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Quantifying and clustering lava flow morphologies at different data resolutions: 

applications for terrestrial and planetary flows 

THESIS ABSTRACT – IDAHO STATE UNIVERSITY (2022) 

Basaltic lava flow morphologies provide insight into the eruptive history of the volcano and the 

progression of a lava flow. However, classifying these morphologies is a subjective process. The 

goal of this work is to develop a quantitative method of describing lava flow roughness. Using 

Unmanned Aerial Systems, we created orthophoto mosaics and Digital Terrain Models. We then 

performed qualitative a priori classifications using aerial images, and selected areas that 

appeared to have a single morphology. We used the root-mean-square height and Area Ratio to 

calculate the quantitative roughness of these areas in three-dimensions; we then clustered the 

resulting roughness measurements using a clustering technique called the kmeans. We performed 

this analysis on data resolutions of 0.1, 0.5, 1, and 2 m/pixel to better simulate satellite data, as 

well as performing this analysis using both a scaling moving window and a static moving 

window. Endmember lava flow morphologies smooth pāhoehoe and blocky-’a‘ā were easily 

identified by the method. Other clusters included small-scale roughness (slabby pāhoehoe), 

small-medium scale roughness (lobate, rubbly pāhoehoe), and medium-large scale roughness 

(rubbly-inflated, hummocky). Our quantitative method of differentiating lava flows could be 

applied to other lava flows, including those on Earth and other planetary bodies. 

Keywords:  lava flow, volcanology, planetary geology, basalt, roughness, terrain analysis
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CHAPTER 1: INTRODUCTION 

PROBLEM STATEMENT: 

Identifying lava flow textures is crucial to understanding the emplacement conditions 

and eruptive history of the flow (Cashman et al., 1999; Guilbaud et al., 2007; Hon et al., 1994; 

Rowland et al., 1990; Self et al., 1998). Both in the field and for remote sensing analyses, 

identification of flow textures is typically conducted based on qualitative observations (Gregg et 

al., 2017; Harris et al., 2017; Hon et al., 1994; Keszthelyi et al., 2004; Lipman and Banks, 1987; 

Macdonald et al., 1953; Peterson and Tilling, 1980; Rowland and Walker, 1987); however, this 

identification method for classifying lava textures is inherently subjective, which can sometimes 

result in misidentified flow textures. The goal of this work was to employ statistical 

quantifications for the varying roughness in lava flow morphologies and to determine if 

individual morphologies can be found using objective clustering techniques. 

The working hypothesis of this study was that various lava morphologies can be 

differentiated using measurements of surface roughness. Further, I anticipated that intermediate 

morphologies would be less distinguishable from one another and that distinguishing individual 

morphologies will be less feasible at coarser data resolutions. I tested these hypotheses using 

high-resolution Digital Terrain Models (DTMs) of lava flows from Craters of the Moon 

(COTM) National Monument and Preserve, Idaho, USA. Statistical measures of quantifying 

roughness included the root-mean-square (RMS) height and Area Ratio, and the clustering 

analysis was completed using the kmeans method. These methods show that some lava flow 

morphologies can be distinguished using quantitative methods, and at what data resolutions that 

distinction is feasible. 
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SCOPE OF WORK: 

This work focuses on lava flow morphologies found in mafic and intermediate lava 

types found within the COTM lava field. We examine 33 sample areas each representing an 

individual lava flow morphology. Roughness is computed for each sample area using the RMS 

height and Area Ratio. Each sample area was downsampled to 0.1 m/pixel, 0.5 m/pixel, 1 

m/pixel, and 2 m/pixel to investigate the effect of data resolution on morphological analyses. 

The RMS height and Area Ratio are found across these sample areas using a 3 pixel x 3 pixel 

moving window and an approximately 7 m x 7 m moving window to determine whether 

changing the moving window size affected the results. The sample areas are then grouped based 

on their roughness values using the kmeans clustering method. Using the kmeans clustering 

method allows textures to be quantitatively distinguished without bias. 

ORGANIZATION OF THE THESIS: 

This thesis is organized into five chapters. The first two (Introduction; Background) and 

last two chapters (Discussion and Future Work; Conclusions) are meant to serve as bookends 

for the central chapter, a manuscript intended for submission to a journal for publication. The 

bookending chapters are written for a more general audience and, particularly at the end, 

include more speculative ideas. Since the third chapter is meant to be able to stand alone as a 

document, content is repeated there in a more concise form.  
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CHAPTER 2: BACKGROUND: 

THE CRATERS OF THE MOON LAVA FIELD: 

The Craters of the Moon (COTM) lava field has a wide variety of lava flow 

morphologies and is an ideal location to study the roughness of such flows. It lies in southeast 

Idaho within the eastern Snake River Plain (ESRP) physiographic province. The ESRP is a 

large topographic depression, approximately 100 km wide by 400 km long (Hughes et al., 2002) 

and is the result of bimodal volcanism (Hughes et al., 1999). The subsurface contains significant 

quantities of rhyolite ignimbrites and rhyolite lavas associated with the Yellowstone hotspot 

eruptions (Pierce and Morgan, 1992). Following the emplacement of the rhyolitic deposits, 

there were subsequent basaltic flows, each ranging in size from 5 m to 25 m thick, that erupted 

from monogenetic shield volcanoes, as well as eruption of degassed rhyolite lava domes 

(Hughes et al., 1999). Stratigraphic relationships seen in deep borehole surveys near the towns 

of Kimama and Kimberly have allowed researchers to estimate a total thickness of 2,093 m for 

the ESRP basalt flows (Potter et al., 2019) with a volumetric output of 3.3 km3/1000 years 

(Kuntz, 1992). The basaltic flows of the ESRP have characteristics of flood volcanism (sheet 

flows, eruptive fissures), as well as those more typical of shield volcanoes (lava tubes, lava 

channels, point sources); as such, Greeley (1982) proposed a new category of volcanism based 

on the ESRP called “plains-style volcanism.” The same style of volcanism has been found in 

both the Tharsis region (Greeley, 1982; Hauber et al., 2009) and the Elysium region (Plescia, 

1993; Vaucher et al., 2009) on Mars. 

Beginning 15,100 (+/- 160) years ago, basaltic lava flows in southeast Idaho began 

erupting from a series of fissures called the Great Rift (Kuntz et al., 2007). The Great Rift is the 

surface expression of a series of extensional zones that contain both eruptive and non-eruptive 
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fissures that run from southeast to northwest (Kuntz, 1992). These extensional zones 

accommodate regional Basin and Range strain and may be 15–20 km wide (Hughes et al., 

2002). The magma source is at a depth of about 60 km in the mantle, with a reservoir near the 

Moho connected to an upper reservoir beneath the lava field by a series of fissures; a series of 

dikes leads to eruptive vents on the surface (Kuntz, 1992). The Great Rift is 85 km long and 

trends NW-SE (Kuntz, 1982) and includes the Kings Bowl lava field, the Wapi lava field, and 

the COTM field. The COTM is the largest of the Great Rift’s lava fields, with an area of 1,600 

km2, and has experienced eight eruptive periods between 15,000 and 2,100 years ago (Kuntz et 

al., 2007). Unlike the majority of basaltic volcanism on the ESRP, the COTM lava field exhibits 

polygenetic volcanism (Hughes et al., 2002). 

Lava flows found at the northern end of the Great Rift exhibit more evolved 

compositions, including trachybasalts, basaltic trachyandesites, and trachydacites (Hughes et al., 

2019). As opposed to the monogenetic behavior typical of the older volcanism on the ESRP, 

these evolved compositions are found in conjunction with polygenetic eruption centers (Hughes 

et al., 1999). Both cinder cones and eruptive fissures are more common toward the northern end 

of the Great Rift (Kuntz, 1982), however, the origin of this relationship is debated. In 

comparison to the surrounding ESRP, the lava flows of COTM have higher Ti, Fe, Na, K, P, 

and lower amounts of Mg and Ca than the parent magmas, which suggests that contamination 

from the surrounding crust has occurred (Hughes et al., 1999; Stout et al., 1994). However, 

McCurry et al. (2008) have found that similarly evolved lavas located nearby can be explained 

through fractional crystallization of a parent magma consisting of basaltic trachyandesite, with 

<1% crustal contamination.  
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PROBLEMS WITH LAVA FLOW MORPHOLOGY TERMINOLOGY: 

Understanding the processes that affect the morphology of lava flows and the current 

terminology is crucial to understanding the results of our study. The terms pāhoehoe and ‘a‘ā 

are Native Hawaiian words used to describe lava flows; these terms were first introduced into 

the scientific literature by Clarence Edward Dutton in 1883 (Harris et al., 2017). Although 

subsequent researchers have come to use these terms with regularity, a standard lexicon has yet 

to be fully established to this day. That is, a lava flow with slabs of broken crust has been called 

“slabby pāhoehoe” by some authors (Cashman et al., 1999; Duaiswami et al., 2002), but “slabby 

‘a‘ā” by others (Lipman and Banks, 1987). Harris et al. (2017) recently tackled this terminology 

problem by proposing a classification system for lava flow textures that incorporates and 

standardizes the older terminologies. However, this system relies on field observations such as 

clast shape and vesicle type, and so is best suited for use by researchers in the field. 

LAVA FLOW MOVEMENT AND INFLATION: 

The most conceptually simple form of a lava flow is called pāhoehoe: most lava 

worldwide was emplaced as pāhoehoe (Self et al., 1998). Pāhoehoe typically moves in thin 

sheets or bulbous lobes. The outer surface of these sheets or lobes cools quickly, trapping 

molten lava beneath the cooled crust; as lava continues to flow into the molten interior from 

upstream, the outer cooled crust is lifted up (Hon et al., 1994.) This process is called inflation. If 

a lobe undergoes enough inflation, flow lobe tumuli can form; if a sheet undergoes enough 

inflation, it can become a lava rise (Rossi, 1996). The outer crust can also be pulled along in the 

flow and compressed, creating small-scale compression folds and giving that morphology the 

name “ropey pāhoehoe” (Figure 1). 
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Figure 1: Ropey pāhoehoe in Hawaii occurs when the cooling surficial “skin” of the flow is distorted by lava 

moving underneath it. Note the cm-scale arcuate compression folds. 

