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Abstract 

Landscape change occurs on a wide range of spatial and temporal scales. Changes within 

volcanic terrains are often some of the most dynamic due to the types of processes that form 

these landscapes and the inherent properties of volcanic deposits. As a consequence volcanic 

terrains often form unique, weird and wonderful geomorphological features and landscapes, 

understanding which can teach us much about both the volcanic deposits and the forces that 

shaped them. This dissertation explores examples of volcanic geomorphology using field- and 

space-based remote sensing data, along with field-based observations. 

Studies were made of the landscapes at La Pacana Caldera (Chile), Valles Caldera (New 

Mexico, USA) and Mt. Etna (Italy). For La Pacana Caldera, LANDSAT and SRTM images were 

used to identify erosional ridges and channels (across 100s km\ within several surrounding 

ignimbrite sheets that were predominantly erupted during a period of major activity -4 and 5 Ma 

ago. Most notable was a coherent NW-SE alignment of many of the erosional features, possibly 

offering clues about the past stability of the regional cl imate. 

At Valles Caldera the geomorphology of interest occurred on a smaller scale, at more 

isolated locations. Eroded columns of ignimbrite, <1 m in diameter, but up to 20 m high, are 

exposed in several valley walls. These volumes of ignimbrite were found to have undergone 

alteration making them more resistant to erosion than the rest of the host deposit. A model for the 

mechanism by which they formed is postulated and draws significant inspiration form 

observations made of the erosion of the 1991 Mt. Pinatubo lgnimbrite sheet. 

The environment at Mt. Etna is different than in the other two studies as it is 

predominantly basaltic lava. Also, the dynamic changes studied occurred during emplacement, 

rather than the subsequent erosion. Observations concentrated on an open lava channel , which 

demonstrated cyclical behavior in its flow patterns. This in turn influenced the style of lava 

emplacement around the channel and the morphology of landscape features. Overall this 

dissertation provides a diverse look at geomorphological changes in volcanic landscapes that 

highlight the dynamic processes shaping the landscape of our Earth and other planetary bodies. 
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Chapter 1: Geomorphological studies of volcanic landscapes and the role 
of remote sensing 

1.1 Introduction 

On a human timescale geological change is slow. Mountain growth, ocean basin formation, plate 

generation, and other major landscape-shaping events occur gradually over millennia. Changes 

in surface geomorphology due to weathering , tectonics, and other processes occur at faster 

rates, but often records of these changes must be collected for many years to observe significant 

alterations. However, this is not the case for volcanoes and volcanic eruptions. They can change 

the surrounding landscape's shape in a matter of minutes, and their influence on the surrounding 

geomorphology can continue for millions of years , even without further eruption. Yet studies 

involving changes in volcanic landscapes remain a much under-explored aspect of geology and 

geomorphology. 

This dissertation concerns the geomorphology of volcanic landscapes that relates to the 

emplacement of lava flows and erosion of pyroclastic deposits. The mobile nature of volcanic 

deposits leads to dynamic evolution of the landscape, both during, and after their emplacement. 

Changes in volcanic landscapes occur over timescales of seconds to millennia depending on the 

type of deposit, size of eruption, mode of emplacement and surrounding environment. The work 

presented here catalogue examples of volcanic landscapes where geomorphological change is 

occurring on timescales of different orders of magnitude. 

1.2 Volcanic geomorphology 

Geomorphology is defined as the scientific study of "the form of the ground and the processes 

which shape it" (Kearny, 1996; p127). The term Volcanic Geomorphology can therefore be 

defined as 'the study of the form of volcanic landscapes and the processes that shape them', and 

encompasses a wide range of techniques and methodologies. Studies of volcanic geomorphic 

landforms can be broadly classified into one of two categories: (1) Studies concerned with 

volcanic structures, and (2) Studies that consider the landscape directly affected by the volcanic 



deposits. Technically, part of the latter also qualifies as the former, so the distinction can be 

slightly blurred, but studies of both are essential if we wish to understand the eruptive 

mechanism, history and style of a volcano and its products, as well as its hazards potential. 

Thouret (1999), in his overview of volcanic geomorphology suggests that classifications of 

features should be based on geomorphic scale, constructional vs. erosional origin , mono- vs. 

polygenetic formation , types of activity, and type and volume of erupted material. 

Based on the work of Cotton (1944), Macdonald (1972), and Francis (1993), Thouret 

(1999) notes the distinction between the volcano and the related landscape (the two-category 

distinction defined above), but goes onto to define several categories of volcanic geomorphic 

landforms. From these categories, volcanic landforms have been placed into five groups in Table 

1.1 . These five groups are not meant to be an exhaustive list of all studies related to volcanic 

geomorphology, but rather act as a basic guide that defines the main categories and sub

categories of volcanic landforms, and cites example studies. These examples provide the reader 

with a link to reviews, seminal studies, or historical accounts for each category of volcanic 

landform, and provide references to further literature. 

Volcanoes have been erupting violently around the globe for millions of years, 

instantaneously and catastrophically changing the landscape around them. Volcanic landforms 

are the results of opposing constructive and destructive forces (Francis, 1993). Whilst pyroclastic 

fall is the most widespread of the constructive forces, it is the deposition and subsequent erosion 

(destruction) of pyroclastic flows (ignimbrites) that has the most dynamic effects on the 

landscape. Due to their unconsolidated nature allowing high rates of erosion, the consequences 

of even relative small volumes of ignimbrite emplacement can still be felt decades to centuries 

later. 

During the 201
h Century there were several eruptions that produced large volumes of 

ignimbrite. The largest of these was in 1912 when Katmai-Novarupta erupted 12-15 km3 of 

magma in a remote part of Alaska (Wood and Kienle , 1990; pp. 70-71 ). The next largest 

occurred with the 1991 eruption of Mt. Pinatubo, the Philippines, which totally devastated an area 
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of more than 400 km2
, with the eruption of - 5km3 of magma (Scott, WE et al., 1996). Devastation 

and landscape modification was mainly caused by burial of ignimbrite up to 200 m thick. 

Table 1.1 A categorization of volcanic geomorphic landforms. Categories are based on Theuret 
(1999). 

Category 

Monogenetic 
landforms and fields 

Polygenetic volcanoes 
and calderas 

Landforms resulting 
from volcanic 
collapses 

Landforms resulting 
from denudation of 
volcanic constructs 
and deposits 

Geomorphic changes 
due to volcano -
surrounding 
landscape interaction 

Volcanic Landform Reference Studies 

-cinder/scoria cones , luff cones, luff rings McGetchin et al. , 1974; Self et al. , 1974 Wohletz 
and Sheridan, 1983; lnbar et al. , 1994; Sohn, 
1996 

-maars and diatremes 
-intra/subglacial volcanoes ; tuyas 
-endogenous and exogenous domes 
-lava flows and fields 

-lava lakes 
-flood basalts 
-ignimbrite sheets 

-sulfur flows and fields 

Oiiier, 1967; Lorenz, 1986 
Matthews, 1947; Jones, 1967; Hickson, 2000 
Fink, 1990; Nakada et al. , 1999 
MacDonald , 1953; Walker, 1972; Lipman and 
Banks, 1987 
Tazieff, 1979; Oppenheimer and Francis, 1998 
Mahoney and Coffin , 1997 
Ross and Smith , 1961 ; Daag and van Westen , 
1996; Punongbayan et al. , 1996 
Fink et al. , 1983; Harris et al ., 2000 

-shield volcanoes Nordlie, 1973; Rowland and Garbeil , 2000 
-stratovolcanoes Milne, 1878; Becker, 1885; Cotton , 1944; Tilling 

1991 
-compound and complex volcanic centers Martin del Pozzo, 1983; Conner and Conway, 

2000 
-caldera types: 
• explosion (e.g., Somma-Vesuvius, 

Italy) 
collapse-explosion (Crater Lake , 

USA) 
shield summit collapse (Kilauea , 

USA) 
collapse in basement and resurgent 

dome (e.g. Valles, USA) 
avalanche caldera from flank failure 

(e.g . Mt. St. Helens, USA) 
erosional (Haleakala, Maui) 

-volcanic-tectonic depressions (e.g. 
Taupo Volcanic Zone, NZ) 
-pit craters 
-debris avalanches 

-landslide deposits and scarps from shield 
collapse 
-secondary pyroclastic flow deposits 

-eroded cones, roots of paleo-volcanoes/ 
calderas 
-eroded lava flows and inverted rel ief 
-lahar deposits due to ignimbrite erosions 

-damming and breakout of lakes 

-lahar deposits due glacier-volcano 
interaction 
-drainage patterns that are influenced by 
the volcano or redevelop on deposits 
- pre-eruption inflation or post-eruption 
deflation 

Mouginis-Mark and Rowland , 2001 
Pliny, 1969; Santacroce, 1987 

Williams, 1941 ; Bacon , 1983 

• Wilkes, 1845; Stearns, 1946; West, 1990 

Smith and Bailey, 1968 

_Moore and Albee, 1981 ; Voight, 1983 

Stearns , 1942; West, 1990 
Wilson et al ., 1984; Borgia , 1990, Lipman, 2000 
MacDonald et al. , 1983 

Siebert, 1984; Glicken, 1991 ; Vallance et al ., 
1995; van Wyk de Vries et al ., 2000 
Moore et al., 1989; Moore and Mark, 1992. 

