapse. In low shocked MS macrofractures of aperture 4 to 200 µm 

are formed due to the passage of low-pressure shock waves (<5GPa).  

Numerical models (Bryan et al., 1978; Roddy et al., 1980; Collins et al., 2004), laboratory 

experiments (Ai and Ahrens, 2004; Buhl et al., 2013a; Buhl et al., 2013b; Kowitz et al., 

2013a; Kowitz et al., 2013b) geophysical surveys (Ackermann et al., 1975; Regan and Hinze, 

1975; Pilon et al., 1991; Turolski, 2013) and field studies (Roddy et al., 1975; Kumar and 

Kring, 2008; Kring, 2017) at Meteor Crater support the idea of pervasive fracturing of target 

rocks in and around craters extending both radially as well as depth below the crater to a 

distance equal to half crater diameter. Preferential erosion has been observed along these 

fracture system and deformation zones in the crater walls (Kumar et al., 2010; Frattini et al., 

2014). The impact related zones of weaknesses in the interior crater wall would have likely 

Roughness 
parameter 

1.5×1.5 
mm 

5.5×5.5 
mm 

10.5×10.5 
mm 

15.5×15.5 
mm 

20.5×20.5 
mm 

25.5×25.5 
mm 

50.5×50.5 
mm 

Sq D, DT D, LS, 
DT 

LS, DT LS, DT LS, DT LS, DT LS, DT 

Sz D, DT D, LS, 
DT 

LS, DT LS, DT LS, DT LS, DT LS, DT 

Sdq DT, FD LS, DT, 
FD 

LS, DT, FD LS, DT, FD LS, DT, FD LS, DT, FD LS, DT, FD 

VRM LS, DT LS, DT, 
FD 

LS, DT, FD LS, DT, FD LS, DT, FD LS, DT, FD LS, DT, FD 
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played an important role in groundwater flow and discharge on the crater wall, causing 

enhanced and preferential erosion of fractured and fragmented rocks (Kumar et al., 2010). 

In our physical weathering experiment on MS in environmental conditions similar to that 

found at Meteor Crater, it was found that the MS with macrofractures provides pathways for 

moisture and salt ingress (Chapter 3). The secondary porosity formed due to the fracturing 

of MS may be compensating for a decrease in primary porosity in low shocked MS. The 

macrofractures of the aperture of several micrometres extending up to several cms also 

provides a larger surface area for fluid migration than the reduced pore throats in low shock 

deformed MS in which original porosity is reduced due to pore collapse.  The macrofratures 

in MS may be affecting the total permeability of Moenkopi Sandstone at Meteor Crater. The 

characterisation of permeability of MS at both Meteor Crater and control sites may help to 

understand this phenomenon. However, this in-depth investigation of permeability 

differences due to low shock deformation was beyond the scope of this study.  

Field study revealed that there is no noticeable difference in nature of weathering between 

low shocked and unshocked Moenkopi Sandstone. However, we find that aspect related 

microclimate could be dominant control in subsequent weathering of low shocked Moenkopi 

Sandstone.  

There was no statistically significant difference in terms of rock surface hardness, roughness 

and morphometric features in Moenkopi Sandstone between Meteor Crater and the control 

sites. Exposure duration of outcrops is a complex function of local topography (Viles, 2011; 

Viles, 2013a). At Meteor Crater, the inner crater wall where low shocked Moenkopi 

Sandstone were studied is quite steep, suggesting that these outcrops have probably been 

exposed for only short periods due to active mass wasting along the crater wall slope (Kumar 

et al., 2010; Palucis et al., 2011; Kring, 2017). It should be noted that the crater wall rocks 

and ejecta boulders on crater walls investigated in this study have been exposed much later 

than 50, 000 years. Nishiizumi et al. (1991) estimated 10Be-26Al exposure age of four crater 

wall rocks ranging from 15-24 ka. In another study, Phillips et al. (1991) 14C dated rock 

varnish on Moenkopi Sandstone from NW crater wall (close to Moenkopi Sandstone on N 

crater wall in this study) and found it to be ~ 25, 000 years old. This suggests that present 

crater wall has been exposed, for only half of the age of crater itself, after crushed and fallout 

materials were eroded from crater wall. The exposure age of Moenkopi Sandstone at control 

sites are not precisely known. 
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In comparison, the local topography of the control sites has been more stable and static, 

exposing the rocks for extended periods (Norwick and Dexter, 2002). However, it can be 

assumed that their approximate age is older than 50, 000 years and no more than several 

hundred thousand years (Norwick and Dexter, 2002). Thus, the MS outcrops at the control 

sites have more time to undergo weathering. However, this has no noticeable effect on the 

nature of weathering features observed at Meteor Crater and control sites. A detailed 

cosmogenic exposure age dating of rock surfaces at the Meteor Crater and the control sites 

is required in future studies to explore this observation. 

In addition to shock deformation, microclimate at the crater may have also played an 

important role in weathering at Meteor Crater. There was a lake formed on the crater floor 

immediately after the impact. The lake persisted for about ~40,000 years before disappearing 

~11,000 years ago (Kring, 2017; Kring, 1997). The lake provided locally humid micro-

climatic conditions and thus would have supplied more moisture within the crater than 

compared to the control sites (Grant and Schultz, 1990). Within the Meteor Crater, 

microclimate varies due to the aspect (Whiteman et al., 2007; Whiteman et al., 2008). Wetter 

conditions at Meteor Crater in the past due to the presence of the lake on crater floor would 

have contributed in a variation of moisture flux on the different side of crater walls. The 

precipitation and moisture distribution on the crater walls depend on the aspect and local 

topography inside the crater. This means rocks exposed on the different side of crater walls 

might have experienced different microclimatic conditions in the past, which would have 

resulted in the difference in the rate at which weathering processes operated locally. So, in 

addition to shock history, stress history due to past weathering is also crucial in this context 

of ongoing weathering at Meteor Crater. In order to understand stress history due to past 

weathering, the knowledge of exposure age of rocks is required. A detailed study of exposure 

ages of rocks is needed in future to understand the complex past weathering regime at Meteor 

Crater. In this study, we have focussed on contemporary microclimatic conditions to 

compare weathering at Meteor Crater and the control site. The results from this study suggest 

that microclimate is more important control in weathering of Moenkopi Sandstone than the 

low shock deformation.  

In our physical weathering experiment, it was found that low shocked (<5 GPa) Coconino 

Sandstone show an accelerated change in strength compared to unshocked Coconino 

Sandstone (chapter 3). Enhanced breakdown of low shocked (<5GPa) and higher shocked 

(5-60 GPa) rocks and brecciated rocks at crater can explain several observations such as 
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differential erosion and degradation of impact craters on Earth and Mars (Pan and Ehlmann, 

2018), lack or absence of higher shocked rocks on surface at older terrestrial craters (French, 

1998; Osinski and Pierazzo, 2012),  contradiction in the erosion rate estimated by researchers 

at Meteor Crater (Nishiizumi et al., 1991; Roddy et al., 1975; Roddy, 1978; Grant and 

Schultz, 1993b; Ramsey, 2002), lack of Coconino ejecta from E-W and N side of the Meteor 

Crater (Ramsey, 2002; Kring, 2017), wider and deeper alcoves in Coconino Sandstone 

compared to other rock formations at Meteor Crater (Kumar et al., 2010). However, in order 

to clearly explain these differences, a future investigation is required.  

We propose a hypothesis that shock damage in rocks (0-60 GPa) combined with different 

microclimatic conditions causes enhancement in weathering at impact sites.   

5.5.4. Effect of aspect on the breakdown of Moenkopi Sandstone 

We found a significant difference in weathering between S-SW facing and N facing 

Moenkopi outcrops by analysing SH rebound value, roughness and morphometric 

geomorphic features. The S-SW facing outcrops (N-NE crater wall) have lower SH rebound 

value and higher roughness than N facing (S crater wall outcrops). This difference in 

weathering between S-SW facing and N facing outcrops on the crater wall can be attributed 

to aspect related microclimate. 

Incoming solar insolation received from the sun is the primary energy source that drives rock 

surface temperature changes. Understanding solar insolation received by outcrops is key to 

understanding fundamental mechanical weathering processes (e.g. insolation weathering). 

Landscape scales and topographic variation are significant factors that determine the spatial 

variability of solar insolation. The difference in elevation, slope and aspect, terrain 

reflectance, surface albedo and shadows cast by crater walls all affect the amount of 

insolation received at different locations within the crater (Hoch et al., 2010). This 

inconsistency in insolation also varies with time of day and time of year that in turn 

contributes to variability of microclimate including factors such as air and rock surface 

temperature regimes, evapotranspiration, snowmelt patterns, soil moisture, and light and 

moisture availability for photosynthesis (lichen and plant growth) (Burnett et al., 2008). 

Heating of rock due to solar radiation is dependent on slope, and aspect (Bland and Rolls, 

1998b). The slope of the upper North crater wall is about 50-60° and is ~150 m higher than 

crater floor. The air temperature difference exceeds 15°C during winter in 165 m deep 

Meteor Crater (Whiteman et al., 2008). Upper north crater wall receives solar radiation for 

a maximum period due to shadow effect (Fig 5.15-5.17) (Whiteman et al., 2008). Leask and 
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Wilson (2003) suggested that rock surface temperature changes rapidly in a crater-like 

depression when the sun disappears behind or appears from behind nearby topography. 

Events like this create a difference between rock surface temperature and air temperature. 

The rapid change in rock surface temperature induces stresses in the outer layer of rock 

(Leask and Wilson, 2003; Smith et al., 2011) resulting in exfoliation, flaking or granular 

disintegration (Bourke and Viles, 2007). This is in agreement with the weathering features 

observed at N-NE crater wall sites. 

In a study at Big Creek in central Idaho, Lifton et al. (2009) investigated the role of aspect 

on rock strength in a valley. They found a significant difference between the SH rebound 

values of the north and south facing sides of Big Creek. They found that the south-facing 

slope had lower SH rebound values than north-facing slopes of the valley. They suggested 

two explanation for this phenomenon: (i) during the summer, diurnal heating and cooling of 

rocks on south-facing slopes by solar radiation creates strong thermal gradients and enough 

stress to cause fracturing and (ii) during the winter, the south-facing slopes receive more 

solar radiation and therefore experience more freeze-thaw cycles than do the shaded north-

facing slopes. Lifton et al. (2009) reported that north-facing slopes typically have more 

vegetative cover than south-facing slopes in the Big Creek valley, thus providing protective 

shading to the rock outcrops. We observed a similar phenomenon in this study at Meteor 

Crater, where S-SW facing Moenkopi Sandstone was more weathered than N facing 

Moenkopi. Similar to Big Creek, N facing slopes at Meteor Crater also have more vegetative 

cover due to the higher amount of moisture availability (Kring, 1997; Grant and Schultz, 

1990). Similar observations were made in the hyper-arid Namib Desert and Antarctic dry 

valleys where lichen and vegetation presence were related microclimate (Miotke, 1980; 

Viles, 2005). The greater plant cover may retard the erosion on south crater walls (north 

facing). Burnett et al. (2008) also found that south-facing slopes in canyons in north-eastern 

Arizona receive more insolation resulting in generally warmer and drier conditions and are 

only moist for a few months in the winter when evapotranspiration is lowest and after the 

snowmelt episodes in spring. Contradictory to this, they found the north facing slope wetter 

and holding sufficient moisture throughout the year.   

 

In contrast to this, Burnett et al. (2008) had observed the opposite of the rock strength 

phenomenon on sandstone in canyon slopes in N.E. Arizona than the Lifton et al. (2009) 

study and our observation at Meteor Crater. Their SH rebound data showed values on the 

north-facing slopes were lower than those on the south facing slopes of the valley. They 
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suggested that greater weathering and lower rock strength on north-facing slopes is 

consistent with a strong control of rock resistance to breakdown through hydration 

weathering since north facing slopes have lower insolation and more soil moisture retention. 

Accordingly, the proportion of cliff area is much higher, and non-cliff slopes are slightly 

steeper on south-facing slopes, where weathering is reduced, and rock strength is higher.  

Tesson et al. (2017) investigated rockfalls on the young crater walls (<100 kyrs) on Mars. 

They mapped a total of 1584 recent rockfalls in 45 relatively fresh craters. Their finding 

suggests that mid-latitude craters have more numerous rockfalls on equator-facing slopes 

compared to pole-facing slopes. At equatorial latitudes, there are more rockfalls on N-S 

oriented slopes compared to E-W ones. They found that Northern mid-latitude (from 20°N 

to 40°N) south facing crater wall slopes are the ones where the temperature contrast is 

perceived to be at a maximum between night and day, and therefore where thermo-elastic 

stress is the strongest. This is in agreement with our solar insolation model for northern mid-

latitude on Earth (at Meteor Crater). They concluded that rockfall in impact craters occur on 

the surface of Mars where thermal stress is the strongest whereas slopes, where water ice is 

expected, have fewer rockfall events. Therefore, thermo-elastic stress linked to high-

temperature contrasts in diurnal cycles seems to play a much more significant role in rock 

breakdown than freeze/thaw cycles of water on modern Mars. 

There is a difference in nature of weathering in Moenkopi Sandstone within Meteor Crater, 

which might be associated to aspect related microclimate differences; in contrast, it appears 

that low shock deformations in Moenkopi Sandstone are not major control in subsequent 

weathering.  

 

5.6. Conclusion 

This study is the first comprehensive field study that investigates the effect of low impact 

shock (<5GPa) on subsequent rock breakdown at Meteor Crater. Meteor Crater is one of the 

best preserved and youngest craters in semi-arid environmental conditions. Moenkopi 

Sandstone target at Meteor Crater was chosen to investigate the effect of low impact shock 

on the nature of breakdown. The low shocked Moenkopi Sandstone ejecta and crater wall 

rocks at Meteor Crater were compared with exposures of unshocked Moenkopi Sandstone 

at three control sites near Meteor Crater sharing similar climatic history. Rock hardness 

measurements and Structure from Motion (SfM) topographic data on Moenkopi outcrops 
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from each site were collected to compare the strength and nature of breakdown. SfM data 

was used to generate sub-mm resolution Digital Elevation Models (DEMs) of rock surfaces. 

These DEMs were analysed using areal surface roughness parameters, and morphometric 

classification parameters for windows of side length 1.5, 5.5, 10.5, 15.5, 20.5, 25.5, and 50.5 

mm.  

The major findings are summarised below. 

1. Areal surface roughness parameters, Standard deviation of Height, Standard 

Deviation of Slope, Maximum height, for Moenkopi Sandstone reveal no statistical 

significance difference at all window scales between Meteor Crater and Control sites. 

In percent area of morphometric feature classes (pit, channel, pass, ridge, peak, and 

planar), at all the window scales, there were no significant differences between 

Meteor Crater and control sites. Vector Ruggedness Measure (VRM) show a 

significant difference at window scale of 1.5 mm between control sites (Site 1 and 

Site 2), however for rest of the window scales for VRM, there were no significant 

differences between the control sites and Meteor Crater. This suggests that there is 

no obvious difference in the nature of breakdown features between low shocked and 

unshocked Moenkopi Sandstone.  

2. Rock hardness measurement reveals no statistically significant difference between 

Meteor Crater and control sites. This led to the conclusion that there is no statistically 

significant difference in rock hardness between low shocked Moenkopi at Meteor 

Crater and unshocked Moenkopi sandstone at control sites.  

3. The approach of direct DEM generation of in-situ rock surfaces for roughness 

analysis and morphometric feature classification in this study is advantageous over 

indirect DEM generation methods in the field used in previous studies. Unlike, 

indirect DEM generation techniques, the SfM based DEM generation approach used 

in this study does not lead to an artificial reduction in absolute roughness. Our SfM 

DEM generation technique is accurate and less time-consuming compared to indirect 

technique and can be used to compare rock surface weathering at other sites to 

compare weathering in different lithologies and different environmental conditions. 

4. Surface roughness is a useful tool for rock surface texture analysis due to weathering. 

Quantitative computation of surface roughness of rock surface provides valuable 

information for understanding rock breakdown features. Among the four common 

methods that were used to examine the surface roughness, the method of Sdq and 
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VRM roughness parameters are the most obvious in detecting a small break or 

sudden change in microrelief than height roughness parameters (Sq and Sz). We 

recommend using a height roughness parameter (Sq, Sz) with Sdq or VRM. For rock 

breakdown features survey at a similar scale as ours, any of the combination of height 

parameter (Sq or Sz) with Sdq or VRM at 10.5, 25.5, and 50.5 mm window scale 

should be optimum for studying breakdown features.  

5. We found a statistically significant difference in terms of rock hardness, and most of 

the roughness and morphometric features at multiple scales between S-SW facing 

and N facing crater wall slopes. The SH rebound values are lower and roughness 

values are higher for S-SW facing slopes compared to N facing slopes. This could be 

related to the difference in aspect related microclimate. The S-SW facing crater 

slopes receive higher solar insolation than N facing slopes throughout the year.  

6. Even though porosity has been reduced in low-shocked Moenkopi Sandstone at 

Meteor Crater, the fractures in the outcrops may have increased the permeability is 

responsible for the movement of salt and moisture. Fractures create conduits for salt 

and moisture ingress in low shocked Moenkopi Sandstone. The secondary porosity 

formed due to the fracturing may be compensating for a decrease in primary porosity 

in low shocked Moenkopi Sandstone. This indicates that low-shocked generated 

deformation combined with aspect related microclimatic variations are responsible 

for weathering of Moenkopi sandstone at Meteor Crater. 
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6 Synthesis 

6.1. Overview 

In order to understand the effect of impact processes on rock breakdown, it is necessary first 

to understand the geology and lithology of the (unshocked) target in the region where the 

impact has occurred, and deformations and heterogeneities in target rocks due to impact. The 

results of laboratory analysis and experiments on impactites and the field studies of 

breakdown features in low-shocked sandstone provide new information on the role of 

heterogeneities and deformations due to impact processes. Overall this has advanced the 

understanding of impact processes in subsequent rock breakdown. 

This thesis is the first detailed and comprehensive study exploring the role of impact 

inheritance on the breakdown of impactites. This thesis discusses and advances the 

understanding of the effects of low shock deformations and heterogeneities produced by 

impact processes in subsequent rock breakdown.  

 

6.2. Contribution and broader implication of this research  

The study of the effect of impact processes on rock breakdown in this thesis contributes to 

the field of rock breakdown and impact cratering in three ways.  

First, it extends our knowledge of heterogeneities and deformations produced in rocks in low 

impact shock environment. Second, it advances the field of rock breakdown by providing 

insight into the effect of these low impact shock generated heterogeneities and deformations 

in rocks on subsequent nature and rate of breakdown. Third, it contributes to the 

development and application of SfM photogrammetry and X-ray CT methods in the study 

of rock breakdown.  

1) Petrographic studies using a combination of techniques revealed changes in a range of 

impactite samples that experienced low shock level (<10 GPa). The porosity in low-

shocked sandstone has decreased compared to unshocked samples. Intragranular 

fractures are pervasive in most of the low impact shocked impactite samples except low-

shocked Moenkopi samples. Macrofractures (<0.2mm) was found in all impactite 

samples. The effect of low-shock on Moenkopi Sandstone has been explored for the first 

time, which revealed a decrease in porosity by 88% and macrofractures of 0.1-0.2 mm 

in aperture compared to unshocked Moenkopi Sandstone. The low shocked damage 
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characteristics found in Coconino Sandstone, crystalline rocks, impact melt rocks, 

impact breccias, and impact melt-bearing breccias is in agreement with previous studies 

(Kieffer, 1971b; Madden et al., 2006; Rosa, 2012; Rae et al., 2017; Osinski and Grieve, 

2017; Engelhardt et al., 1995; Engelhardt, 1997; Osinski et al., 2004; Tolometti and 

Osinski, 2018). A negative correlation between mechanical strength and clast size in 

impact melt rock was found, as the clast size decreases the mechanical strength slightly 

increases. Impact melt bearing breccias have the lowest mechanical strength compared 

to impact melt rocks and impact breccias. Impact breccias have an intermediate 

mechanical strength between impact melt rocks and impact melt-bearing breccias.  

2) The physical weathering experiment conducted on impactites in this study is the first 

systematic and novel attempt to understand the effect of impact generated 

heterogeneities and deformation on the subsequent physical weathering of impactites. 

The results from physical weathering experiment showed that in general impactites 

exhibited an accelerated decline in strength decline in strength compared to non-

impacted samples. However, rock type and impact inheritance are key parameters in 

controlling the rate of breakdown. Unlike Coconino Sandstone, the low shocked 

Moenkopi Sandstone samples exhibited no accelerated decline in strength compared to 

their unshocked counterparts in the experiment timeframe.  The field survey conducted 

at Meteor Crater site is the first-ever field study to compare the effects of low shock 

damage (<5 GPa) on the nature of subsequent breakdown of sandstone. Rock hardness 

measurement reveals no statistically significant difference between Meteor Crater and 

control sites. Areal surface roughness parameters, Standard deviation of Height, 

Standard Deviation of Slope, Maximum height, Vector Ruggedness Measure for 

Moenkopi Sandstone reveal no statistical significance difference at all window scales 

between Meteor Crater and Control sites. In percent area of morphometric feature 

classes (pit, channel, pass, ridge, peak, and planar), at all the window scales, there were 

no significant differences between Meteor Crater and control sites. This led to the 

conclusion that there is no statistically significant difference in nature of weathering 

between low shocked Moenkopi at Meteor Crater and unshocked Moenkopi sandstone 

at control sites. However, a significant difference in terms of rock hardness, and all the 

roughness parameters and morphometric features at multiple scales between S-SW 

facing and N facing crater wall slopes was found. This could be related to the difference 

in aspect related microclimate. The S-SW facing crater slopes receive higher solar 

insolation than N facing slopes throughout the year. Even though porosity has been 
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reduced in low-shocked Moenkopi Sandstone at Meteor Crater, the fractures in the 

outcrops may have increased the permeability is responsible for the movement of salt 

and moisture. Fractures create conduits for salt and moisture ingress in low shocked 

Moenkopi rocks. The secondary porosity formed due to the fracturing may be 

compensating for a decrease in primary porosity in low shocked Moenkopi Sandstone. 

This indicates that low-shocked generated deformation combined with aspect related 

microclimatic variations are responsible for weathering of Moenkopi sandstone at 

Meteor Crater.  

3) Methodological contribution of SfM photogrammetry and X-ray CT in rock breakdown 

studies -  

SfM Photogrammetry: The development of SfM photogrammetry to generate sub-mm 

resolution Digital Elevation Models (DEMs) with sub-mm accuracy in this thesis is a 

significant advancement for the micro-topographic data collection on weathered rock 

surfaces (area <10 m2) in remote locations and steep terrains. The method can be used to 

collect direct in-situ topographic data, which overcomes the limitations of ‘smoothing’ that 

occurs during indirect topographic data collection methods (e.g. (Ehlmann et al., 2008b). It 

can also be used to compare the textural properties of weathered rock surfaces between 

different sites. This is demonstrated in Chapter 6, where the roughness and morphometric 

forms at Meteor Crater and control sites are compared. The inability to measure the general 

geomorphometry of breakdown features has inhibited understanding causal links at relevant 

scales of the palimpsest of weathering features. In this thesis, we have demonstrated the 

application of areal height and slope roughness and rugosity parameters in the study of rock 

breakdown. The areal surface roughness and morphometric analysis at a range of scales 

performed on rock surfaces in Chapter 6 is an advancement to 2D profile based roughness 

analysis which only provides information along a profile, not entire rock surface which often 

makes it difficult to determine the exact nature of a topographic feature (Leach, 2013). This 

method can be used in any scenario where high resolution, accurate DEMs and orthophoto 

are required (e.g., scaled laboratory experiments or mm to cm-scale features in the field). 

This method is superior to scaled digital image technique used by Heslop (2003) to measure 

changes during weathering experiment as this technique produces scaled orthophoto data. 

This is in addition to sub-mm resolution topographic data that can be used to identify and 

quantify changes before and after weathering experiments or field exposure trials. The high-

resolution DEMs of rocks surfaces in this study facilitate more rapid data collection and 

offers a potential solution to overcome many challenges in the field, and for short and long-
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term monitoring of micro to mesoscale erosion in dynamic environments. Recently, this has 

been demonstrated by Cullen et al. (2018b) who adapted this method for an experiment to 

measure erosion on simulated rock shore platforms (Appendix I) and Mc Keown et al. 

(2017b) in an experimental study to measure mm scale surface features in sand caused by 

sublimation of CO2 ice.  

 

X-ray CT: The X-ray CT method used in Chapter 3 to monitor rock samples before and 

after the weathering experiment to understand the role of impact generated macroscopic 

fractures to subsequent weathering is useful for visualising and quantifying the presence of 

pre-existing micro-fractures and those that may be enhanced or generated by the 

experiments. Moreover, high-resolution X-ray CT scans provide a non-destructive method 

for porosity and permeability analysis. In future studies, this non-destructive technique will 

enable a better understating of rock response that is usually not accessible to the investigator 

in short length weathering experiments. 

 

6.3. Implication of Laboratory experiments on Weathering at Meteor Crater  

We found that the trend is for weathering of Coconino Sandstone to have been more strongly 

expressed relative to Moenkopi Sandstone in the low shock pressure deformation class (1a). 