DISRUPTED TEXTURES: 

Rougher textures can form through a variety of means. Increasing either the shear strain 

or the viscosity of the lava will cause a transition from pāhoehoe to a disrupted texture such as 

‘a‘ā. One way disrupted textures can form is through crystallization, either due to cooling or to 

degassing. Degassing during magma ascent can produce more crystal-rich lavas, which 

~ 0.5 m 
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increases the viscosity and the yield strength of the resulting lavas and creates rougher textures 

both at the vent and downflow (Guilbaud, 2007). Cashman et al. (1999) found that smooth 

pāhoehoe forms when yield strength and crystallinity are low, and the crustal stability is high; as 

yield strength or crystallinity increases, the crustal stability decreases, thus forming disrupted 

textures. They suggest that a flow’s primary texture is determined fairly shortly after the 

eruption, since the formation of a congealed crust traps heat and allows slow cooling, whereas 

disruption of the crust allows for rapid cooling and crystallization (Cashman et al., 1999; Sehlke 

et al., 2014). 

Other researchers have noted that a lava flow’s effusion rate, either from the vent or 

from an area of local storage, can cause disrupted textures. Rowland et al. (1990) found that 

high flow rates lead to ‘a‘ā and other disrupted textures. Since high flow rates are typically the 

result of high effusion rates, this implies that lava flow textures reflect the eruption 

characteristics. However, disrupted textures have also been found downstream of areas of local 

storage (Duaiswami et al., 2002; Guilbaud et al., 2005; Keszthelyi et al., 2004).  

LAVA FLOW MORPHOLOGIES: 

SMOOTH PĀHOEHOE: Smooth pāhoehoe (Figure 2) is found as either small sheet flows or 

within channels (Self, 1998). No pāhoehoe flow is perfectly smooth; some amount of surface 

roughness always exists, but in relation to other lava flow morphologies, the surface roughness 

is very small. These flows are frequently found near vents or where the flow has a high effusion 

rate (Harris, 2017), but still has a low yield strength (Hon, 1994). Sheet flows are typically 

emplaced on slopes less than 2° (Hon, 1994). Lava channels tend to form during eruptions that 

are longer in duration as activity at the vent localizes into point sources (Self, 1998). 
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Figure 2: Smooth pāhoehoe in the foreground, showing cm-scale layers. Source: USGS Hawaii Volcano 

Observatory, 03/08/2012 

  

~ 5 m 
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LOBATE PĀHOEHOE: As the surface of the lava flow cools, a thin crust forms. After the 

crust has reached 2–5 cm in thickness, molten lava is trapped beneath it, creating submeter-scale 

bulbous ellipsoidal lobes connected by roughly cylindrical pathways of molten lava. Since there 

is a core of molten lava connecting these lobes beneath the cooled crust, the continued flow of 

lava can be accommodated by uplift of the crust and inflation of the lava flow (Hon, 1994). The 

individual lobes of pāhoehoe are inflated less than those in hummocky pāhoehoe (Figure 3).  

 

Figure 3: Lobate pāhoehoe in Hawaii. Note the decimeter scale of the surface roughness. 

  

~ 0.5 m 
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HUMMOCKY PĀHOEHOE: Hummocky pāhoehoe (Figure 4) forms when inflation 

continues beyond the lobate scale: the individual lobes of pāhoehoe are hydrostatically 

connected by internal pathways of molten lava, and thus they inflate to the same height (Hon, 

1994). Inflated flows frequently have monoclines, inflation clefts, and lava-rise pits (Walker et 

al., 1991; Harris et al., 2017). In our field area, the scale of the hummocky pāhoehoe was 

approximately 1 – 5 meters. 

 

Figure 4: Hummocky pāhoehoe at COTM. Note the meter scale inflation features. 

  

~ 5 m 
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SLABBY PĀHOEHOE: Peterson and Tilling (1980) described slabby pāhoehoe as a 

transitional texture between smooth pāhoehoe and ‘a‘ā, with slabs of cooled pāhoehoe crust 

floating atop the lava flow, becoming jumbled and disoriented (Figure 5). Duaiswami et al. 

(2002) observed a flow toe that underwent inflation and cooling, allowing crystals to form in the 

molten interior, followed by an infiltration of molten lava underneath the crust that then broke 

out of the toe with a high strain rate and a disrupted texture. Harris et al. (2017) note that the 

slabs of crust can become imbricated and are often found on the surface of ‘a‘ā flows if the 

slabs are generated upstream of a transition to ‘a‘ā. Slabs can range in width from tens of 

centimeters to several meters across, with a thickness of several centimeters. 

 

Figure 5: Slabby pāhoehoe at COTM. Slabby pāhoehoe is found in the middle ground and background. Note that 

the large boulders in the foreground are likely rafted agglutinate. 

  

~ 5 m 
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RUBBLY PĀHOEHOE: Keszthelyi et al. (2004) and Guilbaud et al. (2005) saw that an area 

of rubbly pāhoehoe formed when a lava flow underwent a pattern of stagnation that allowed a 

crust to form, followed by inflation, and then renewed movement that disrupted the crust, 

repeatedly breaking it into blocks and allowing molten lava to reach the surface (Figure 6). 

Rubbly pāhoehoe (Figure 7) is characterized by up to 50 cm wide and 2 m across with scraped 

grooves where they detached from the molten interior (Guilbaud et al., 2005; Harris et al., 

2017). Slabs of pāhoehoe crust can be located near ridges in the flow (Keszthelyi et al., 2004). 

 

Figure 6: The formation of rubbly pāhoehoe as outlined in Keszthelyi et al. (2004): (a) inflation of a lava surface, 

(b) an influx of molten lava breaks apart the crust and compresses it, (c) molten lava intrudes into the overlying 

breccia. (Source: Figure 18, Keszthelyi et al., 2004). 
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Figure 7: Rubbly pāhoehoe at COTM. 

‘A‘Ā: ‘A‘ā (Figure 8) forms when there is an increase in either the shear strain or the 

apparent viscosity [the ratio of total shear stress to the rate of shear strain (Peterson and Tilling, 

1980)]. ‘A‘ā flows have an autobrecciated crust and base (Harris et al., 2017); as the flow 

advances, it drags the outer crust down beneath the flow front. ‘A‘ā flows have sub-rounded, 

jagged clinkers that can be as wide as tens of centimeters (Harris et al., 2017) and can be 

vesicular and jagged, denser and more rounded, or blocky and closer to equant (Lipman and 

Banks, 1987). The outer clasts that make up the autobrecciated crust are not attached to the flow 

interior. ‘A‘ā flows can also have lava balls that have been coated in multiple layers of accreted 

molten lava (Harris et al., 2017).  

~ 5 m 
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Figure 8: Lava flows in Hawaii, with an ‘a‘ā flow texture on the left side and a pāhoehoe flow texture on the right 

side for comparison. Note that the molten interior of the flow is dragging down and rolling over the autobrecciated 

top crust. (Source: USGS Hawaii Volcano Observatory, 01/10/2013.) 

BLOCKY-’A‘Ā HIGH RELIEF (HR): Blocky-’a‘ā HR, a morphology we observed at COTM 

and informally named given the poor fit from existing nomenclature, has a jagged morphology 

with decameter-scale cracks, pits, and jagged spires, and meter-scale blocks (Figure 9). This 

rough morphology is probably due to the higher silica content of its lava (trachydacite, Hughes 

et al., 2019). Between the larger blocks, there is a second population of roughly equant blocks 

and jagged clinkers that can be tens of centimeters in width. 

~ 5 m 
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Figure 9: Blocky-’a‘ā HR at COTM. Note the wide variety of clast sizes and shapes. 

BLOCKY-’A‘Ā LOW RELIEF (LR): This texture is also one that we identified in the field at 

COTM and tentatively named. It is characterized by centimeter to decimeter scale uneven and 

jagged clasts, with 1 – 5 meter scale blocks, pits, and extension cracks (Figure 10). This texture 

is found concurrent with blocky-’a‘ā HR, however the predominately small clasts create a lower 

relief surface than that of blocky-’a‘ā HR. 

~ 5 m 
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Figure 10: Blocky-’a‘ā LR at COTM. Note the presence of meter-scale blocks that distinguish this texture from 

‘a‘ā. 

RUBBLY INFLATED PĀHOEHOE: Rubbly inflated pāhoehoe (Figure 11) is a hybrid 

morphology. It has small, almost equant blocks with occasional crustal pieces, consistent in size 

and shape with rubbly pāhoehoe. However, it also contains hummocks similar to hummocky 

pāhoehoe. Based on these factors, we think that this area formed first as rubbly pāhoehoe and 

then experienced inflation. Note that this, like the preceding two morphologies (blocky-’a‘ā LR 

and blocky-’a‘ā HR), is derived from our own field observations that did not cleanly fit within 

existing morphology types outlined in the literature (ex. Harris et al., 2017). 

~ 5 m 
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Figure 11: Rubbly inflated pāhoehoe at COTM. Note that from ground-level this morphology consists of cm to 

decimeter blocks and appears almost identical to rubbly pāhoehoe; walking out into the area immediately 

highlights that the rubble is actually arranged in waves approximately 2m in amplitude. 