Torres et al ., 1996 

Breed, 1964; Boomfield , 1975; Wood , 1980 

Tomkieff, 1904; Pain and Oilier, 1995 
Rodolfo and Arguden , 1991 ; Rodolfo et al. , 1996; 
Scott et al. , 1996; Major et al ., 2000 

Umbal and Rodolfo, 1996; Manville et al ., 1999 
Crandell , 1971 ; Pierson et al , 1990 
Hickson, 2000 
King , 1942; Buesch 1991 ; Smith , 1991 ; Bailey, 
2001 
Dvorak and Dzurisin , 1997; Zebker et al ., 2000; 
Massonnet and Sigmundsson, 2000 
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However, these events were small compared to eruptions in the geological record , e.g ., 

74 ka Toba in Sumatra erupted 2800 km3 of ignimbrite (Chesner and Rose, 1991). The dominant 

morphology of large areas of the landscape in South America , New Zealand, Italy and Japan, 

among other countries, is due to ignimbrites, and, very importantly, to their subsequent erosion. 

One of the primary effects ignimbrites have on a landscape, aside from physically adding 

large volumes of material to it, is the disruption to drainage systems. In fact, often the existing 

drainage network around a volcano is destroyed by the deposits filling the existing valleys. 

Depending on the regional climate, a new network can be reest~blished very rapidly and often 

flows along the primary pathways of the old system (Bailey, 2001 ). Even beyond the ignimbrite 

deposition zone, this causes incredible disruption to the surrounding landscape and populations 

living in the region , in form of lahars (e.g., 1991 Mt. Pinatubo: Pearson and Eriksen, 1994; Major 

et al. , 1996; Rodolfo et al. , 1996; Umbal 1997). Thus , the effects of the ignimbrite eruption are felt 

even further from the eruptive center. After the generation of lahars ceases, the redistribution of 

sediment can still lead to flooding downstream, causing disruption to the landscape and more 

misery for the people effected (e.g ., 1991 Mt. Pinatubo: Pierson et al. , 1992; Punongbayan et al. , 

1993). 

Although emplacement takes longer (and erosion takes far longer) than for ignimbrites, 

lava flows also dynamically change the landscape. In the most extreme cases lava flows in the 

form of continental flood basalts (CFB) cover areas even greater than the large-scale ignimbrites. 

For example, the CFB in the Deccan Traps, India has an area of 500,000 km2 and a volume of >2 

x 106 km3 (Rampino and Stothers, 1988; Mahoney and Coffin , 1997). Emplacement of these 

deposits took on the order of 1-2 million years (Swanson et al. , 1975; Courtillot et al. , 1996), but 

their effect on both the landscape and the Earth 's atmosphere was so large it is postulated to 

have been a factor in the extinction of the dinosaurs and many other species (Officer and Drake, 

1985; Courtillot et al. , 1996). 

On a smaller scale, lava flows can still efficiently cover several km2 of land over days to 

years, as has been seen in Hawaii at Kilauea for the past 2 decades (Heliker et al. , 2003). When 

eruptions occur at high effusion rates the lava may form confining levees and flow within a 
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defined channel (Lipman and Banks, 1987). Dynamic changes occurring within these channels 

can effect the morphology of the lava emplaced on the surrounding landscape (Bailey et al ., 

2005). In this dissertation, three studies are presented that examine the landscape morphologies 

related to erosion and/or emplacement of both ignimbrites (Chapters 2 and 3; Appendices 1 and 

2) and lava flows (Chapter 4; Appendices 3 and 4). The studies were conducted using data from 

a combination of field observations and measurements, laboratory analyses and remote sensing 

image interpretation. 

1.3 Studying volcanic landscape evolution 

1.3.1 Observations using remote sensing 

One of the main problems associated with studying volcanic landscape change is the ability to 

obtain data of suitable spatial and/or temporal resolution , coupled with wide enough coverage (up 

to 1 OOs km\ Even if change is occurring at timescales where instantaneous measurements at 

different sites is not as important (for example, eolian erosion of ignimbrite compared to an active 

lava flow field) it is still impractical to observe such large areas through field methods alone. Other 

factors such as volcanic hazards, remote location, inhospitable or dangerous terrain, and the 

dynamic nature of deposits also make volcanic landscapes difficult places to work. This makes 

them ideal targets for the use of remote sensing data (Self and Mouginis-Mark, 1995; Mouginis

Mark et al., 2000). 

The use of remote sensing data makes it easy to obtain repeat measurements with the 

same spatial coverage and temporal frequency. The data are also 'real' as they provide images of 

what the terrain really looks like, rather than being extrapolations from models or simulations. For 

particularly dynamic and rapidly chang ing landscapes, remote sensing allows data collection at a 

rate that is often beyond ground-based studies. A good example of this was Mt. Pinatubo's 

evolving landscape during the first post-eruption decade: "More than six years after the eruption, 

it is evident that ground surveys cannot keep up with the magnitude and frequency of secondary 

pyroclastic flows and lahars, or the rate of landscape change. Many affected sites are 

inaccessible for ground monitoring and on-site investigation . In addition , several secondary 
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pyroclastic flow events occur unnoticed even by nearby observatories due to inclement weather 

conditions", (Mouginis-Mark, 1998). 

However, the use of remote sensing data should not undermine the importance of field 

studies. Rather the two should be seen as complimentary. Ground-truth provides quality control , 

demonstrating what remote sensing data are really showing. However, the importance of this role 

depends on the resolution of the available remote sensing data. High-resolution data obtained 

from space-based platforms typically have a pixel resolution of 15-30 m (e.g. , SPOT, LANDSAT, 

ASTER), although new commercially available data have resolutions of up to -1 m (e.g. , lkonos, 

Quickbird). These instruments trade-off increased spatial resolution with reduced swath 

(Mouginis-Mark and Domergue-Schmidt, 2000), possibly causing problems for landscape-wide 

studies, as not all the target area may be included in one image. Some remote sensing datasets 

require field-based campaigns to collect them via ground-based instruments (e.g. , FLIR -

Forward Looking lnfraRed Camera). Compared to satellite data, ground remote sensing data 

have very limited spatial coverage but very high pixel resolution (<1 m). The use of data collected 

at different spatial scales provides the opportunity to study changes to landscape features on the 

order of meters to 1 Os m, which are otherwise too small to describe purely using remote sensing, 

but too large and widespread to study using only ground surveys. 

Volcanologists utilize a wide range of satellite-based, airborne and handheld remote 

sensing instruments. The next three sections define th ree categories of instrument based on the 

region of the electromagnetic spectrum in which they primarily detect. Many remote sensing 

instruments could be placed in each category. However, the examples given concentrate on the 

sources of data that have been , and continue to be, the most useful in describing dynamically 

changing volcanic surfaces. In particular, overviews are presented on the instruments that 

provided data used in the studies described in th is dissertation. 

1.3.2 Remote sensing at visual and near- to shortwave infrared wavelengths 

The visible wavelengths of the electromagnetic (EM) spectrum are those visible to the human 

eye; what we perceive as the rainbow of colors from red to violet. These correspond to 
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wavelengths from 0.4 to 0.7 µm, and only represent a tiny fraction of the EM spectrum. Remote 

sensing devices that record images based on these wavelengths have existed for nearly 200 

years, in the form of photographic cameras. With the evolution of camera and aviation technology 

during the 20th century our ability to study the landscape was increased considerably by the 

fusion of these two technologies . Today, through the use of computers and the global positioning 

system (GPS), aerial photography is an important tool in cartography and many other fields that 

study the landscape. Aerial photographs are also used in volcanblogy, although their use is 

limited by the coverage of a given image and the danger posed by erupting volcanoes to aircraft 

(Casadevall , 1994 ). Nevertheless, aerial photography offers a high-resolution view of the 

landscape, and a series of airphotos often provides the first holistic look at a new lava flow field or 

emplaced ignimbrite (Punongbayan et al., 1996; Figure 1.1 ). 