The low shocked Moenkopi showed no significant difference in weathering in short-term 

laboratory experiment compared to the control sample.  

This can be due to two reasons – 

1. Coconino Formation being the closest to the point of impact might have experienced 

relatively higher shock deformation in low shock pressure regime (0-5 GPa) 

compared to Moenkopi Formation which represents the free surface of the impact 

site (Kring, 2017). 

2. The finer grain size of Moenkopi Sandstone (0.07-0.1 mm) and low porosity (5-8%) 

when compared to Coconino Sandstone (grain size = 0.09-0.16 mm, porosity = 20%), 

may have led to a different response in low shock pressure regime (0-5 GPa). Class 

1a MS only exhibits a reduction in porosity, unlike class 1a CS, it is not affected by 

irregular fracturing in quartz grains. This difference may be key in the subsequent 

expression of rock breakdown in sandstone. 
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Findings from our laboratory experiment suggest that macrofractures in class 1a MS samples 

may be compensating for the loss in porosity and if the experiment were extended in 

duration, perhaps class 1a samples may have shown higher deterioration relative to 

unshocked samples. But this proposition is not reflected in field study comparing rock 

breakdown features in low shocked Moenkopi and unshocked Moenkopi Sandstone at a 

larger scale (cm-m scale). The results from field studies revealed that there is no statistically 

significant difference in rock breakdown between low shocked and unshocked Moenkopi 

Sandstone. The results from field and laboratory study agree with each other in terms that in 

both studies, no significant difference was found in the breakdown of low shocked Moenkopi 

Sandstone compared to unshocked Moenkopi Sandstone.  

Breakdown of rocks in the natural environment is a complex and non-linear dynamic 

process, and inheritance from past rock breakdown processes affects the contemporary 

breakdown of rocks (Warke, 1996b; Warke, 2007; Viles, 2010; Viles, 2013b; Viles et al., 

2018). The effect of processes at smaller scales (µm-mm) must modify process rates at a 

larger scale (cm-m) (Turkington and Paradise, 2005). The exploitation of pores, capillaries, 

and microfractures by salt weathering may affect long-term weathering rate of sandstone. 

However, salt weathering may also affect the effective pore size distribution within the 

sandstone and thus modify the solution ingress/egress regime, consequently affecting salt 

precipitation patterns and rates of loss of rock surface material (Turkington and Paradise, 

2005; Johnston et al., 2019). Furthermore, inheritance from past weathering of the sandstone 

is likely to control the evolution of microfractures and secondary porosity–permeability, a 

feedback loop that cannot be ignored (Turkington and Paradise, 2005; Warke, 2007; Viles 

et al., 2018). Thus, a detailed investigation of permeability and cosmogenic exposure ages 

of Moenkopi Sandstone is required in future in order to understand the complex relationship 

of weathering history and shock damage on contemporary weathering.  

 

6.4.The implication for rock breakdown on Early Mars 

Even though regolith and rocks on Mars have different mineralogy than rocks used in our 

experiment, the results of this work have implications for Martian rock breakdown. The 

shock effects will produce broadly similar deformations and heterogeneities in the rocks that 

will affect the subsequent weathering of rocks. It is known from laboratory experiments that 

shocked mafic, and impact glasses dissolves faster than the unshocked crystalline 

counterparts (Boslough and Cygan, 1988; Cygan et al., 1989; Bell, 2015; Bell, 2017). These 

shock activated minerals require less time to alter and intermittent warming events due to 
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impact, and volcanic events might be enough to weather these minerals (Halevy and Head 

III, 2014; Palumbo and Head, 2018). Most of the altered material dates from the Noachian 

and Early Hesperian (Poulet et al., 2005; Tornabene et al., 2013), period of heaviest 

meteorite bombardment, so these materials have continued to be exposed for subsequent 

shock modification, and shock activated weathering process occurring in synergy for billions 

of years (Boslough, 1991; Tyburczy and Aherns, 1988). These two processes in combination 

may be responsible for abundant dust and colour of Martian fines on Mars (Boslough et al., 

1986; Boslough, 1991). 

During Noachian and Hesperian periods, when the Martian climate was different from today, 

and it is intuitive to suggest that fluids were available to react with rocks (Carter et al., 2015; 

Zolotov and Mironenko, 2016). To date, inheritance has not been considered in the 

discussion of surface features on Mars, particularly the inheritance of weakness in rocks due 

to impact. The results of the experimental work suggest that impactites would have broken 

down faster than non-impact rocks. It is also likely; this would have been expressed along a 

shock magnitude continuum (although this has yet to be demonstrated). This latter point is 

supported somewhat by the work of other researchers to understand shock enhanced 

weathering of mafic and plagioclase minerals. They found that the rate of dissolution of 

minerals is controlled by the shock level, and shocked minerals alter faster than the 

unshocked minerals (Boslough and Cygan, 1988; Bell, 2017). In addition, it has been found 

that the significant volume of impact glasses formed during impact would react faster than 

their crystalline counterparts (Wolff-Boenisch et al., 2006; Tornabene et al., 2013; Cannon 

and Mustard, 2015). Enhanced weathering of impactites in Noachian cratered terrain may 

be the reason for the abundance of hydrated silicates and clay minerals in these regions 

(Poulet et al., 2005). Even under less hydrous scenarios for an early Mars, the impact-

induced fracture planes at the mineral and clast scale would have been important controls to 

induce rapid breakdown under ‘cold-icy’ thermal cycles.  

Sedimentary rocks on Mars are more common than previously thought: with the 

advancement in remote sensing data collection during the last 20 years, sedimentary rocks 

have been identified at various locations on that planet (Malin and Edgett, 2000). However, 

these rocks have a mafic to ultramafic composition and are different in mineralogy than 

commonly found sedimentary rocks on Earth (McLennan and Grotzinger, 2008). Meridiani 

Planum has several impact craters in sedimentary target rocks (e.g. Victoria Crater; (Squyres 

et al., 2009; Hayes et al., 2011). As different rock types experience a different level of shock 
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damage depending on porosity, mineralogy, volatile saturation, and distance from the point 

of impact during impact (Kieffer, 1971a), sedimentary rocks can be more affected compared 

to crystalline rocks experiencing the same shock pressure level. Even a low shock pressure 

(<10 GPa) causes more damage in sedimentary rocks (e.g. sandstone; (Kieffer, 1971b) than 

in crystalline rocks (e.g. basalt; (Kieffer et al., 1976a). This study supports this finding where 

we find that sandstone that has experienced the same level of low shock pressure will 

breakdown faster than crystalline rocks.  

The difference in rock types and facies may produce a difference in impact shock-related 

damage, and this will subsequently lead to a differential rate of rock breakdown. This 

suggests that the erosion/degradation of crater landforms will differ depending on the 

lithology of the target rock. Regional and local differences in lithology may lead to a 

differential rate of breakdown. Weak lithification caused due to low impact shock would 

produce weak rock materials that could be easily removed by fluvial and aeolian erosional 

processes (Kieffer, 1975; Grant et al., 2008). For example, Class 1b Coconino Sandstone has 

become so soft and friable that it can be easily removed in the field by aeolian or fluvial 

processes. Similar aeolian erosion of weaker sandstone (aeolianite) rocks are also reported 

at Victoria Crater on Mars (Grant et al., 2008). Despite the discovery of several hundreds of 

potential paleolakes, relatively rarity of the preserved delta deposits on Mars is a mystery 

(Fassett and Head III, 2008; Howard, 2007; Hoke et al., 2014). This sparse presence of delta 

deposits may be explained by resurfacing by a combination of impact processes and aeolian 

erosion. Impact processes produce weaker and friable impacted rock material that is 

subsequently removed by aeolian processes and limit their preservation. 

The age of the Martian surface is determined by crater count statistics (Hartmann and 

Neukum, 2001). The crater chronology models are based on crater size-frequency 

distribution on the surface of Moon, which is linked to the radiometric age of lunar samples 

and meteorites (Hartmann and Neukum, 2001; Werner and Tanaka, 2011). Enhanced 

weathering and erosion of shocked ejecta and impactites in different lithologies may affect 

the preservation of crater diameters or indeed may control the enhanced modification of 

crater rims. These factors have not received sufficient attention in the literature.  

Regolith on the lunar surface consists of minerals shocked at various levels and impact glass 

(Kieffer, 1975), but The Moon lacks an atmosphere or hydrosphere with which the regolith 

can react. On airless bodies, thermal gradients are considerably high compared to planetary 
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bodies with the atmosphere (Molaro and Byrne, 2012). Impact-induced deformation and 

discontinuities will subsequently affect the thermal breakdown of rocks and production of 

regolith on asteroids and planetary bodies without an atmosphere (Delbo, 2014; Viles, 2014; 

Hazeli et al., 2017). 

 

6.5.Suggested future work 

The subaerial breakdown of impactites is currently an understudied area of research. Here 

are suggested areas for future investigation: 

6.5.1. Photogrammetry and roughness analysis 

The topographic data produced using SfM photogrammetry method developed in Chapter 4 

can be combined and registered with visible/near-infrared (VNIR), thermal infrared (TIR) 

and short-wave infrared (SWIR) hyperspectral imaging (Hinchcliffe et al., 2017). This will 

not only help to quantify the loss of materials, rock surface roughness, alteration but also 

able to relate breakdown features with chemical and biological weathering. This will help to 

better understand the link between mechanical, chemical and biological weathering.  

Furthermore, a range of new areal surface roughness parameters such as function related 

parameters, material ratio parameters, volume parameters, hybrid parameters, spatial 

parameters and areal fractal parameters could be borrowed from the field of metrology and 

applied in the rock breakdown research (Leach, 2013).  These parameters have several 

advantages over traditional profile roughness parameters as they have more statistical 

significance than equivalent profile measurements. The ability to quantify surface change 

across an area rather than limited to specific points will aid interpretation of the causal links 

between controls and resultant landform development. This is particularly relevant for the 

recent developments in monitoring micro-climates (Mol and Viles, 2012; Coombes et al., 

2013) of rock breakdown environments. In addition, these parameters can be useful in 

determining the exact nature of the topographic feature. Many small-scale (mm-cm) 

breakdown features are ambiguous, and it remains challenging to distinguish between 

similar-looking features (e.g. aeolian pits vs dissolution pits) and therefore to establish a 

clear link between weathering feature form and the formative process. Even for homogenous 

forms on a surface, it may be difficult to understand the role of individual weathering 

mechanisms (Viles, 2005; Warke, 2007; Viles et al., 2010; Viles et al., 2018). Between rock 
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breakdown sites, features often show considerable complexity in their intensity, size and 

shape depending on lithological, geological and micro-environmental factors (Viles, 2001). 

Areal surface fractal analysis of rock surfaces would help to elucidate equifinality in the 

production breakdown features and problems of identifying fossil vs current forming 

features (Viles, 2001; Fardin et al., 2004). However, most of the existing GIS packages (e.g. 

ArcGIS, QGIS) does not include theses roughness parameters so users may need to code the 

parameters in ArcGIS using Python scripting or MATLAB.  

 

6.5.2. Physical weathering experiments 

The physical weathering experiment conducted in chapter 3 of this thesis revealed some 

interesting results regarding the breakdown of impactites. This experiment only included 

low shocked sandstone and felsic crystalline rocks, and few impact melt rocks and impact 

breccias. Increasing shock pressures also cause devolatilization in minerals (Madden et al., 

2006), which may affect the response of rocks to thermal weathering (Farquharson et al., 

2017). 

In future, physical weathering experiments longer in length (>15 days) and different 

environmental conditions can be designed to include a range of lithologies that have 

experienced different levels of shock pressures (0-60 GPa).  

Similar to experiments conducted by (Viles et al., 2010) in Mars conditions, physical 

weathering experiments can be conducted in the present and early Mars environmental 

conditions on basalt that has undergone different levels of shock deformations (Kieffer et 

al., 1976a). This will help us understand better the role of shock processes in the subsequent 

breakdown in past and presents Martian conditions.  

In addition to strength test, weight, photographic and CT scan monitoring of changes used 

in the chapter 3, Acoustic Emission, ultrasonic sensors, thermocouples, strain gauge rosettes, 

moistures sensors (Menéndez and David, 2013; Eppes et al., 2016; David et al., 2017) should 

be used for monitoring continuous changes in rock strength, microcracking, moisture and 

temperature. This will provide a better insight into the role of heterogeneities and 

deformations due to impact in fluid and salt uptake.  

6.5.3. Chemical Weathering experiments 



 

281 
 

Mineralogy and crystal structure plays an important role in chemical alterations of rocks. 

During impact, at high pressures (>25 GPa) mineral polymorphs, glasses and melts are 

produced (Stöffler et al., 2018). Natural silicate glass is susceptible to accelerated dissolution 

than their crystalline counterparts (Wolff-Boenisch et al., 2006). Since, impact-generated 

glasses have a different texture, density and structure (French and Koeberl, 2010), they may 

weather/alter differently. The structural defects, deformations and change in surface area of 

minerals makes shocked rocks more susceptible to chemical weathering than unshocked 

rocks (Boslough and Cygan, 1988; Bell, 2017). 

Moreover, microstructures and defects in minerals generated during impact shock (e.g. 

Planar Fractures, Planar Deformation Features, mosaicism, microfractures) can provide 

permeable pathways for fluid circulation leading to chemical weathering (Leroux, 2005; 

Furukawa et al., 2011). Previously, Boslough and Cygan (1988) and Cygan et al. (1989) 

conducted experiments on artificially shocked silicate minerals to investigate the role of 

shock pressure on dissolution. They found enhancement in dissolution with an increase in 

shock pressure experienced by minerals.  However, the effect of impact shock in rocks is 

more complex compared to individual minerals because shock damage in rocks depends on 

their porosity, mineral composition and distribution, duration of shock pressure, and fluid 

saturation (Kieffer, 1971a).   

The role of high impact shock-related changes in rocks on chemical weathering can be 

explored by conducting chemical weathering experiments in controlled conditions. A series 

of chemical weathering experiments could be conducted on naturally and artificially shocked 

and unshocked basaltic materials that have experienced a range of shock pressure (i.e. 0-60 

GPa). These experiments can be conducted in varying environmental conditions (e.g. 

temperature, atmospheric pressure, redox conditions (oxic/anoxic atmosphere), humidity, 

pH value). Naturally shocked rocks are sometimes affected by other subsequent geological 

processes. Thus, using experimentally shocked basalt samples in weathering experiment will 

help us better understand the role of shock on weathering. Shocked basaltic samples can be 

characterised by well-established techniques such as X-ray diffraction, raman, infrared and 

laser induced breakdown spectroscopy (LIBS), including the use of scanning electron 

microscopy electron backscatter diffraction (EBSD), backscatter electron (BSE) and 

cathodoluminescence (CL) detectors before and after the weathering experiment.  
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6.5.4. Field studies  

Potential future work at Meteor Crater will examine the influence of stratigraphic structures 

(e.g., crossbedding) present in Coconino and Moenkopi Sandstone on shock damaging and 

subsequent rock breakdown. Biochemical weathering of impacted Moenkopi and Kaibab 

Formations will be explored to understand the effect of shock damage on biomediation.  

Field studies should be conducted at other impact sites in different lithology and climatic 

conditions. Newsom et al. (2013) and Wright (2013) reported a unique style of rock 

breakdown associated with decompression cracks in impacted basalt at Lonar Crater, India. 

Lonar Crater could be studied to understand the influence of impact processes in subsequent 

weathering of basalt. Lonar Crater is the only best-preserved crater in basaltic target rocks 

on Earth (Osae et al., 2005). The in-situ comparative study could be performed on shocked 

basaltic outcrops at Lonar Crater in India using Raman, infrared and LIBS spectroscopy 

(Kieffer et al., 1976a; Ehlmann et al., 2008a). The results obtained from laboratory 

weathering experiment and field studies could also be compared with in-situ remote sensing 

data collected from current and future rovers on Mars. 

Additional field studies at Lonar Crater can explore potential topics - 

1) Basaltic lithology exposed at around Lonar Crater is complex, reflecting on the multi 

events of lava emplacement and cooling (see Maloof et al. (2010) and Komatsu et al. (2014)). 

A future study will assess how this original lithology of the basalt was deformed due to the 

impact and how it affects the subsequent rock breakdown. 

2) Role of hydrology. In comparison to Meter Crater, Lonar Crater has been more affected 

by the hydrological processes in its history. Even today, Lonar Crater is hydrologically quite 

active with enhanced precipitation, the presence of an inner crater lake, and groundwater 

movement (Komatsu et al., 2014). Future rock breakdown studies should consider those 

“water” processes. 

3) Regional climatic influence modulated by the crater topography. Somewhat similar to our 

finding of the microclimate influence on the rock breakdown at the Meteor Crater, Lonar 

Crater exhibits a possible influence of the southwest monsoon in the form of enhanced 

drainage development on the southwestern section of the ejecta blanket (Komatsu et al., 

2014). A Future field study will explore if rock breakdown is also enhanced at the localities 

of Lonar Crater where more moist wind hits. 
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Abstract 

 For decades researchers have used the Micro Erosion Meter and it successor the Traversing 

Micro Erosion Meter to measure microscale rates of vertical erosion (downwearing) on shore 

platforms. Difficulties with ‘upscaling’ of microscale field data in order to explain long-term 

platform evolution have led to calls to introduce other methods which allow measurement 

of platform erosion at different scales. Structure from Motion Photogrammetry is fast 

emerging as a reliable, cost-effective tool for geomorphic change detection, providing a 

valuable means for detecting micro to meso-scale geomorphic change over different terrain 

types. Here we present the results of an experiment where we test the efficacy of Structure 

from Motion Photogrammetry for measuring change on shore platforms due to different 

erosion processes (sweeping abrasion, scratching and percussion).  Key to this approach is 

the development of the Coordinate Reference System used to reference and scale the models, 

and which can be easily deployed in the field. Experiments were carried out on three 

simulated platform surfaces with low to high relative rugosity to assess the influence of 

surface roughness. We find that a Structure from Motion Photogrammetry can be used to 

reliably detect micro (sub-mm) and meso (cm) scale erosion on shore platforms with a low 

Rugosity Index. As topographic complexity increases, the scale of detection is reduced. We 

also provide a detailed comparison of the two methods across a range of categories including 

cost, data collection, analysis and output. We find that Structure from Motion offers several 

advantages over the Micro Erosion Meter, most notably the ability to detect and measure 

erosion of shore platforms at different scales.  

A.1.1. Introduction 

There are numerous methods employed for measuring natural rates of change on rock 

surfaces. For decades researchers were restricted to direct measurement of change relative 

to a datum, however this method has been largely superseded by techniques which fall into 
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two general categories; contact methods which utilise erosion meters, and non-contact 

methods such as Terrestrial Laser Scanning (TLS) and Structure from Motion (SfM) 

Photogrammetry (Moses et al., 2014). On shore platforms, the Micro Erosion Meter (MEM) 

and its successor the Transverse Micro Erosion Meter (TMEM) are the most frequently 

applied instruments for quantifying micro-scale erosion. However, SfM Photogrammetry is 

fast emerging as a valuable tool for detecting and quantifying geomorphic change across a 

range of scales and environments and represents a potential alternative to the MEM and 

TMEM for measuring erosion on shore platforms if a suitable level of resolution, accuracy 

and repeatability can be achieved. There is a large body of literature focussed on each of 

these methods (e.g. Hanna, 1966; Trudgill, 1975; Trudgill et al., 1981; Stephenson and Kirk, 

2001; Snavely, 2006.; Trenhaile, 2006; Stephenson and Finlayson, 2009; Stephenson et al., 

2010; Westoby et al., 2012; Gómez-Gutiérrez et al., 2014; Kaiser et al., 2014; Carrivick et 

al., 2016; Smith et al., 2016). A brief overview of the two methods is given below.  

 

A.1.1.1. The Micro Erosion Meter and the Traversing Micro Erosion Meter 

The MEM was developed and described by Hanna (1966) and High and Hanna (1970) as a 

tool for measuring relatively slow lowering rates of bedrock surfaces. Since its inception, 

the MEM and its modified successor, the TMEM (Trudgill et al., 1981) (hereafter T/MEM) 

have been used by numerous researchers to measure rates of surface lowering on shore 

platforms of varying lithologies. The spatial and temporal variability of measured erosion 

rates for shore platforms have allowed a more detailed understanding of processes operating 

on shore platform, contributing to the ongoing debate on the origin of shore platforms and 

the relative contributions of marine, biological and subaerial processes which drive their 

evolution (See Stephenson and Finlayson, 2009: , for a more detailed review of the 

contribution of the T/MEM to rock coast research). The popularity of the T/MEM stems 

from the ability to detect sub-mm changes over very short (hours) as is the case with platform 

swelling and timescales comparative with the duration of many research projects (1-3 years), 

which are also considered representative of longer-term (decadal) measurements 

(Stephenson et al., 2010). Add to this, the often cited low cost of construction and portability 

of the instrument and its popularity among rock coast researchers is easily understood.   

Moses et al. (2014) outlined some limitations associated with the T/MEM that had been 

identified by previous research (e.g. Spate et al., 1985; Ellis, 1986; Andrews and Williams, 
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2000; Trenhaile, 2003; Foote et al., 2006; Swantesson et al., 2006). Authors studying erosion 

on (relatively soft) chalk platforms noted that the probe might cause erosion of the platform 

surface. This ‘probe erosion’ was also noted early on by Spate (1985). However, this does 

not constitute a problem where erosion rates are rapid (Foote et al., 2006; Swantesson et al., 

2006). In addition, Moses et al., (2014) also pointed to previous research which showed that 

where rapid rates of erosion occur, this may result in the loosening or dislodgement of the 

bolts on which the T/MEM is placed on annual (Ellis, 1986; Andrews, 2000), or decadal 

timescales (Stephenson and Kirk, 1996). Trenhaile (2003) noted that although the T/MEM 

records small amounts of platform downwearing, it cannot record wave quarrying of larger 

blocks or loss of rock fragments due to frost riving.  

Additional significant limitations have also been identified. For example, the location of a 

T/MEM measurement station is limited to surfaces with low topographic complexity. This 

is an issue for shore platforms with highly variable meso and macro scale roughness and 

which only broadly conform to the Sunamura’s (1992) traditional Type A and Type B 

classification. Excluding these more complex platform morphologies significantly limits our 

ability to quantify rates and identify processes and styles of shore platform erosion across 

the complete spectrum of platform morphologies. Second, while decades of measuring 

micro-scale erosion using the T/MEM have provided valuable insights into rates and 

processes of downwearing on shore platforms, there are difficulties associated with ‘up-

scaling’ these field data to explain meso and macro-scale landform development (Warke and 

McKinley, 2011). Stephenson and Naylor (2011) noted a tendency towards micro and macro 

scale studies of shore platform erosion. A recent study that reviewed 95 publications on 

shore platforms (Cullen and Bourke, 2018) also highlighted this concentration of micro and 

macro scale studies. 

In comparison, meso-scale processes have received less attention, although research at this 

scale has increased significantly in the last two decades (Cullen and Bourke, 2018). Indeed, 

Stephenson et al. (2010) advocated the introduction of new techniques which capture the full 

range of scales of erosion on shore platforms. SfM Photogrammetry is one such technique 

that has this potential.  
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A.1.1.2. Structure from Motion Photogrammetry 

Significant developments in digital photogrammetry techniques over the last decade have 

revolutionised the collection of 3D topographic data in the geosciences. Traditional 

photogrammetry requires a knowledge of the 3D location and orientation of the camera and 

accurate 3D information of control points in the scene of interest. While methods which 

allow the accurate calibration of non-metric cameras and reliable automation of the 

photogrammetric process have enhanced the use of photogrammetry in the geosciences (e.g. 

Chandler, 1999; Chandler et al., 2002; Carbonneau et al., 2004),  it still requires expert 

understanding and practice (Carrivick et al., 2016). In the last decade, there have been 

significant workflow advancements which have dramatically reduced the expertise required. 

Structure from Motion (SfM) photogrammetry, uses a standard camera for collecting image 

data of a three-dimensional (3D) landform.  

Multiple overlapping images are taken from different spatial positions and used to 

reconstruct the 3D geometry of the target. Unlike traditional photogrammetry, the SfM 

workflow does not require prior knowledge of the 3D location, the camera orientation or 3D 

information on control points before reconstruction of scene geometry. Rather, Scale 

Invariant Feature Detection (SIFT) (Lowe, 2004) is used to match points between images, 

and a least square bundle adjustment algorithm is used to align images and produce a ‘sparse’ 

point cloud representing the most prominent features in the images. A further development 

utilises Multi-View Stereo (SfM-MVS) algorithms (e.g. Furukawa et al., 2010) to intensify 

the sparse cloud and merge the resulting 3D point cloud into a single dense point-based 

model. This can then be used to generate a high-resolution ortho-photo, mesh or Digital 

Elevation Model (DEM). Successive point clouds and DEMs of the same location or feature 

can be analysed utilising widely available GIS software (e.g. ESRI ArcGIS desktop or QGIS) 

and other programs (e.g. CloudCompare) used for geomorphic change detection to quantify 

erosion and deposition.  A large amount of literature has been published on SfM, and the 

reader is referred to Walkden and Hall (2005); Westoby et al. (2012); (Fonstad et al., 2013); 

Thoeni et al. (2014); Micheletti et al. (2015a); Micheletti et al. (2015c); Smith et al. (2016); 

Carrivick et al. (2016); Özyeşil et al. (2017) and Verma and Bourke (2018) for more detailed 

discussions of SfM techniques and workflows.  