DATA COLLECTION AND PROCESSING USING STRUCTURE-FROM-MOTION: 

Structure-from-motion (SfM) is a technique that combines overlapping photographs to 

create a three-dimensional model (Westoby, 2012.) One frequent application of SfM is the 

creation of Digital Surface Models (DSMs) using aerial images captured from UAS, kites, or 

airplanes (Smith et al., 2016). SfM is an inexpensive and efficient method that is becoming 

more widely used in the geosciences (Fonstad et al., 2013; Westoby, 2012). Our flight areas 

were selected to include a variety of lava flow textures, and the size of each flight area was 

based on estimated UAS flight time available given the conditions, payload, and battery. The 

majority of flights were conducted by Michael Downs of Kennedy Space Center with a 

Phantom quadcopter at heights ranging between 26 m and 92 m. Imagery was captured with a 

DJI FC330 digital camera (with a focal length of 4 mm, a resolution of 12.4 Megapixels, and an 

~ 5 m 
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image size of 4000 x 3000.) One flight area was selected and planned by the author and was 

flown by Dr. Donna Delparte of Idaho State University with a Steadidrone Hexcopter at a 

height of 50 m and a speed of 5 m/s. Imagery was captured with an Olympus E-PL5 digital 

camera (using a pancake lens with a focal length of 14 mm, a resolution of 15 Megapixels, an 

image size of 4640 x 3473, with a 75% side and forward image overlap.) The GPS on board the 

UAS was a VMAP survey grade device, and ground control points were surveyed with GPS. 

Flights were conducted at Craters of the Moon under research permit No. CRMO-2014-SCI-

0004 during 2015 – 2016. 

While initial SfM rasters had resolutions as high as 1 cm/pixel, it was necessary to 

degrade the DTMs into a series of consistent resolutions. We chose 0.1, 0.5, 1, and 2 m/pixel to 

span a range of resolutions, from that currently available from Mars satellites at the coarse end 

to aspirational views that are more consistent with LiDAR datasets. 

STATISTICAL METHODS TO QUANTIFY ROUGHNESS AND GROUP SAMPLE AREAS: 

Two methods were used to quantify roughness of the sample areas: RMS height and 

Area Ratio (Figure 12). Both approaches were applied as moving window calculations over the 

DTM rasters for each of the data resolutions considered in this study. The resulting rasters were 

combined to create two-band rasters for each resolution, with kmeans clustering used to identify 

roughness groups. 

THE RMS HEIGHT:  

The root-mean-square (RMS) height is commonly used to measure the surface 

roughness of terrestrial and planetary surfaces. The RMS height is a measure of the standard 

deviation of height about the mean, as given by the following equation: 
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   (1) 

where ξ is the RMS height, n is the number of samples, z is the height, and x is the 

horizontal position (Shepard et al., 2001). Shepard et al. (2001) suggested that it be included as 

a standard method of measuring roughness, along with the RMS deviation or slope, the Hurst 

exponent, and the uncertainty in height measurements. Campbell et al. (1996) suggested that it 

be a standard measurement of roughness when coupled with the Hurst exponent. It has been 

used to analyze the roughness of the Moon (Cai et al., 2020), Mars (Garvin et al., 1999), and 

lava flows on Earth (Neish et al., 2016; Dierking, 1999). 

Using the RMS height alongside the Hurst exponent is recommended by several authors 

(Campbell et al., 1996; Shepard et al., 2001). However, it was not feasible to do that in this 

work. The Hurst exponent describes the scalability of a two-dimensional surface using fractal 

characteristics. While it would be possible to calculate a series of Hurst exponents using parallel 

lines across a study area, this fails to account for the directional anisotropy of the surfaces of the 

lava morphologies. A three-dimensional version of the Hurst exponent has not yet been 

developed and therefore it would be inappropriate to use it in our three-dimensional study.  

THE AREA RATIO:  

The Area Ratio is the ratio of the two-dimensional planar area to the three-dimensional 

surface area (Grohmann, 2011), and is frequently referred to as rugosity. It is not used as 

commonly for lava flows, but it has been used on analyses of the roughness of coral reef 

systems (Duvall, 2018; Leon, 2015). The Area Ratio is described as: 
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  (2) 

where R is the area ratio (or rugosity), x is the horizontal position, and b is the local 

gradient (Duvall, 2018). 

  

Figure 12 Illustration of the AR (a) and the RMS height (b) for a 3 pixel x 3 pixel moving window. Black is the two-

dimensional map area, orange is the three-dimensional surface, and blue is the mean of the surface elevations. 

 

THE KMEANS:  The kmeans method places data into groups based on the least within-cluster sum 

of squares (WSS) between the data point and the centroid of the group: a data point is more 

likely to be placed into a group if it has a lower WSS between it and the group centroid 

(Steinley et al., 2006). It has been used to analyze topographic surfaces including the ocean 

floor (Lemenkova, 2019). 

The RMS height and Area Ratio results for each sample area were combined into a 2-

band raster for each of the data resolutions under investigation. The results were sorted into 100 

evenly spaced bins across a range of 0 – 0.5 for the RMS Height and 0.7 – 1 for the Area Ratio. 

These ranges were chosen to highlight the ranges where the results showed the most variation; 
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the binned values within these ranges were combined into single dataset for each sample area, 

and these datasets were analyzed using the kmeans technique. 

 

Figure 13: A plot of the clusters and centroids generated by analyzing the 0.5 m/pixel data using the 1.5 m x 1.5 m 

moving window. 

ELBOW METHOD AND SILHOUETTE PLOTS 

The kmeans method generates two types of plots: elbow and silhouette. The elbow plot 

shows the average distance to the centroid versus the number of groups. The ideal number of 

groups is indicated where the total within-cluster sum of squares between group sizes ceases to 

decrease significantly and begins to flatten, forming the “elbow” of the plot (Figure 13a).  

The silhouette plot shows the cluster’s silhouette width versus the number of groups 

(Figure 13b). The silhouette width is a coefficient that compares how similar a sample is to 

others of its cluster and how dissimilar it is from other clusters (Rousseeuw, 1986.) The peak of 

the graph indicates the ideal number of clusters. 
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We created both elbow plots and silhouette plots for the clusters generated by our 

kmeans analysis (Figure 14). These two plots were compared to find the ideal number of 

clusters for our analysis. 

 

 

 

 

 

Figure 14: The elbow plot (left) and silhouette plot (right) for the 50 cm data resolution and the 1.5 m x 1.5 m 

moving window. Note the subtle inflection point at 6 clusters in the elbow plot and the peak at 6 clusters in the 

silhouette plot. This suggests that the ideal number of clusters is 6. 
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CHAPTER THREE: MANUSCRIPT FOR JOURNAL SUBMISSION 

INTRODUCTION: 

Lava flow morphologies are the result of conditions within the flow and external 

conditions affecting the flow during emplacement (Cashman et al., 1999; Hon et al., 1994; 

Guilbaud et al., 2007; Rowland et al., 1990; Self et al., 1998). There have been significant efforts 

to define lava flow morphologies and standardize their classification (Gregg et al., 2017; Harris 

et al., 2017; Hon et al., 1994; Keszthelyi et al., 2004; Lipman and Banks, 1987; Macdonald et al., 

1953; Peterson and Tilling, 1980; Rowland and Walker, 1987). However, qualitative 

observations can be biased by unconscious factors, and variation in classification and 

terminology between observers continue to provide a challenge to standardization. In response, 

we propose here a classification tool based on quantitative descriptions of the lava flow surface 

roughness. 

The classification of lava flow morphologies is more challenging in remote areas, 

including flows on other planets. Researchers have used several different techniques to address 

this problem, primarily using two-dimensional profiles (Cai et al., 2020; Kreslavsky, 2000; 

Lescinsky et al., 2006; Lipkaman et al., 2003; Rosenburg et al., 2011). Many authors combine 

several two-dimensional profiles or use a bidirectional statistic to better characterize the three-

dimensional surface of a lava flow (Cai et al., 2020; Morris et al., 2008; Neish et al., 2017), 

however a three-dimensional analysis generates a more inherently robust description of 

roughness, especially for anisotropic surfaces. Thus, researchers are also developing methods of 

measuring roughness in three-dimensions using techniques such as the RMS Height (Cai et al., 

2020), the topographic position index (Aufaristama et al., 2020), the improved morphological 

surface roughness (Cao and Cai, 2018), the wavelet leaders method (Deliege et al., 2017), and a 
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combination of homogeneity and entropy (Whelley et al., 2017). Here, we combine RMS height 

with Area Ratio, also known as rugosity, to quantitatively describe lava roughness. In both two-

dimensional and three-dimensional studies, a relationship between the scale of geologic features 

and the scale of the surface roughness has been found, which can aid in feature identification 

(Cai et al., 2020, Garvin et al., 1999; Rosenburg et al., 2011; Whelley et al., 2017). 

We used sample areas from the Craters of the Moon (COTM) National Monument and 

Preserve lava field in southeast Idaho, USA. We selected a terrestrial analog so that we could 

collect exceptionally high-resolution topographic data and downsample it to examine the impact 

of data resolution on lava morphology classification. We downsampled the data to two baseline 

high resolutions (0.1 m/pixel, 0.5 m/pixel) as well as resolutions consistent with the 1 m/pixel 

High Resolution Imaging Science Experiment (HiRISE) imagery of Mars (Kirk et al., 2008) and 

the 2 – 5 m/pixel Lunar Reconnaissance Orbiter Camera (LROC) imagery (Henriksen et al., 

2017). It should be noted, however, that the scale of topographic features is very different on 

other planetary bodies, and so our numeric results are not directly transferable. Our classification 

method, however, is transferable to planetary surfaces (Shields et al., personal communication). 

Our method allows for a quantitative classification of lava flow morphologies, allowing for more 

consistency and reproducibility of interpretations between observers. 