Figure 1.1 Airphoto taken over Mt. Pinatubo 1 ylh July 1991 , 32 days after its climatic eruption. 
Oblique view looks up-valley towards the caldera. The incipient drainage pattern is clearly seen in 
the valley filling ignimbrite. White circles mark large examples of phreatic explosion pits, which 
helped provide initial pathways for the re-establishment of drainage channels. Older topography, 
at higher elevations than the ignimbrite can be seen in the lower left of the image (photograph 
courtesy of Chris Newhall , Univ. of Washington I USGS). 
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Satellite-based instruments with sensors that collect radiation at visible wavelengths, 

generally record within three bands; band 1 (0.45 - 0.52 µm), band 2 (0.52 - 0.60 µm) and band 3 

(0.63 - 0.69 µm). These roughly correspond to light we perceive as blue, green and red. 

Therefore, by combining the data from these 3 bands in the correct way, a true color image is 

produced (Figure 1.2). For volcanic landscapes, these images are particularly useful in mapping 

lava flows and ignimbrites, cataloguing the erosion of ignimbrites, and identifying volcanic 

structures. 

Launched in 1972, NASA's LANDSAT 1 detected in bands 1 to 3, and in a band 4 (0.8 -

1.1 µm), measuring longer wavelength near infrared (NIR; 0.7-1.4 µm). The LANDSAT satellites 

are the longest running series for the acquisition of remote sensing images of Earth from space. 

The LANDSAT series has evolved with the instruments having increasingly better spatial 

resolution and wider spectral coverage. Currently LANDSAT 7 is in service, acquiring data in 1 

panchromatic and 7 multispectral bands, which records at wavelengths within the visible, NIR, 

short wavelength infrared (SW; 1.4-3.0 µm), mid-wavelength infrared (MIR; 3.0-8 µm) and 

thermal infrared (TIR; 8.0 µm to 1 mm). The trade-off between panchromatic and narrower 

visible/infrared bands is the loss of ability to create color images, but increased spatial resolution. 

Table 1.2 shows the detection ranges of LANDSAT Ts sensors, and compares them to other 

satellites used to study volcanic landscapes. 

LANDSAT images introduced a new era of volcanic landscape interpretation, with the 

discoveries made in the volcanic provinces of the Central Andes in South America perhaps the 

most dramatic. This is one of the largest volcanic provinces in the world, yet prior to the 

interpretation of remote sensing data many volcanic features were poorly described or were even 

undiscovered. Baker (1982) demonstrated the potential for LANDSAT data to be used to describe 

the volcanic landscape in the Andes. Francis and Wells (1988) identified 15 previously unknown 

debris avalanches using LANDSAT 4 and 5 data. Francis and de Silva (1989) studied the entire 

central Andean volcanic province using 29 images, and discovered over 60 potentially active 

volcanoes. This compared to a previously catalogued 16. Figure 1.2 is of La Pacana Caldera, one 
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Table 1.2 Summary of sensor characteristics for instruments commonly used for volcanic 
landscape studies. Abbreviations: Sun-sync = sun-synchronous; Geo = geostationary; Pan = 
panchromatic; V =visible; NIR = near infrared; SWIR =short wavelength infrared; TIR =thermal 
infrared. 

Orbit Repeat 
Swath EM 

Wavelengt 
Spatial 

Platform Sensor Width Band Regio Resolution 
Type coverage 

(km) n 
h(µm) 

(m) 

Pan Vto 0.5 - 0.9 15 NIR 
1 v 0.45 - 0.52 30 

LANDSAT Sun- 2 v 0.52-0.60 30 

7 
ETM+ 16 days 185 3 v 0.63-0.69 30 sync 

4 NIR 0.76-0.90 30 
5 SWIR 1.55-1 .75 30 
6 SWIR 2.08 - 2.35 30 
7 TIR 10.4 - 12.5 60 

Pan V to 0.45- 0.90 
NIR 

lkonos lmager Sun- 1- 3 days 11 
1 v 0.45 - 0.52 4 

sync 2 v 0.52 - 0.60 4 
3 v 0.63 - 0.69 4 
4 NIR 0.76-0.90 4 

Pan Vto 0.445 - 0.900 0.61 NIR 

Quickbird lmager Sun- 1- 3.5 days 16.5 1 v 0.45 - 0.52 2.44 
sync 2 v 0.52-0.60 2.44 

3 v 0.63-0.69 2.44 
4 NIR 0.76 - 0.90 2.44 

Pan v 0.49 - 0.69 2.5 - 5 

Sun- 1 v 0.49 - 0.61 10 
SPOTS HRG <5 days 60 2 v 0.61 -0.68 10 sync 

3 NIR 0.78 - 0.89 10 
4 SWIR 1.58- 1.75 20 
0 v 0.43 - 0.47 1000 

SPOT 5 VEGETATION 2 Sun- -0.5 days 2250 2 v 0.61 -0.68 1000 
sync 3 NIR 0.78- 0.89 1000 

4 SWIR 1.58-1 .75 1000 

SPOT 5 HRS Sun- <5 days 
sync 120 Pan v 0.49- 0.69 10 

1 v 0.52-0.60 15 
2 v 0.63-0.69 15 
3 v 0.76 - 0.86 15 
4 SWIR 1.60-1 .70 30 
5 SWIR 2.145-2.185 30 

Terra Sun- 6 SWIR 2.185 - 2.225 30 
(EOS ASTER 16 days 60 7 SWIR 2.235 - 2.285 30 
PM-1) sync 

8 SWIR 2.295 - 2.365 30 
9 SWIR 2.36 - 2.43 30 
10 TIR 8.125- 8.475 90 
11 TIR 8.4 75 - 8.825 90 
12 TIR 8.925 - 9.275 90 
13 TIR 10.25 - 10.95 90 
14 TIR 10.95- 11.65 90 

1 v 0.52 - 0.72 1000 
NOAA- 2 SWIR 3.78-4.03 4000 
GOES lmager Geo 15 mins NIA 3 SWIR 6.47 - 7.02 4000 

8 and 10 4 TIR 10.2-11 .2 4000 
5 TIR 11 .5-12.5 4000 

1 v 0.58 - 0.68 1100 

NOAA 2 NIR 0.725 -1 .100 1100 

12 and 14 AVHRR Geo -4-5 hours NIA 3 SWIR 3.55 - 3.93 1100 
4 TIR 10.3-11.3 1100 
5 TIR 11.4-12.4 1100 

9 



Figure 1.2 LANDSAT TM (path 233 & 232, row 76) true color RGB combination image of the La 
Pacana Caldera region (30 m pixel resolution) . Prominent boot shaped feature outlined by white 
dashed lines is the resurgent dome (Pa). lgnimbrite, lava danes and salars can be identified in 
the surrounding landscape. 
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of the regions studied by Francis and de Silva (1989, pp.168-170), and is also site of my study 

described in chapter 2. 

Similar to LANDSAT is the French Systeme Pour !'Observation de la Terre (SPOT) 

satellite. The currently operating, fifth-generation SPOT records across 1 panchromatic, 3 visible, 

and 2 infrared bands using its two HRG cameras, HRS camera and VEGETATION 2 sensor 

(Table 1.2). Combination of the visible and infrared bands can create false color images that 

highlight volcanic deposits and vegetation on the surface (Novak and Soulakellis, 2000; Torres et 

al. , 2004; Figure 1.3). 