The SfM-MVS workflow has been widely applied in the geosciences at varying scales of 

resolution from small scale (mm - cm’s) scale studies of soil erosion to morphodynamic 

studies of beaches, coastal cliffs and braided rivers  (e.g. Lim et al., 2010; Javernick et al., 
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2014; Kaiser et al., 2014; Brunier et al., 2016a; Brunier et al., 2016b; Balaguer-Puig et al., 

2017b). SfM-MVS offers several advantages over traditional surveying techniques, 

specifically its relatively low cost and portability of required equipment, i.e. a camera, 

compared to that of TLS. In addition, the availability of free and relatively low cost 

commercial software, a semi-automated workflow and the decreasing cost of high-end 

desktop computers have resulted in the increasing application of this method in 

geomorphological research. While SfM MVS offer significant advantages at a range of 

scales, it it worth noting that the scale of some processes operating on shore platforms, for 

example, platform swelling, operate at resolution currently not obtainable using SfM MVS, 

and other tried and tested approaches (i.e. the T/MEM) remain the most suitable method of 

measurement .  

It is worth noting that the accuracy and resolution of SfM-MVS derived DEMs relies heavily 

on the quality of the images used and the accuracy of the coordinate reference system. For 

work on shore platforms, the accuracy of the DEM is limited by the accuracy of the Ground 

Control Points (GCPs) used. These are often determined using a Differential GPS (dGPS) 

or total stations which have reported accuracies of centimetres and millimetres respectively. 

However, a number of rock breakdown processes, such as granular disintegration (Viles, 

2001) and features, such as weathering pits (Viles, 2001; Bourke et al., 2007b; Thornbush, 

2012) occur at cm to sub-mm scale.  

Our work has three foci: First,  to test the SfM-MVS for measuring micro-scale erosion on 

shore platforms. Second to determine the potential of SfM-MVS for meso-scale geomorphic 

change detection. Third, to provide a robust assessment and comparison of the two methods 

(T/MEM and SfM-MVS) for measuring erosion on shore platforms. Key to our approach is 

to adapt the local coordinate reference system (CRS), and SfM-MVS workflow developed 

by Verma and Bourke (2018). Their system was developed to generate sub-mm scale DEMs 

of rock surfaces (<10 m2) in difficult to access terrains (e.g., cliffs and steep-sided impact 

crater walls). Their method can produce high resolution (sub-mm) DEMs with sub-mm 

accuracy. We advance this work through the design and manufacture of a field-hardy 

Coordinate Reference System (CRS) which can be quickly deployed, repeatedly at the same 

site. Our approach will enable the application of SfM-MVS for geomorphic change detection 

on shore platforms at both the micro and meso scale.  
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In this paper, we present the results of a series of experiments on simulated platform surfaces 

using our newly developed CRS.  

 

A.1.2.  Methods 

A.1.2.1. A manufactured Coordinate Reference System for SfM-MVS 

We have adapted the local coordinate reference system of Verma and Bourke (2018) which 

utilises a precisely measured equilateral triangle with a coded marker (downloaded from 

Agisoft Photoscan) attached at each vertex (Figure 1a and b). The x, y and z coordinates of 

each coded marker are calculated using trigonometry and serve as the GCPs for generating 

the DEMs in the SfM-MVS workflow. When used for a small surface area (≤ 6.76 m2), this 

method has been proved to produce high resolution (0.5 mm per pixel) DEMs with sub-mm 

accuracy (Verma and Bourke: 2018).  

 

We mounted the coded markers onto a specifically designed stainless-steel platform (Fig. a 

and b) based on the design of Verma and Bourke (2018). The platform consists of a 15 cm 

equilateral triangle with three square steel plates (4 cm x 4 cm x 0.5 cm) and a specially 

machined leg. Each plate is engineered so that the centre of a plate is fixed precisely (± 

0.01mm) on one vertex of the triangular base. The centre of each plate is also permanently 

marked during manufacture to aid the application of coded markers. The base of the leg is 

machined to fit a stainless-steel square head bolt to a depth of 1.5 cm and is fixed at the 

centre of gravity on the underside of the triangular base plate. 

In the field, the square headed bolt is fixed to the platform by drilling a hole and fixing the 

bolt with marine grade epoxy resin, using a digital inclinometer to make sure the bolt head 

is level. This is similar to the approach used to install T/MEM stations. When mounted onto 

the bolt, this design secures the base plate with the coordinate system in place with a high 

degree of relocation precision (see section 3.2). This permits repeated measurements and the 

georeferencing of DEMs for high resolution change detection of field sites.  

A.1.2.2. The experiments  

The experiments were designed to capture different scales of erosion from the granular scale 

(sub-mm) abrasion of the platform surface to the removal of rock fragments (mm -cm). The 

accuracy of the SfM-MVS generated DEMs used to calculate DEMs of Difference (DoDs) 
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for geomorphic change detection were assessed by means of horizontal and vertical 

checkpoints. We also investigated the influence of surface roughness on the accuracy of 

DEMs and resultant DoDs.  

The experiment was set up outdoors on a level table (1.2 m x 0.6 m). Two scaled coded 

markers (0.25 m) and a series of 2.5 cm x 2.5 cm and 1 cm x 1 cm checkboard pattern, non-

coded markers and eight, evenly spaced wooden blocks of known dimensions were fixed 

onto the table surface (Figure 1 C). These were used to calculate the horizontal and vertical 

error of the DEMs (as recommended by Verma and Bourke: 2018). Four simulated platform 

surface blocks were constructed using moulds and gypsum plaster. Stainless steel, square-

headed bolts for mounting the CRS, as described above, were installed on each block. A 

digital inclinometer (Examobile Bubble Level for iPhone) was used to ensure the surface of 

the bolt was level.  The surface of the experimental blocks was constructed to represent a 

range of micro (<mm - mm) to meso scale >mm - cm) roughness that is observed in the field. 

These include low (B1), medium (B2) and high (B2) relative surface roughness (Figure 1 D-

F). All blocks were sprayed with matte grey paint to allow easy identification of ‘erosion’ 

areas and provide additional visual validation of the models.  A set of three 1 cm x 1 cm 

checkboard non-coded markers were fixed to each experimental block to serve as additional 

checkpoints for horizontal error. One block (B-con) was used as a control. The remaining 

three blocks (B1, B2 and B3) were used to carry out the experiment. Each block was placed 

at the centre of the table when acquiring images.  
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Fig A.1.1. The experimental setup. a) The CRS top view with scale shown and b) underside 

with the square headed bolt (inset) c) The experimental platform with markers and wooden 

blocks used to calculate the horizontal and vertical error. d, e, f) The simulated platform and 

g) example of the camera positions for image acquisition. 
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A.1.2.3. Data collection 

In order to replicate field conditions as closely as possible, all images of the experimental 

blocks were acquired outdoors during a single day. The CRS was placed on the pre-installed 

square head bolt (Stig Fasteners , SQHM8x75), and orientation was noted. We used a Nikon 

D5500 with a variable zoom lens set up at 24 mm focal length, on a tripod to reduce effects 

of handshake. Approximately 100 images of each block were obtained. This number of 

images was required to capture the full extent of the table with the non-coded markers and 

the wooden blocks used for the error analysis. We expect that 40-50 images would be 

sufficient to generate a high-resolution DEM for a smaller area (e.g. <0.5 m2) in the field. In 

this study, ~70 images were acquired at a distance of ~1m from the experimental blocks with 

the camera mounted on a tripod to reduce the effect of handshake on image quality, and then 

a series (25-30 images) of close-range shots at <0.5 m (Figure 1). All three experimental 

blocks and the control block were imaged on the table prior to simulating erosion on the 

blocks.  

Recent work has demonstrated the potential efficacy of smaller-scale physical erosion 

processes (e.g. abrasion, scratching, perussion impact) on high energy Atlantic shore 

platforms (Cullen and Bourke, 2018). However accurate quantification of these features has 

not been possible. We, therefore, tested simulations of three known types of erosion: 1.  

Sweeping abrasion was simulated by gently abrading the surface of all three blocks with 

medium grit sandpaper to variable depths up to approximately 1 mm. 2. Scratches were 

simulated using a screwdriver  3. Impact percussion marks were simulated on one 

block using a hammer and chisel.  

The CRS was removed and replaced between each stage of data collection, as would be 

practical for carrying out repeat surveys in the field. Images of the blocks were taken 

following simulated erosion as outlined above.  

A.1.2.4. Repeatability 

The utility of this approach for microscale change detection using the CRS developed for 

this study is contingent on the exact replacement of the CRS during successive surveys in 

the field. To test the repeatability of this approach, we used a control block to acquire images 

for DEM generation using the data collection and processing procedure outlined above. At 
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the end of the experiment, the CRS was replaced and the second series of images were 

acquired for DEM generation for comparison.  DEM accuracy and error propagation were 

calculated as described below.      

 

A.1.2.5. Data processing 

A.1.2.5.1. Digital Elevation Models  

All the images were acquired in the raw format during the experiment. RAW images were 

converted to 14-bit uncompressed tiff format with AdobeRGB colour space in Adobe 

Lightroom. We used Agisoft Photoscan (version 1.4.1). Image quality (Q) was assessed 

using the Estimate Image Quality tool in AgiSoft and images with Q values < 0.5 were 

removed. The CRS was used to scale and georeference the model.  Baseline DEMs and 

orthophoto mosaics for each block were generated and exported at the highest, common 

pixel resolution (0.3mm/pixel) and common pixel coordinates.  

 

A.1.2.5.2. DEMs of Difference 

DEMs were exported in ArcMap, and a polygon shapefile was drawn over the area of interest 

for each block. The area of interest, i.e. the erosion area of the simulated platform surface, 

was extracted for analysis using the Extract by Mask’ tool in Spatial Analyst tools. DoDs 

were generated using the Raster was Math tool (minus) in ArcMap (version 10.5) using Eq. 

(1), 

𝐵1 𝐷𝑜𝐷 = 𝐵1 𝐷𝐸𝑀  – 𝐵1 𝐷𝐸𝑀  (1) 

where the subscript refers to the experimental stage.  

A.1.2.5.3. Rugosity 

To permit evaluation of the impact of different degrees of surface roughness on the accuracy 

and reliability of our generated DEMs, a rugosity index for each block was calculated in 

ArcMap using the standard Surface Area ratio method (Risk, 1972; Dahl, 1973) where, 

𝑅𝑢𝑔𝑜𝑠𝑖𝑡𝑦 =  
𝐶𝑜𝑛𝑡𝑜𝑢𝑟𝑒𝑑 𝑎𝑟𝑒𝑎

𝑃𝑙𝑎𝑛𝑎𝑟 𝑎𝑟𝑒𝑎
  (2) 
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A rugosity index (RI) of 1 indicates a planar surface while increasingly higher values indicate 

increasingly ‘rougher’ surfaces. The contoured area for each block was calculated using the 

relevant baseline DEM. A TIN surface was generated using the Raster to TIN tool in 

ArcMap. The contoured surface area for the specified region was calculated using the 

Polygon Volume tool in ArcMap. The planar surface area of the same region was derived 

using the calculate geometry tool assuming negligible change in slope over the specified 

area. The RI was calculated using Eq. (2).  

 

A.1.2.5.4. DEM accuracy and error propagation 

The coded and non-coded markers fixed to the table were used as checkpoints to determine 

the horizontal (XY) error of the DEMs produced using the CRS developed by  Verma and 

Bourke (2018). For each DEM, the model and its respective orthophoto were imported into 

ArcMap (version 10.5) and the distance between 30 randomly selected checkpoints and the 

two coded scale bars (Figure 1) were measured using the measurement tool. The horizontal 

error was calculated as the Root Mean Square Error (RMSE) of the difference between the 

measured length and known length.  

To determine the vertical accuracy of the DEMs, eight wooden blocks were used as 

checkpoints (Figure 1). The DEMs and orthophotos were imported in ArcMap where the 

height of wooden blocks were measured using the Interpolate Line tool, by drawing a line 

across one of the sides of the wooden block and extending it to the table surface. We ensured 

that the line drawn was straight. Height was estimated as the difference in mean elevation 

between wooden block top surface and the surrounding table surface on each side. The actual 

height of wooden blocks was measured by an electronic digital Vernier Caliper. The Vernier 

Caliper has an accuracy of 0.03 mm and measurement repeatability of 0.01 mm. We obtained 

five measurements along the same side of wooden block measured in ArcMap. We used the 

mean of these five measurements to calculate the height of the wooden block. The actual 

height was subtracted from the estimated DEM height to calculate the vertical error.  

The calculation of a DoD can result in propagation of error associated with the DEMs used 

in the computation process. As such, an error analysis is required to increase confidence in 

the DoD results. This is particularly important when the scale of geomorphic change being 

detected is of similar magnitude to uncertainties of the DEMs used in the DoD calculation.  
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We determined the minimum level of detection as the most suitable method of error analysis 

for this study as the development of shore platforms is primarily an erosional process and as 

such, the spatial coherence of erosion and deposition (Wheaton et al., 2010) is unsuitable as 

a method for error analysis in this study. Additionally, while probabilistic approaches 

produce reliable estimates of morphological change (e.g. Brasington et al., 2000; Brasington 

et al., 2003; Lane et al., 2003), small changes in elevation, such as those measured in this 

experiment, may be disguised as noise (Williams, 2012). The minimum Level of Detection 

(LoD) uses the quadratic composition of errors in the original DEMs to estimate the 

propagated error of the calculated DoD (Brasington et al., 2003; Lane et al., 2003; Wheaton 

et al., 2010; Gómez-Gutiérrez et al., 2014; Williams, 2012):  

EDoD₁₋₂ = √ (EDEM₁
2 + EDEM₂ 

2)       (3)  

Where EDoD₁₋₂ refers to the LoD calculated as the square root of the combined squared errors 

of the DEMs used to generate the DoD. If values of  EDEM₁ and EDEM₂ are known, this method 

can be applied at a global or local scale where the spatial variability of the error terms are 

known (Lane et al., 2003). We applied Eq. (3) to determine the minimum threshold of 

detection for each DEM (Williams, 2012) for each stage of the experiment. Changes detected 

that fall within the limits of detection (+ LODmin or – LODmin) calculated using Eq. (1) are 

considered noise and interpreted as no change.  

A.1.3. Results 

A.1.3.1. Accuracy and error propagation 

DEM generation resulted in a maximum and minimum horizontal (XY) RMSE of 0.23 mm 

and 0.03 mm respectively. Maximum vertical (Z) RMSE was 0.52 mm with a minimum of 

0.23 mm. The minimum limit of detection was calculated at 0 ± 0.27 mm while the maximum 

LoD was 0 ± 0.71 mm.  

 

 

Table 1. The horizontal (XY) and vertical (Z) RMSE error for the control block (B-con) and 

the experimental blocks B1, B2 and B3. LoD for each DoD is also shown.  

DEM XY RMSE Z RMSE LoD 

  (mm) (mm) (0 ± mm) 
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B-con   

 

  

1 0.03 0.45 N/A 

2 0.12 0.23 0.27 

B1   

 

  

Stage 0 0.23 0.37 N/A 

Stage 1 0.12 0.39 0.54 

Stage 2 0.22 0.44 0.56 

Stage 3 0.12 0.52 0.71 

B2   

 

  

Stage 0 0.1 0.40 N/A 

Stage 1 0.2 0.46 0.53 

Stage 2 0.1 0.35 0.49 

Stage 3 0.2 0.45 0.56 

B3   

 

  

Stage 0 0.2 0.39 N/A 

Stage 1 0.1 0.37 0.54 

Stage 2 0.1 0.39 0.54 

Stage 3 0.1 0.45 0.60 

 

 

6.4.6. A1.3.2. Repeatability 

The change in vertical elevation for the control block calculated from the DoD is shown in 

Figure 2 below. The maximum change in elevation ( - 0.29 mm) is within the LoD and is 

interpreted as no change.  
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Figure 1. (a) The control block (B-Con) orthophoto and (b) DoD showing a change in 

surface elevation between successive DEMs. Note that detected change is within the 

calculated LoD (± 0.27 mm). 

6.4.7. A.1.3.3. Rugosity 

The RI calculated for each block is shown in Table 2. The control block (B-con) had the 

lowest rugosity (planar surface) while B1 had a very low RI followed by B2 and B3 in order 

of increasing rugosity.  

Table 2. Contoured surface area (SA), planar surface area and Rugosity Index (RI) for each 

of the experimental blocks.  

        

Block ID Contoured SA  Planar SA R Index 

  (cm2) (cm2)   

B-con  8.9 8.9 1.00 

B1 9.0 8.9 1.01 

B2 11.7 10.9 1.07 

B3 9.9 8.2 1.21 
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6.4.7.1.A.1.3.3.1. Very low rugosity platform: B1 

The results for experimental block B1 are shown in Figure 3 (a-i). The surface area of B1 

used in the analysis is shown in (a) where light grey indicates the area of abrasion.  For B1 

Abrasion, a maximum negative surface change of 1.06 mm was detected, while an increase 

of 0.30 mm was observed (b) before the LoD was applied. The area of negative surface 

change between 0.1 mm and 1.06 mm corresponds to the actual area abraded. After 

thresholding at the LoD, the area of change detected is significantly lower (less than half) 

the area where the actual change occurred. No increase in surface elevation was detected. 

For B1 Scratches, the scratched surface is shown in d (black arrows). Before thresholding, 

the maximum negative change on the surface of B2 was 0.35 mm while an increase in surface 

elevation of 0.26 mm was detected. Negative changes corresponded well to the observed 

locations of scratches.  After thresholding at the LoD, no changes were detected on the block 

surface (f). For B1 impact percussions, the locations where block fragments were removed 

are shown in G (black arrows). Maximum negative change detected, i.e. predicted the depth 

of percussions, was 1.49 mm, while a positive change in surface elevation of 0.30 mm was 

detected before thresholding (H). After thresholding, no positive change in surface elevation 

was detected and predicted negative change corresponded well to the actual location of 

percussions (i). 

To summarise, for a simulated platform with a very low RI, sweeping abrasion and chips 

were reliably detected in the thresholded DoD. Scratch depths were less than the LoD and 

as such were not detected in the thresholded model.  
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Figure 2. (a) B1 Stage 1 Orthophoto showing abraded surface of simulated platform surface 

(light grey). (b DoD for B1 Stage 1 before thresholding at LoD and the thresholded DoD (c. 

(d) B1 Stage 2 orthophoto showing location of scratches, (e) B1 Stage 2 DoD before 

thresholding and (f) DoD shown in E thresholded at LoD. (g) B1 Stage 3 orthophoto showing 

locations of percussions. (h) B1 Stage 2 DoD before thresholding at the LoD and the 

thresholded DoD (I).   
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The topographic profiles of erosion features on B1 for stages 1, 3 and 3 are shown in Figure 

4. The profiles show the geometry (i.e. max depth and width) of erosion features on B1 

which are similar in scale for all experimental blocks. 

 

Figure 3. Location and topographic profiles of ‘erosion’ features on the simulated platform 

surface of B1 for (a) stage 1 (profile shown in d), (b) stage 2 (e and f, top and bottom 

respectively shown in b) and (c) stage 3 (g, h and i, top, middle and bottom profiles 

respectively shown in b).  Grey shaded areas in d-i show the LoD.  
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A.1.3.3.2. Moderate rugosity platform (B2) 

The results for experimental block B2 are shown in Figure 5 (a-i). The abraded surface area 

is indicated by lighter tone areas in Figure 5a.   While this abrasion is visible in the DOD 

(Figure 5b), a significant component of the detected change occurred where no change was 

expected. This corresponds to ‘shadow zones’ associated with topographic highs. This result 

was not affected by thresholding at the LoD (Fig. 5c).  

Scratches are evident in Figure 5d.  Furthermore, the location of negative change 

corresponds well to the location of scratches (Fig. 5e). However, similar to B1,  a small area 

of change is detected around the deepest scratch where none is expected (Fig. 5f). The impact 

percussion features are shown in (Fig. 5g). The maximum negative change in the surface 

elevation detected ( i.e. the depth of percussions), was 3.35 mm, while the maximum positive 

change was  0.57 mm (h). Following thresholding, no positive change in elevation was 

detected (Fig. 5i) and negative change corresponded well to the actual location of 

percussions. 
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Figure 5. (a) B2 Stage 1 Orthophoto showing abraded area (light grey) of simulated platform 

surface, (b) B2 Stage 1 DoD before thresholding at LoD and the thresholded DoD (c). (d) 

B2 Stage 2 orthophoto showing scratched surface of B2 (black arrows). (e) B2 Stage 2 DoD 

before thresholding and (f) DoD shown in E thresholded at LoD. Note change detected in 

shadow zones in F (white arrow) where none is expected.  (g) B2 Stage 3 orthophoto 

percussed surface. (h) DoD before thresholding at LoD and (i) DoD thresholded using 

calculated LoD.  

To summarise, for a simulated platform with a moderate RI, only scratches and impacts were 

detected in the thresholded DoD. 
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A.1.3.3.3. Relatively high rugosity platform (B3) 

The results for B3 are shown in Figure 6 (a-i). The light-toned areas in (a) indicate the 

abraded surface of the experimental block. In general, the maximum negative change 

detected (red and orange areas in b) correspond well to the abraded area. However, there are 

significant increases and decreases  (>3 mm) in surface elevation where no change was 

expected. As above, the largest of these errors generally occurred in ‘shadow zones’. 

Thresholding did not significantly improve the resultant DoD (i). For scratches (Fig. 6d)there 

was a reduction in surface elevation of 3.45 mm detected where no change was expected. As 

with the previous stage, these changes were observed to occur in shadow zones.  

Thresholding at the LoD did not improve the resultant DoD, and both increases and 

decreases were recorded where no change was expected (white arrows in i). The location 

percussions are shown in Figure 6g. Maximum negative change detected corresponded 

mainly to the location of percussion however negative change was recorded where none was 

expected (h). As before, an abnormal change occurred in shadow zones. Thresholding 

improved the resultant DoD (i), and the majority of negative change observed corresponded 

well to the location of percussions, except in some small areas (white arrows in i), associated 

with shadow zones. Maximum percussion depth was recorded at 5.43 mm.   

To summarise, for a simulated platform with a relatively high RI, only impacts were reliably 

detected in the thresholded DoD. However, there were errors (larger than in B2) in the data, 

which are concentrated in topographic ‘shadows’.   
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Figure 6. (a) B3 Stage 1 Orthophoto showing abraded surface area (light grey) of simulated 

platform surface. (b) DoD for B3 Stage 3 before thresholding and (c) DoD at LoD shown at 

50% transparency overlain onto the orthophoto shown in A. Note significant geomorphic 

change detected in shadow zones (white arrows) where no change is expected. (d) B3 Stage 

2 orthophoto showing scratched the surface of the simulated platform (black arrows), (e) 

DoD before thresholding and (f) DoD thresholded at LoD. As in C, note change higher than 

the LoD detected in shadow zones (white arrows) in f where no change is expected. (g) B3 

Stage 3 orthophoto showing the location of percussions (black arrows), (h) B3 Stage 3 DoD 

before thresholding at LoD and (i) B3 Stage 3 DoD thresholded using calculated LoD. Note 

shadow zones (white arrows) where DoD indicates change, but none is expected.   
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A.1.3.4. Comparison of the T/MEM and SfM-MVS for measuring erosion on shore 

platforms 

The T/MEM has, over decades, cemented its position as a low-cost method for measuring 

microscale erosion on shore platforms, while SfM-MVS is fast emerging as a valuable tool 

in the geomorphologists toolkit for the detection and measurement of geomorphic change at 

a range of scales. Both approaches have advantages and limitations, and the choice for use 

one method over another will depend on a number of factors such as cost, the ease of data 

collection, quality and value of the data required to answer a specific research question.  

We have compared our experience of using the T/MEM to that of the SfM-MVS (based on 

the CRS and workflow used in this study) as a means for detecting geomorphic change on 

shore platforms under the following headings. We evaluated both techniques for; ease of 

data acquisition (including both installation and data collection), data processing, hardware 

costs, software costs, model resolution,  accuracy and overall ease of use. Our reported 

installation, data collection and data processing times refer to a single measurement station. 

Hardware costs for the TMEM are based on initial outlay for SDS drill, drill bits, the TMEM 

platform and engineers gauge. Hardware for the SfM-MVS workflow described in this study 

refers to initial outlay for the manufacture of CRS and cost of the camera. Basic hardware 

costs (e.g. computer for processing) are not included. Overall ease of use for each method is 

based on our experience of data acquisition in the field (installation and collection) and data 

processing. An overall comparison is provided based on the above factors in addition to the 

value of the data obtained.   

A comparison of the TMEM and the SfM-MVS approach as a means for detecting 

geomorphic change on shore platforms is shown in Figure 7. Both methods have clear 

advantages and disadvantages, and the comparison is intended to be a guide to assist 

researchers in choosing the most appropriate method for specific project deliverables.      