 

BACKGROUND: 

FIELD AREA:  

The Craters of the Moon (COTM) lava field is located in the eastern Snake River Plain 

(ESRP) in Idaho, United States. The ESRP is a 250 km long arcuate plain composed primarily of 

tholeiitic basalts and is oriented southwest-northeast (Kuntz, 1982). The COTM lava field is 
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composed of 1650 km2 of Holocene lava flows that were erupted during eight eruptive cycles 

over the last 15,000 years along an 85 km long zone of crustal weakness called the Great Rift 

(Kuntz et al., 1982). The lava flows of the COTM field have higher amounts of trace elements 

than the olivine tholeiites that make up most of the ESRP and range in composition from 

tholeiitic basalts to trachydacites; this makes them more chemically evolved than other flows 

found in the ESRP and suggests the incorporation of crustal material (Hughes, 1999) or 

fractional crystallization (McCurry et al., 2008), which may contribute to the wide variety of lava 

flow textures found within the lava field (Neish et al., 2017). Previous researchers have 

described the surface morphologies as smooth pāhoehoe, hummocky pāhoehoe, slabby 

pāhoehoe, ‘a‘ā, and block lava (e.g., Kuntz, 2007; Geologic Resources Inventory, 2015; 

Tolometti et al., 2020). 

The ESRP is the type locality for plains-style volcanism, a type of volcanism 

characterized by voluminous lava flows, containing lava tubes and channels, that are fed by point 

sources, shield volcanoes, eruptive fissures, and rift zones (Greeley, 1982). Similar plains 

volcanism has been identified on Mars (Greeley and Spudis, 1981; Hauber et al., 2009). 

Additionally, the ESRP, including COTM, has been used in a wide variety of planetary analog 

studies. While some studies have focused on the geochemistry (Hughes et al., 2019), petrology 

(Richardson et al., 2012; Adcock et al., 2018), or subsurface lava tubes (Garry et al., 2017; 

McHenry et al., 2010), others have considered the surface roughness (Neish et al., 2017; 

Tolometti et al., 2020). 
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COMMON LAVA FLOW MORPHOLOGY CLASSIFICATIONS: 

Across the globe, many different lava flow morphologies have been identified (e.g., 

Harris et al., 2017). Here, we provide a list of the morphologies found in our field area (Figure 

15), and briefly summarize their characteristic appearances as described by previous researchers. 

Smooth pāhoehoe: Smooth pāhoehoe is characterized by a flat surface. Other than 

cooling cracks, smooth pāhoehoe exhibits little surface topography. This morphology is typically 

found as small sheet flows, within channels, or within lava ponds (Hon et al., 1994; Self et al., 

1998). These small sheet flows can inflate as the surface of the flow cools quickly, trapping more 

molten lava beneath it (Peterson and Tilling, 1980). 

Lobate pāhoehoe: Lobate pāhoehoe is characterized by decimeter to meter scale toes and 

lobes. These lobes form as molten lava breaks through the outer crust of the pāhoehoe; this 

breakout of molten lava can form a new lobe (Hon et al., 1994.)  

Hummocky pāhoehoe: The hummocky pāhoehoe morphology has meter to five meter 

scale pits and plateaus. This morphology forms as the surface of the lava flow cools, trapping 

molten lava beneath a solidified crust (Hon, 1994; Walker, 2009.) As lava continues to flow, it 

intrudes beneath the surface curst, inflating the lava flow surface (Hon et al., 1994). This 

inflation process creates a lava morphology characterized by large flat plateaus, lava-rise pits, 

inflation ridges, inflation cracks, and tumuli (Walker, 2009; Rossi, 1996). The inflated surface 

may still have the remnants of the initial centimeter scale flow textures, however the flow as a 

whole has a much more rugged surface at coarser scales. 

Slabby pāhoehoe: Slabby pāhoehoe is characterized by decimeter to meter scale slabs of 

smooth pāhoehoe crust that have been broken and rotated within the flow (Peterson and Tilling, 

1980; Harris et al., 2017.) This disruption of the lava flow surface occurs due to changes in the 
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viscosity or shear strain present within a flow (MacDonald et al., 1953; Peterson and Tilling, 

1980; Cashman et al., 1999; Rowland et al, 1990, Duaiswami et al., 2002). 

Rubbly pāhoehoe: Rubbly pāhoehoe is characterized by decimeter scale, irregularly 

shaped blocks of lava, occasionally with scraped grooves (Harris et al., 2017). Occasional slabs 

of broken pāhoehoe crust are also found (Kesztheyli et al., 2004). This lava flow morphology is 

the result of disruption within the flow and is frequently found in locations that experienced 

changing effusion rates from the vent or local storage (Kesztheyli et al., 2004; Guilbaud et al., 

2005.) 

Blocky-’A‘ā High Relief (HR): Blocky-’a‘ā is the roughest of the lava flows in the COTM 

field and is considered our rough end-member morphology as no traditional ‘a‘ā was observed. 

This lava flow type is characterized by a rugged morphology with meter to decameter scale pits, 

extension cracks, and jagged spires. It must be noted that this morphology was observed 

specifically in the Highway Flow at COTM, which is a trachydacite rather than a basalt (Hughes 

et al., 2019). 

UNUSUAL MORPHOLOGIES: 

During the iterative process of developing our methods, two additional, non-standard 

morphologies came to light. Both structures were subtly distinct in aerial images but displayed 

unmistakable statistical differences in comparison to other similar morphologies. For the sake of 

clarity, we describe them here with the other morphologies instead of treating them as a later 

reveal in the results section.  

Rubbly inflated pāhoehoe: The surface of this lava structure in the field has the small, 

irregularly shaped basaltic blocks characteristic of rubbly pāhoehoe while the broader 

topographic surface exhibited large ogives (compressional ridges) and hummocks consistent with 
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hummocky pāhoehoe. We interpret that this morphology formed first as rubbly pāhoehoe and 

then experienced inflation.  

Blocky-’a‘ā Low Relief (LR): In several places within the Highway flow (the trachydacite 

flow where blocky-’a‘ā lava was observed) there are depressions filled with centimeter to meter 

scale clasts and meter scale blocks, pits, and extension cracks. These areas were broken out from 

the rougher sections of the Highway flow to avoid mixing the signals of these two morphologies. 

SURFACE ROUGHNESS:  

There are many ways to compute the roughness of a topography using two-dimensional 

profiles or three-dimensional surfaces. Some methods used to study profiles across lava flows are 

the RMS height (Campbell et al., 1996; Cai et al., 2020; Dierking et al., 1999; Garvin et al., 

1999; Neish et al., 2016; Orosei et al., 2003; Shepard et al., 2001), RMS deviation, (Cai et al., 

2020; Duvall et al., 2018; Morris et al., 2008; Shepard et al., 2001), Hurst exponent (Aufaristama 

et al., 2020; Cai et al., 2020; Morris et al., 2008; Neish et al., 2016; Rosenburg et al., 2011; 

Shepard et al., 2001), median absolute slope (Cai et al., 2020; Rosenburg et al., 2011), median 

differential slope (Kreslavsky et al., 2000; Rosenburg et al.,  2011). These different metrics all 

attempt to address the same question: how can we quantitatively characterize flow roughness? 

Several studies have seen a correlation between an area’s roughness and the scale of its features 

(Cai et al., 2020; Deliege et al., 2017; Kreslavsky et al., 2000; Lescinsky et al., 2006; Rosenburg 

et al., 2011). 

However, lava flows are very anisotropic, and so using three-dimensional statistics gives 

a more complete characterization of the flow’s morphology. Several different three-dimensional 

methods have been used to analyze the topography of lava flows, all of which have shown 

distinct differences in roughness between different lava flow morphologies. These three-
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dimensional methods have included the RMS height (Cai et al., 2020); the topographic position 

index (Aufaristama et al., 2020), which compares the elevation at the center of a moving window 

to the average of the elevations within the window; the total curvature (Korzeniowska et al., 

2018); and statistics that examine the randomness of roughness values (the entropy) and how 

smoothly the roughness changes within a certain region (the homogeneity, Whelley et al., 2014). 

These methods further our knowledge of three-dimensional roughness statistics that can be used 

for lava flow analysis, and we propose our method as a complementary method. 

While a variety of techniques can be used to quantify surface roughness in two-

dimensions, many of the more common techniques are quite complex to model in three-

dimensions. For example, the Hurst exponent is commonly used to quantify the fractal nature of 

a topographic surface and one of the recommended techniques for quantifying roughness as 

described by Shepard et al. (2001); however, it is mathematically and computationally non-trivial 

to compute the Hurst exponent in three-dimensions, and at the present there is no universally 

accepted approach for handling the occurrence of anisotropic surface roughness for Hurst 

exponent calculations. Since lava flow morphologies can be strongly anisotropic, our goal was to 

analyze them using three-dimensional statistics. 