Figure 1.3 Deposits from the 1991 eruption visible in a multi-spectral SPOT satellite image taken 
on 18th December 1991 , over the Mount Pinatubo region. It is a false color RGB combination 
image, looking -26.9° off nadir. The blue tones represent ignimbrite, tephra and lahar deposits; 
red tones show vegetation . Major drainage basins are labeled (data courtesy of Peter Mouginis
Mark, Univ. of Hawaii). 
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Our abilities to study volcanic landscapes using data acquired from space continue to 

grow. Over the past five years, several satellites offering commercial data with very high spatial 

resolutions (<5 m) or in a wide range of bands (14+) have become operational. Launched in 

2000, lkonos records 4 bands of multispectral data at 4 m resolution and one panchromatic band 

with 1 m resolution (Table 1.2). The following year, Quickbird was launched, which detects at 

similar wavelengths but with even greater resolution ; 0.61 m for panchromatic and 2.44 m for 

multispectral bands (Table 1.2). Quickbird is currently the highest spatial resolution commercially 

available satellite data, producing images of near-photographic quality (e.g. the October 2002 

eruption of Mt Etna; Figure 1.4 ). Deployed in 1999, the Advanced Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) and Moderate Resolution Imaging Spectroradiometer 

(MODIS) instruments on the Terra (EOS AM-1) satellite record in a total of 14 and 36 bands 

respectively. They detect at wavelengths within the visible and across the infrared, at varying 

values of spatial resolution (Table 1.3). Particularly useful for volcanic studies are the wide range 

of available TIR bands that both instruments have. 

1.3.3 Remote sensing at thermal infrared wavelengths 

Thermal infrared radiation has wavelengths between 8 µm and 1 mm. Sometimes it is split into 

two categories; long wavelength infrared (LWIR; 8-15 µm) and far infrared (FIR; 15-1000 µm). 

The detection of LWIR is of great interest to volcanologists as many types of volcanic activity emit 

thermal radiation at LWIR wavelengths. Satellite volcano monitoring and eruption detection 

systems look for thermal anomalies at known volcanoes (http://hotspot.higp.hawaii.edu/). 

Currently active systems use the Geostationary Operational Environmental Satellite (GOES; 

Harris et al ., 2000c), MODIS (Wright et al., 2002, 2004), and the Advanced Very High Resolution 

Radiometer (AVHRR; Dehn et al ., 2002). 

A thermal anomaly, or hotspot, is an area of an image coincident with a volcano where 

one or more pixels report elevated temperatures relative to the surrounding ground. A hotspot 

may indicate that a volcano is actively exploding or producing pyroclastic flows, erupting lava 

flows or a lava dome, or even generating hot lahars (Dehn et al ., 2000; Dean et al ., 2002; 
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Ramsey and Dehn, 2004). It may also be sensitive to increases in Strombolian activity and/or 

degassing (Harris and Stevenson , 1997). Hotspots also occur as precursors to eruptions (Dehn et 

al. 2000). 

Figure 1.4 True color, 2.4 m spatial resolution Quickbird image acquired over Mt. Etna on 31st 
October 2002. Image shows the flank eruption that began 26th October from two fissures; on the 
NE flank (between 1850 and 2500 m elevation) and on the S flank (2750 m elevation). A grayish
white plume is seen rising from the summit craters (image courtesy of Space Imaging). 

Most useful for landscape studies, is the ability to define, map and quantify active lava 

features. The size , shape, radiant intensity and temporal behavior of a hot spot can provide 

information that allows the type of feature (lava lake, dome, flow, etc.) to be defined. A volcano 
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with a lava lake, for example, will generally maintain a continuous and relatively stable hotspot. 

The size and temperature of the hotspot can also be used as a measure of the intensity of an 

event; for example, calculation of eruption effusion rates from AVHRR hotspots during lava 

emission can be used to show trends and changes in eruption output (Figure 1.5; Harris et al., 

2000b). 

Table 1.3 Summary of characteristics of MODIS sensor on Terra (EOS AM-1) and Aqua (EOS 
PM platforms (abbreviations as for Table 1.2). 

Orbit Repeat 
Type coverage 

Sun-sync 1 - 2 days 

Swath Width 
(km) 

2330 

Band 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

EM 
Region 

v 
NIR 
v 
v 

NIR 
SWIR 
SWIR 

v 
v 
v 
v 
v 
v 
v 

NIR 
NIR 
NIR 
NIR 
NIR 

SWIR 
SWIR 
SWIR 
SWIR 
SWIR 
SWIR 

NIR 
SWIR 
SWIR 
TIR 
TIR 
TIR 
TIR 
TIR 
TIR 
TIR 
TIR 

Wavelength Spatial Resolution 
(µm) (m) 

0.620 - 0.670 250 
0.841 - 0.876 250 
0.459 - 0.479 500 
0.545 - 0.565 500 
1.230 - 1.250 500 
1.628 - 1.652 500 
2.105 - 2.155 500 
0.405 - 0.420 1000 
0.438 - 0.448 1000 
0.483 - 0.493 1000 
0.526 - 0.536 1000 
0.546 - 0.556 1000 
0.662 - 0.672 1000 
0.673 - 0.683 1000 
0.743 - 0.753 1000 
0.862 - 0.877 1000 
0.890 - 0.920 1000 
0.931 - 0.941 1000 
0.915 - 0.965 1000 
3.660 - 3.840 1000 
3.929 - 3.989 1000 
3.929 - 3.989 1000 
4 .020 - 4 .080 1000 
4.433 - 4.498 1000 
4.482 - 4 .549 1000 
1.360 - 1.390 1000 
6.535 - 6.895 1000 
7.175- 7.475 1000 
8.400 - 8.700 1000 
9.580 - 9.880 1000 
10. 780 - 11 .280 1000 
11 .770 - 12.270 1000 
13.185-13.485 1000 
13.485 - 13. 785 1000 
13.785- 14.085 1000 
14.085 - 14.385 1000 

GOES, MODIS and AVHRR have proved to be highly successful for hotspot analyses 

because of their wide coverage and high temporal frequency of image acquisition (Tables 1.2 and 

1.3), but their spatial resolution (AVHRR -1 km; MODIS -1 km; GOES -4 km) limits their 

ability to describe landscape morphology. Better suited to this requirement is the Forward 
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Looking Infrared camera (FUR). This is a handheld TIR video camera that detects radiation at 

7.5-13 µm. Internal calibration provides individual pixel temperatures (Figure 1.6). 

Mediterranean Sea 

Figure 1.5 (a) AVHRR image of Etna volcano captured 25th Oct 1999. Land appears hot (white) 
as image was captured at 14:33. Ocean pixels are cooler (gray). (b) Fourteen pixels hotspot was 
due to eruption of southeast crater (outlined in red). Approximate extent of edifice is shown in 
blue. Using the methods of (Harris et al ., 2000) the lava forming this hotspot had a mean effusion 
rate of 12.1 m3s·1 (image courtesy of Plymouth Marine Laboratory, UK). 

The FUR is deployed manually in the field or attached to an aircraft. Although the areal 

coverage is greatly reduced relative to GOES, MODIS and AVHRR, the spatial resolution is 

greatly increased (-0.1 m for a target 100 m distant). Current FUR cameras are capable of 

sampling at up to 50 Hz. This makes the FUR an ideal instrument for describing active volcanic 

landscape morphology changes at the cm to 10s m scale (e.g. active lava flows; Bailey et al ., 

2005; Calvari et al ., 2005). A handheld FUR provided data for the lava flow morphology study 

described in chapter 4. 
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Figure 1.6 FLIR image of May 2001 compound lava flow field erupting from the southeast crater 
on Mt. Pinatubo. The hot active flow field (white, yellow and orange) is clearly delineated from 
surrounding cold , old lava (blue and purple). The hottest parts of the field (white and bright 
yellow) defines active channels (image courtesy of Jonathan Dehn, Univ. of Alaska I Alaska 
Volcano Observatory). 

1.3.4 Remote sensing at radar wavelengths 

Radar is an acronym for "radio detection and ranging". Radar was developed to detect objects 

and determine their range (or position) by transmitting short bursts of microwaves. The strength 

and origin of echoes received from objects that were hit by the microwaves is then recorded. 

Microwave radiation has used by spacecraft wavelengths between 1 and 240 mm. This radiation 

penetrates haze, light rain/snow, clouds and smoke, and operates day or night making radar 

sensors more useful than visible or infrared instruments for some applications. 

A number of space-borne radar instruments have collected data over volcanic 

landscapes (e.g . ERS, Radarsat, JERS, SIR-C). Application of processing techniques to these 

datasets, such as cross-correlation , has proved useful for describing land coverage change (e.g . 

mapping of lahar deposits, Chorowicz et al. , 1997; Torres et al ., 2004). Volume changes of 

volcanic edifices (e.g. due to inflation) or surrounding landscapes (e.g. due to lava flows) have 
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also been described by radar interferometry (Massonnet and Sigmundsson, 2000; Zebker et al. , 

2000). A key role played by radar interferomtery in volcanic landscape studies is the creation of 

digital elevation models (DEMs). Through a DEM we can quantify volcano slopes volumes and 

heights (Moore and Mark, 1992; Mouginis-Mark et al. , 1996; Rowland et al., 1999; Rowland and 

Garbeil , 2000). 