 

A.1.3.4.1. Installation 

To install a single T/MEM measurement station, three holes are drilled at the apex of an 

equilateral triangle and pins set into each hole with a marine grade epoxy resin. The time 

needed to install a single TMEM station varies between 20 and 80 minutes depending on 
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operator experience and rock hardness. For the workflow used in this study, the time needed 

to install a single bolt to mount the CRS will take approximately one-third of the time.   

 

Figure 7. Comparison of TMEM and the SfM – MVS workflow presented in this study 

under different categories. Values showed (cost, time etc) increase from left to right apart 

from ‘Resolution’ where decreasing values from left to right indicate increasing resolution.  

 

A.1.3.4.2. Data collection 

In our experience, the time needed to collect data from a single station (based on 100 

measurements) using a TMEM varies between 15-30 mins (grey bar in figure 7). This will 

depend on whether the digital gauge being used has a USB memory, which automatically 

stores measurements as they are taken (e.g. Stephenson, 1997), or whether measurements 
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are recorded manually which increases the time required. In comparison, acquiring the 40-

50 images as are necessary for SfM-MVS took approximately 15 minutes.  

 

A.1.3.4.2. Data processing 

The time required to process TMEM data will depend on the number of measurements 

collected and the method used to record data in the field, i.e. whether they are stored 

automatically (e.g. Stephenson, 1997) or manually. Automatic recording reduces the time 

needed to process data however manual processing can take up to 30 minutes per station 

(based on 100 measurements). Data processing takes significantly longer for SfM-MVS (2-

3 hours per DEM) depending on a number of images and the processor used.  

 

A.1.3.4.3. Hardware costs 

The cost of a TMEM platform varies considerably depending on whether it is made in-house 

or commercially. In-house construction is considerably less (~€900 for materials and 

labour), while a commercial TMEM costs approximately €2000 (based on 2017 prices). The 

cost of the digital gauge also varies depending on the manufacturer, model, resolution, 

accuracy and Ingress Protection (IP) needed and range from €200-€500.  Most rock types 

will also require an SDS drill with masonry bits which cost in the region of €600. The cost 

of the 316 stainless steel pins also varies depending on whether they are constructed ‘in-

house’ or purchased commercially.  

 

A.1.3.4.4. Software costs 

Software cost for TMEM data processing is negligible while there are free open source 

software available for processing of images for SfM–MVS (e.g. Visual SfM). However, 

commercial packages such as Agisoft Photoscan can cost between €600 and €3500 

depending on the licence type (e.g. Pro, Standard, Educational, Stand alone or Floating).  

 

A.1.3.4.5. Resolution and Error 

Depending on the digital gauge used, TMEM measurements can have a resolution of up to 

0.001 mm with a reported measurement error of ± 0.005 mm (Sappington et al., 2007; 
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Gómez‐Pujol et al., 2007). This resolution permits detection of change at a scale not 

currently achievable using the SfM MVS approach described here. Resolution for SfM-MVS 

(achieved in this study) was 0.3 mm per pixel. For some DEMs it was less than this (0.15 

mm per pixel) however differencing of DEMs requires that pixel resolution be the same for 

both DEMs being compared. The CRS and SfM-MVS workflow employed for this study 

achieved maximum XY and Z RMSE errors of 0.2 mm and 0.5 mm respectively.  

A.1.4.  Discussion 

The  T/MEM has contributed significantly to our understanding of microscale erosion 

processes on shore platforms. Measurements of microscale platform erosion using a T/MEM 

are limited to repeated point measurements over time which provides a mean rate of surface 

downwearing within the measurement area for that measurement period with the dominant 

process(es) being inferred from the spatial and temporal variation in downwearing rates 

(Trenhaile, 2003). However, the method’s inability to measure erosion at different scales 

was noted by Stephenson and Finlayson (2009) as a limitation and the authors advocated the 

introduction of new methods for measuring shore platform erosion at a range of scales. We 

have developed a CRS which can be quickly deployed by researchers in the field for 

detection of micro and meso-scale erosion on shore platforms using SfM-MVS 

Photogrammetry and a geomorphic change detection approach. The CRS described in this 

study permits rigorous georeferencing of DEMs derived using the SfM-MVS workflow. 

Although we demonstate the potential of the method on a simulated shore platform, the 

approach is not limited to shore platforms and has potential as a means for measuring 

bedrock erosion at similar scales in other environemnts (see Turowski and Cook, 2017: for 

examples).  

We have demonstrated that SfM-MVS Photogrammetry can be used to reliably detect sub-

mm changes on shore platforms where the platform surface has a low RI. This approach 

successfully detected  0.3 mm downwearing of the simulated platform surface of B1 caused 

by abrasion of the surface.  While we were also able to identify shallow scratches on the 

surface of the experimental block, applying the LoD obscured this finding due to the shallow 

depth of scratches (< 0.3 mm). However, we were able to detect loss of mm-cm sized rock 

effectively. This demonstrates that our approach offers a method for cross scalar analysis of 

erosion on shore platforms, offering a much-needed means to examine relationships between 

micro and meso-scale processes of shore platform erosion and morphologies.  
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Our results indicate that as RI increases, the reliability of SfM-MVS for detection of fine 

scale (sub-mm) erosion is reduced due to increased topographic complexity. Despite areas 

of reduced elevation, i.e. erosion, aligning well with areas where the surface had been 

abraded, there were areas of change where clearly none was expected. Despite this, our 

approach successfully detected the loss of rock fragments on the simulated platform surface 

of B2 (higher RI) once the LoD was applied. Similarly, for B3, which had the highest RI, 

fine-scale erosion and scratches were not detected reliably, and while the loss of rock 

fragments was detected, the effect of complex topography in creating shadows zones 

produced abnormal change. The orthophotos were important in this regard as they provided 

visual validation of the models and highlighted the influence of shadow zones in introducing 

error into the models. The additional uncertainty introduced into the models due to the 

surface complexity was not accounted for using the LoD approach. This resulted in abnormal 

change detection associated with meso scale ( > 1mm) slopes and troughs. Indeed,  this is a 

well recognised limitation of SfM MVS approach to geomorphic change detection, and 

appropriate solutions (e.g. precision mapping) have been proposed. While the strong 

influence of surface complexity may be considered a limitation, it should be noted that the 

T/MEM is largely restricted to measurements of downwearing on small surface areas with 

low topographic complexity. As such, it does not exclude this approach as an alternative for 

measuring change on this type of surface.  

Precision mapping (James et al., 2017c) offers a potential approach to address this as there 

is an opportunity to increase confidence in the accuracy of point clouds derived for more 

complex platform morphologies. While the LoD assumes a global uniform distribution of 

error, precision mapping explicitly accounts for the spatially variable precision characteristic 

of photo-based surveys (James et al., 2017c) and has been demonstrated to improve change 

detection in areas with complex topography.  Future work will test this approach.  

Another possible contributor to the erroneous results may be variable lighting conditions and 

specular reflection. In a study by Guidi et al. (2014b) demonstrated that the use of polarising 

filter and digital pre-processing with HDR imaging could help to homogenise brightness 

over the subject subsequently improving image matching We recommend these approaches 

to overcome this problem.  

This study and our experience in the field using a TMEM suggest that the time required for 

data collection (installation and acquisition) collection is shorter using an SfM-MVS 
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approach compared to the TMEM. The requirement of just one bolt per measurement site 

for the CRS described here, compared to three bolts per measurement site for the TMEM, 

reduces the time needed for initial installation in the field.  Add to that the time required to 

collect images for the SfM-MVS workflow compared to the time needed to obtain 100 

TMEM measurements, and SfM–MVS has notable advantages. This reduced installation and 

data acquisition time are of particular worth for shore platforms with meso to macro tidal 

ranges, where time in the intertidal zone is limited to, at most, a couple of hours either side 

of low tide. For larger platforms, where a number of measurement stations are located in the 

intertidal zone, time is a limiting factor, and methods which allow rapid installation data 

collection are preferable. Regarding data processing, the time required depends on the gauge 

used to collect the TMEM data, i.e. manual or automatic and the desired output (point 

measurements or 3D surface).  Regardless, the processing time required for SfM-MVS is 

significantly higher (2-3 hours per DEM generated). Nevertheless, batch processing options 

in Photoscan mean that DEM generation process/steps can be automated and the user time 

on the computer is reduced. With respect to image acquisition for SfM-MVS, we used a 

Nikon D5500 and had included this in our overall analysis however expensive cameras are 

not a prerequisite. For example, in a recent experimental study of surface features in sand 

caused by sublimation of CO2 ice, of a similar scale to this study, Mc Keown et al. (2017a) 

used an iPhone to acquire images and utilised the same CRS developed by Verma and 

Bourke (2018) to scale and reference DEMs, achieving similar accuracy and resolution (<1 

mm).  

It is important to note that the resolution of the SfM MVS approach, while capable of 

detecting sub-mm scale change, is still 2 orders of magnitude lower than that achievable with 

a T/MEM.  The T/MEM offers considerable resolution and accuracy for measurements of 

very small surface changes, which is particularly useful for measuring very slow rates of 

downwearing and detection of very small changes due to processes which operate at much 

finer spatial scales such as platform swelling (e.g. Stephenson and Kirk, 2001; Gómez‐Pujol 

et al., 2007; Trenhaile, 2006; Hemmingsen et al., 2007; Porter and Trenhaile, 2007). For 

faster-eroding rocks, the precision obtainable using a  T/MEM is not required (Stephenson 

and Finlayson, 2009). While the highest common resolution of the DEMs produced for this 

study were 0.3 mm/pixel, this is demonstrated to be sufficient for measuring micro-scale and 

meso scale erosion on surfaces with low RI and loss of rock fragments on more 

topographically complex surfaces.   
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In terms of data output, the TMEM produces a series of surface point measurements. These 

can be compared directly to point measurements made from previous surveys or plotted as 

a digital elevation model for 3D visualisation of the surface at the bolt site (e.g. Sappington 

et al., 2007; Stephenson, 1997). The spatial and temporal variation in downwearing rates can 

be used to infer the efficacy of erosion processes. In this, we suggest that SfM–MVS has a 

clear and important geomorphic advantage. The technique produces point clouds and DEMs 

which can be used to identify and classify surface features as well as detect geomorphic 

change at different scales. This added value in the approach is significant. Orthophotograph 

mosaics offer additional means for validating meso scale changes on the rock surface and 

identifying erosion styles.  

A.1.5.  Conclusions 

1. This study demonstrates that SfM can be used to detect sub-mm changes due to erosion 

on shore platforms. However, we find that as the complexity of the rock surface topography 

increases, the reliability of SfM to detect sub-mm changes decreases. We note that the 

application of TMEM is also limited to relatively planar surfaces. Future work will test the 

precision mapping approach of James et al. (2017c) to determine the spatial distribution of 

error and increase confidence in results on more topographically complex platform surfaces.  

2. While TMEM has higher resolution and accuracy compared to SfM, if offers a limited 

number of point measurments over a small area. In comparison, SfM produces 3D 

topographic data from dense point clouds and DEMs which can be used to identify, classify 

and quantify different styles and scales of erosion.   

3. In this study, we have provided a detailed comparison between TMEM and SfM methods 

to measure change due to erosion of rock surfaces in the coastal environment. The approach 

is not limited to shore platforms and has potential as a means for measuring erosion at similar 

scales in a range of environments.  
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Appendix 2. Supplementary material for chapter 2 

A.2.1. Grain size distribution plots 

 

Fig A.2.1. Moenkopi Sandstone 
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Fig A.2.2. Coconino Sandstone 
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A.2.2. Powder X-ray diffraction analysis 

 

 

Fig A.2.3. Coconino Sandstone sample - MC51417-6 
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Fig A.2.4. Coconino Sandstone sample - MC51417-9 
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Fig A.2.5. Coconino Sandstone sample - MC51517-2 
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Fig A.2.6. Coconino Sandstone sample - MC51517-4 
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Fig A.2.7. Coconino Sandstone sample - MC51517-8 
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Fig A.2.8. Suevite sample  
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Fig A.2.9. Granite sample - WCIS-14 MK-001a 
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Fig A.2.11. Clast poor fine-grained impact melt rock sample - WCIS-14 MK-015 
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Fig A.2.12. Lithic breccia sample - WCIS-14 MK-058B 
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Fig A.2.13. Clast free impact melt rock sample - WCIS-14 MK-060 
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Fig A.2.14. Clast poor fine grained impact-melt rock sample - WCIS-14 MK-082 
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Fig A.2.15. Tonalite sample- WCIS-14 Oz-015 
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Fig A.2.16. Clast rich fine-grained impact melt rock sample - WCIS-14 RW-019 

 

 

 

 

Fig A.2.17. Moenkopi Sandstone sample - MC8215 
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MC51317-1 PPL. Scale bar is 500 µm MC51317-2 XPL. Scale bar is 500 µm

MC51317-03 XPL. Scale bar is 500 µm MC51317-4 XPL. Scale bar is 500 µm



 

341 
 

 

MC51317-5 XPL. Scale bar is 500 µm MC51317-6 XPL. Scale bar is 500 µm

MC51417-1 XPL. Scale bar is 500 µm MC51417-2 XPL. Scale bar is 500 µm
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MC51417-5 XPL. Scale bar is 500 µm MC51417-6 XPL. Scale bar is 500 µm

MC51417-7 XPL. Scale bar is 500 µm MC51417-8 XPL. Scale bar is 500 µm
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MC51417-9 XPL. Scale bar is 500 µm MC51517-2 XPL. Scale bar is 500 µm

MC51517-4 XPL. Scale bar is 500 µm MC51517-8 XPL. Scale bar is 500 µm



 

344 
 

 

 

 

 

 

 

 

 

 

 

 

 

CLR-02 XPL. Scale bar is 500 µm CLR-01 XPL. Scale bar is 500 µm

CS16-01 XPL. Scale bar is 500 µm CS16-02 XPL. Scale bar is 500 µm
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Appendix 3. Supplementary material for chapter 3 

 

   

 

Fig A.3.1. Tray 1 containing Coconino Sandstone sample blocks on top of the sand-salt 

bed. Three 30 cm rulers are for scale.  



 

346 
 

 

 

Fig A.3.2. Tray 2 containing Coconino Sandstone sample blocks on top of the sand-salt 

bed. Three 30 cm rulers are for scale. 
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Fig A.3.3. Tray 3 containing Moenkopi Sandstone sample blocks on top of the sand-salt 

bed. Three 30 cm rulers are for scale. 
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Fig A.3.4. Tray 4 Moenkopi Sandstone sample blocks on top of the sand-salt bed. Three 

30 cm rulers are for scale. 
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Fig A.3.5. Tray 5 containing Moenkopi Sandstone, impact melt rock, and impact 

breccia sample blocks on top of the sand-salt bed. Three 30 cm rulers are for scale. 
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Fig A.3.6. Tray 6 containing crystalline rock, impact melt rock, and impact breccia 

sample blocks on top of the sand-salt bed. Three 30 cm rulers are for scale. 
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Fig A.3.7. Tray 7 containing Moenkopi Sandstone, crystalline rock, and impact melt 

rock sample blocks on top of the sand-salt bed. Three 30 cm rulers are for scale. 

 

Fig A.3.8. Temperature data for 11 months obtained from an iButton at Meteor Crater 

site. The iButton was programmed to collect data every two hours. Temperature data 

from March 17, 2016 was used to conduct the physical weathering experiment. 
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Fig A.3.9. Relative humidity data for 11 months obtained from an iButton at Meteor 

Crater site. The iButton was programmed to collect data every two hours. Relative 

humidity data from March 17, 2016 was used to conduct the physical weathering 

experiment. 

 

Fig A.3.10. Powder X-ray diffraction analysis on salt efflorescence sample (MC51417-

3,4) scrapped from Moenkopi Sandstone at Meteor Crater. Light green peaks 

correspond to gypsum salt present at Meteor Crater. 
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Appendix 4. Supplementary material for chapter 4 

A.4.1. Guideline for DEM generation workflow in Photoscan 

Stage 1: All images are loaded and reviewed in Photoscan. Data with image quality value 

higher than 0.5 were selected (Agisoft, 2016). The coded GCPs were detected 

automatically before starting batch processing of images. Local coordinates for each GCP 

target was entered into Photoscan. The measurement accuracy was adjusted to 0.01 mm 

for marker accuracy and scale bar accuracy in reference settings for experiments. This 

value was 0.5 mm for control target in the field. Unwanted scenes in the background or 

foreground of images (e.g. sky and plants) can lead to incorrect point matching.  

Photoscan offers a solution to mask out unwanted areas. While this can be a time-

consuming process, it can be minimised with careful image acquisition.  

Stage 2: Images alignment and optimisation: The program matches the common point in 

images and determines the camera position for each photo. A 3D sparse point cloud is 

generated using a least square solution (Thoeni et al., 2014; Agisoft, 2016). The error 

between measured GCP coordinates and estimated GCP coordinates is determined 

through the least squares solution (Thoeni et al., 2014). Photos were aligned with the 

highest alignment accuracy, generic pair pre-selection and the default per-image key and 

tie point limits. To generate the most accurate 3D model, it is crucial to overcome 

systematic dishing and doming distortions in the SfM model by correcting lens distortions 

(Carbonneau and Dietrich, 2016). SfM workflow performs a self-calibration using 

Exchangeable Image File Format (EXIF) metadata from digital images. Each image is 

treated as unique during the self-calibration process. The GCP errors were minimised 

using the camera calibration parameters to refine any distortion in the model during 

optimisation. PhotoScan adjusts estimated point coordinates and camera parameters, 

during optimisation, thus reducing the sum of reprojection error and reference coordinate 

misalignment error (Agisoft, 2016). Although a 3D sparse point cloud is not required for 

DEM generation, it is required for dense point cloud reconstruction. 

Stage 3: Dense Point cloud generation: The dense point cloud is built, using estimated 

camera positions from sparse point cloud generated during image alignment process. A 

range of quality options are available, and we selected “High”. This decision was based 
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on the time required to achieve the required quality for our work. Choosing “Ultra high” 

can result in higher point density but increases processing time. We used “Mild” depth 

filtering as we wanted to reconstruct smaller breakdown features (Agisoft, 2016). The 

dense point cloud was used to generate the DEM. 

Stage 4: Mesh and texture: Photoscan reconstructed a 3D polynomial mesh based on 

dense point cloud representing the rock surface. After mesh, the texture was generated. 

Mesh is not required for exporting DEM, but a textured mesh model is needed to generate 

a high-resolution orthophoto. 
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Table A.4.1. Horizontal checkpoint errors in DEMs produced in error evaluation 
experiment. 

 

 

 

 

 

 

 

 

 

 

 
 

24 mm 
extended 

area 
(mm) 

24 mm 
profile 

corrected 
(mm) 

24 mm 
without 
profile 

corrected 
(mm) 

35 mm 
AdobeRGB 

(mm) 

35 mm 
corner 
marker 
(mm) 

35 mm 
jpg (mm) 

35 mm 
masked 
(mm) 

35 mm 
profile 

corrected 
(mm) 

35 mm 
ProPhotoRGB 

(mm) 

35 mm 
sRGB 
(mm) 

Scale bar 
no. 

Coded 
scale bar 

          

S1 target 
4_target 5 

-0.78 -0.77 -0.73 -0.82 -0.64 0.48 -0.84 -0.82 -0.83 -0.82 

S2 target 
6_target 7 

0.77 0.8 0.83 0.91 1.09 1.8 0.9 0.91 0.9 0.94 

S3 target 
8_target 9 

-0.98 -0.95 -0.9 -0.91 -0.74 0.18 -0.93 -0.91 -0.93 -0.91 

S4 target 
10_target 
11 

0.35 0.42 0.44 0.45 0.61 1.72 0.43 0.45 0.43 0.47 

S5 target 
12_target 
13 

0.46 0.49 0.51 0.5 0.63 1.44 0.48 0.49 0.49 0.51 

S6 target 
14_target 
15 

-0.62 -0.65 -0.62 -0.69 -0.55 0.25 -0.7 -0.68 -0.69 -0.69 

S7 target 
16_target 
17 

0.66 0.66 0.7 0.73 0.86 1.46 0.72 0.73 0.72 0.75 

S8 target 
18_target 
19 

-0.75 -0.75 -0.71 -0.72 -0.59 -0.05 -0.73 -0.72 -0.73 -0.71 

S9 target 
20_target 
21 

0.36 0.34 0.38 0.42 0.52 1.06 0.42 0.42 0.42 0.43 

S10 target 
22_target 
23 

-0.5 -0.53 -0.5 -0.53 -0.44 0.09 -0.54 -0.53 -0.54 -0.53 

S11 target 
24_target 
25 

0.44 0.43 0.46 0.5 0.59 0.92 0.49 0.51 0.49 0.51 

S12 target 
26_target 
27 

-0.47 -0.49 -0.46 -0.48 -0.4 -0.23 -0.49 -0.48 -0.49 -0.48 

S13 target 
28_target 
29 

0.25 0.25 0.24 0.28 0.32 0.58 0.27 0.26 0.27 0.29 

S14 target 
30_target 
31 

-0.19 -0.2 -0.19 -0.23 -0.19 0.08 -0.24 -0.22 -0.24 -0.23 

S15 target 
32_target 
33 

0.24 0.25 0.25 0.28 0.32 0.5 0.27 0.28 -0.24 0.28 

S16 target 
34_target 
35 

-0.2 -0.21 -0.19 -0.24 -0.2 0.09 -0.25 -0.24 -0.24 -0.24 

S17 target 
43_target 
44 

-0.33 
         

S18 target 
45_target 
46 

-0.33 
         

S19 target 
47_target 
48 

-0.27 
         

S20 Target 
49_target 
50 

-0.27          
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Table A.4.2. Vertical checkpoint errors in DEMs produced in error evaluation 
experiment. 

 
24 mm 

extended 
area 
(mm) 

24 mm 
profile 

corrected 
(mm) 

24 mm 
profile 
without 

corrected 
(mm) 

35 mm 
AdobeRGB 

(mm) 

35 mm 
corner 
marker 
(mm) 

35 mm 
jpg 

(mm) 

35 mm 
masked 
(mm) 

35 mm 
profile 

corrected 
(mm) 

35 mm 
ProPhotoRGB 

(mm) 

35 mm 
sRGB 
(mm) 

Wooden Block 
          

A 0.04 0.14 0.23 -0.19 -0.1 0.16 -0.05 -0.39 -0.3 -0.34 

B 0.1 0.37 0.31 -0.09 0.26 -0.16 0.19 -0.19 -0.33 -0.55 

C 0.28 0.28 0.33 -0.02 -0.2 -0.006 0.01 -0.05 -0.2 -0.31 

D 0.09 0.26 0.36 -0.14 0.13 -0.33 0.06 -0.12 -0.16 -0.18 

E -0.24 -0.37 0.01 -0.42 -0.2 -0.56 -0.13 -0.79 -0.68 -0.67 

F -0.34 -0.1 -0.09 -0.48 -0.19 -0.12 -0.2 -0.35 -0.45 -0.67 

G -0.07 -0.009 0.01 -0.32 -0.1 -0.11 -0.13 -0.19 -0.31 -0.27 

H -0.14 -0.01 0.006 -0.41 -0.17 -0.29 -0.22 -0.56 -0.54 -0.61 

I -0.39 -0.43 -0.23 -0.37 -0.46 -0.44 -0.46 -0.79 -0.84 -0.48 

J -0.64 0.03 -0.22 -0.17 0.15 -0.2 0.05 -0.35 -0.39 -0.33 

K 0.23 0.54 0.55 0.03 0.33 0.16 0.4 -0.09 0.04 0.004 

L 0.39 0.68 0.47 0.25 0.47 0.28 0.45 0.16 0.2 0.39 

M 0.29 0.36 0.35 0.35 0.49 0.49 0.52 0.14 0.25 0.29 

N -0.27 -0.03 -0.12 -0.17 -0.09 -0.48 -0.06 -0.14 -0.24 -0.06 

O -0.02 0.09 0.16 -0.07 0.14 -0.06 0.16 -0.11 -0.02 -0.09 

P 0.9 0.8 0.9 0.59 0.35 0.68 0.43 0.54 0.63 0.58 

 

 

A.4.2. Role of image variables in DEM error 

A4.2.1. Type of lens (prime vs zoom) 

The DEMs generated from images acquired with prime lens and zoom lens were 

compared to explore the effect of the type of lens on DEM accuracy. For this purpose, 24 

mm without profile corrected and 35 mm masked DEMs were used (Table 4). Horizontal 

errors were similar in DEMs generated from images taken with both lenses (Figure S1a). 

Horizontal RMSE for zoom lens DEM was 0.55 mm, and for prime lens, DEM was 0.59 

mm. However, Vertical RMSE for the prime lens DEM (0.28 mm) was a little lower than 

zoom lens DEM (0.35 mm). We determined the intra-class correlation (ICC) for all the 

horizontal and vertical checkpoint errors (Figure S1 a and b). For horizontal checkpoint 

errors, ICC is 0.998. For vertical errors, it is 0.847. Reprojection error and projection 

accuracy were slightly lower for prime lens DEM (Table 4 and Figure S2 b and d). Dense 

point cloud density for the prime lens was about two times higher than for a zoom lens.  
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We find therefore that the use of the prime lens will yield lower errors compared to a 

zoom lens for SfM photogrammetry, as suggested by Mosbrucker et al. (2017). Although, 

this experiment suggests that there is no statisticsal significant difference in the accuracy 

of DEMs generated from prime and zoom lens. The slightly higher errors due to using 

zoom lens is acceptable considering that it offers flexibility to choose a focal length 

(choice depends on the field of view) and its low cost. 