Of these methods, this study focuses on the Area Ratio and the RMS height. These 

methods were selected because they are computationally straightforward to compute in three 

dimensions. We wrote two codes in Fortran 90 to perform these calculations using a user-defined 

moving window and skipping holes in the input data. 
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Smooth pāhoehoe Lobate pāhoehoe Slabby pāhoehoe Hummocky pāhoehoe 

Rubbly pāhoehoe 
Rubbly inflated 

pāhoehoe 
Blocky-’a‘ā low 

relief 
Blocky-’a‘ā HR 

Figure 15: A priori lava flow morphologies as seen in aerial aerial images and in the field at COTM; note that the 

location of aerial imagery does not necessarily correspond to field photo. 
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METHODS:  

DATA COLLECTION, PROCESSING, AND SELECTION OF SAMPLE AREAS:  

Aerial images were collected using an Unmanned Aerial Vehicle (UAV) at the Craters of 

the Moon lava field (Figure 16) under research permit No. CRMO-2014-SCI-0004 during 2015 – 

2016. Two sets of flights were conducted. The first set of flights was conducted with a Phantom 

4 quadcopter flying at altitudes ranging between 26 m and 92 m. The camera on the Phantom 

quadcopter was a DJI FC330 digital camera with a focal length of 4 mm, a resolution of 12.4 

Megapixels, and an image size of 4000 x 3000. The second set of flights was conducted with a 

Steadidrone Hexcopter at an altitude of 50 m and a speed of 5 m/s. The camera on the 

Steadidrone Hexcopter was an Olympus E-PL5 digital camera using a pancake lens with a focal 

length of 14 mm, a resolution of 15 Megapixels, an image size of 4640 x 3473, and 75% side and 

forward image overlap. The Steadidrone Hexcopter carried a VMAP survey grade GPS device, 

and ground control points were surveyed with GPS. Error report from the creation of orthophoto 

mosaics and DSMs is summarized in Table 1. Areas were selected based on in-situ and aerial 

imagery observations in order to include a diverse array of surface morphologies. In-situ 

classification included smooth pāhoehoe, slabby pāhoehoe, hummocky pāhoehoe, lobate 

pāhoehoe, rubbly pāhoehoe, blocky-’a‘ā (high relief), and blocky-’a‘ā (low relief). Given that 

this work is based on concerns with such subjective in-field classifications, these morphology 

names are provided as initial informative descriptions rather than as final designations. 
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Table 1 Errors reported during the DTM and orthophoto mosaic creation process. 

Flight area X error (m) Y error (m) Z error (m) 

Big Craters Area 1 1.27323 0.773726 0.916356 

Big Craters Area 2 1.41097 0.295218 1.30493 

Big Craters Area 3 0.405066 1.5099 1.40154 

Blue Dragon Area 1 1.04059 0.429358 1.78588 

Blue Dragon Area 2 0.251107 1.33578 1.41679 

Blue Dragon Area 3 0.9082 0.73415 1.25642 

Highway 0.708987 1.33822 1.28794 

North Crater Area 1 1.52327 0.206862 0.3268 

North Crater Area 2 1.37955 0.132929 0.769363 

The aerial images were used to create three-dimensional Digital Surface Models (DSMs) 

using the Structure-from-motion workflow (Westoby et al., 2012) in AgiSoft Photoscan. The 

original resolution of the DSMs varied from 0.01 m/pixel to 0.05 m/pixel. Square sample areas 

were clipped from these DSMs, with side lengths of approximately 40 m. Sample areas were 

placed to avoid textural changes or topographic anomalies. Due to the small size of the sample 

areas and the relatively flat regional slope, we did not detrend the data.  

The bulk of the vegetation was identified using a trained maximum likelihood 

classification and the orthophoto mosaic. This vegetation was then clipped out of the DSMs, thus 

creating Digital Terrain Models (DTMs) of the sample areas. Any remaining large topographic 

irregularities (such as unusual holes or large trees missed by the initial trained classification) 

were manually removed. The sample areas were then downsampled using the Resample tool 

(bilinear interpolation) in ArcGIS to our chosen data resolutions: 0.1 m/pixel, 0.5 m/pixel, 1 

m/pixel, and 2 m/pixel. 
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Figure 16: Location map of sample areas. 

The devegetated holes were left empty in the 0.5 m/pixel, 1 m/pixel, and 2 m/pixel 

resolutions. Since we wanted to analyze the roughness of lava flows, we had the code skip areas 

containing holes within the moving window frame. There were many holes in the 0.1 m/pixel 

resolution, however, so skipping the holes prevented the code from generating results. Therefore, 
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we filled all the holes with the average of the surrounding pixels. The validity of this choice was 

tested in the 0.5 m/pixel resolution, for which we could compare calculation results from filled 

and unfilled vegetation holes; the impact that this had on roughness values is discussed in the 

results section of this paper. The downsampled and devegetated DTM rasters were exported as 

point data for use in the code. 

MOVING WINDOW SIZES: 

Two different moving window sizes were used to assess the topographic roughness. For 

both the Area Ratio and RMS Height techniques, the statistical analyses were computed over a 

3x3 pixel window that scaled according to the data resolution. For example, the 0.1 m/pixel data 

resolution had a 0.3 m x 0.3 m moving window, while the 1 m/pixel data resolution had a 3 m x 

3 m moving window. A 3x3 pixel moving window is common among studies of roughness 

(Grohmann et al., 2011). 

We chose a ~7 m x ~7 m moving window as a larger moving window size to analyze all 

the data resolutions over a similar footprint size (0.1 m/pixel, 0.5 m/pixel, 1 m/pixel, 2 m/pixel). 

This size was motivated by the size of the 3x3 pixel footprint for the 2 m/pixel data; given that 

our approach requires an odd number of pixels on each side of the window in order to place the 

relevant calculation in the center pixel position of a given window position, we had to choose 

either a 5 m x 5 m or 7 m x 7 m window to accommodate the 1 m/pixel data. We selected the 

larger size option to ensure complete coverage relative to the corresponding 2 m/pixel window 

and adopted the same method of adding a single step in each direction to ensure an odd number 

of pixels per side for the finer data resolutions. As such, the actual window lengths were 7.1 m, 

7.5 m, 7 m, and 6 m for the 0.1 m/pixel, 0.5 m/pixel, 1 m/pixel, 2 m/pixel datasets, respectively. 

Previous studies of roughness have found that different features are better differentiated with 
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different moving window or step sizes (Kreslavsky et al., 2000; Ozuomba et al., 2018; Whelley 

et al., 2017). Different window sizes were used to prioritize different scales of lava flow features: 

for example, a block that measures 3 m x 3 m x 3 m may look like an area of smooth pāhoehoe 

when analyzed with a 0.1 m x 0.1 m moving window, but will be identifiable as a large block 

when analyzed with a 7 m x 7 m moving window.  

RMS HEIGHT METHOD: 

The RMS height is the standard deviation of heights around the mean (Shepard et al., 

2001) and is found using the following equation: 

ξ = [
𝟏

𝒏−𝟏
∑ (𝒛(𝒙𝒊) −  �̅�)𝟐𝒏

𝒊=𝟏 ]
𝟏/𝟐

   (1) 

- where n is the number of points, z is the elevation, and z-bar is the mean elevation. Multiple 

studies have used the RMS height to classify topographic roughness, including Shepard et al. 

(2001), Orosei et al. (2002), Wu (2018), and Neish et al. (2017). It was suggested by Shepard et 

al. (2001) as one of the standard roughness metrics for natural surfaces. 

AREA RATIO METHOD:  

The Area Ratio (AR) is the two-dimensional planar area divided by the three-dimensional 

surface area (Grohmann et al., 2011). Values close to 1 are indicative of areas with a similar 

planar area and surface area, i.e., smooth areas. In comparison, values closer to 0.5 are indicative 

of rough surface areas. This method is also sometimes called rugosity (Leon et al., 2015). The 

three-dimensional surface area was calculated for each moving window via triangular planes 

defined by adjacent raster pixels, with the pixel value assigned to the central point of that pixel 

footprint. 
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CLUSTER ANALYSIS WITH THE KMEANS: 

The kmeans method is an unsupervised machine learning technique that clusters data into 

groups by finding the least within-cluster sum of squares between the data point and the centroid 

of the group (Steinley et al., 2006.) Prior to using the kmeans method, we combined the Area 

Ratio and RMS Height results (Figure 17) for each sample area, and sorted these results into 100 

bins of equal interval (ranging between 0.7 for the Area Ratio and 0 – 0.5 for the RMS Height. 

These ranges were selected because they had the most variability.) Combining the Area Ratio 

and RMS Height results allowed the kmeans method to use both those methods to determine the 

number of clusters present in our data. Using an unsupervised method allowed the model to 

disregard our a priori classifications and complete its analysis by focusing entirely on the 

quantitative roughness computed by our spatial metrics. This step is crucial in moving from a 

qualitative analysis to a quantitative analysis. 

The results from the kmeans method were used to create elbow and silhouette plots that 

show the ideal number of clusters for each suite of conditions. The elbow plot graphs the number 

of clusters versus the average distance between the cluster centroid; the ideal number of groups 

is located where the distance decreases dramatically. The silhouette plot graphs the number of 

groups versus the cluster’s silhouette width (a coefficient that compares the similarity between 

clusters.) The peak of the silhouette graph indicates the ideal number of clusters. We used both 

these types of plots in our analysis to choose the number of clusters for each combination of data 

resolution and moving window size. 
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RESULTS: 

FILLED VERSUS UNFILLED DATA: 

To evaluate the impact of filling in the holes and artificially smoothing the 0.1 m/pixel 

data, the 0.5 m dataset was processed using both filled and unfilled data. Analysis of the filled 

and unfilled 0.5 m/pixel DTMs for the same areas resulted in almost identical clusters. The 

largest difference was that the kmeans analysis on the unfilled data with the 7 m x 7 m moving 

window did not generate a cluster of slabby pāhoehoe. Thus, using the filled data for the 0.1 

m/pixel data resolution may have generated somewhat different results than would have been 

generated with unfilled data, but we do not think that there was a notable difference to the 

clusters.  

 

Figure 17 RMS Height results for an area of blocky-’a‘ā  HR and smooth pāhoehoe. Note that both sets of results 

are 0.1 m/pixel data, analyzed with a 0.3 m x 0.3 m moving window, and displayed using the same color ramp. 
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CLUSTERING RESULTS: 

The sample areas clustered based on the scale of the roughness, which frequently 

correlated to field-based morphology observations (Table 2). While several of the a priori 

textures were grouped into clusters by themselves, other a priori textures varied between several 

clusters based on the number of clusters. In general, clusters included centimeter scale roughness 

(smooth pāhoehoe), centimeter to decimeter scale roughness (slabby pāhoehoe, lobate pāhoehoe, 

rubbly pāhoehoe), decimeter to meter scale roughness (lobate pāhoehoe, rubbly pāhoehoe, rubbly 

inflated pāhoehoe, blocky-’a‘ā LR), meter scale roughness (rubbly inflated, hummocky, blocky-

’a‘ā LR), and decameter scale roughness (blocky-’a‘ā HR). 