DEMs can be produced by extensive GPS ground surveys, stereographic methods using 

airphotos or visible sensors that have different look angles (e.g. ASTER). However the 

development of radar technology has led to remote sensors that are dedicated to the production 

of DEMs. These are a major improvement over other techniques, as the data can be collected 

day or night under any weather conditions. 

Flown on a dedicated NASA aircraft, the Topographic Synthetic Aperture Radar 

(TOPSAR) provides data from which DEMs are produced with 10 m horizontal and 1-5 m vertical 

resolution. In their raw form DEMs are visually difficu lt to interpret, so often further processing is 

done to create shaded relief images (Figure 1.7). Recently an attempt was made to create a DEM 

for (most of) Earth's entire surface. Data were collected during the Shuttle Radar Topography 

Mission (SRTM) mission flown by the Space Shuttle Endeavor between 11th and 22nd February 

2000. The data were processed to create DEMs with 90 m horizontal and 12-16 m vertical 

resolution . The study of ignimbrite erosion in Chile described in chapter 2 uses an SRTM-derived 

DEM. By co-registering a DEM to other datasets, land coverage in relation to topography is 

shown (Figure 1.8). Co-registering of multiple DEMs allows subtraction of the one dataset from 

another, showing surface change (Daag and van Westen, 1996; Mackay et al. , 1998, Rowland et 

al. , 2003). 

One problem inherent in both image-derived and radar-based DEMs is that in places with 

dense tree coverage, the canopy layer rather than the actual ground is detected (e.g . Mt. 

Pinatubo; Jones and Newhall , 1996). However, improvements in kinematic differential GPS 

navigation are allowing new methods using airborne laser altimetry to overcome this problem 

(Hotton et al. , 2000; Mouginis-Mark and Garbeil , 2005). 
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Figure 1.7 Shaded relief map of Balin-Baquero drainage basin, on the western flank of Mt. 
Pinatubo processed from a TOPSAR-derived DEM. The landscape was filled by the 1991 
ignimbrite. The image shows its erosional state in 1996. Drainage from the basin is diverted 
through narrow passes in the Zambales Mountains (yellow arrows), an ophiolite complex that 
flanks the volcano to the west (Newhall et al. , 1996). Smooth areas lack elevation data due to 
either no DEM coverage (NE region of image) or steep slopes near the summit (image courtesy 
of Peter Mouginis-Mark, Univ. of Hawaii). 

1.4 Overview of PhD research 

This dissertation contains three main chapters looking at different aspects or features of volcanic 

geomorphology in different volcanic provinces (Figure 1.9), using data collected from both space 

and ground-based sensors, and during field campaigns. Where possible (and applicable) the 

studies are inter-linked by using observations from one study to help interpret features in another. 

The chapters are arranged chronologically, in decreasing order of volcanic landscape age and 

period of time over which changes have been occurring. The first two chapters consider 

ignimbrite provinces and the last looks at a basaltic lava landscape. 

Chapter 2 examines erosional features apparent in LANOSA T images of several 

ignimbrite sheets around La Pacana Caldera in the Atacama Desert region of the Central Andes, 

Chile. In this area a major period of ignimbrite volcanism occurred between 3.5 and 6 Ma ago, 

during which four major ignimbrite formations, Puripicar, Atana, Tara , and Toconao, were 

erupted. Using LANDSAT TM and ETM+ images, and a SRTM-derived DEM a large number of 
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Figure 1.8 LANDSAT TM true color RGB combination images (Figure 1.2) draped over SRTM
derived DEM, with x5 vertical exaggeration. (a) View looking SE over La Pacana resurgent dome 
(Pa). Assumed topographic margin of La Pacana caldera is indcated by dashed red lines. (b) 
Same areas as [a] looking NW. 
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linear and curvilinear geomorphic features (channels and ridges) were identified on the ignimbrite 

landscapes many of which are orientated along NW-SE trends. These features are meters to 1 Os 

m in width but many are several km long. The most prevalent features are fluvial-derived 

channels but the most distinctive are linear, wind-derived ridges and channels. The fluvial 

channels have a range of orientations, depending on the regional slope, but the wind-derived 

features are primarily al igned NW-SE. The use of high-resolution remote sensing data enabled 

me to make geomorphic measurements of the features across 1 ODs km2 of terrain. This study is 

the first known use of SRTM data to describe the morphology of an ignimbrite landscape. My 

observations and interpretation were aided by measurements made in the field . 

60"N 

30°N 

oo 

30°S 

60°S 

180"W 1 SO"W 120"W 90"W 60"W 30"W Cl° 30°E 60°E 90°E 120°E 1S0°E 180"E 

® La Pacana, Chile 

@ Valles Caldera, USA 

@ Mt. Pinatubo, Philippines 

@ Mt. Etna, Italy 

60°N 

30"N 

O" 

30°S 

60°S 

180"W 1 SO"W 120"W 90"W 60"W 30"W o0 30°E 60"E 90°E 120°E 150°E 180°E 

Figure 1.9 Locations of volcanic provinces were the studies described in this dissertation were 
undertaken. Numbers correspond to PhD chapters; MS refers to Masters thesis work (Bailey, 
2001). 

The goals of chapter 2's study were to identify the different origins of the geomorphic 

features seen on the remote sensing images, explain how wind and water have influenced their 

morphology, and describe the implications my observations have for the climate and erosion 

histories of the region . Despite its age, the hyper-arid climate in the Atacama Desert region 

means considerable portions of the original ignimbrites' volumes remain preserved, with the 

surface being slowly sculptured by erosional processes. 
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In chapter 2, the ability of satellite images to identify erosional topography in ignimbrite 

landscapes was highlighted. However, smaller erosion features at a spatial scale only visible in 

field studies can also provide important clues about the forces that shape the post-emplacement 

landscape (e.g. plunge pools, desert pavement and ventifacts in chapter 2). Chapter 3 provides 

an example of such small-scale (meters to 1 Os m) landforms around Valles Caldera , New Mexico, 

U.S.A. I present a new model to explain the formation of pipe-like erosional columns that have 

been exposed by preferential weathering in non-welded zones of three 1.1 to 1.8 Ma ignimbrite 

deposits; the Pre, Lower and Upper Bandelier Tuff. These long cylindrical features are similar in 

composition and texture to the host ignimbrite but represent areas that underwent alteration to 

make them more resistant to erosion. 

The goals of this study were to identify the form and course of ignimbrite alteration that 

led to the creation of erosional columns. I wanted to suggest a mechanism, which accounts for 

occurrence and distribution (at a given site) of the features. Like the Chilean ignimbrites, the 

Bandelier deposits are currently exposed to a desert climate but this has not always been the 

case . In my proposed model of column formation I was therefore able to invoke lessons learnt 

from the studies I previously undertook of ignimbrite erosion in wetter climates . 

Observations of the 1991 Pinatubo ignimbrite sheet (Bailey, 2001) showed that erosion of 

valley-fill ignimbrites occurs rapidly after deposition. Along incised valley walls friable , non-welded 

ignimbrite has a tendency to collapse or slump. I propose that at Valles, slumping of 

oversteepened valley walls exposed hot, unaltered ignimbrite into which water permeating along 

defined cylindrical zones defined by thermal processes. Within these cylindrical zones the glass 

shard matrices of the ignimbrites were hydrothermally altered and a cementing material (zeolite) 

precipitated. This zeolite made the altered ignimbrite more resistant to weathering than the rest of 

the host deposit. 

In my MS thesis (Bailey, 2001 ), changes to a newly emplaced ignimbrite sheet over a 

period of years to a decade are discussed. Despite the geomorphic importance of ignimbrite

dominated terrain , very few studies have been done on how fresh ignimbrite sheets become 

dissected, the processes involved, or the rates at which these proceed (Mouginis-Mark, 1998). 
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The reasons for this are primarily the lack of opportunity, and the logistical difficulty of accessing 

newly emplaced ignimbrites. The Mt. Pinatubo (Philippines) 1991 eruption was the first large 

eruption in the modern era of increasing satellite coverage. It provided the first opportunity to 

track changes across the entirety of a new ignimbrite sheet using these new technologies. My MS 

study used SPOT and LANDSAT images, along with data from the airborne TOPSAR instruments 

and field observations to describe the evolution of a new drainage pattern on the Pinatubo 

ignimbrite sheet. The rates of deposit erosion, and the re-growth of vegetation , were also 

considered in trying to determine when the landscape was able to re-establish a stead-state of 

equilibrium. 