 

Fig A.4.1. Comparison of horizontal and vertical checkpoint errors in DEM due to the 

type of lens. (a) Horizontal checkpoint error. (b) Vertical checkpoint error.  
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Fig A.4.2. (a) Distortion plot for 35 mm prime lens (b) Residual error plot for 35 mm 

prime lens. (c) Distortion plot for zoom lens set at 24 mm. (d) Residual error plot for 

zoom lens set at 24 mm. In image b) and d) residual vectors are magnified by x331. 

A.4.2.2. Prior lens profile correction 

The effect of prior lens profile correction in Adobe Lightroom on the accuracy of DEM 

was explored. We used 35 mm profile corrected, 35 mm ProPhotoRGB, 24 mm profile 

corrected and 24 mm without profile corrected DEMs for comparison (Table 4). Images 

acquired from 35 mm lens and 24 mm lens were corrected for lens distortion in 

Lightroom. The horizontal and vertical checkpoint was very similar for a zoom lens 

(Figure S3 c and d). ICC for horizontal (0.999) and vertical errors (0.947) were very high. 

For a prime lens, lens profile correction did not affect horizontal and vertical checkpoint 

error (Figure S3 a and b). ICC for horizontal (0.988) and vertical errors (0.981) were very 

high for fixed focus lens as well. All the others DEM parameters presented in Table 4 

were not affected due to lens profile correction. We find that there was no significant 

difference observed in DEM accuracy due to prior lens profile correction in images. 

Fig A.4.3. Comparison of horizontal and vertical checkpoint errors in DEM due to lens 

profile correction. (a) and (b) Horizontal and vertical checkpoint errors for a zoom lens. 

(c) and (d) Horizontal and vertical checkpoint errors for a prime lens. 
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A.4.2.3. Colour space of images 

In this experiment, the effect of colour space (Katoh, 2005;Korytkowski and Olejnik‐

Krugly, 2017) on DEM accuracy was investigated. Images acquired from 35 mm prime 

lens in sRGB, AdobeRGB, and proPhotoRGB was used to make DEMs. We compared 

35 mm ProPhotoRGB, 35 mm sRGB, 35 mm AdobeRGB DEMs (Table 4). Horizontal 

checkpoint errors were very similar for all the DEMs (Figure S4 a). However, vertical 

errors for AdobeRGB DEM were slightly lower than ProPhotoRGB and sRGB DEMs 

(Figure S4 b). ICC for horizontal and vertical errors were 0.995 and 0.960. There was 

negligible difference between ProPhotoRGB and sRGB DEMs, but AdobeRGB DEM 

had slightly higher vertical accuracy. Mosbrucker et al. (2017) suggested that AdobeRGB 

images take less time to match points. In this experiment, all the colour spaces (images) 

took equal time to match points. AdobeRGB and sRGB images have 1% higher tie points 

than ProPhotoRGB images, but the dense point cloud density and DEM resolution was 

same for all colour space images. AdobeRGB images had lower reprojection errors 

compared to ProPhotoRGB and sRGB images. We, therefore, recommend using 

AdobeRGB colour space for images. 

 

Fig A.4.4. Comparison of horizontal and vertical checkpoint errors in DEM due to 

colour space. (a) Horizontal checkpoint error. (b) Vertical checkpoint error. 

A.4.2.4. Dense point cloud quality setting in Photoscan 

In this experiment, the effect of dense point quality setting (or in other words point 

density) on DEM accuracy was assessed. We compared “high” and “medium” dense 

point cloud quality setting in Photoscan. We used 35 mm masked and 35 mm 

ProPhotoRGB DEM for comparison (Table 4). “High” quality setting produced four 

times higher point density and two times higher DEM resolution compared to “medium” 
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quality setting. Horizontal errors for both quality settings were very similar (Figure S5 

a). However, vertical errors for “high” quality setting were lower than “medium” quality 

setting (Figure S5 b). ICC for horizontal error (0.989) was very high but for vertical 

accuracy (0.782) was lower. It took 6.7 times longer to produce “high” quality DEM 

compared to “medium” quality DEM. Both the DEMs had vertical RMSE less than 0.5 

mm.  

If time is a constraint, then we recommend choosing “medium” dense point cloud quality 

setting to generate DEM as there is no significant loss of DEM accuracy. 

          

Fig A.4.4.5. Comparison of horizontal and vertical checkpoint errors in DEM due to 

dense point cloud quality setting in Photoscan. (a) Horizontal checkpoint error. (b) 

Vertical checkpoint error. 

A.4.2.5. Image file format (jpg vs tiff) 

The effect of image file format (compression) on the accuracy of DEM was compared in 

this experiment. We examined 35 mm jpg and 35 mm ProPhotoRGB DEMs (Table 4). 

Jpg format images produced higher horizontal errors in DEM compared to tiff format 

images (Figure S6 a). Vertical errors were slightly lower for jpg DEM compared to tiff 

DEM (Figure S6 b). ICC for horizontal errors (0.685) was very low and vertical errors 

(0.890) was high. Reprojection error for jpg DEM was about six times higher, and 

projection error was eight times higher compared to DEM generated using uncompressed 

tiff images (Table 4). Jpg image format significantly increases error in DEMs. We 

recommend using tiff format images. 
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Fig A.4.6. Comparison of horizontal and vertical checkpoint errors in DEM due to 

image file format (compression). (a) Horizontal check point error. (b) Vertical 

checkpoint error. 

A.4.2.6. The position of the control target with respect to subject 

In this experiment, the effect of the position of the control target with respect to subject 

of interest on DEM accuracy was explored. We compared 35 mm corner target and 35 

mm masked DEMs (Table 4). We find that the position of the control target had an almost 

negligible effect on horizontal and vertical errors (Figure S7 a and b). ICC for horizontal 

errors (0.988) and vertical errors (0.982) was very high. 

 

Fig A.4.7. Comparison of horizontal and vertical checkpoint errors in DEM due to the 

position of the control target. (a) Horizontal checkpoint error. (b) Vertical checkpoint 

error. 

 

A.4.2.7. Masking  
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The role of masking of images was compared on the DEM error in this experiment. We 

used 35 mm corner target and 35 mm masked DEMs for this comparison (Table 4). 

Masking had an almost negligible effect on Horizontal and Vertical errors in DEM 

(Figure S7 a and b). In this experiment, masking of images did not reduce the time in the 

generation of DEM. 
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Appendix 5. Supplementary Material for chapter 5 

 

A.5.1. Digital Elevation Models (DEM) data 

Table A.5.1.  Summary of DEM parameters from control site 1. 

Rock  No. of  
Images 

Average 
distance 
between 
 camera and 
rock (m) 

Orthophoto  
resolution 
(mm/pix) 

DEM 
resolution 
(mm/pix) 

Point 
density  
(pt/m2) 

Reprojection   
Error (pix) 

XY 
error  
(mm) 

Z 
error  
(mm) 

Projection 
error 
(pix) 

S1.2-M1 50 2.01 0.5 0.5 1.27E+07 0.28 0.32 0.39 0.18 

S1.2-M2 39 1.75 0.5 0.5 1.45E+07 0.28 0.36 0.40 0.12 

S1.2-M3 56 2.22 0.5 0.5 9.96E+06 0.31 0.31 0.20 0.18 

S1.2-M4 61 2.40 0.5 0.5 6.02E+06 0.32 0.42 0.69 0.15 

S1-M2 29 2.23 0.5 0.5 9.80E+06 0.44 0.31 0.39 0.13 

S1-M4 52 1.66 0.5 0.5 1.39E+07 0.45 0.82 0.29 0.22 

S1-M8 55 1.69 0.5 0.5 1.54E+07 0.44 0.36 0.26 0.19 

S1-M10 31 1.31 0.5 0.5 2.21E+07 0.51 0.25 0.27 0.33 

S1-M13 49 1.78 0.5 0.5 1.44E+07 0.44 0.33 0.95 0.16 

 

 

Table A.5.2. Summary of DEM parameters from control site 2. 
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Rock  No. of  
Images 

Average 
distance 
between 
 camera and 
rock (m) 

Orthophoto  
resolution 
(mm/pix) 

DEM 
resolution 
(mm/pix) 

Point 
density  
(pt/m2) 

Reprojection   
error (pix) 

XY 
error  
(mm) 

Z 
error  
(mm) 

Projection 
error 
(pix) 

S2-M7 59 1.66 0.5 0.5 3.82E+06 0.48 0.36 0.39 0.21 

S2-M12 102 1.52 0.5 0.5 4.18E+06 0.53 0.35 0.25 0.21 

S2-M13 166 1.70 0.5 0.5 4.33E+06 0.49 0.32 0.11 0.29 

S2-M16 108 2.77 0.5 0.5 1.63E+06 0.51 0.39 0.12 0.18 

S2-M17 73 1.55 0.5 0.5 4.38E+06 0.65 0.30 0.12 0.24 

S2-M18 63 1.60 0.5 0.5 3.90E+06 0.58 0.34 0.18 0.17 

S2-M19 41 1.42 0.5 0.5 4.39E+06 0.68 0.34 0.13 0.23 

S2-M20 52 2.04 0.5 0.5 2.75E+06 0.41 0.32 0.28 0.09 

S2-M22 70 1.98 0.5 0.5 2.64E+06 0.47 0.33 0.09 0.19 

 

 

 

 

 

 

Table A.5.3. Summary of DEM parameters from control site 3. 

Rock  No. of  
Images 

Average 
distance 
between 
camera and 
rock (m) 

Orthophoto  
resolution 
(mm/pix) 

DEM 
resolution 
(mm/pix) 

Point 
density  
(pt/m2) 

Reprojection   
error (pix) 

XY 
error  
(mm) 

Z 
error  
(mm) 

Projection 
error 
(pix) 

S3-M1 72 1.90 0.5 0.5 3.26E+06 0.51 0.35 0.33 0.24 

S3-M6 38 1.62 0.5 0.5 3.96E+06 0.52 0.33 0.14 0.20 

S3-M7 47 1.91 0.5 0.5 3.18E+06 0.45 0.35 0.24 0.10 

S3-M8 54 1.63 0.5 0.5 3.86E+06 0.48 0.35 0.17 0.26 

S3-M9 77 1.54 0.5 0.5 4.00E+06 0.58 0.37 0.55 0.31 

S3-M10 61 2.11 0.5 0.5 3.40E+06 0.44 0.36 0.54 0.11 

S3-M14 83 1.87 0.5 0.5 3.06E+06 0.43 0.24 0.10 0.22 

S3-M18 78 2.22 0.5 0.5 1.99E+06 0.43 0.31 0.29 0.20 

S3-M20 61 2.19 0.5 0.5 2.23E+06 0.41 0.35 0.68 0.18 

S3-M21 40 2.11 0.5 0.5 2.29E+06 0.42 0.35 0.15 0.21 

S3-M22 77 2.68 0.5 0.5 1.58E+06 0.47 0.41 0.14 0.09 

S3-M23 44 1.77 0.5 0.5 3.01E+06 0.41 0.36 0.16 0.23 

S3-M24 53 1.62 0.5 0.5 4.06E+06 0.47 0.40 0.44 0.38 

S3-M25 57 1.95 0.5 0.5 2.58E+06 0.44 0.35 0.28 0.21 

S3-M27 110 2.35 0.5 0.5 1.97E+06 0.34 0.30 0.63 0.13 

S3-M28 123 3.12 0.5 0.5 945822 0.29 0.32 0.21 0.12 

S3-M29 47 1.29 0.5 0.5 5.80E+06 0.49 0.33 0.81 0.23 

S3-M31 111 7.23 0.5 0.5 214974 0.31 0.35 0.14 0.15 
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S3-M32 89 2.23 0.5 0.5 2.05E+06 0.29 0.33 0.11 0.15 

S3-M33 66 1.92 0.5 0.5 2.91E+06 0.30 0.32 0.39 0.06 

S3-M35 43 3.09 0.5 0.5 1.06E+06 0.46 0.36 0.13 0.16 

 

Table A.5.4. Summary of DEM parameters from Meteor Crater. 

Rock  No. of  
Images 

Average 
distance 
between 
camera and 
rock (m) 

Orthophoto 
resolution 
(mm/pix) 

DEM 
resolution 
(mm/pix) 

Point 
density  
(pt/m2) 

Reprojection 
Error  
(pix) 

XY 
error  
(mm) 

Z 
error  
(mm) 

Projection 
error 
(pix) 

M13-01 71 1.30 0.5 0.5 6.27E+06 0.57 0.29 0.28 1.05 

M13-02 44 1.89 0.5 0.5 3.56E+06 0.33 0.17 0.56 0.88 

M13-03 150 1.63 0.5 0.5 4.10E+06 0.39 0.53 0.12 5.57 

M13-04 82 1.15 0.5 0.5 8.95E+06 0.64 0.32 0.82 1.78 

M13-05 100 1.17 0.5 0.5 7.77E+06 0.49 0.14 0.13 1.10 

M13-06 110 1.28 0.5 0.5 6.17E+06 0.48 0.18 0.45 1.35 

M13-07 86 1.30 0.5 0.5 6.26E+06 0.41 0.23 0.16 1.30 

M13-08 135 1.37 0.5 0.5 5.38E+06 0.49 0.33 0.63 1.97 

M13-09 76 1.34 0.5 0.5 6.04E+06 0.58 0.26 0.42 1.38 

M13-10 101 1.40 0.5 0.5 5.22E+06 0.68 3.29 0.15 33.31 

M14-11 73 0.70 0.5 0.5 1.36E+07 0.97 0.63 0.33 0.95 

M14-12 36 0.83 0.5 0.5 8.42E+06 0.68 0.51 0.56 0.74 

M14-13 71 1.17 0.5 0.5 5.22E+06 0.96 0.31 0.21 0.95 

M14-14 63 0.94 0.5 0.5 6.89E+06 0.81 0.40 0.17 0.89 

M14-15 64 0.91 0.5 0.5 9.14E+06 0.81 0.37 0.89 1.22 

M14-16 51 1.02 0.5 0.5 1.09E+07 0.59 0.26 0.21 0.56 

M14-18 87 3.58 0.5 0.5 8.18E+06 0.80 0.39 0.75 0.97 

M14-19 68 0.88 0.5 0.5 1.09E+07 0.92 0.30 0.52 1.19 

M14-21 37 1.60 0.5 0.5 3.85E+06 0.51 0.25 0.14 1.28 

MC-M1-01 27 1.12 0.5 0.5 8.35E+06 0.62 0.33 0.31 0.19 

 

A.5.2. Rock Hardness Schmidt Hammer rebound data 

Table A.5.5. Mean Schmid Hammer (SH) rebound data for site 1. 

Location Schmidt Hammer 
Rebound value 

Site 1 48.4 

Site 1 42.2 

Site 1 46 

Site 1 33.4 

Site 1 48.3 

Site 1 40.95 

Site 1 30.6 

Site 1 41.95 
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Site 1 31.9 

Site 1 37.7 

Site 1 36.05 

Site 1 39.5 

Site 1 45.4 

Site 1 40.25 

Site 1 33.65 

Site 1 36 

Site 1 34.05 

Site 1 35.5 

Site 1 34.25 

Site 1 30.45 

Site 1 28.25 

Site 1 37.5 

Site 1 35.25 

Site 1 36.05 

Site 1 45.25 

Site 1 43.75 

Site 1 43.55 

Site 1 42.15 

Site 1 40 

Table A.5.6. Mean SH rebound data for site 2. 

Location Schmidt Hammer 
Rebound value 

Site 2 28.55 

Site 2 33.35 

Site 2 27.3 

Site 2 40.1 

Site 2 43.15 

Site 2 46.35 

Site 2 41.65 

Site 2 37.95 

Site 2 47.05 

Site 2 41.9 

Site 2 25.45 

Site 2 46.65 

Site 2 47.1 

Site 2 50.1 

Site 2 40.65 

Site 2 37.45 

Site 2 41.15 

Site 2 33.95 

Site 2 33.95 
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Site 2 37.1 

Site 2 43.2 

Site 2 31.95 

Site 2 33.3 

Site 2 30.7 

Site 2 31.52 

Site 2 36.65 

Site 2 45.55 

Site 2 29.6 

Site 2 30.75 

Site 2 37.25 

 

 

 

 

 

 

 

 

Table A.5.6.7. Mean SH rebound data for site 3 

Location Schmidt Hammer 
Rebound value 

Site 3 33.5 

Site 3 34.75 

Site 3 35.9 

Site 3 39.85 

Site 3 28.8 

Site 3 34.8 

Site 3 34.2 

Site 3 38.55 

Site 3 34 

Site 3 40.2 

Site 3 39.85 

Site 3 44.25 

Site 3 44.5 

Site 3 35.15 

Site 3 26.6 

Site 3 43.45 

Site 3 44.7 

Site 3 42.25 
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Site 3 25.5 

Site 3 33.9 

Site 3 28 

Site 3 38.6 

Site 3 38.7 

Site 3 33.25 

Site 3 44.1 

Site 3 38.8 

Site 3 31.1 

Site 3 27.45 

Site 3 48.3 

Site 3 51.7 

Site 3 53.95 

Site 3 52.6 

Site 3 41.85 

Site 3 36.75 

Site 3 34.45 

Site 3 46.3 

Site 3 47 

Site 3 39.8 

 

 

 

Table A.5.8. Mean SH rebound data for Meteor Crater. 

Location Schmidt Hammer 
Rebound value 

Meteor Crater 45.35 

Meteor Crater 38.35 

Meteor Crater 32.25 

Meteor Crater 32.35 

Meteor Crater 35.1 

Meteor Crater 38.85 

Meteor Crater 34.35 

Meteor Crater 38.95 

Meteor Crater 39.1 

Meteor Crater 33.5 

Meteor Crater 45.6 

Meteor Crater 44.75 

Meteor Crater 47.1 

Meteor Crater 42.5 

Meteor Crater 48 

Meteor Crater 37.85 
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Meteor Crater 35.45 

Meteor Crater 12 

Meteor Crater 38.3 

Meteor Crater 44.29 

Meteor Crater 41.65 

Meteor Crater 30.3 
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A.5.3. Areal Surface Roughness 

 

Neighbourhood size Window scale (mm) 
3×3 1.5×1.5 
11×11 5.5×5.5 
21×21 10.5×10.5 
31×31 15.5×15.5 
41×41 20.5×20.5 
51×51 25.5×25.5 
101×101 50.5×50.5 

 

A.5.3.1. Standard Deviation of Height (Sq) 

 

 

Table A.5.9. Sq parameters for site 1 

Outcrop 
       

 
Sq (3×3) Sq (11×11) Sq (21×21) Sq (31×31) Sq (41×41) Sq (51×51) Sq (101×101) 

S1.2-M1 8.59E-05 2.67E-04 4.64E-04 6.49E-04 8.26E-04 9.96E-04 1.79E-03 

S1.2-M2 1.27E-04 3.64E-04 5.99E-04 8.24E-04 1.05E-03 1.26E-03 2.32E-03 

S1.2-M3 1.16E-04 3.88E-04 6.99E-04 1.00E-03 1.29E-03 1.58E-03 2.91E-03 

S1.2-M4 1.40E-04 4.87E-04 8.72E-04 1.24E-03 1.60E-03 1.95E-03 3.63E-03 

S1-M2 1.81E-04 5.81E-04 1.01E-03 1.41E-03 1.78E-03 2.14E-03 3.72E-03 

S1-M4_1 7.76E-04 2.16E-03 3.17E-03 3.83E-03 4.32E-03 4.70E-03 5.97E-03 

S1-M4_2 3.14E-04 9.71E-04 1.56E-03 2.01E-03 2.37E-03 2.67E-03 3.84E-03 

S1-M8_1 2.31E-03 5.58E-03 7.51E-03 8.72E-03 9.59E-03 1.03E-02 1.27E-02 

S1-M8_2 3.14E-04 8.87E-04 1.38E-03 1.80E-03 2.17E-03 2.51E-03 3.86E-03 

S1-M10 8.47E-04 2.33E-03 3.60E-03 4.68E-03 5.64E-03 6.55E-03 1.06E-02 

S1-M13_1 7.13E-04 2.03E-03 3.14E-03 4.01E-03 4.75E-03 5.41E-03 8.28E-03 

S1-M13_2 3.52E-04 1.09E-03 1.83E-03 2.51E-03 3.17E-03 3.82E-03 6.99E-03 

S1-M13_3 1.04E-03 3.06E-03 4.84E-03 6.40E-03 7.83E-03 9.17E-03 1.52E-02 
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Table A.5.10. Sq parameters for site 2. 

Outcrop 
       

 
Sq (3×3) Sq (11×11) Sq (21×21) Sq (31×31) Sq (41×41) Sq (51×51) Sq (101×101) 

S2-M1 5.04E-04 1.77E-03 3.03E-03 4.11E-03 5.06E-03 5.89E-03 9.09E-03 

S2-M2 2.46E-04 9.21E-04 1.71E-03 2.45E-03 3.16E-03 3.84E-03 6.86E-03 

S2-M3 3.88E-04 1.45E-03 2.67E-03 3.81E-03 4.90E-03 5.94E-03 1.06E-02 

S2-M4 2.74E-04 1.03E-03 1.91E-03 2.75E-03 3.54E-03 4.30E-03 7.74E-03 

S2-M5 3.48E-04 1.31E-03 2.40E-03 3.40E-03 4.32E-03 5.19E-03 9.08E-03 

S2-M6 2.04E-04 7.67E-04 1.41E-03 2.00E-03 2.54E-03 3.04E-03 5.03E-03 

S2-M7 1.93E-04 6.74E-04 1.21E-03 1.70E-03 2.16E-03 2.60E-03 4.51E-03 

S2-M12 3.61E-04 1.39E-03 2.43E-03 3.43E-03 4.37E-03 5.27E-03 9.31E-03 

S2-M13 4.29E-04 1.52E-03 2.72E-03 3.82E-03 4.87E-03 5.87E-03 1.04E-02 

S2-M16 3.25E-04 1.14E-03 1.94E-03 2.65E-03 3.29E-03 3.89E-03 6.46E-03 

S2-M17 1.14E-03 3.67E-03 5.81E-03 7.40E-03 8.66E-03 9.70E-03 1.34E-02 

S2-M18 4.09E-04 1.47E-03 2.61E-03 3.62E-03 4.52E-03 5.35E-03 8.65E-03 

S2-M19 4.36E-04 1.69E-03 3.15E-03 4.52E-03 5.79E-03 6.96E-03 1.17E-02 

S2-M20 2.52E-04 8.84E-04 1.56E-03 2.18E-03 2.75E-03 3.28E-03 5.56E-03 

S2-M22_1 3.16E-04 1.12E-03 1.98E-03 2.76E-03 3.47E-03 4.12E-03 2.23E-02 

S2-M22_2 3.20E-04 1.06E-03 1.79E-03 2.43E-03 3.02E-03 3.57E-03 5.90E-03 
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Table A.5.11. Sq parameter for Site 3. 

Outcrop 

       

 

Sq (3×3) Sq (11×11) Sq (21×21) Sq (31×31) Sq (41×41) Sq (51×51) Sq (101×101) 

S3-M1_1 5.16E-04 1.82E-03 3.19E-03 4.42E-03 5.53E-03 6.53E-03 1.06E-02 

S3-M1_2 5.85E-04 1.95E-03 3.21E-03 4.24E-03 5.12E-03 5.91E-03 8.97E-03 

S3-M1_3 2.22E-03 6.82E-03 1.01E-02 1.24E-02 1.40E-02 1.54E-02 2.00E-02 

S3-M6 1.44E-03 4.15E-03 6.19E-03 7.67E-03 8.83E-03 9.82E-03 1.34E-02 

S2-M7 4.66E-04 1.52E-03 2.54E-03 3.44E-03 4.26E-03 5.04E-03 8.39E-03 

S3-M8 5.96E-04 1.94E-03 3.24E-03 4.39E-03 5.43E-03 6.43E-03 1.10E-02 

S3-M9 1.65E-03 5.05E-03 7.75E-03 9.84E-03 1.16E-02 1.30E-02 1.85E-02 

S3-M10 5.76E-04 1.92E-03 3.21E-03 4.31E-03 5.30E-03 6.21E-03 9.97E-03 

S3-M14 1.95E-04 6.31E-04 1.05E-03 1.42E-03 1.76E-03 2.09E-03 3.59E-03 

S3-M18 1.47E-04 5.27E-04 9.49E-04 1.34E-03 1.71E-03 2.06E-03 3.60E-03 

S3-M20 1.62E-04 5.48E-04 9.58E-04 1.32E-03 1.66E-03 1.98E-03 3.38E-03 

S3-M21 3.84E-04 1.43E-03 2.63E-03 3.76E-03 4.82E-03 5.83E-03 1.04E-02 

S3-M22 8.08E-04 2.78E-03 4.57E-03 6.04E-03 7.31E-03 8.44E-03 1.28E-02 

S3-M23 2.94E-04 1.10E-03 2.05E-03 2.95E-03 3.80E-03 4.62E-03 8.35E-03 

S3-M24 2.46E-04 9.06E-04 1.67E-03 2.39E-03 3.09E-03 3.75E-03 6.74E-03 

S3-M25 2.45E-04 8.56E-04 1.48E-03 2.02E-03 2.50E-03 2.94E-03 4.85E-03 

S3-M27 1.72E-04 6.26E-04 1.16E-03 1.67E-03 2.18E-03 2.67E-03 5.05E-03 

S3-M28 1.16E-04 4.26E-04 7.88E-04 1.14E-03 1.48E-03 1.82E-03 3.37E-03 

S3-M29 1.04E-03 3.07E-03 4.86E-03 6.41E-03 7.84E-03 9.19E-03 1.55E-02 

S3-M31 2.84E-04 9.91E-04 1.84E-03 2.67E-03 3.48E-03 4.28E-03 8.03E-03 

S3-M32 2.38E-04 7.44E-04 1.19E-03 1.58E-03 1.95E-03 2.29E-03 3.89E-03 

S3-M33 1.09E-04 3.81E-04 6.82E-04 9.73E-04 1.26E-03 1.54E-03 2.90E-03 

S3-M35 1.48E-03 4.88E-03 7.42E-03 9.21E-03 1.06E-02 1.18E-02 1.58E-02 
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Table A.5.12. Sq parameter for Meteor Crater. 