 The various resolution and moving window size combinations grouped into either six or 

seven clusters. For groupings with the larger number of clusters, the seventh cluster split the 

small and medium scale roughness cluster into two. 

 



0.1 0.1 0.5 0.5 1 1 2
0.3 x 0.3 7 x 7 1.5 x 1.5 7 x 7 3 x 3 7 x 7 7 x 7

6 6 6 7 7 7 6
Smooth1 Smooth1 Smooth1 Smooth1 Smooth1 Smooth1 Smooth1  
Smooth2 Smooth2 Smooth2 Smooth2 Smooth2 Smooth2 Smooth2  
Smooth3 Smooth3 Smooth3 Smooth3 Smooth3 Smooth3 Smooth3  

Slabby1   
Slabby1 Slabby1 Slabby1 Slabby1 Slabby1
Slabby3 Slabby3 Slabby3 Slabby3 Slabby2

 Slabby3
Slabby2  

Slabby1 Slabby2 Lobate1 Rubbly2 Slabby2 Lobate3 Slabby2
Slabby2 Rubbly2 Lobate2 Rubbly3 Rubbly2 Lobate4 Slabby3
Slabby3 Rubbly3 Lobate3 Rubbly5 Rubbly3 Rubbly4 Rubbly2  
Lobate1 Rubbly5 Lobate4  Rubbly5 Rubbly6  
Lobate2 Lobate5  
Lobate3 LR1  
Lobate4 LR3  
Lobate5  

Rubbly1 Slabby2 Lobate3 Lobate1 Lobate1 Lobate2
Rubbly4 Rubbly1 Lobate4 Lobate2 Lobate2 Rubbly1
Rubbly6 Rubbly2 Lobate5 Lobate3 Lobate5 Rubbly3
Lobate1 Rubbly3 Lobate1 Lobate4 Rubbly1 Rubbly5
Lobate2 Rubbly4 Lobate2 Lobate5 Rub-Inf1 LR3  
Lobate3 Rubbly5 Rubbly1 LR1 LR1  
Lobate4 Rubbly6 Rubbly4 LR3 LR3  
Lobate5 Rub-Inf1 Rubbly6   
Rub-Inf1 Rub-Inf1  
LR3 LR1   

LR3     
Rubbly1 Rubbly1 Rubbly3 Rubbly4  
Rubbly2 Rubbly4 Rubbly5 Rubbly6  
Rubbly3 Rubbly6 Rubbly2 Lobate1  
Rubbly4 Rub-Inf1 Lobate3  
Rubbly5 Lobate4  
Rubbly6 Lobate5  
Rub-Inf2 Rub-Inf1  
Hum3 Rub-Inf3  
Hum4 Rub-Inf4  
LR2 Rub-Inf6  

LR1  
LR2   

Rub-Inf1 Rub-Inf2 Rub-Inf2 Rub-Inf2 Rub-Inf2 Rub-Inf4 Rub-Inf2  
Rub-Inf3 Rub-Inf3 Rub-Inf3 Rub-Inf3 Rub-Inf3 Rub-Inf5 Rub-Inf5  
Rub-Inf4 Rub-Inf4 Rub-Inf4 Rub-Inf4 Rub-Inf4 Rub-Inf6 Hum1  
Rub-Inf5 Rub-Inf5 Rub-Inf5 Rub-Inf5 Rub-Inf5 Rub-Inf2 Hum2  
Rub-Inf6 Rub-Inf6 Rub-Inf6 Rub-Inf6 Rub-Inf6 Rub-Inf3 Hum3  
Hum1 Hum1 Hum1 Hum1 Hum1 Hum1 Hum4  
Hum2 Hum2 Hum2 Hum2 Hum2 Hum2 HR2  
LR1 Hum3 Hum3 Hum4 Hum3 Hum3  
LR3 Hum4 Hum4 LR2 Hum4 Hum4  

LR1 LR2 LR2 LR2  
LR2       

HR1 HR1 HR1 Hum3 HR1 HR1 HR1  
HR2 HR2 HR2 HR1 HR2 HR2 HR3  
HR3 HR3 HR3 HR2 HR3 HR3  

HR3

Table 2: Cluster results found using the kmeans analysis. Each sample area is labelled with its a priori 
morphological classification. Note that the scale of roughness is a continuum.

Moving window size (m)
# of clusters

Resolution (m)

Scale of roughness

Centimeter

Decimeter

Meter

1 - 5 meters

Decameter
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IMPACT OF DTM RESOLUTION: 

Smooth pāhoehoe is separated from other groups at the 0.1 m/pixel, 0.5 m/pixel, and 1 

m/pixel resolution; at the 2 m/pixel resolution, the small amplitude group also contains an area of 

slabby pāhoehoe. Blocky-’a‘ā HR was also separable at data resolutions lower than 2 m/pixel, 

but clustered with rubbly inflated, hummocky, and blocky-’a‘ā HR when using the 2 m data 

resolution. This suggests that the 2 m data resolution is too coarse to distinguish the end-member 

textures from similar textures. 

MOVING WINDOW SIZES: 

Moving window size affects which textures are distinguished at which data resolutions. 

Sometimes, the difference between the two moving windows is minimal - for the 0.1 m/pixel 

data, the 7 m x 7 m moving window clustered slabby pāhoehoe and rubbly pāhoehoe, whereas 

the 0.3 m x 0.3 m moving window clustered slabby pāhoehoe and lobate pāhoehoe. In both of 

those cases, the features grouped with the slabby pāhoehoe had characteristic block scales on the 

decimeter scale. However, sometimes the difference between the two moving windows is more 

impactful. The ability of a moving window to distinguish textures is dependent on the scale of 

the textural features and the data resolution. For large morphologic features, a small moving 

window size might not be able to capture the entire relevant feature, providing instead a series of 

partial views. Similarly, a data resolution coarser than the characteristic scale of the features will 

result in smoothing of the DTM such that it becomes difficult to differentiate between 

morphologies characterized by finer roughness scales.  

While one might initially hypothesize that the 0.1 m/pixel dataset viewed through the 7 x 

7 m moving window would provide the best results by combining the data resolution with the 

largest moving window, it did not significantly outperform the other combinations under 
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consideration. We hypothesize that this is because the scale of many textures was significantly 

larger than the data resolution. 

DISTINGUISHABLE MORPHOLOGIES: 

Areas classified a priori as slabby pāhoehoe was differentiated in the following 

combinations: 0.1 m data resolution with a 7 m x 7 m moving window, 0.5 m/pixel data 

resolution with both moving window sizes, and the 1 m data resolution with both moving 

window sizes. While slabby and lobate pāhoehoe have similar scales of roughness, they have 

very distinct morphologies: lobate pāhoehoe is the original flow surface, whereas slabby 

pāhoehoe is the result of disruption and breaking of the original flow surface into large plates. 

These differences in morphology represent significant differences in flow history, and so it is 

valuable to be able to differentiate these textures from one another. Lobate pāhoehoe and slabby 

pāhoehoe were clustered together with the 0.1 m/pixel data resolution and the 0.3 x 0.3 m 

moving window. Lobate pāhoehoe could be isolated by subtracting areas of slabby pāhoehoe 

(identified using the data resolution and moving window combinations previously described) 

from the areas classified as slabby and lobate pāhoehoe using the 0.1 m/pixel data resolution and 

the 0.3 x 0.3 m moving window.  

Rubbly inflated and hummocky pāhoehoe are always grouped together in our results. 

This could be due to the large amplitude and wavelength roughness of the hummocks and other 

inflation features overwhelming the smaller scale roughness from the actual rubble.  We 

anticipate that these two units could be better differentiated from one another through the 

inclusion of a slope layer in the cluster analysis, providing more information about the structure 

of the roughness in the RMS height and Area Ratio layers.   
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Our Area Ratio-RMS height clustering method identified different scales of roughness 

that correlated with different lava morphologies. Unsurprisingly, end-member morphologies 

such as smooth pāhoehoe and blocky-’a‘ā HR were easily distinguishable in all data resolutions. 

The roughness values for intermediate textures overlapped, which is logical because these 

textures grade into one another. Using a combination of analyses conducted at different data 

resolutions with different moving window sizes, several of the a priori intermediate textures were 

distinguishable; this is explored more in the Discussion section. 

 

DISCUSSION: 

STATISTICAL CLASSIFICATION OF TEXTURAL GROUPS VERSUS FIELD CLASSIFICATION: 

While the model output classifications are not a perfect representation of our a priori 

classifications, it reflects generative processes like inflation and disruption. Specific 

combinations of data resolutions and moving window sizes could be selected to define specific 

morphologies for future analysis. For example, lobate pāhoehoe and slabby pāhoehoe are 

clustered together using the 0.1 m/pixel data resolution and 0.3 x 0.3 m moving window, as well 

as in the 0.5 m/pixel and the 2 m/pixel data resolutions with the 7 m x 7 m moving window. The 

0.5 m/pixel and 1 m/pixel data resolutions placed slabby pāhoehoe into a group by itself. Thus, 

one could find the slabby pāhoehoe areas using the 0.5 m and 1 m data resolutions and subtract 

those areas from the 0.1 m small-amplitude group to isolate the areas of lobate pāhoehoe. 

Similarly, the slabby pāhoehoe areas identified in the 0.5 m/pixel and 1 m/pixel data resolutions 

could be used to extract areas of rubbly pāhoehoe. Some clusters contain only slabby pāhoehoe 

and rubbly pāhoehoe: the 0.1 m/pixel data resolution with the 7 m x 7 m moving window; the 0.5 
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m/pixel data resolution with the 1.5 m x 1.5 m moving window; the 1 m/pixel data resolution 

with the 3 m x 3 m moving window; and the 2 m data resolution.  