In the chapters 2, 3 and my MS thesis, the volcanic terrain studied was the soft rock 

environment of ignimbrites. This can clearly be a very dynamic landscape, especially immediately 

after emplacement. However, the so-called hard rock environments formed by lava can also be 

dynamic in their changes, although these rapid alterations of the landscape usually occur during 

emplacement. In chapter 4 I look at an open channel basaltic lava flow on Mt. Etna (Sicily) during 

30-31 May, 2001. Data collected using a FUR thermal camera and a Minolta Cyclops 300 

thermal infrared thermometer showed that the bulk volume flux of lava flowing in the channel 

varied cyclically over timescales of minutes to hours. The volume and rate of flow in the channel 

controlled the morphology of the lava flowing within , overflowing from the channel , as well as the 

morphology of the channel 's constricting levees. 

Active basaltic lava flows have been a frequently studied aspect of volcanic 

geomorphology, using either field observations or remote sensing data, or a combination of the 

two. However, active channelized lava flows, like fresh ignimbrite sheets, have been the focus of 

few direct observations because of the scarcity of ideal study opportunities. Also, until recently, 

observing rapid changes such as these seen at Mt. Etna would have been impossible. There was 

a lack of instrumentation that allows data collection with sufficient temporal and spatial coverage 

to describe the nuances in a channel's evolving morphology at the 1 Os cm to 1 Os m spatial scale. 

It is only the added dimension of the FUR thermal camera, a new, but increasingly important tool 

in physical volcanology that made the study in chapter 4 possible. However, even without the 
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FUR the fact that ideal conditions to safely study an open lava channel existed would have still 

have made this a very important study, on a subject where similar studies are rare. 

The dynamic fluvial erosion suggested by chapter 3 and my MS thesis studies of Mt. 

Pinatubo provide a contrast to the inter-action between eolian and fluvial erosion of ignimbrites in 

a desert climates described in chapter 2. The lessons from Mt. Pinatubo (Bailey, 2001) provide 

clues as to how the morphology of ignimbrites, such as those around Valles Caldera changed 

during the first few post-eruption years and decades. The study at Etna (chapter 4) also involves 

an active volcanic landscape, undergoing dynamic landscape change. Considered together my 

MS thesis and PhD dissertation provide a diverse look at geomorphological changes in volcanic 

landscapes at a range of spatial and temporal scales . 
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Chapter 2: Explanations of geomorphic features seen in remote sensing 
data of large ignimbrite sheets around La Pacana Caldera, Chile 

2.1 Introduction 

One of the world's most extensive ignimbrite provinces is within the Altiplano-Puna volcanic 

complex (APVC), between latitudes 21 ° and 24 ° S within the Central Andes, Northern Chile 

(Guest, 1969; Pichler and Zeil, 1972; de Silva, 1989a). Within th is 50,000-km2 area, a major 

period of activity occurred 3.5 to 6 Ma ago during which several large ignimbrite deposits, 

including the Puripicar lgnimbrite (Guest, 1969) and the Atana lgnimbrite (Gardeweg and 

Ramirez, 1987) were emplaced. Figure 2.1 shows a Landsat Thermatic Mapper (TM) image of 

the reg ion around La Pacana Caldera, which is the source of the Atana and close to where the 

other ignimbrites were emplaced. The distribution, age, and origins of ignimbrites in the La 

Pacana area have been described in various studies (Rutland et al ., 1965; Guest, 1969; Baker 

and Francis, 1978; Lahsen, 1982; Ramirez and Gardeweg, 1982; Marinovir; and Lahsen, 1984; 

Gardeweg and Ramirez 1985; de Silva, 1987; Gardeweg and Ramirez, 1987; de Silva, 1989b; de 

Silva and Francis , 1989; Lindsay, 1999; Lindsay et al. 2001 a). However, few studies have 

examined the geomorphology of the ignimbrite landscape. 

My study uses remote sensing data and field observations, to describe geomorphic 

features in the ignimbrite landscapes around La Pacana Caldera. A digital elevation model (DEM) 

and shaded relief image derived from Shuttle Radar Topography Mission (SRTM) data along with 

Landsat TM, Landsat ETM+ images show this region to contain a great number of linear and 

curvilinear surface features. Most notable are distinctive northwest-southeast (NW-SE) trending 

linear features (Figures 2.1 and 2.2). This study developed from an interest in understanding the 

nature and origin of these features. 

A previous study of linear features within the Puripicar lgnimbrite, identified them as wind-

eroded ridges (Greene, 1995). The commonly used name for a linear eolian erosional feature is 

yardang, a word of Turkish-Mongol origin (Hedin , 1903). Yardangs are wind-derived , elongate, 

positive topographic features that are meters to kilometers long, and centimeters to 1 O's of 

meters high (Gabriel , 1938; Dresch, 1968; Krinsley, 1970; Mainguet 1970; Greene, 1995; 
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Brookes, 2001; lnbar and Rossi , 2001;Mainguet et al. , 1974; McCauley et al., 1977a; Breed et al., 

1989). They are streamlined according to the prevalent wind direction and are separated by 

troughs that are typically much broader and flatter than fluvial derived channels (McCauley et al. , 

1977b). Fields of yardangs that form multiple parallel features, as described by this study, are 

often referred to as grooved terrain. Yardangs can be carved into all types of rocks, including 

crystalline bedrock (McCauley et al., 1977a), but the best development of yardangs occurs on 

large, dry and barren plateaus, under strong uni-directional wind conditions (Laity, 1994 ). 

Features that have been interpreted as yardangs have also been identified on other planets 

(Ward, 1979; Trego, 1992). 

Greene (1995) and lnbar and Rossi (2001) are the only known studies of yardangs on 

terrestrial volcanic terrains. Guest (1969) had previously noted the occurrence of the NW-SE 

linear geomorphic features in the Puripicar lgnimbrite later described by Greene (1995), and 

similar features in several other ignimbrites around La Pacana Caldera. However, Guest came to 

the conclusion that they were of tectonic origin , which are often called lineaments. Although, 

technically, the term 'lineament' describes any line or edge of presumed geologic origin and 

visible on remote sensing images it usually implies a structural origin (Campbell, 1987). I will 

therefore not use the term lineament, in order to avoid implying that the features described in this 

study are due to tectonic processes. 

Greene's (1995) study only considered the landscape to the NW of La Pacana Caldera, 

looking at yardangs within the Puripicar and Cerro Galan (Argentina) lgnimbrites. However, a 

qualitative analysis of The DEM and Landsat images shows that NW-SE trending linear features 

are found in several ignimbrites in the region , aside from the Puripicar lgnimbrite. The DEM 

shows these features to be both ridges and channels, and in some cases a complex inter-relation 

of both. This suggests that in addition eolian erosion, fluvial processes have played an important 

role in the shaping the landscape. 

Although the flat, exposed ignimbrite sheets surrounding La Pacana Caldera are in the 

Atacama Desert, where current hyper-arid climate means the average annual rainfall is <10 mm 

(Thompson et al. , 2003), the role of free-flowing water should not be underestimated. Recent 

25 



studies have shown that contrary to previous thought, the climate in the Atacama Desert may 

have only been semi-arid during the time most of the ignimbrites were emplaced (Gaupp et al., 

1999; Hartley et al. , 2002). Other studies have also shown that wetter climatic periods have 

occurred over recent geologic history (Kull and Grosjean, 1998, Rech et al. , 2002; Latorre et al., 

2003). The general dry climate has allowed wind-driven erosion to become an important process, 

but it is clear from the topography shown by the DEM that fluvial erosion been of at least equal 

importance in shaping the ignimbrite landscapes. 

One of the primary goals of this study was to describe and understand the origins of 

formation behind distinct landforms that were identified in the study region. Of greatest interest 

were areas where the patterns of NW-SE aligned ridges and channels are prevalent. However, 

other areas were also considered to provide comparisons. This study's other major goal was to 

interpret what these landscape morphologies can imply about the climate and erosion histories of 

the region . I wanted to create a project that relied mostly on remote-sensing data with a limited 

amount of field-based observation. This was to allow me to investigate the abilities and limitations 

of using the recently available SRTM data, in combination with existing Landsat datasets, for 

wide-scale studies of ignimbrite landscapes. I hoped to provide a means of classifying different 

landscapes according to surface features visible in these images. 