Outcrop 
       

 
Sq (3×3) Sq (11×11) Sq (21×21) Sq (31×31) Sq (41×41) Sq (51×51) Sq (101×101) 

M13-01 2.91E-04 1.02E-03 1.77E-03 2.39E-03 2.91E-03 3.38E-03 5.50E-03 

M13-02 1.83E-04 6.45E-04 1.18E-03 1.68E-03 2.16E-03 2.63E-03 4.83E-03 

M13-03 1.65E-04 5.65E-04 1.02E-03 1.45E-03 1.87E-03 2.27E-03 4.13E-03 

M13-04 4.19E-04 1.34E-03 2.24E-03 2.98E-03 3.62E-03 4.20E-03 6.61E-03 

M13-05 2.73E-04 9.84E-04 1.82E-03 2.62E-03 3.41E-03 4.17E-03 7.78E-03 

M13-06 3.06E-04 1.14E-03 2.14E-03 3.10E-03 4.04E-03 4.96E-03 9.34E-03 

M13-07 4.19E-04 1.46E-03 2.58E-03 3.58E-03 4.52E-03 5.42E-03 9.47E-03 

M13-08 8.35E-04 2.33E-03 3.47E-03 4.40E-03 5.24E-03 6.02E-03 9.52E-03 

M13-09 2.55E-04 9.63E-04 1.80E-03 2.60E-03 3.37E-03 4.11E-03 7.46E-03 

M13-10 3.42E-04 1.07E-03 1.78E-03 2.41E-03 2.99E-03 3.53E-03 6.00E-03 

M14-11 2.22E-04 8.28E-04 1.53E-03 2.20E-03 2.83E-03 3.43E-03 6.18E-03 

M14-12 1.57E-04 5.70E-04 1.03E-03 1.46E-03 1.87E-03 2.26E-03 4.04E-03 

M14-13 2.71E-04 9.63E-04 1.77E-03 2.55E-03 3.31E-03 4.06E-03 7.60E-03 

M14-14 1.82E-04 6.63E-04 1.21E-03 1.72E-03 2.21E-03 2.68E-03 4.79E-03 

M14-15 2.75E-04 1.01E-03 1.85E-03 2.64E-03 3.40E-03 4.13E-03 7.24E-03 

M14-16 3.80E-04 1.26E-03 2.24E-03 3.15E-03 4.03E-03 4.88E-03 8.68E-03 

M14-17 2.02E-04 7.39E-04 1.34E-03 1.90E-03 2.43E-03 2.93E-03 5.25E-03 

M14-18 3.20E-04 1.18E-03 2.18E-03 3.12E-03 4.01E-03 4.87E-03 8.74E-03 

M14-19 3.93E-04 1.46E-03 2.72E-03 3.93E-03 5.10E-03 6.23E-03 1.14E-02 

M14-20 2.53E-04 8.32E-04 1.41E-03 1.92E-03 2.39E-03 2.82E-03 4.65E-03 

M14-21 2.84E-04 1.05E-03 1.96E-03 2.83E-03 3.70E-03 4.55E-03 8.61E-03 

MC-M1-01 1.88E-04 6.84E-04 1.26E-03 1.80E-03 2.33E-03 2.83E-03 5.17E-03 
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5.3.2. Standard deviation of slope (Sdq) 

Table A.5.13. Sdq parameter for Site 1. 

Outcrop 
       

 Sdq (3×3) Sdq (11×11) Sdq (21×21) Sdq (31×31) Sdq (41×41) Sdq (51×51) Sdq (101×101) 

S1.2-M1 2.80 4.41 4.89 5.12 5.28 5.39 5.68 

S1.2-M2 4.53 7.12 7.74 8.03 8.22 8.35 8.72 

S1.2-M3 3.36 5.48 6.18 6.60 6.90 7.14 7.92 

S1.2-M4 3.21 5.90 6.86 7.36 7.70 7.95 8.71 

S1-M2 2.75 4.52 5.15 5.53 5.80 6.01 6.53 

S1-M4_1 6.28 11.38 13.07 13.83 14.25 14.52 15.07 

S1-M4_2 5.71 10.19 11.78 12.55 13.01 13.32 14.08 

S1-M8_1 5.59 10.05 11.71 12.58 13.11 13.48 14.36 

S1-M8_2 3.62 6.54 7.71 8.36 8.79 9.10 9.88 

S1-M10 4.98 8.79 10.30 11.11 11.64 12.02 12.98 

S1-M13_1 5.15 8.46 9.46 9.96 10.29 10.52 11.09 

S1-M13_2 6.40 10.22 11.26 11.78 12.12 12.37 13.03 

S1-M13_3 5.58 9.64 11.00 11.72 12.22 12.60 13.89 

 

 

Table A.5.14. Sdq parameter for Site 2.  

Outcrop 
       

 Sdq (3×3) Sdq (11×11) Sdq (21×21) Sdq (31×31) Sdq (41×41) Sdq (51×51) Sdq (101×101) 

S2-M1 4.06 7.46 9.11 10.10 10.77 11.26 12.53 

S2-M2 3.10 5.65 6.92 7.67 8.19 8.60 9.83 

S2-M3 3.69 6.84 8.50 9.47 10.12 10.59 11.84 

S2-M4 3.17 6.03 7.47 8.26 8.77 9.14 10.26 

S2-M5 3.84 7.74 9.91 11.09 11.81 12.27 13.20 

S2-M6 2.80 5.60 7.16 8.07 8.68 9.13 10.32 

S2-M7 2.54 4.33 5.17 5.68 6.05 6.33 7.21 

S2-M12 3.39 6.54 8.10 8.90 9.41 9.75 10.59 

S2-M13 3.05 5.53 6.72 7.41 7.88 8.23 9.26 

S2-M16 4.26 7.43 8.57 9.22 9.67 9.99 10.87 

S2-M17 4.86 9.90 12.19 13.29 13.93 14.35 15.24 

S2-M18 3.80 7.47 9.34 10.36 11.00 11.43 12.47 

S2-M19 3.57 7.30 9.43 10.68 11.50 12.07 13.43 

S2-M20 3.55 6.29 7.50 8.22 8.72 9.09 10.18 

S2-M22_1 3.96 7.33 9.03 10.03 10.69 11.16 12.36 

S2-M22_2 4.04 6.94 8.04 8.66 9.07 9.38 10.21 
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Table A.5.15. Sdq parameter for Site 3. 

Outcrop 
       

 Sdq (3×3) Sdq (11×11) Sdq (21×21) Sdq (31×31) Sdq (41×41) Sdq (51×51) Sdq (101×101) 

S3-M1_1 4.38 8.00 9.70 10.62 11.17 11.54 12.36 

S3-M1_2 4.43 8.65 10.58 11.53 12.09 12.46 13.35 

S3-M1_3 3.76 7.02 8.57 9.44 10.01 10.44 11.71 

S3-M6 4.67 8.47 10.16 11.12 11.75 12.21 13.39 

S2-M7 4.16 6.92 7.87 8.42 8.82 9.14 10.16 

S3-M8 3.56 6.07 7.17 7.83 8.29 8.64 9.68 

S3-M9 3.98 7.75 9.63 10.67 11.32 11.76 12.85 

S3-M10 3.43 5.62 6.56 7.13 7.54 7.85 8.75 

S3-M14 2.80 4.78 5.57 6.02 6.32 6.55 7.25 

S3-M18 3.12 5.38 6.19 6.62 6.89 7.09 7.63 

S3-M20 4.27 7.10 7.98 8.42 8.69 8.87 9.36 

S3-M21 4.18 7.87 9.72 10.77 11.45 11.93 13.13 

S3-M22 4.54 8.59 10.44 11.49 12.16 12.63 13.74 

S3-M23 3.59 6.56 8.18 9.17 9.83 10.30 11.34 

S3-M24 3.13 5.56 6.74 7.42 7.87 8.20 9.08 

S3-M25 3.97 7.31 8.81 9.53 9.94 10.19 10.76 

S3-M27 3.29 5.28 5.90 6.26 6.52 6.72 7.39 

S3-M28 2.68 4.80 5.48 5.86 6.14 6.35 7.04 

S3-M29 3.60 6.25 7.21 7.72 8.06 8.33 9.28 

S3-M31 1.94 2.98 3.39 3.67 3.89 4.07 4.68 

S3-M32 3.03 5.21 5.94 6.34 6.63 6.86 7.63 

S3-M33 2.91 4.95 5.54 5.85 6.08 6.26 6.91 

S3-M35 4.13 7.33 8.34 8.87 9.21 9.45 10.09 
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Table A.5.16. Sdq parameter for Meteor Crater. 

Outcrop 
       

 Sdq (3×3) Sdq (11×11) Sdq (21×21) Sdq (31×31) Sdq (41×41) Sdq (51×51) Sdq (101×101) 

M13-01 4.89 9.99 12.19 13.10 13.56 13.82 14.32 

M13-02 4.17 6.80 7.65 8.10 8.39 8.60 9.21 

M13-03 3.77 6.39 7.41 7.98 8.36 8.65 9.46 

M13-04 5.81 11.20 13.28 14.21 14.74 15.08 15.85 

M13-05 3.51 6.18 7.37 8.04 8.50 8.85 9.88 

M13-06 2.77 4.87 5.89 6.47 6.88 7.19 8.16 

M13-07 3.35 6.41 7.86 8.64 9.14 9.49 10.40 

M13-08 3.22 5.90 7.23 7.96 8.45 8.80 9.79 

M13-09 2.87 6.06 7.73 8.63 9.20 9.61 10.65 

M13-10 5.06 9.37 11.05 11.86 12.37 12.71 13.60 

M14-11 2.29 4.62 5.62 6.15 6.49 6.73 7.38 

M14-12 2.72 5.30 6.34 6.85 7.16 7.37 7.84 

M14-13 3.75 6.14 6.95 7.37 7.67 7.89 8.60 

M14-14 2.59 4.51 5.26 5.65 5.92 6.13 6.80 

M14-15 2.78 5.18 6.24 6.87 7.32 7.67 8.75 

M14-16 4.15 7.11 8.17 8.78 9.22 9.57 10.75 

M14-17 3.46 6.88 8.42 9.22 9.71 10.05 10.92 

M14-18 3.48 6.56 7.86 8.57 9.06 9.43 10.54 

M14-19 3.11 6.22 7.66 8.49 9.08 9.55 11.05 

M14-20 4.57 8.13 9.50 10.25 10.76 11.14 12.21 

M14-21 3.28 5.65 6.63 7.20 7.61 7.92 8.90 

MC-M1-01 3.11 5.43 6.20 6.58 6.83 7.00 7.40 
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A.5.3.3. Maximum height (Sz) 

 

Table A.5.17. Sz parameter for Site 1. 

Outcrop 
       

 Sz (3×3) Sz (11×11) Sz (21×21) Sz (31×31) Sz (41×41) Sz (51×51) Sz (101×101) 

S1.2-M1 1.33E-04 1.10E-03 2.02E-03 2.87E-03 3.68E-03 4.48E-03 8.19E-03 

S1.2-M2 3.94E-04 1.52E-03 2.67E-03 3.73E-03 4.75E-03 5.73E-03 1.04E-02 

S1.2-M3 3.56E-04 1.57E-03 2.96E-03 4.28E-03 5.56E-03 6.80E-03 1.26E-02 

S1.2-M4 4.33E-04 1.97E-03 3.73E-03 5.41E-03 7.04E-03 8.64E-03 1.62E-02 

S1-M2 5.30E-04 2.45E-03 5.00E-03 7.61E-03 1.02E-02 1.29E-02 2.52E-02 

S1-M4_1 2.33E-03 9.94E-03 1.78E-02 2.39E-02 2.89E-02 3.33E-02 5.21E-02 

S1-M4_2 9.59E-04 4.28E-03 8.14E-03 1.17E-02 1.50E-02 1.80E-02 3.07E-02 

S1-M8_1 6.76E-03 2.30E-02 3.70E-02 4.76E-02 5.60E-02 6.33E-02 9.35E-02 

S1-M8_2 9.51E-04 3.92E-03 7.23E-03 1.04E-02 1.36E-02 1.66E-02 3.14E-02 

S1-M10 2.53E-03 1.07E-02 1.98E-02 2.82E-02 3.61E-02 4.37E-02 7.75E-02 

S1-M13_1 2.15E-03 1.01E-02 1.99E-02 2.90E-02 3.73E-02 4.50E-02 7.65E-02 

S1-M13_2 1.08E-03 4.60E-03 8.55E-03 1.23E-02 1.60E-02 1.97E-02 3.71E-02 

S1-M13_3 3.14E-03 1.31E-02 2.37E-02 3.35E-02 4.28E-02 5.16E-02 8.99E-02 

 

 

Table A.5.18. Sz parameter for Site 2. 

Outcrop 
       

 Sz (3×3) Sz (11×11) Sz (21×21) Sz (31×31) Sz (41×41) Sz (51×51) Sz (101×101) 

S2-M1 1.47E-03 6.80E-03 1.34E-02 2.02E-02 2.69E-02 3.33E-02 6.28E-02 

S2-M2 7.66E-04 3.80E-03 1.84E-03 1.14E-02 1.52E-02 1.90E-02 3.82E-02 

S2-M3 1.17E-03 5.70E-03 1.13E-02 1.70E-02 2.26E-02 2.83E-02 5.74E-02 

S2-M4 8.44E-04 4.13E-03 8.11E-03 1.20E-02 1.58E-02 1.95E-02 3.75E-02 

S2-M5 1.05E-03 5.13E-03 9.99E-03 1.46E-02 1.89E-02 2.31E-02 4.25E-02 

S2-M6 6.23E-04 3.05E-03 6.01E-03 8.93E-03 1.18E-02 1.47E-02 2.91E-02 

S2-M7 5.89E-04 2.90E-03 5.90E-03 9.03E-03 1.22E-02 1.55E-02 3.18E-02 

S2-M12 1.09E-03 5.29E-03 1.04E-02 1.53E-02 2.02E-02 2.50E-02 4.82E-02 

S2-M13 1.26E-03 6.03E-03 1.20E-02 1.81E-02 2.41E-02 3.00E-02 5.92E-02 

S2-M16 9.55E-04 4.28E-03 8.09E-03 1.18E-02 1.55E-02 1.92E-02 3.67E-02 

S2-M17 3.21E-03 1.40E-02 2.65E-02 3.86E-02 5.04E-02 6.19E-02 1.16E-01 

S2-M18 1.21E-03 5.94E-03 1.22E-02 1.87E-02 2.56E-02 3.26E-02 6.80E-02 

S2-M19 1.30E-03 6.39E-03 1.25E-02 1.85E-02 2.43E-02 2.99E-02 5.68E-02 

S2-M20 7.61E-04 3.60E-03 7.02E-03 1.03E-02 1.35E-02 1.65E-02 3.07E-02 

S2-M22_1 9.39E-04 4.47E-03 8.93E-03 1.35E-02 1.80E-02 2.26E-02 4.54E-02 

S2-M22_2 9.52E-04 4.34E-03 8.49E-03 1.27E-02 1.69E-02 2.12E-02 4.12E-02 
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Table A.5.19. Sz parameter for Site 3. 

Outcrop 
       

 Sz (3×3) Sz (11×11) Sz (21×21) Sz (31×31) Sz (41×41) Sz (51×51) Sz (101×101) 

S3-M1_1 1.53E-03 7.51E-03 1.58E-02 2.47E-02 3.40E-02 4.34E-02 8.94E-02 

S3-M1_2 1.72E-03 7.44E-03 1.36E-02 1.94E-02 2.49E-02 3.02E-02 5.43E-02 

S3-M1_3 6.07E-03 2.27E-02 3.62E-02 4.62E-02 5.46E-02 6.20E-02 9.42E-02 

S3-M6 4.16E-03 1.82E-02 3.55E-02 5.26E-02 6.90E-02 8.47E-02 1.52E-01 

S2-M7 1.37E-03 6.53E-03 1.33E-02 2.05E-02 2.77E-02 3.49E-02 7.13E-02 

S3-M8 1.73E-03 8.07E-03 1.60E-02 2.37E-02 3.11E-02 3.82E-02 7.13E-02 

S3-M9 4.69E-03 1.80E-02 3.06E-02 4.18E-02 5.21E-02 6.19E-02 1.08E-01 

S3-M10 1.66E-03 8.15E-03 1.74E-02 2.70E-02 3.63E-02 4.51E-02 8.54E-02 

S3-M14 5.86E-04 2.49E-03 4.46E-03 6.25E-03 7.93E-03 9.55E-03 1.70E-02 

S3-M18 4.45E-04 2.11E-03 4.10E-03 6.02E-03 7.89E-03 9.72E-03 1.86E-02 

S3-M20 4.94E-04 2.26E-03 4.34E-03 6.40E-03 8.47E-03 1.06E-02 2.15E-02 

S3-M21 1.16E-03 5.62E-03 1.11E-02 1.65E-02 2.18E-02 2.72E-02 5.37E-02 

S3-M22 2.35E-03 1.04E-02 1.94E-02 2.80E-02 3.64E-02 4.44E-02 8.17E-02 

S3-M23 9.02E-04 4.42E-03 8.71E-03 1.29E-02 1.70E-02 2.11E-02 4.11E-02 

S3-M24 7.44E-04 3.62E-03 7.14E-03 1.06E-02 1.40E-02 1.74E-02 3.37E-02 

S3-M25 7.35E-04 3.41E-03 6.60E-03 9.73E-03 1.28E-02 1.59E-02 3.18E-02 

S3-M27 5.19E-04 2.45E-03 4.75E-03 7.00E-03 9.21E-03 1.14E-02 2.19E-02 

S3-M28 3.59E-04 1.73E-03 3.36E-03 4.96E-03 6.52E-03 8.05E-03 1.54E-02 

S3-M29 3.01E-03 1.31E-02 2.48E-02 3.58E-02 4.61E-02 5.57E-02 9.83E-02 

S3-M31 8.74E-04 4.02E-03 7.76E-03 1.14E-02 1.50E-02 1.84E-02 3.49E-02 

S3-M32 7.18E-04 2.94E-03 5.05E-03 6.91E-03 8.65E-03 1.03E-02 1.79E-02 

S3-M33 3.37E-04 1.54E-03 2.90E-03 4.22E-03 5.49E-03 6.74E-03 1.27E-02 

S3-M35 4.19E-03 1.80E-02 3.40E-02 4.98E-02 6.48E-02 7.86E-02 1.30E-01 
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Table A.5.20. Sz parameter for Meteor Crater. 

Outcrop 
       

 Sz (3×3) Sz (11×11) Sz (21×21) Sz (31×31) Sz (41×41) Sz (51×51) Sz (101×101) 

M13-01 8.95E-04 4.06E-03 7.35E-03 1.01E-02 1.27E-02 1.51E-02 2.59E-02 

M13-02 5.66E-04 2.62E-03 5.01E-03 7.27E-03 9.43E-03 1.15E-02 2.10E-02 

M13-03 5.02E-04 2.26E-03 4.29E-03 6.23E-03 8.11E-03 9.94E-03 1.86E-02 

M13-04 1.26E-03 5.32E-03 9.40E-03 1.29E-02 1.60E-02 1.89E-02 3.17E-02 

M13-05 8.30E-04 3.91E-03 7.59E-03 1.12E-02 1.46E-02 1.81E-02 3.43E-02 

M13-06 9.26E-04 4.48E-03 8.78E-03 1.30E-02 1.71E-02 2.12E-02 4.07E-02 

M13-07 1.24E-03 5.68E-03 1.08E-02 1.57E-02 2.03E-02 2.48E-02 4.57E-02 

M13-08 2.40E-03 8.91E-03 1.49E-02 2.01E-02 2.50E-02 2.98E-02 5.25E-02 

M13-09 7.73E-04 3.75E-03 7.29E-03 1.07E-02 1.40E-02 1.73E-02 3.24E-02 

M13-10 1.02E-03 4.27E-03 7.68E-03 1.08E-02 1.38E-02 1.67E-02 3.04E-02 

M14-11 6.88E-04 3.34E-03 6.52E-03 9.61E-03 1.26E-02 1.56E-02 2.97E-02 

M14-12 4.87E-04 2.31E-03 4.42E-03 6.43E-03 8.36E-03 1.02E-02 1.90E-02 

M14-13 8.20E-04 3.82E-03 7.36E-03 1.08E-02 1.42E-02 1.75E-02 3.34E-02 

M14-14 5.51E-04 2.64E-03 5.16E-03 7.61E-03 1.00E-02 1.24E-02 2.38E-02 

M14-15 8.33E-04 3.96E-03 7.68E-03 1.13E-02 1.48E-02 1.83E-02 3.48E-02 

M14-16 1.15E-03 5.07E-03 9.59E-03 1.39E-02 1.81E-02 2.22E-02 4.14E-02 

M14-17 6.13E-04 2.88E-03 5.49E-03 7.94E-03 1.03E-02 1.25E-02 2.29E-02 

M14-18 9.80E-04 4.68E-03 9.06E-03 1.33E-02 1.73E-02 2.13E-02 4.00E-02 

M14-19 1.20E-03 5.73E-03 1.11E-02 1.62E-02 2.12E-02 2.61E-02 4.87E-02 

M14-20 7.71E-04 3.42E-03 6.39E-03 9.18E-03 1.19E-02 1.45E-02 2.64E-02 

M14-21 8.76E-04 4.20E-03 8.18E-03 1.20E-02 1.58E-02 1.95E-02 3.70E-02 

MC-M1-01 5.93E-04 2.84E-03 5.51E-03 8.07E-03 1.06E-02 1.30E-02 2.42E-02 
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A.5.3.4. Vector Ruggedness Measure (VRM)  

Table A.5.21. VRM parameter for Site 1. 

Outcro
p 

       

 VRM 
(3×3) 

VRM 
(11×11) 

VRM 
(21×21) 

VRM 
(31×31) 

VRM 
(41×41) 

VRM 
(51×51) 

VRM 
(101×101) 

S1.2-
M1 

0.00 0.01 0.01 0.01 0.01 0.01 0.02 

S1.2-
M2 

0.01 0.03 0.03 0.03 0.03 0.04 0.04 

S1.2-
M3 

0.01 0.02 0.02 0.02 0.02 0.02 0.03 

S1.2-
M4 

0.01 0.02 0.02 0.02 0.03 0.03 0.03 

S1-M2 0.00 0.01 0.01 0.01 0.01 0.02 0.02 

S1-
M4_1 

0.03 0.07 0.10 0.11 0.12 0.12 0.13 

S1-
M4_2 

0.02 0.06 0.09 0.10 0.10 0.11 0.11 

S1-
M8_1 

0.03 0.08 0.09 0.10 0.10 0.10 0.10 

S1-
M8_2 

0.01 0.03 0.03 0.04 0.04 0.04 0.05 

S1-
M10 

0.02 0.05 0.06 0.07 0.07 0.07 0.08 

S1-
M13_1 

0.02 0.05 0.05 0.05 0.06 0.06 0.06 

S1-
M13_2 

0.03 0.06 0.07 0.07 0.08 0.08 0.09 

S1-
M13_3 

0.04 0.09 0.10 0.11 0.11 0.12 0.13 

 

Table A.5.22. VRM parameter for Site 2.  