One limitation to this work is the lack of ‘a‘ā in the study area. A key lava flow 

morphology for basalts, ‘a‘ā is frequently thought of as an end-member opposite smooth 

pāhoehoe. However, we posit that the roughness signature of ‘a‘ā will be fairly close to rubbly 

pāhoehoe, as they are close neighbors on the continuum of lava flow morphologies, especially 

when considering the scales of resolution considered in this work. Data collection on flows such 

as those in Hawaii would be necessary to incorporate this morphology. 

An important aspect to note in our work was that we found morphologies not readily 

apparent in visual imagery. Rubbly-inflated was such a morphology. We initially classified these 

areas as rubbly pāhoehoe based on the clast sizes observed in aerial imagery, however the 

roughness signature proved to be very different. We examined the raster outputs of the Area 

Ratio and RMS Height (Figure 18) and noticed that the rubble in those areas were actually 

arranged in ogives, or a series of compressional ridges indicative of inflation. Given this 

observation, we broke these areas out into their own a priori group called rubbly-inflated. We 

decided to split these morphologies out into independent groups to examine the strength of our 

method regarding transitional morphologies, to support the notion that lava flow morphologies 

are not relegated to the few identified in the field by past researchers, and to support our position 

that objective observations can be supported by quantitative data analysis. 
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Figure 18 Lava flow morphologies as seen in the AR and RMS Height. (a) Visible imagery of (a1) rubbly pāhoehoe, 

(a2) rubbly-inflated pāhoehoe, (a3) hummocky pāhoehoe, and (a4) smooth pāhoehoe. (b-c) The AR and RMS Height 

results for the 0.1 m/pixel data resolution and the 0.3m  x 0.3 m moving window. (d-e) The AR and RMS Height 

results for the 2 m/pixel data resolution and 7 m x 7 m moving window. Note that vegetation and large topographic 

anomalies have not yet been removed. The difference in roughness between rubbly pāhoehoe, rubbly-inflated 

pāhoehoe, and hummocky pāhoehoe is evident. 
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THE IMPACT OF DATA RESOLUTION ON TEXTURAL CLASSIFICATION: 

While we performed our analysis at a high data resolution (0.1 m/pixel), we did not see a 

large difference in the clusters generated for the 0.1 m/pixel and the 0.5 m/pixel DTMs. A more 

refined classification of intermediate morphologies might be achievable either through 

incorporation of more roughness metrics in the kmeans clustering or through analysis of higher 

resolution DTMs, however, for most textural analyses, the 0.5 m/pixel data is likely sufficient. 

Any possible improvement from increased DTM resolution would need to be evaluated against 

the increased computational cost from the much larger data volume, as well as consideration of 

whether the means of data collection is actually producing reliable surface data at that higher 

resolution and for large enough areas to be useful. 

We found that the driving factor in distinguishing flow textures was not merely the 

moving window size or the data resolution, but rather the combination of data resolution and 

moving window size. This is likely the result of different textural features being distinguished 

better at certain resolutions and window sizes: i.e., the slabs of slabby pāhoehoe are best picked 

up in the 0.5 m/pixel data resolution with the 1.5 x 1.5 m moving window because the slabs are 

meter scale. The 0.1 m data resolution is likely picking up the small-scale details on the surface 

of the pāhoehoe slabs; conversely, the 7 m x 7 m moving window is likely combining several 

individual meter-scale slabs. Our work provides useful guidance for future researchers looking to 

determine the data resolution and moving window sizes required for their work. For terrestrial 

studies, we recommend using data resolutions ranging from 0.5 m/pixel to 1 m/pixel. Our 

methods could still be used on 2 m/pixel data if budget or payload constraints dictated a lower 

resolution, however this would limit the differentiable textures to smooth pāhoehoe and blocky-
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’a‘ā . We would recommend a scaling moving window (i.e., the 3x3 moving window) to 

differentiate intermediate morphologies. 

IMPLICATIONS FOR THE MOON AND MARS:  

These methods can be applied to terrestrial datasets as well as those from other planetary 

bodies; while the roughness values will be different due to the different conditions of the lava 

flows, precursor imagery will aid in selecting appropriate DTM resolution and moving window 

sizes. Cai et al. (2020) found that the RMS deviation (the RMS of the deviation of the actual 

values from the expected values) at small data resolutions was higher for martian lava flows than 

terrestrial flows and lower for lunar flows than terrestrial flows.  

To capture those higher roughness values, we recommend using 1 m/pixel and 2 m/pixel data 

DTM resolutions (such as that from HiRISE) and a combination of a 3 m x 3 m and 7 m x 7 m 

moving window sizes in future studies of lunar and Martian lava flows. Larger moving window 

sizes could also be appropriate to match the scale of features on Martian flows. That would make 

it possible to distinguish a wide variety of textures, including smooth pāhoehoe and blocky-’a‘ā 

HR. Using combinations of data resolution and moving window size, other textures could be 

distinguished, possibly including hummocky pāhoehoe, rubbly pāhoehoe, slabby pāhoehoe. 

While our study did not include ‘a‘ā, we posit that ‘a‘ā could be distinguished using a 

combination of those data resolutions and moving window sizes. 

One other significant factor when examining topographic features on the Moon and Mars 

with this method is the significant presence of dust and regolith. This fine sediment infills and 

obscures flow features, smoothing out the surface of the lava flow and making it more difficult to 

perform a statistical analysis of flow morphologies. This could be partially addressed by 
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classifying and removing areas of significant dust accumulation from the analyses. If the dust 

was small scale, then it could likely be isolated as a distinct texture and then removed. To better 

distinguish it from smooth pāhoehoe, we would recommend using 1 m or 2 m data resolutions. If 

aerial imagery were available, a trained classification could also be tried in an attempt to classify 

and remove dust accumulation. 

FUTURE WORK: 

In the future, other statistical methods of computing three-dimensional roughness could 

be included in the kmeans cluster analysis. These include methods that have previously been 

used for two-dimensional transects, like the Hurst exponent and the Allen deviance (Neish et al., 

2017; Shepard et al., 2001) and three-dimensional methods such as the homogeneity, entropy 

(Whelley et al., 2017), and topographic position index (Aufuristama et al., 2020). We chose not 

to use these computationally intensive methods due to the scope of our work, however they could 

be combined with our methods to further refine the classification process, and possibly to better 

characterize intermediate morphologies. While looking at the clusters generated at different data 

resolutions allows us to consider the fractal scalability of our work, we did not generate 

meaningful results from using the kmeans technique on a combination of the RMS and AR 

results of all data resolutions. This was because the numerical values generated by the different 

window sizes and data resolutions created increased apparent overlap between the datasets as the 

kmeans was not successful in treating each distribution set as a distinct layer. We hypothesize 

that using a more sophisticated machine learning technique, such as a neural network, would 

address this problem. These techniques could also be used to classify and autonomously map 

lava flows that contain many textures.  Additionally, since this set of methods distinguishes lava 

flows, any number of morphologies could be added, including ‘a‘ā. Adding morphologies could 
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help to identify other common morphologies, such as ‘a‘ā, or morphologies that have previously 

not been discussed, much like the rubbly-inflated found in our field area. 

CONCLUSION: 

Classifying lava flow morphologies is frequently subjective, especially when using 

remote sensing datasets. We analyzed the surface roughness of different lava flow morphologies 

using three-dimensional spatial statistics. Digital terrain models were downsampled to 0.1 

m/pixel, 0.5 m/pixel, 1 m/pixel, and 2 m/pixel data. Roughness statistics included the Area Ratio 

and the RMS height and were calculated using both a scaled moving window (e.g., a window 3 x 

3 pixels wide) and a set moving window (7 m x 7 m). We then separated our sample areas into 

clusters using the kmeans. The clusters generated by the kmeans frequently correlated with the a 

priori morphology classifications that were based on field observations. Individual a priori 

morphologies clustered differently based on the data resolution and moving window size; 

however, clusters tended to include centimeter scale roughness (smooth pāhoehoe), centimeter to 

decimeter scale roughness (slabby pāhoehoe, lobate pāhoehoe, rubbly pāhoehoe), decimeter to 

meter scale roughness (rubbly pāhoehoe, rubbly inflated pāhoehoe, blocky-’a‘ā LR), meter scale 

roughness (rubbly inflated pāhoehoe, hummocky pāhoehoe), and meter to decameter scale 

roughness (blocky-’a‘ā HR). We were also able to distinguish end-member morphologies 

(smooth pāhoehoe and blocky-’a‘ā HR) at all data resolutions and moving window sizes. This 

type of terrain analysis is a worthwhile application of relatively new technology (UAS), 

structure-from-motion, large data analysis, and machine learning techniques. 

These methods of quantitative lava flow analysis allow us to objectively classify lava 

flow morphologies. Field methods have been instrumental in developing our knowledge of 

basaltic lava flow morphologies and mechanisms; however, there is an inherent subjectivity 
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present in observational data collection. Our classification method can be used to better 

understand and map flow morphology transitions and unusual flow morphologies, as we 

demonstrated in our analysis of rubbly inflated pāhoehoe. Additionally, our method could be 

used to map flow morphologies across inaccessible areas such as remote lava flows on Earth, or 

lava flows on other planets such as the Moon and Mars.  



 50  

CHAPTER FOUR: DISCUSSION AND CONCLUSION 

In this chapter, I will expand on the discussion section from the manuscript meant for 

submission to a journal (Chapter 3). In addition to what was already discussed, I investigated 

several other methodologies that were not continued. Some yielded inconclusive results, while 

others were promising and should be further investigated by others. I will also use this space to 

offer some more speculative suggestions for future data resolution goals for lunar and martian 

surface data in order to best facilitate orbital mapping and interpretation of those planetary 

bodies. 