I begin with a brief overview of the regional ignimbrite geology. Next I describe the 

methods behind, and data associated with, field and image based observations of the ignimbrites 

and their geomorphic surface features. These data include ground-based surveys of the prevalent 

cooling joint directions at some of the study areas. The historical climate of the Atacama Desert is 

also described, as this is essential knowledge if we are to understand the relative influences of 

wind and fluvial erosion. I then attempt to categorize the landscape morphologies at each site, 

and account for the prevalent NW-SE alignment of many features, based on qualitative and 

quantitative analyses made using the DEM and Landsat images. I conclude with discussion of the 

implications my observations have for the historical climate for the region and the timing of 

ignimbrite erosion in arid climates. I also comment on this study's potential as a terrestrial 

analogue for Mars landscape studies. 
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2.2 Geological setting 

A large number of voluminous ignimbrites were emplaced within the APVC during the late 

Miocene to Pleistocene. One of these, the Atana lgnimbrite, has an estimated volume of 2500 

km3 (Lindsay et al. , 2001a) making it one of the largest ignimbrite deposits in the world . The 

Atana lgnimbrite eruption led to the creation of La Pacana Caldera through a 'trap-door-like' 

collapse mechanism (Ramirez and Gardeweg, 1982). The location of the caldera is easily 

identified in images by its elongate resurgent dome (Figures 2.1 and 2.2). The -60 x 25 km 

caldera was recognized by Gardeweg and Ramirez (1987) as one of the world's largest and best 

exposed resurgent calderas. They view its geometry as roughly elliptical with a N-S trending 

major axis, and define eroded topographic margins to the east, south and west. Lindsay et al. 

(2001 a) consider that the caldera's structural margin is almost coincident with these topographic 

boundaries. Several of the ignimbrite formations seen in the stratigraphic sequences around La 

Pacana have volumes in excess of 1000 km3 (de Silva, 1987). These volume estimates are 

minima, as the older formations are partially overlain by younger ignimbrites, providing limited 

surface exposure. This study examines geomorphic features on the surface exposures of several 

of these dacitic ignimbrites sheets that dominate the area around La Pacana Caldera (Figure 

2.3). 

2.3 Data and methodology of interpretation 

2.3.1 Remote sensing datasets and defined features 

This study used SRTM, Landsat TM and Landsat ETM+ data (Figures 2.1 and 2.2). The SRTM 

data were collected during a mission flown by the Space Shuttle Endeavor between 11th and 22nd 

February 2000. Processed data include a digital elevation model (DEM) and a shaded relief 

image of the study region. These data have a 90 m spatial resolution and a vertical resolution of 

12-16 m. Landsat TM data were used as a RGB combination image formed by bands 3 (0.63 -

0.69 µm), band 2 (0.52 - 0.60 µm) and band 1 (0.45 - 0.52 µm). These data have a spatial 

resolution of 30 m. The image is a mosaic of images collected on 27th October 1989 (Path 233, 

Row 76) and 22nd April 1990 (Path 232, Row 76). Landsat ETM+ data were used as a grayscale 
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Figure 2.1 Landsat TM (path 233 & 232, row 76) bands 3,2, 1 RGB combination image of the La 
Pacana Caldera region (30 m pixel resolution). Prominent fectures are marked: Salar de Aguas 
Calientes (AC) , Volcan Lascar (La), Volcan Licancabur (Li) ,La Pacana resurgent dome (Pa) , Salar 
de Quisquiro (Qu), Salar de Atacama (SA), Salar de Tara (Ta) and Cerro Tumisa (Tu). Study sites 
are marked by red boxes: (1) Tara A, (2) Tara B, (3) Atana f,\(4) Atana D, (5) Atana B, (6) Atana 
C, (7) Toconao, (8) Purico A, (9) Puico B, (10) Puripicar A, (11) Puripicar B, and (12) Puripicar C. 
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Figure 2.2 Shaded relief image showing same area as Figure 2.1. Derived from SRTM data 
collected during February 2000 mission. See Figure 2.1 for key to labeled features and names of 
study sites (marked by red boxes). 
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Figure 2.3 A simplif ied geologic map showing the surface outcrop of ignimbrites around La 
Pacana Caldera of interest to this study (Based on Francis et al. , 1989; Lindsay et al. , 2001 a). 
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panchromatic-band (0.5 - 0.9 µm) image, with spatial resolution of 15 m. The image used was a 

mosaic of images collected on 5th February 2000 (Path 232, Row 76) and 1ih October 2001 

(Path 233, Row 76). 

All the datasets are available on the World Wide Web (http://glcf.umiacs.umd.edu/data) 

as GeoTiff images, so were easily co-registered using Research Systems Inc. ENVI image 

processing package. Co-registration was done using the TM image as the base image. The time 

discrepancy between the images is not important for the environment studied , as the arid nature 

of the Atacama Desert means that the landscape has changed very little between 1989 and 2001. 

Some of the features studied have mostly likely taken 100,000 years to millions of years to 

develop. 

Channels and ridges that could be identified in the remote sensing images as linear or 

curvilinear features were mapped visually (Appendix A 1.3). Co-reg istration of the datasets 

allowed these feature maps to be overlain on the other images to identify the location of the 

surface morphological features. The DEM was then used to classify a feature as a ridge or 

channel , although the 12-16 m vertical resolution is not good enough to allow meaningful height 

and depth measurements. Lengths could be measured , but the measurement of widths was 

difficult as these values can vary greatly along a feature (especially for channels) and are close to 

the spatial resolution of the datasets. Therefore , no meaningful width data was collected . Some 

features were comparable in size to the resolution limits of the image data, such that they could 

be identified in the Landsat images, but not with any certainty in the DEM. It was therefore not 

always possible to define them as a ridge or channel. This was particularly apparent for the NW

SE aligned linear features at Puripicar site A and B. 

Interpretation of the ignimbrite landscapes, especially for the Puripicar is also 

complicated by the fact that they not simple patterns of linked channels or disconnected ridges. 

For many of the study sites, in the Puripicar and other ignimbrites, a more complex pattern of 

inter-related channels and ridges exists. These complexities include: channel bifurcations that 

appear modified or aided by structural features or wind erosion; linear channels aligned contrary 

to slope that form off of curvilinear channels al igned with the slope; channel piracy/diversion due 
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to channels and ridges that cut the main fluvial pathways; the formation of ridges and channel in 

tandem. Specific examples of these are described in section 2.4 for the areas studied, and are an 

important consideration when landscape morphologies are categorized later sections. 

2.3.2 Measurements of surface features 

Morphological measurements of the ridges and channels identified in the remote sensing images 

were made using toolboxes in ENVI for 12 sites around La Pacana Caldera. Site selection was 

based on visual determination of areas that contained the NW-SE trending linear features of 

interest and other representative landscape morphologies of an area. Areas were defined 

according to the ignimbrite exposed at the surface. 

The DEM was used to measure the orientation of the regional slope (Appendix 1.3). The 

measured features were then further categorized to ascertain the influence of slope. Features 

were defined as having orientations that follow the slope (along-slope) or that are contrary to it 

(cross-slope). A feature was defined as aligned along-slope if its orientation was equal to the 

regional slope orientation ±20°, or cross-slope if the difference is >20° (henceforth the terms will 

be abbreviated to along and cross). 

The feature maps were used to define the orientations of the channels and ridges 

(Appendix 1.3). Channels were defined as uni-directional , and orientation given as their azimuth 

in either an easterly (between 0° and 179) or westerly (180 to 360°) direction , depending on 

whether the regional slope is orientated E or W. Ridges were taken as bi-directional , as initially no 

assumptions were made about the dominant wind-direction that is assumed to have formed them. 

The ridges' orientation was recorded as two azimuth values (Appendix A1 .2) 

The higher spatial resolution Landsat images were used to measure length of the all 

mapped features. Both feature length accounting for curves in the feature (L1), and straight length, 

the straight line distance from the start to the end of the feature (Ls) were measured. This enabled 

calculation of sinuosity, a dimensionless value that provides a measure of the degree to which a 

curvilinear feature winds about the shortest route between two points. 