Outcro
p 

       

 VRM 
(3×3) 

VRM 
(11×11) 

VRM 
(21×21) 

VRM 
(31×31) 

VRM 
(41×41) 

VRM 
(51×51) 

VRM 
(101×101) 

S2-M1 0.01 0.03 0.04 0.05 0.06 0.06 0.08 

S2-M2 0.00 0.01 0.02 0.02 0.02 0.03 0.03 

S2-M3 0.01 0.02 0.03 0.04 0.04 0.05 0.06 

S2-M4 0.00 0.01 0.02 0.03 0.03 0.03 0.04 

S2-M5 0.01 0.03 0.04 0.06 0.07 0.07 0.09 

S2-M6 0.00 0.01 0.02 0.03 0.03 0.04 0.04 

S2-M7 0.00 0.01 0.01 0.01 0.01 0.02 0.02 

S2-M12 0.00 0.02 0.03 0.04 0.04 0.04 0.05 

S2-M13 0.00 0.01 0.02 0.02 0.02 0.03 0.03 

S2-M16 0.01 0.02 0.03 0.03 0.04 0.04 0.04 

S2-M17 0.01 0.05 0.07 0.09 0.10 0.10 0.11 

S2-M18 0.01 0.02 0.04 0.05 0.05 0.06 0.07 

S2-M19 0.01 0.02 0.04 0.05 0.06 0.06 0.08 

S2-M20 0.01 0.02 0.03 0.03 0.04 0.04 0.05 

S2-
M22_1 

0.01 0.02 0.03 0.04 0.05 0.05 0.06 

S2-
M22_2 

0.01 0.02 0.03 0.03 0.04 0.04 0.04 
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Table A.5.23. VRM parameter for Site 3. 

Outcro
p 

       

 VRM 
(3×3) 

VRM 
(11×11) 

VRM 
(21×21) 

VRM 
(31×31) 

VRM 
(41×41) 

VRM 
(51×51) 

VRM 
(101×101) 

S3-
M1_1 

0.01 0.03 0.04 0.05 0.05 0.06 0.06 

S3-
M1_2 

0.01 0.03 0.05 0.07 0.08 0.08 0.09 

S3-
M1_3 

0.01 0.03 0.04 0.04 0.05 0.05 0.06 

S3-M6 0.01 0.04 0.06 0.07 0.07 0.08 0.10 

S2-M7 0.01 0.02 0.03 0.03 0.03 0.03 0.04 

S3-M8 0.01 0.02 0.02 0.02 0.03 0.03 0.03 

S3-M9 0.01 0.03 0.05 0.05 0.06 0.06 0.07 

S3-
M10 

0.01 0.01 0.02 0.02 0.02 0.02 0.03 

S3-
M14 

0.01 0.02 0.02 0.02 0.03 0.03 0.03 

S3-
M18 

0.00 0.01 0.02 0.02 0.02 0.02 0.03 

S3-
M20 

0.01 0.02 0.03 0.03 0.03 0.04 0.04 

S3-
M21 

0.01 0.02 0.04 0.05 0.06 0.06 0.08 

S3-
M22 

0.01 0.04 0.05 0.06 0.07 0.07 0.08 

S3-
M23 

0.00 0.02 0.03 0.03 0.04 0.04 0.05 

S3-
M24 

0.00 0.01 0.02 0.02 0.02 0.03 0.03 

S3-
M25 

0.01 0.02 0.04 0.05 0.05 0.05 0.06 

S3-
M27 

0.01 0.01 0.02 0.02 0.02 0.02 0.02 

S3-
M28 

0.00 0.01 0.01 0.01 0.01 0.02 0.02 

S3-
M29 

0.01 0.02 0.03 0.03 0.03 0.03 0.04 

S3-
M31 

0.00 0.00 0.01 0.01 0.01 0.01 0.01 

S3-
M32 

0.01 0.03 0.03 0.03 0.04 0.04 0.04 

S3-
M33 

0.00 0.01 0.02 0.02 0.02 0.02 0.02 

S3-
M35 

0.01 0.02 0.03 0.03 0.03 0.04 0.04 
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Table A.5.24. VRM parameter for Meteor Crater. 

Outcro
p 

       

 VRM 
(3×3) 

VRM 
(11×11) 

VRM 
(21×21) 

VRM 
(31×31) 

VRM 
(41×41) 

VRM 
(51×51) 

VRM 
(101×101) 

M13-
01 

0.01 0.05 0.08 0.10 0.10 0.11 0.11 

M13-
02 

0.01 0.02 0.03 0.03 0.03 0.03 0.04 

M13-
03 

0.01 0.02 0.03 0.03 0.03 0.03 0.04 

M13-
04 

0.02 0.08 0.11 0.12 0.13 0.14 0.14 

M13-
05 

0.01 0.02 0.03 0.03 0.03 0.03 0.04 

M13-
06 

0.00 0.01 0.02 0.02 0.02 0.02 0.03 

M13-
07 

0.01 0.03 0.04 0.05 0.05 0.05 0.06 

M13-
08 

0.01 0.02 0.03 0.03 0.04 0.04 0.04 

M13-
09 

0.00 0.01 0.02 0.03 0.03 0.03 0.04 

M13-
10 

0.02 0.05 0.07 0.07 0.07 0.08 0.08 

M14-
11 

0.00 0.01 0.02 0.02 0.02 0.02 0.02 

M14-
12 

0.00 0.01 0.02 0.02 0.03 0.03 0.03 

M14-
13 

0.01 0.02 0.03 0.03 0.03 0.03 0.04 

M14-
14 

0.00 0.01 0.01 0.01 0.02 0.02 0.02 

M14-
15 

0.01 0.02 0.02 0.02 0.03 0.03 0.03 

M14-
16 

0.01 0.03 0.04 0.05 0.05 0.05 0.06 

M14-
17 

0.01 0.02 0.03 0.04 0.04 0.04 0.05 

M14-
18 

0.01 0.02 0.03 0.04 0.04 0.05 0.06 

M14-
19 

0.01 0.02 0.03 0.04 0.05 0.05 0.07 

M14-
20 

0.01 0.04 0.05 0.06 0.06 0.07 0.07 

M14-
21 

0.01 0.02 0.02 0.03 0.03 0.03 0.04 

MC-
M1-01 

0.00 0.01 0.02 0.02 0.02 0.02 0.02 
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A.5.4. Morphometric feature Classification 

A.5.4.1. Pit  

Table A.5.25. Pit data for Site 1. 

Feature Pit             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S1.2-M1 3.18% 3.82% 3.65% 3.54% 24.16% 3.17% 2.64% 

S1.2-M2 4.44% 2.56% 2.35% 2.05% 1.97% 1.91% 1.88% 

S1.2-M3 2.11% 2.06% 1.85% 1.88% 1.98% 2.04% 2.59% 

S1-M2 0.63% 0.38% 0.33% 0.27% 0.23% 0.22% 0.61% 

S1-M4_1 0.53% 0.76% 0.97% 1.24% 1.58% 1.86% 2.65% 

S1-M4_2 0.66% 1.02% 1.35% 1.67% 2.05% 2.49% 3.82% 

S1-M8_1 0.55% 0.64% 0.72% 0.75% 0.77% 0.74% 0.66% 

S1-M8_2 1.12% 1.62% 1.87% 2.00% 2.09% 2.13% 2.19% 

S1-M10 0.41% 0.43% 0.46% 0.46% 0.46% 0.46% 0.30% 

S1-M13_1 0.43% 0.53% 0.48% 0.44% 0.40% 0.34% 0.16% 

S1-M13_2 0.44% 0.71% 0.76% 0.75% 0.74% 0.70% 0.72% 

S1-M13_3 0.29% 0.50% 0.69% 0.72% 0.77% 0.75% 0.64% 

 

Table A.5.26. Pit data for Site 2. 

Feature Pit             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S2-M1 0.45% 0.56% 0.70% 0.78% 0.88% 0.94% 1.35% 

S2-M2 0.46% 0.49% 0.54% 0.53% 0.54% 0.53% 0.36% 

S2-M3 0.21% 0.24% 0.26% 0.26% 0.26% 0.24% 0.28% 

S2-M4 0.35% 0.39% 0.39% 0.42% 0.44% 0.45% 0.49% 

S2-M5 0.17% 0.19% 0.20% 0.19% 0.18% 0.18% 0.24% 

S2-M6 1.05% 1.17% 1.49% 1.70% 1.93% 1.91% 2.62% 

S2-M7 1.51% 1.38% 1.19% 1.12% 1.18% 1.11% 1.17% 

S2-M12 0.16% 0.18% 0.18% 0.15% 0.15% 0.13% 0.05% 

S2-M13 0.49% 0.57% 0.59% 0.59% 0.64% 0.62% 0.58% 

S2-M16 0.97% 1.05% 1.12% 1.18% 1.35% 1.30% 1.47% 

S2-M17 0.41% 0.52% 0.61% 0.66% 0.73% 0.81% 1.18% 

S2-M18 0.63% 0.78% 0.93% 1.00% 1.10% 1.11% 1.33% 

S2-M19 0.15% 0.21% 0.22% 0.19% 0.15% 0.12% 0.04% 

S2-M20 0.97% 1.03% 1.11% 1.16% 1.34% 1.30% 1.52% 

S2-M22 0.86% 0.92% 1.10% 1.22% 1.34% 1.32% 1.44% 
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Table A.5.27. Pit data for Site 3. 

Feature Pit             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S3-M1_1 0.21% 0.19% 0.20% 0.18% 0.16% 0.17% 0.02% 

S3-M1_2 0.40% 0.52% 0.65% 0.80% 1.04% 1.15% 1.28% 

S3-M1_3 0.56% 0.69% 0.85% 0.94% 1.01% 1.00% 1.06% 

S3-M6 0.43% 0.44% 0.49% 0.49% 0.48% 0.45% 0.49% 

S3-M7 0.47% 0.44% 0.42% 0.39% 0.41% 0.38% 0.45% 

S3-M8 0.24% 0.19% 0.19% 0.19% 0.20% 0.17% 0.18% 

S3-M9 0.42% 0.56% 0.65% 0.74% 0.86% 0.88% 1.01% 

S3-M10 0.46% 0.47% 0.47% 0.45% 0.48% 0.43% 0.36% 

S3-M14 1.30% 1.57% 1.78% 1.83% 1.99% 1.94% 2.15% 

S3-M18 1.64% 1.68% 1.92% 2.00% 2.28% 2.05% 2.08% 

S3-M20 1.44% 1.67% 2.15% 2.41% 2.65% 2.58% 2.36% 

S3-M21 0.24% 0.28% 0.31% 0.32% 0.32% 0.30% 0.16% 

S3-M22 0.27% 0.35% 0.42% 0.46% 0.50% 0.51% 0.56% 

S3-M23 0.29% 0.33% 0.38% 0.39% 0.41% 0.39% 0.34% 

S3-M24 0.60% 0.67% 0.76% 0.80% 0.88% 0.87% 1.07% 

S3-M25 1.04% 1.33% 1.62% 1.71% 1.87% 1.83% 1.49% 

S3-M28 1.11% 1.37% 1.26% 1.34% 1.62% 1.63% 2.23% 

S3-M29 0.05% 0.03% 0.02% 0.02% 0.02% 0.02% 0.02% 

S3-M33 1.26% 1.49% 1.37% 1.30% 1.50% 1.44% 1.83% 

S3-M35 0.72% 1.11% 1.22% 1.22% 1.30% 1.17% 1.23% 
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Table A.5.28. Pit data for Meteor Crater.  

Feature Pit             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

M13-01 0.35% 0.40% 0.50% 0.63% 0.79% 0.98% 1.40% 

M13-02 1.02% 0.83% 0.88% 0.87% 0.84% 0.89% 0.98% 

M13-03 1.31% 1.09% 1.26% 1.41% 1.50% 1.63% 1.96% 

M13-04 0.36% 0.38% 0.47% 0.55% 0.58% 0.62% 0.72% 

M13-05 0.43% 0.39% 0.42% 0.43% 0.42% 0.43% 0.35% 

M13-06 0.45% 0.36% 0.37% 0.36% 0.34% 0.34% 0.28% 

M13-07 0.20% 0.25% 0.28% 0.30% 0.31% 0.32% 0.29% 

M13-08 0.37% 0.36% 0.40% 0.42% 0.41% 0.42% 0.49% 

M13-09 0.46% 0.49% 0.52% 0.46% 0.40% 0.36% 0.40% 

M13-10 0.57% 0.61% 0.64% 0.66% 0.66% 0.65% 0.64% 

M14-11 0.41% 0.60% 0.66% 0.68% 0.73% 0.74% 0.74% 

M14-12 0.95% 1.36% 1.51% 1.51% 1.52% 1.56% 1.81% 

M14-13 1.05% 1.06% 1.24% 1.35% 1.43% 1.46% 1.65% 

M14-14 0.85% 0.78% 0.83% 0.85% 0.85% 0.86% 1.02% 

M14-15 1.54% 1.93% 2.25% 2.43% 2.44% 2.34% 2.00% 

M14-16 1.05% 0.99% 0.96% 0.87% 0.74% 0.63% 0.29% 

M14-17 0.89% 0.99% 1.09% 1.13% 1.12% 1.15% 1.17% 

M14-18 0.31% 0.38% 0.40% 0.42% 0.44% 0.45% 0.41% 

M14-19 0.36% 0.39% 0.37% 0.37% 0.35% 0.35% 0.36% 

M14-20 1.00% 1.13% 1.31% 1.40% 1.47% 1.53% 1.71% 

M14-21 0.39% 0.42% 0.46% 0.46% 0.48% 0.51% 0.46% 

MC-M1-01 1.03% 1.06% 1.01% 0.90% 0.82% 0.64% 0.53% 
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A.5.4.2. Channel 

Table A.5.29. Channel data for Site 1. 

Feature Channel             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S1.2-M1 29.31% 24.83% 23.96% 23.65% 24.16% 23.73% 23.67% 

S1.2-M2 34.80% 28.36% 23.02% 21.10% 20.46% 19.69% 19.03% 

S1.2-M3 31.04% 25.65% 23.38% 23.13% 23.51% 23.57% 24.56% 

S1-M2 30.81% 22.31% 19.67% 20.59% 22.27% 23.23% 25.01% 

S1-M4_1 39.16% 41.03% 41.48% 40.56% 39.08% 37.60% 30.63% 

S1-M4_2 37.75% 38.32% 38.64% 37.82% 36.49% 34.88% 28.47% 

S1-M8_1 38.70% 39.10% 39.64% 39.45% 39.28% 38.44% 35.72% 

S1-M8_2 30.83% 31.24% 31.51% 31.61% 31.73% 31.12% 29.77% 

S1-M10 39.11% 37.08% 36.97% 36.47% 36.11% 35.08% 31.42% 

S1-M13_1 39.93% 36.10% 33.36% 32.06% 31.41% 30.08% 26.30% 

S1-M13_2 41.60% 37.71% 34.25% 33.17% 33.11% 32.39% 30.25% 

S1-M13_3 34.14% 36.43% 36.07% 35.58% 35.19% 34.60% 32.28% 

 

Table A.5.30. Channel data for Site 2 

Feature Channel             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S2-M1 34.04% 33.44% 35.36% 36.02% 36.83% 36.18% 33.84% 

S2-M2 32.58% 28.03% 28.46% 28.15% 27.85% 26.26% 21.38% 

S2-M3 35.75% 34.25% 36.22% 36.60% 37.18% 36.38% 34.44% 

S2-M4 34.63% 31.53% 31.53% 31.78% 30.78% 29.01% 23.55% 

S2-M5 37.27% 41.09% 44.04% 44.02% 43.71% 42.80% 39.28% 

S2-M6 29.14% 28.40% 30.27% 30.52% 30.49% 29.36% 26.37% 

S2-M7 29.07% 23.99% 23.41% 22.86% 23.14% 22.02% 20.61% 

S2-M12 36.60% 35.35% 36.66% 36.26% 35.89% 34.60% 30.55% 

S2-M13 34.09% 26.65% 26.44% 26.47% 27.06% 25.95% 24.36% 

S2-M16 32.73% 30.55% 30.41% 30.64% 32.07% 30.95% 29.94% 

S2-M17 37.91% 39.97% 41.44% 41.29% 41.20% 40.02% 36.19% 

S2-M18 34.70% 36.11% 38.16% 38.27% 38.50% 37.27% 33.28% 

S2-M19 36.80% 38.36% 41.24% 41.73% 41.44% 40.31% 37.85% 

S2-M20 31.57% 29.80% 30.07% 30.24% 31.42% 30.31% 28.95% 

S2-M22 33.24% 32.07% 34.28% 34.94% 35.38% 34.80% 32.05% 
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Table A.5.31. Channel data for Site 3. 

Feature Channel             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S3-M1_1 38.43% 37.41% 39.02% 39.16% 39.03% 37.67% 31.32% 

S3-M1_2 37.54% 38.94% 40.09% 39.47% 38.53% 37.62% 32.41% 

S3-M1_3 34.31% 33.25% 35.60% 36.27% 36.93% 36.41% 34.87% 

S3-M6 37.42% 37.33% 39.36% 39.98% 40.31% 40.36% 38.26% 

S3-M7 35.09% 30.52% 28.83% 28.15% 28.64% 27.71% 27.95% 

S3-M8 35.80% 28.70% 28.38% 28.37% 28.77% 27.77% 25.35% 

S3-M9 36.12% 36.05% 38.13% 38.54% 39.07% 38.06% 35.11% 

S3-M10 33.74% 27.45% 27.56% 27.91% 28.96% 28.05% 26.10% 

S3-M14 28.08% 25.60% 25.70% 25.50% 26.02% 25.26% 25.03% 

S3-M18 28.97% 26.57% 26.52% 26.25% 27.40% 25.95% 24.30% 

S3-M20 33.42% 32.43% 32.30% 31.46% 31.43% 29.71% 27.12% 

S3-M21 36.66% 37.29% 39.00% 39.20% 39.50% 38.84% 37.10% 

S3-M22 33.32% 35.74% 38.11% 38.94% 39.76% 39.16% 37.27% 

S3-M23 35.83% 34.49% 37.48% 38.21% 38.58% 37.65% 33.57% 

S3-M24 32.98% 30.95% 32.27% 32.44% 32.85% 31.77% 29.54% 

S3-M25 33.08% 34.57% 35.78% 35.18% 34.66% 33.29% 28.92% 

S3-M28 25.70% 21.90% 20.44% 20.40% 21.58% 21.27% 22.78% 

S3-M29 39.81% 34.01% 33.52% 33.08% 33.07% 32.00% 30.03% 

S3-M33 27.24% 24.68% 21.73% 20.35% 21.18% 20.56% 22.85% 

S3-M35 32.23% 31.65% 30.38% 29.47% 30.13% 28.67% 27.66% 
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Table A.5.32. Channel data for Meteor Crater. 

Feature Channel             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

M13-01 39.42% 43.38% 44.91% 43.85% 41.97% 40.04% 30.56% 

M13-02 34.96% 27.70% 26.03% 25.66% 25.08% 24.53% 23.81% 

M13-03 31.99% 25.80% 25.76% 26.04% 26.12% 26.30% 25.67% 

M13-04 40.54% 41.92% 42.37% 41.56% 40.79% 40.26% 37.33% 

M13-05 35.09% 29.16% 30.46% 30.84% 30.60% 30.53% 29.40% 

M13-06 35.37% 27.31% 27.71% 27.98% 27.62% 27.54% 25.79% 

M13-07 34.60% 30.20% 32.56% 32.95% 32.86% 32.42% 29.66% 

M13-08 34.76% 29.43% 30.96% 31.23% 30.89% 30.68% 28.24% 

M13-09 31.60% 28.23% 30.08% 30.27% 29.84% 29.51% 27.50% 

M13-10 35.50% 33.34% 33.67% 33.46% 33.06% 32.52% 28.75% 

M14-11 25.47% 28.35% 29.07% 28.83% 28.62% 27.99% 25.66% 

M14-12 31.01% 31.54% 31.47% 30.72% 29.89% 29.25% 27.98% 

M14-13 35.73% 30.27% 29.72% 29.28% 28.86% 28.26% 26.03% 

M14-14 29.94% 24.91% 24.64% 24.34% 24.04% 23.58% 21.92% 

M14-15 31.28% 29.11% 28.94% 29.00% 29.25% 29.51% 29.01% 

M14-16 37.01% 31.35% 29.35% 28.63% 28.09% 27.78% 27.06% 

M14-17 31.13% 31.09% 31.84% 31.65% 31.11% 31.09% 30.09% 

M14-18 35.52% 33.88% 33.30% 32.74% 32.39% 31.91% 31.30% 

M14-19 35.15% 34.31% 33.71% 32.98% 32.36% 31.95% 31.40% 

M14-20 34.23% 32.83% 32.12% 31.43% 30.82% 30.35% 28.63% 

M14-21 33.17% 27.77% 27.48% 27.53% 27.37% 27.40% 27.32% 

MC-M1-01 32.24% 28.90% 27.76% 26.43% 25.11% 23.81% 17.33% 
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A.5.4.3. Pass 

Table A.5.33. Pass data for Site 1. 

Feature Pass             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S1.2-M1 11.08% 13.15% 12.04% 11.64% 11.32% 10.87% 9.45% 

S1.2-M2 5.38% 9.18% 8.38% 7.27% 6.74% 6.59% 6.36% 

S1.2-M3 7.38% 7.17% 6.25% 6.21% 6.54% 6.93% 8.82% 

S1-M2 2.24% 1.23% 1.02% 0.92% 0.84% 0.83% 1.25% 

S1-M4_1 1.80% 2.28% 2.88% 3.87% 5.09% 6.22% 9.39% 

S1-M4_2 2.28% 3.17% 4.14% 5.42% 7.09% 8.83% 14.28% 

S1-M8_1 1.84% 2.03% 2.16% 2.34% 2.42% 2.50% 2.62% 

S1-M8_2 3.73% 5.06% 5.93% 6.45% 6.78% 7.07% 7.98% 

S1-M10 1.39% 1.38% 1.45% 1.46% 1.49% 1.49% 1.45% 

S1-M13_1 1.45% 1.84% 1.72% 1.60% 1.48% 1.39% 1.10% 

S1-M13_2 1.44% 2.41% 2.61% 2.60% 2.39% 2.21% 2.18% 

S1-M13_3 1.05% 1.69% 2.28% 2.48% 2.52% 2.48% 1.95% 

 

Table A.5.34. Pass data for Site 2 

Feature Pass             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S2-M1 1.59% 1.61% 1.86% 2.07% 2.31% 2.62% 4.44% 

S2-M2 1.64% 1.58% 1.74% 1.76% 1.78% 1.77% 1.77% 

S2-M3 0.74% 0.69% 0.74% 0.76% 0.76% 0.78% 0.93% 

S2-M4 1.20% 1.20% 1.20% 1.53% 1.58% 1.65% 2.11% 

S2-M5 0.56% 0.50% 0.53% 0.53% 0.53% 0.55% 0.67% 

S2-M6 3.82% 4.23% 5.54% 6.43% 7.18% 7.79% 9.72% 

S2-M7 5.35% 4.57% 3.83% 3.59% 3.51% 3.41% 3.39% 

S2-M12 0.58% 0.53% 0.54% 0.54% 0.52% 0.53% 0.73% 

S2-M13 1.75% 1.84% 1.84% 1.81% 1.84% 1.88% 2.18% 

S2-M16 3.64% 3.54% 3.73% 3.92% 4.12% 4.27% 4.72% 

S2-M17 1.41% 1.43% 1.65% 1.99% 2.43% 2.86% 4.08% 

S2-M18 2.21% 2.15% 2.43% 2.72% 3.01% 3.26% 4.26% 

S2-M19 0.49% 0.45% 0.45% 0.43% 0.41% 0.32% 0.22% 

S2-M20 3.51% 3.32% 3.49% 3.68% 3.96% 4.16% 4.88% 

S2-M22 2.99% 2.90% 3.29% 3.67% 3.98% 4.21% 4.68% 
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Table A.5.35. Pass data for Site 3. 

Feature Pass             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S3-M1_1 0.69% 0.59% 0.60% 0.58% 0.55% 0.55% 0.23% 

S3-M1_2 1.31% 1.42% 1.90% 2.63% 3.53% 4.33% 5.06% 

S3-M1_3 1.89% 2.01% 2.38% 2.72% 2.99% 3.20% 3.50% 

S3-M6 1.44% 1.29% 1.37% 1.44% 1.44% 1.43% 1.93% 

S3-M7 1.67% 1.45% 1.36% 1.29% 1.29% 1.30% 1.37% 

S3-M8 0.84% 0.67% 0.67% 0.64% 0.66% 0.66% 0.80% 

S3-M9 1.66% 1.81% 2.01% 2.18% 2.39% 2.61% 3.44% 

S3-M10 1.60% 1.54% 1.61% 1.58% 1.57% 1.56% 1.41% 

S3-M14 4.55% 4.84% 5.37% 5.71% 5.98% 6.18% 6.57% 

S3-M18 6.07% 5.17% 5.73% 6.24% 6.62% 6.74% 7.00% 

S3-M20 4.98% 5.19% 6.63% 7.82% 8.74% 9.34% 9.66% 

S3-M21 0.89% 0.86% 0.95% 0.98% 0.98% 1.00% 0.86% 

S3-M22 1.25% 1.46% 1.59% 1.67% 1.73% 1.79% 1.92% 

S3-M23 0.96% 0.86% 0.99% 1.09% 1.15% 1.18% 1.42% 

S3-M24 2.09% 2.15% 2.44% 2.61% 2.72% 2.82% 3.50% 

S3-M25 3.51% 3.57% 4.55% 5.44% 6.17% 6.54% 6.93% 

S3-M28 4.51% 4.77% 4.41% 4.70% 5.14% 5.57% 7.47% 

S3-M29 0.20% 0.14% 0.13% 0.11% 0.09% 0.09% 0.08% 

S3-M33 4.57% 5.19% 4.83% 4.56% 4.57% 4.61% 5.35% 

S3-M35 3.12% 3.78% 4.22% 4.34% 4.28% 4.08% 3.44% 
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Table A.5.36. Pass data Meteor Crater.  