OTHER METHODS OF QUANTIFYING SURFACE ROUGHNESS: 

While developing the method described in the paper above, we tried a variety of other 

methods, some of which were more successful than others. A brief discussion is included here. 

We tried several pre-made roughness analysis tools that did not work well for our needs. 

One of these was TextureCam, a program primarily designed to analyze photographs taken with 

rovers and classify geologic features such as rocks and sediment (Wagstaff et al., 2013). 

Preliminary work has also shown this program to be effective at classifying ground versus cloud 

cover in orbital imagery (Thompson et al., 2013). However, we did not have good results when 

using this method on our aerial images (Figure 19). This method involves creating a file with 

different colored areas that correspond to different textures shown in a corresponding image (i.e., 

a training data set). Then the computer applies this training data to other images, and classifies 

the textures found in the other images. This tool can classify as many textures as the user wants, 

however we tested it with images containing only two textures. If further work was done to test 

this tool, we would recommend incorporating more training data. 
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Figure 19: TextureCam test results. (a) Visual imagery for training and (b) training labels. Blue is rubbly pāhoehoe, 

red is another flow morphology, and black is no data. (c-f) Visual imagery for a classification test of two areas of 

rubbly pāhoehoe. 

(a) (b) 

(c) (d) 

(e) (f) 
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Another pre-made tool we tried was the Benthic Terrain Modeler, an ArcGIS toolbox 

designed to analyze and classify seafloor topography using several different statistical methods. 

One of these is the Terrain Ruggedness method which computes the Area Ratio (also known as 

the rugosity) (Grohmann et al., 2011). While this tool would have saved us a great deal of coding 

effort, the tool did not allow users to actively control the moving window size. Since multiple 

moving window sizes were an important aspect of our study, this meant that we were unable to 

fully utilize the Terrain Ruggedness method. 

We also tried several of the basic focal statistic tools built into ArcGIS, such as Mean 

Value, Range of Value, and Standard Deviation, to analyze the DTMs. These methods 

distinguished between large and small amplitude roughness morphologies but did not distinguish 

medium-amplitude textures from large or small. These methods were not an improvement on the 

results we got from the RMS Height and Area Ratio methods and did not allow for the size of the 

moving window to be changed. The Curvature tool found similar results between all 

morphologies, and so was not included for further study. 

The ArcGIS tool that did produce potentially useful results was the Slope tool. This tool 

generated a wide enough range of output for the various morphologies that we thought the Slope 

tool had a high likelihood of distinguishing flow textures. However, the ArcGIS method only 

allowed for a 3 x 3 pixel moving window, with no option to change the moving window size; 

this has since been upgraded in ArcPro 2.8, which was released after this portion of the study 

was completed. We encourage future researchers to use the new Slope tool in Arc or to write a 

code that will measure the slope angle and aspect using a planar best-fit across a variably-sized 

moving window. We anticipate that this would be particularly useful in order to differentiate 
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between relatively smooth slopes found on inflated pāhoehoe hummocks and the rougher slopes 

associated with rubbly-hummocky pāhoehoe. 

Another commonly used tool within roughness analysis is the Hurst exponent, which is a 

means of calculating the fractal self-similarity of roughness across different scales (Turcotte, 

1997). An example of fractal topography is a watershed: as you increase the scale of observation, 

the dendritic pattern changes scale but maintains its shape. Previously, Neish et al. (2016) used 

the Hurst exponent to describe linear transects of lava topography at COTM in order to compare 

with their radar-based roughness calculations. While they were successful in correlating the 

linear Hurst exponents with their raster data, the use of the linear Hurst exponent is very 

vulnerable to anisotropy in the measured surface. As such, orienting the measurement line 

parallel or perpendicular to flow direction may produce very different results. Recent attempts to 

get around this issue by combining Hurst exponent calculations from two perpendicular lines 

(Aufaristama et al.; 2020Cai et al., 2020) remain vulnerable to the orientation of those lines 

relative to anisotropic morphologic features. Work by Rosenburg et al. (2011) to formulate a 

radial algorithm for the Hurst exponent has not been broadly adopted, and programming it from 

scratch was beyond the scope of this work. We did attempt to write a Fortran 90 code for a 

middle-ground approach that would calculate the Hurst exponent for four crossing lines (north-

south, east-west, NE-SW, NW-SE) at each pixel to create four separate raster maps that could be 

combined as CYMK heatmaps, thereby preserving visual information about the degree of fractal 

self-similarity as a function of orientation. While the north-south and east-west Hurst exponent 

calculations for a given pixel were relatively easy to achieve, more high performance computing 

expertise is necessary to properly manage the memory issues that emerge from trying to calculate 

the Hurst exponent on the diagonals for relatively large datasets (McGregor, personal 
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communication). We remain very interested in the possibilities for this code to be developed in 

the future and applied to lava terrain analysis.  

We gained a great deal amount of insight into the validity of our methods by examining 

the standard deviations of both the RMS height and Area Ratio results (Figure 20). The standard 

deviations show differences between some of the transitional textures, such as between 

hummocky-rubbly and hummocky (Figure 19). Future work on this project could add the 

standard deviation of the RMS and AR results to the kmeans analysis to better define transitional 

morphologies.  

 

Figure 20: The mean RMS height and standard deviation results for the 0.5 m/pixel data resolution. Note that each 

point corresponds to a data set assigned that a priori morphology. 

Blocky-
’a‘ā 
HR & LR 
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In addition to the kmeans, we tried doing a hierarchical cluster analysis with dendrograms 

(Figure 21). The dendrogram method creates clusters by minimizing the Euclidean distance 

between data points. The agglomerative method used by R iteratively combines the closest data 

points into nodes. In R, the dendrogram method results in a tree-diagram: each node breaks apart 

into several branches, and the closer the branches are, the more similar the datasets are. Each 

color represents a group, with the number of groups specified by the user. This was very helpful 

for understanding the clustering and generated very visually attractive results; however, we 

chose to use the kmeans method because the kernel function that JMP uses for the kmeans tool 

distinguished the lava flow morphologies slightly better. 
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Figure 21: The dendrogram results for the 10 cm data resolution and a 3 x 3 moving window. 

 

FUTURE WORK: 

Future work should include the slope, as described earlier, and may also benefit from the 

inclusion of the standard deviation of the slope. Our preliminary tests of the built-in ArcGIS 

slope tool generated good results, but the median, differential, and RMS slope have been used by 

other researchers to good effect (Cai et al., 2017; Campbell et al., 1996; Grohmann et al., 2011; 

Neish et al., 2016; Shepard et al., 2001). This effort will require the development of a tool that 
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readily enables the user to control the size and positioning of the moving window to use when 

calculating the local slope. 

 While our comparison of analyses conducted on filled and unfilled 0.5 m/pixel DTMs 

indicated minimal change in classification outcome from filling the vegetation holes, future work 

should test that result for other data resolutions. Using filled data would make it easier to conduct 

some of the analyses that were not included in this research, such as the slope and Hurst 

exponent. 

These methods could be expanded to create an automated mapping program that 

analyzed, clustered, and classified lava flow morphologies. Using that expanded methodology, 

entire lava flows could be mapped in a quantitative fashion. The clusters found in this analysis 

could also be corelated with petrologic analyses, which could then be used to infer the petrology 

of lava flows on other planets. This would give significant insight into the volcanic history of 

both terrestrial and planetary surfaces. 

CONCLUSION:  

 Determining lava flow morphology is a fairly subjective process in the field based 

primarily on visual observations of surface slopes and clast shape and size. Efforts are being 

made to standardize these in-situ classifications (Harris et al., 2017), however identifying 

morphologies in satellite and aerial imagery still remains quite subjective. Most analyses rely on 

qualitative field observations (Harris et al., 2017; Lipman and Banks, 1987; Peterson and Tiling, 

1980), and so it was our goal to develop a quantitative method of classifying lava flow 

morphologies.   
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 Researchers have examined the roughness of terrestrial and planetary surfaces in a 

multitude of ways, however most work on lava flows have used two-dimensional methods. Some 

three-dimensional methods have been used, including the RMS height (Cai et al., 2020), the 

topographic position index (Aufaristama et al., 2020), the improved morphological surface 

roughness (Cao and Cai, 2018), and the wavelet leaders method (Deliege et al., 2017). 

We used the RMS Height and the Area Ratio methods to quantify the roughness of lava 

flow morphologies in three-dimensions, and then used the kmeans hierarchical clustering method 

to determine what groups of morphologies were distinguishable in DTMs derived from high-

resolution aerial images. We conducted this analysis for several different data resolutions (0.1 

m/pixel, 0.5 m/pixel, 1 m/pixel, 2 m/pixel) and two styles of moving window: a 3 x 3 pixel 

moving window, and a 7 x 7 m moving window.  

Using these methods, we were able to group areas based on the scale of their roughness. 

These groups frequently corresponded to our a priori morphological classifications. At the 0.1 

m/pixel and 0.5 m/pixel data resolutions, smooth pāhoehoe, blocky-’a‘ā HR, and several 

intermediate textures were distinguishable. At the 1 m/pixel and 2 m/pixel data resolutions, 

smooth pāhoehoe and blocky-’a‘ā HR were distinguishable. By using a combination of data 

resolutions, other morphologies could be distinguished such as lobate pāhoehoe, slabby 

pāhoehoe, and rubbly pāhoehoe. 

This method can be used to analyze imagery from terrestrial flows and those on other 

planets. For terrestrial flows, this method can help standardize lava flow morphology 

classification, particularly for flows in remote locations. For flows on other planets, this method 

can aid with flow morphology identification, mapping, and the analysis of volcanic history. This 

method could also be useful in planning landing sites. 
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