Feature Pass             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

M13-01 1.28% 1.24% 1.53% 2.10% 2.83% 3.59% 5.68% 

M13-02 3.25% 2.96% 2.97% 3.04% 3.16% 3.25% 3.21% 

M13-03 4.46% 3.81% 4.18% 4.57% 4.94% 5.32% 6.74% 

M13-04 1.29% 1.20% 1.45% 1.83% 2.11% 2.23% 2.53% 

M13-05 1.50% 1.29% 1.37% 1.44% 1.50% 1.58% 1.64% 

M13-06 1.56% 1.20% 1.20% 1.20% 1.21% 1.23% 1.20% 

M13-07 0.69% 0.70% 0.75% 0.79% 0.83% 0.86% 0.94% 

M13-08 1.26% 1.13% 1.28% 1.37% 1.43% 1.49% 1.80% 

M13-09 1.60% 1.57% 1.57% 1.45% 1.33% 1.31% 1.32% 

M13-10 2.02% 2.06% 2.20% 2.28% 2.28% 2.30% 2.36% 

M14-11 1.34% 1.88% 2.09% 2.14% 2.17% 2.20% 2.18% 

M14-12 3.25% 4.24% 4.95% 5.22% 5.52% 5.75% 6.12% 

M14-13 3.60% 3.67% 4.13% 4.46% 4.70% 4.91% 5.93% 

M14-14 2.96% 2.56% 2.71% 2.75% 2.76% 2.76% 2.97% 

M14-15 5.41% 6.78% 8.03% 8.69% 8.88% 8.74% 7.74% 

M14-16 3.75% 3.57% 3.35% 3.19% 2.98% 2.71% 1.85% 

M14-17 3.14% 3.35% 3.65% 3.79% 3.80% 3.80% 3.78% 

M14-18 1.11% 1.27% 1.35% 1.41% 1.45% 1.41% 1.07% 

M14-19 1.34% 1.36% 1.37% 1.43% 1.42% 1.37% 1.56% 

M14-20 3.38% 3.68% 4.22% 4.59% 4.80% 5.04% 5.82% 

M14-21 1.35% 1.32% 1.38% 1.46% 1.55% 1.64% 1.89% 

MC-M1-01 3.62% 3.55% 3.56% 3.36% 3.06% 2.71% 2.67% 
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A 5.4.4. Ridge 

Table A.5.37. Ridge data for Site 1. 

Feature Ridge             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S1.2-M1 29.39% 23.60% 23.23% 23.37% 23.01% 23.59% 23.75% 

S1.2-M2 34.90% 27.89% 22.89% 21.18% 20.21% 20.09% 20.83% 

S1.2-M3 31.23% 25.15% 22.63% 22.59% 22.90% 23.61% 26.16% 

S1-M2 30.59% 21.36% 18.00% 18.44% 18.94% 19.80% 21.23% 

S1-M4_1 39.35% 38.97% 38.99% 38.83% 37.91% 36.75% 32.20% 

S1-M4_2 38.29% 38.02% 37.66% 36.99% 35.63% 34.01% 28.61% 

S1-M8_1 38.03% 35.03% 34.88% 35.31% 35.38% 35.65% 36.02% 

S1-M8_2 31.46% 31.35% 31.50% 31.63% 31.41% 31.36% 30.63% 

S1-M10 39.32% 37.35% 38.25% 39.41% 40.07% 41.18% 43.54% 

S1-M13_1 40.18% 35.49% 33.11% 32.49% 31.47% 31.70% 32.02% 

S1-M13_2 42.05% 38.11% 35.58% 35.14% 34.72% 34.95% 35.97% 

S1-M13_3 34.24% 36.52% 36.23% 35.96% 35.47% 35.22% 35.10% 

 

 

Table A.5.38. Ridge data for Site 2 

Feature Ridge             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S2-M1 35.43% 33.06% 35.14% 36.58% 36.70% 37.59% 37.53% 

S2-M2 33.85% 29.35% 31.41% 32.58% 33.02% 34.48% 38.70% 

S2-M3 37.01% 33.36% 36.13% 37.95% 38.44% 39.70% 42.15% 

S2-M4 35.44% 31.85% 31.85% 35.23% 35.30% 36.13% 41.19% 

S2-M5 37.56% 35.60% 39.04% 41.21% 42.27% 43.40% 44.31% 

S2-M6 29.94% 27.93% 30.31% 31.27% 31.00% 31.53% 31.80% 

S2-M7 29.37% 23.31% 23.39% 23.63% 22.83% 23.31% 24.04% 

S2-M12 36.95% 33.66% 36.49% 38.05% 38.70% 39.88% 43.09% 

S2-M13 34.85% 25.64% 26.66% 27.93% 28.05% 29.40% 32.02% 

S2-M16 33.75% 29.20% 29.32% 30.12% 29.36% 30.59% 29.83% 

S2-M17 38.88% 37.16% 39.04% 39.79% 39.27% 39.29% 37.31% 

S2-M18 35.28% 32.43% 34.65% 36.13% 36.26% 37.01% 36.44% 

S2-M19 37.29% 33.79% 37.02% 39.20% 40.71% 42.54% 45.57% 

S2-M20 32.13% 26.95% 27.73% 28.78% 28.42% 29.72% 30.12% 

S2-M22 34.29% 31.47% 33.65% 35.06% 35.37% 36.14% 36.27% 
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Table A.5.39. Ridge data for Site 3. 

Feature Ridge             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S3-M1_1 39.44% 36.97% 39.09% 40.75% 41.23% 41.62% 43.62% 

S3-M1_2 38.21% 38.49% 40.68% 41.31% 40.54% 39.73% 37.16% 

S3-M1_3 34.88% 30.09% 31.38% 32.20% 32.18% 32.71% 33.22% 

S3-M6 37.41% 35.36% 36.76% 37.89% 38.55% 38.87% 40.49% 

S3-M7 36.20% 30.50% 29.46% 29.64% 29.22% 30.52% 34.33% 

S3-M8 37.15% 29.85% 31.24% 32.83% 33.26% 34.85% 38.70% 

S3-M9 37.02% 34.10% 36.36% 37.58% 37.40% 38.11% 38.13% 

S3-M10 35.10% 27.61% 28.80% 29.69% 29.12% 30.38% 33.05% 

S3-M14 28.60% 24.13% 25.01% 25.50% 24.95% 25.64% 25.87% 

S3-M18 29.66% 24.22% 25.05% 25.73% 24.63% 25.76% 24.93% 

S3-M20 34.29% 30.18% 29.60% 29.22% 27.68% 27.60% 25.23% 

S3-M21 37.36% 35.80% 38.32% 40.01% 40.76% 42.01% 44.58% 

S3-M22 34.04% 33.96% 36.72% 38.61% 38.95% 39.94% 40.00% 

S3-M23 36.47% 31.54% 34.57% 36.43% 37.00% 38.21% 39.52% 

S3-M24 33.60% 30.49% 32.05% 32.76% 32.29% 32.94% 33.48% 

S3-M25 33.75% 31.80% 33.68% 33.80% 32.62% 32.14% 28.29% 

S3-M28 26.41% 21.71% 21.06% 21.64% 21.38% 22.61% 23.97% 

S3-M29 40.53% 34.60% 35.42% 36.43% 36.62% 37.87% 43.27% 

S3-M33 28.02% 24.39% 22.02% 21.03% 19.75% 20.70% 21.64% 

S3-M35 33.13% 30.26% 28.96% 28.32% 26.69% 27.46% 28.29% 
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Table A.5.40. Ridge data for Meteor Crater.  

Feature Ridge             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

M13-01 37.39% 36.98% 39.20% 39.95% 39.90% 39.20% 34.27% 

M13-02 34.92% 28.61% 27.64% 27.48% 27.49% 27.72% 29.86% 

M13-03 31.98% 26.29% 26.33% 26.76% 27.29% 27.53% 28.90% 

M13-04 39.91% 39.42% 40.74% 41.10% 40.92% 40.31% 38.35% 

M13-05 35.21% 29.87% 31.32% 32.30% 33.13% 33.54% 36.30% 

M13-06 35.08% 28.17% 29.27% 30.15% 31.16% 31.53% 34.88% 

M13-07 34.80% 29.16% 31.28% 32.56% 33.34% 34.10% 37.62% 

M13-08 34.62% 30.24% 32.33% 33.36% 34.23% 34.59% 37.20% 

M13-09 31.84% 29.43% 31.36% 32.28% 33.00% 33.37% 36.44% 

M13-10 35.45% 33.20% 34.22% 34.52% 34.47% 34.24% 32.90% 

M14-11 25.61% 28.00% 28.97% 29.12% 28.92% 29.15% 30.41% 

M14-12 31.12% 31.97% 32.15% 31.53% 30.66% 29.83% 29.03% 

M14-13 35.84% 30.60% 30.52% 30.63% 30.59% 30.87% 32.58% 

M14-14 29.96% 25.09% 25.54% 25.72% 25.84% 26.10% 27.35% 

M14-15 31.37% 29.30% 29.16% 29.13% 29.22% 29.67% 30.83% 

M14-16 37.17% 32.43% 31.01% 30.66% 30.50% 30.31% 30.16% 

M14-17 30.85% 32.01% 32.67% 32.57% 32.45% 31.78% 30.77% 

M14-18 36.14% 35.95% 36.01% 36.23% 36.41% 36.77% 38.92% 

M14-19 35.75% 36.51% 36.76% 36.84% 37.17% 37.38% 39.54% 

M14-20 34.40% 33.39% 32.93% 32.71% 32.72% 32.81% 32.83% 

M14-21 33.34% 29.05% 29.45% 30.26% 31.16% 31.72% 35.16% 

MC-M1-01 32.66% 31.02% 30.37% 29.77% 29.18% 28.58% 27.63% 
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A.5.4.5. Peak  

Table A.5.42. Peak data for Site 1. 

Feature Peak             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S1.2-M1 3.21% 3.57% 3.17% 3.05% 2.83% 2.83% 2.53% 

S1.2-M2 1.58% 2.56% 2.25% 1.98% 1.82% 1.83% 1.80% 

S1.2-M3 2.11% 2.01% 1.78% 1.78% 1.81% 1.95% 2.53% 

S1-M2 0.63% 0.35% 0.28% 0.24% 0.24% 0.26% 0.49% 

S1-M4_1 0.53% 0.66% 0.87% 1.17% 1.52% 1.88% 2.80% 

S1-M4_2 0.66% 0.87% 1.22% 1.70% 2.24% 2.73% 3.97% 

S1-M8_1 0.55% 0.53% 0.56% 0.64% 0.67% 0.71% 0.77% 

S1-M8_2 1.13% 1.45% 1.70% 1.88% 1.97% 2.13% 2.50% 

S1-M10 0.43% 0.44% 0.50% 0.51% 0.53% 0.50% 0.52% 

S1-M13_1 0.45% 0.54% 0.52% 0.52% 0.48% 0.46% 0.50% 

S1-M13_2 0.45% 0.71% 0.76% 0.77% 0.70% 0.67% 0.60% 

S1-M13_3 0.28% 0.47% 0.63% 0.68% 0.69% 0.68% 0.51% 

 

Table A.5.43. Peak data for Site 2. 

Feature Peak             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S2-M1 0.46% 0.44% 0.50% 0.56% 0.63% 0.74% 1.28% 

S2-M2 0.50% 0.48% 0.53% 0.54% 0.52% 0.55% 0.59% 

S2-M3 0.22% 0.19% 0.20% 0.21% 0.21% 0.21% 0.30% 

S2-M4 0.34% 0.37% 0.37% 0.49% 0.51% 0.55% 0.69% 

S2-M5 0.16% 0.13% 0.15% 0.16% 0.17% 0.19% 0.23% 

S2-M6 1.17% 1.34% 1.74% 2.04% 2.16% 2.45% 3.03% 

S2-M7 1.59% 1.25% 1.06% 1.02% 0.93% 1.00% 1.06% 

S2-M12 0.17% 0.16% 0.18% 0.17% 0.15% 0.16% 0.28% 

S2-M13 0.51% 0.52% 0.51% 0.50% 0.48% 0.54% 0.67% 

S2-M16 1.07% 0.98% 1.07% 1.13% 1.06% 1.19% 1.33% 

S2-M17 0.41% 0.40% 0.52% 0.64% 0.75% 0.90% 1.13% 

S2-M18 0.66% 0.57% 0.65% 0.73% 0.79% 0.92% 1.23% 

S2-M19 0.14% 0.11% 0.11% 0.11% 0.11% 0.10% 0.06% 

S2-M20 1.08% 0.96% 1.04% 1.11% 1.06% 1.22% 1.35% 

S2-M22 0.88% 0.82% 1.00% 1.16% 1.24% 1.34% 1.44% 
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Table A.5.44. Peak data for Site 3. 

Feature Peak             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S3-M1_1 0.20% 0.19% 0.21% 0.20% 0.20% 0.19% 0.13% 

S3-M1_2 0.38% 0.43% 0.65% 0.90% 1.15% 1.39% 1.76% 

S3-M1_3 0.56% 0.56% 0.68% 0.78% 0.83% 0.90% 1.07% 

S3-M6 0.42% 0.37% 0.41% 0.45% 0.53% 0.56% 0.66% 

S3-M7 0.52% 0.41% 0.39% 0.35% 0.32% 0.34% 0.46% 

S3-M8 0.26% 0.21% 0.24% 0.24% 0.25% 0.28% 0.34% 

S3-M9 0.45% 0.47% 0.56% 0.65% 0.69% 0.77% 1.01% 

S3-M10 0.48% 0.44% 0.49% 0.49% 0.48% 0.51% 0.55% 

S3-M14 1.36% 1.35% 1.49% 1.59% 1.55% 1.65% 1.79% 

S3-M18 1.79% 1.41% 1.68% 1.87% 1.73% 1.95% 2.16% 

S3-M20 1.51% 1.46% 1.97% 2.38% 2.50% 2.77% 2.87% 

S3-M21 0.26% 0.27% 0.31% 0.35% 0.37% 0.41% 0.46% 

S3-M22 0.30% 0.33% 0.38% 0.42% 0.43% 0.48% 0.58% 

S3-M23 0.28% 0.24% 0.29% 0.33% 0.34% 0.38% 0.50% 

S3-M24 0.63% 0.65% 0.75% 0.77% 0.77% 0.82% 1.16% 

S3-M25 1.00% 0.95% 1.36% 1.68% 1.84% 2.01% 2.24% 

S3-M28 1.18% 1.33% 1.30% 1.42% 1.44% 1.69% 2.25% 

S3-M29 0.06% 0.05% 0.06% 0.06% 0.06% 0.07% 0.08% 

S3-M33 1.35% 1.45% 1.38% 1.35% 1.24% 1.38% 1.67% 

S3-M35 0.80% 1.06% 1.19% 1.22% 1.07% 1.12% 0.92% 
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Table A.5.45. Peak data for Meteor Crater. 

Feature Peak             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

M13-01 0.39% 0.51% 0.63% 0.78% 0.97% 1.13% 1.77% 

M13-02 0.93% 0.87% 0.94% 0.94% 0.98% 1.02% 0.99% 

M13-03 1.29% 1.12% 1.27% 1.41% 1.57% 1.70% 2.12% 

M13-04 0.39% 0.47% 0.55% 0.65% 0.70% 0.74% 0.85% 

M13-05 0.41% 0.39% 0.43% 0.47% 0.51% 0.53% 0.61% 

M13-06 0.40% 0.36% 0.36% 0.35% 0.36% 0.38% 0.45% 

M13-07 0.20% 0.21% 0.22% 0.23% 0.22% 0.22% 0.32% 

M13-08 0.35% 0.36% 0.39% 0.41% 0.44% 0.45% 0.57% 

M13-09 0.45% 0.50% 0.54% 0.53% 0.52% 0.56% 0.64% 

M13-10 0.56% 0.61% 0.67% 0.69% 0.68% 0.70% 0.73% 

M14-11 0.42% 0.56% 0.64% 0.63% 0.60% 0.63% 0.70% 

M14-12 0.95% 1.34% 1.52% 1.64% 1.77% 1.87% 2.02% 

M14-13 1.04% 1.08% 1.23% 1.33% 1.40% 1.48% 1.87% 

M14-14 0.84% 0.73% 0.77% 0.80% 0.79% 0.82% 1.10% 

M14-15 1.59% 2.13% 2.44% 2.60% 2.66% 2.69% 2.56% 

M14-16 1.08% 1.10% 0.99% 0.94% 0.89% 0.82% 0.63% 

M14-17 0.89% 1.06% 1.12% 1.13% 1.13% 1.13% 1.16% 

M14-18 0.33% 0.41% 0.43% 0.42% 0.41% 0.40% 0.32% 

M14-19 0.38% 0.45% 0.46% 0.50% 0.54% 0.55% 0.59% 

M14-20 0.99% 1.12% 1.27% 1.35% 1.40% 1.44% 1.80% 

M14-21 0.39% 0.40% 0.41% 0.44% 0.48% 0.51% 0.62% 

MC-M1-01 1.07% 1.17% 1.20% 1.16% 1.11% 1.06% 0.91% 
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A.5.4.6. Planar 

Table A.5.46. Planar data for Site 1. 

Feature Planar             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S1.2-M1 23.83% 31.02% 33.95% 34.75% 35.18% 35.83% 37.97% 

S1.2-M2 21.80% 29.44% 41.12% 46.43% 48.80% 49.90% 50.10% 

S1.2-M3 26.12% 37.96% 44.11% 44.41% 43.26% 41.91% 35.34% 

S1-M2 35.11% 54.37% 60.69% 59.55% 57.49% 55.67% 51.41% 

S1-M4_1 18.63% 16.30% 14.80% 14.34% 14.82% 15.70% 22.32% 

S1-M4_2 20.36% 18.60% 16.99% 16.39% 16.50% 17.06% 20.86% 

S1-M8_1 20.33% 22.67% 22.04% 21.52% 21.47% 21.96% 24.21% 

S1-M8_2 31.73% 29.27% 27.50% 26.43% 26.02% 26.20% 26.93% 

S1-M10 19.34% 23.33% 22.37% 21.69% 21.34% 21.29% 22.76% 

S1-M13_1 17.57% 25.50% 30.81% 32.89% 34.75% 36.03% 39.92% 

S1-M13_2 14.02% 20.35% 26.05% 27.57% 28.34% 29.09% 30.27% 

S1-M13_3 29.99% 24.39% 24.10% 24.57% 25.37% 26.27% 29.53% 

 

Table A.5.47. Planar data for Site 2. 

Feature Planar             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S2-M1 28.02% 30.88% 26.45% 23.98% 22.66% 21.92% 21.57% 

S2-M2 30.97% 40.07% 37.32% 36.45% 36.29% 36.42% 37.19% 

S2-M3 26.08% 31.27% 26.44% 24.22% 23.15% 22.69% 21.90% 

S2-M4 28.04% 34.66% 34.66% 30.55% 31.39% 32.21% 31.96% 

S2-M5 24.28% 22.48% 16.04% 13.88% 13.13% 12.89% 15.26% 

S2-M6 34.88% 36.92% 30.65% 28.05% 27.24% 26.95% 26.45% 

S2-M7 33.11% 45.50% 47.12% 47.79% 48.42% 49.16% 49.73% 

S2-M12 25.53% 30.13% 25.95% 24.83% 24.59% 24.70% 25.30% 

S2-M13 28.31% 44.79% 43.96% 42.70% 41.93% 41.60% 40.17% 

S2-M16 27.85% 34.67% 34.35% 33.01% 32.03% 31.70% 32.71% 

S2-M17 20.99% 20.52% 16.74% 15.62% 15.62% 16.12% 20.10% 

S2-M18 26.52% 27.97% 23.18% 21.14% 20.34% 20.43% 23.46% 

S2-M19 25.13% 27.08% 20.95% 18.33% 17.19% 16.61% 16.25% 

S2-M20 30.75% 37.94% 36.56% 35.03% 33.80% 33.30% 33.17% 

S2-M22 27.74% 31.82% 26.69% 23.95% 22.68% 22.18% 24.12% 
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Table A.5.48. Planar data for Site 3. 

Feature Planar             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

S3-M1_1 21.02% 24.65% 20.89% 19.14% 18.82% 19.81% 24.69% 

S3-M1_2 22.16% 20.20% 16.04% 14.89% 15.21% 15.78% 22.34% 

S3-M1_3 27.80% 33.39% 29.11% 27.09% 26.05% 25.77% 26.28% 

S3-M6 22.87% 25.21% 21.62% 19.75% 18.70% 18.32% 18.17% 

S3-M7 26.05% 36.68% 39.54% 40.17% 40.12% 39.74% 35.45% 

S3-M8 25.71% 40.38% 39.29% 37.73% 36.86% 36.27% 34.62% 

S3-M9 24.32% 27.01% 22.28% 20.32% 19.60% 19.56% 21.31% 

S3-M10 28.62% 42.48% 41.07% 39.88% 39.39% 39.06% 38.53% 

S3-M14 36.11% 42.49% 40.65% 39.87% 39.50% 39.33% 38.59% 

S3-M18 31.88% 40.95% 39.11% 37.91% 37.35% 37.55% 39.53% 

S3-M20 24.36% 29.07% 27.35% 26.72% 27.00% 28.00% 32.75% 

S3-M21 24.58% 25.50% 21.11% 19.14% 18.07% 17.43% 16.84% 

S3-M22 30.82% 28.16% 22.78% 19.91% 18.63% 18.13% 19.66% 

S3-M23 26.17% 32.55% 26.28% 23.55% 22.52% 22.20% 24.63% 

S3-M24 30.10% 35.10% 31.73% 30.61% 30.49% 30.77% 31.25% 

S3-M25 27.61% 27.76% 23.01% 22.18% 22.83% 24.20% 32.14% 

S3-M28 41.09% 48.91% 51.53% 50.50% 48.85% 47.23% 41.29% 

S3-M29 19.36% 31.17% 30.85% 30.30% 30.14% 29.95% 26.52% 

S3-M33 37.56% 42.80% 48.66% 51.41% 51.75% 51.31% 46.66% 

S3-M35 30.00% 32.14% 34.03% 35.43% 36.53% 37.49% 38.45% 
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Table A.5.49. Planar data for Meteor Crater. 

Feature Planar             

Rock (3*3) (11*11) (21*21) (31*31) (41*41) (51*51) (101*101) 

M13-01 21.16% 17.49% 13.24% 12.70% 13.54% 15.06% 26.32% 

M13-02 24.92% 39.02% 41.54% 42.01% 42.45% 42.59% 41.14% 

M13-03 28.97% 41.88% 41.20% 39.82% 38.57% 37.51% 34.61% 

M13-04 17.52% 16.61% 14.42% 14.32% 14.90% 15.84% 20.21% 

M13-05 27.36% 38.90% 36.00% 34.52% 33.83% 33.39% 31.70% 

M13-06 27.14% 42.59% 41.10% 39.96% 39.31% 38.97% 37.40% 

M13-07 29.50% 39.49% 34.92% 33.17% 32.43% 32.08% 31.17% 

M13-08 28.64% 38.47% 34.64% 33.22% 32.61% 32.37% 31.71% 

M13-09 34.05% 39.77% 35.93% 35.01% 34.91% 34.90% 33.70% 

M13-10 25.90% 30.17% 28.59% 28.39% 28.84% 29.59% 34.62% 

M14-11 46.75% 40.62% 38.57% 38.60% 38.95% 39.29% 40.31% 

M14-12 32.71% 29.54% 28.40% 29.37% 30.64% 31.73% 33.03% 

M14-13 22.74% 33.32% 33.15% 32.95% 33.02% 33.02% 31.95% 

M14-14 35.46% 45.93% 45.51% 45.55% 45.73% 45.89% 45.65% 

M14-15 28.81% 30.75% 29.17% 28.16% 27.54% 27.05% 27.87% 

M14-16 19.94% 30.56% 34.34% 35.71% 36.80% 37.75% 40.01% 

M14-17 33.10% 31.49% 29.63% 29.72% 30.38% 31.05% 33.03% 

M14-18 26.57% 28.12% 28.50% 28.78% 28.90% 29.06% 27.98% 

M14-19 27.02% 26.98% 27.32% 27.87% 28.15% 28.40% 26.54% 

M14-20 26.00% 27.84% 28.14% 28.52% 28.79% 28.84% 29.21% 

M14-21 31.35% 41.03% 40.82% 39.84% 38.96% 38.22% 34.55% 

MC-M1-01 29.38% 34.30% 36.10% 38.38% 40.73% 43.20% 50.93% 
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A.5.5. Schmidt hammer rebound data, areal surface roughness (Sq, Sdq, Sz, and VRM), 
and morphometric features (pit, channel, ridge, peak, pass, planar) comparison between 
North facing, South facing, and South West facing outcrops at Meteor Crater.  
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