S=L1/Ls (2.1) 
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The average gradient (Gavg) along a feature could also be calculated using the feature length, and 

measurements from the DEM of the elevation at the start and end of a feature: 

Gavg =(Uphill elevation - Downhill elevation) I L1 (2 .2) 

The following section presents overviews of each study site and the features they contain, based 

on analysis of the remote sensing images and expanded by observations made in the field . The 

descriptions are ordered according to the host ignimbrite's age, from oldest (Tara lgnimbrite) to 

youngest (Purico lgnimbrite; Figure 2.4). 

Age (Ma) 

1 

La Pacana 
lgnimbrites 

Other 
lgnimbrites Dimensions 

Puri co 
Purico Volume: -50 km3 (upper+ lower) 

2 
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6 

Atana 

Toconao 

rupp;-i 
~ 
I Puripicar I 

~ 
~ 

Avg. Thickness: 10-12 m (upper) , 30 m (lower) 

Atana 
Volume: 2500 km3 
Avg. Thickness: 40 m 

Puripicar 
Volume: 100+ km3 
Avg. Thickness: >70 m 

Toconao 
Volume: 180 km3 
Avg . Thickness: 30 m 

Tara 
Volume: 100-200 km3 (upper+ lower) 
Avg. Thickness: <60 m (upper), -10 m (lower) 

Figure 2.4 Characteristics of the ignimbrites included in this study. Volumes estimates and ages 
are based on the weighted mean values of de Silva (1989b) and a further study by Lindsay et al. 
(2001a). 
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2.4 Descriptions of study areas and identified features 

2.4.1 Tara lgnimbrite 

The oldest ignimbrite studied was originally mapped as part the Atana lgnimbrite. Subsequent 

studies of facies stratigraphy and petrographic analysis of pumices identified it as the product of a 

separate emptive unit (Lindsay et al., 2001a; Figure 2.3). Outcrops show a depositional break 

between upper and lower Tara units, sometimes with a separating gravel layer, and a total 

sequence thickness up to 70 m. Lindsay et al. (2001a) dated the lower Tara lgnimbrite as -5.6 

±0.5 Ma and the upper units as -3.8 ±0.2 Ma. The Tara lgnimbrites contain multiple non

indurated, non-welded flow units with interbedded surge and fall deposits. The lower Tara 

lgnimbrite is a massive, yellowish and moderately crystal-rich unit. The upper Tara is made up of 

four units with similar characteristics. The units are yellowish with only a limited amount of vapor

phase alteration and minor welding . The top two units are moderately indurated. Except for the 

topmost unit they all have a thin fall and/or crystal-rich surge deposits at their base. The bottom 

three units each range in thickness from a few to 60 m, and the topmost unit from 5 to 10 m 

(Lindsay et al. , 2001a). 

Based on the thickness and areal coverage estimates of Lindsay et al. (2001 a), the Tara 

lgnimbrite has a total volume of 100-200 km3
. The upper units overlie the Atana lgnimbrite, but 

the lower Tara is older, so events that produced these deposits bracketed the outpouring of 

ignimbrite from La Pacana caldera (Figure 2.4). Facies variations indicate the source vent was 

located to the north or northeast of La Pacana, possibly in either the Cerro Guacho or the Vilama

Coruto Centers (Figures 2.1 and 2.2). 

I defined two study sites within the Tara lgnimbrite. Tara site A, north of the Salar de Tara 

(Figure 2.5), is a distinctive exposure of upper Tara lgnimbrite. The ignimbrite underlies a 117 

km2 area that is raised above the surrounding landscape (lower Tara lgnimbrite) and has 42 

primarily NW-SE aligned channels incised into it (Figure 2.6). The channels have a mean 

orientation 138°, aligned mostly along the regional slope, which has an orientation of 124 °. 

The paths of channels are frequently seen to bifurcate, indicating water flowed from the 

NW to SE, which also agrees with the regional slope. At many of the bifurcations there it appears 
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that the original channel pathway continued directly onwards. These abandoned pathways remain 

identifiable in the Landsat images (but not the DEM), and in the field (Figure 2.7a), as a subtler 

feature. Eroded towers of ignimbrite are often exposed at channel bifurcations (Figure 2. 7b) and 

at the ends of ridges (the valley mouths; Figure 2.7c). 

Figure 2.5 Tara lgnimbrite area, north of La Pacana by Salar de Tara (Ta). Images are 
subsections of Landsat TM mosaic in Figure 2.1 (left) and the DEM (right). Study sites are 
outlined in black. The white dotted line marks the extent of the surface exposure of Tara 
lgnimbrite , to the south is Atana lgnimbrite. Blue arrows indicate regional slope for study sites. 

Evidence of modification of the channels by wind within the channels is evident on the 

surface of loose blocks of ignimbrite, which are covered with erosional cavities known as tafoni 

(Figure 2.7d). The ignimbrite forming the ridges has undergone some vapor-phase alteration but 

with an unconsolidated, fines-depleted, slabby surface that has an armored texture (Figure 2.7e), 

one variety of arid landscapes known as desert pavement (Springer 1958; Cooke 1970; 

McFadden et al., 1984, 1987; Wells et al. , 1985). 
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Figure 2.6 Landsat ETM+ images for Tara study sites (left) , with delineated feature maps 
(center). Lines delineate geomorphic features in a 117 Km2 area for site A, and a 5 km by 5 km 
area for site B. Line width is not representative of feature width . Colors indicate categorization of 
features defined in Table 2.1. Blue lines are channels aligned along-slope. Gold lines are 
channels aligned cross-slope. Red lines are ridges aligned cross-slope. Regional slope at each 
site is indicated by the black arrows. The light gray areas on the features are areas where the 
ignimbrite has slumped and features cannot be clearly defined. Dashed black lines indicate 
abandoned channel pathways that were never fully eroded. The rose diagrams (right) illustrate 
the features' orientations as values of azimuth. The shaded grey wedges indicate orientations 
defined as along-slope. 

Tara site B is south of the Salar de Tara and has a very different morphology to that of 

site A. Site B is an area of 25 km2 containing undulating topography topped by 24 parallel 

discontinuous ridges of exposed ignimbrite (Figure 2.7f). These appear on the ETM+ image as 

linear features (Figure 2.6) that have a mean orientation of 110°. This places them almost 

perpendicular to the slope, which is orientated at 24°. One fluvial channel also runs through site B 

following the regional slope and feeds into the Salar de Tara (Figure 2.6). 
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Figure 2.7 Photos of the landscape at Tara lgnimbrite sites. (a) The view towards a bend in 
channel that during early erosion continued straight forward. The abandoned pathway is marked 
by A. (b) Eroded towers of ignimbrite [T] at a channel bifurcation at site A. (c) Exposed towers of 
ignimbrite [T] at the mouth of channels on the eastern side of site A. (d) Wind-eroded block of 
ignimbrite showing tafoni texture. (e) Desert pavement at site A. (f) Linear ridges [R] at site B. 

2.4.2 Toconao lgnimbrite 

The Toconao lgnimbrite has an estimated volume of-180 km3 based on an average thickness of 

30 m (Lindsay et al., 2001 a). Stratigraphically it underlies the Atana lgnimbrite (Figure 2.4) but its 

exact age remains uncertain, as it is crystal-poor (<10%), which makes dating difficult. Best 

estimates place it between 4 and 5.8 Ma (Lindsay et al., 2001b). The ignimbrite has an upper and 

lower facies, with the former found only to the west of the caldera. The lower Toconao lgnimbrite 

is a homogenous, white, non-welded unit, typically -15 m thick (de Silva, 1989b). It is identified 

by an abundance (30-40%) of pumices containing tube-like vesicles with in a soft matrix. 
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However, the upper Toconao lgnimbrite is well indurated due to vapor-phase alteration. 

Remnants of weathered-out tube pumices are abundant. This purple to gray weathering unit is 

typical of the 'sillar' that Fenner (1948) described for ignimbrites in Peru. The work of Lindsay et 

al. (2001 b) showed that La Pacana was the likely source of the Toconao lgnimbrite when they 

identified deposits to the east of the caldera, whereas before it had only been found to the west. 

The surface exposure of Toconao is limited and permitted only one 25 km2 study site 

(Figure 2.8). This contains 3 curvilinear deep channels aligned along the slope (estimated in field 

to be up to 100 m deep), and 22 smaller linear channels, which are primarily aligned NW-SE 

(Figure 2.9).The mean feature orientation is 286°, compared to a down-slope orientation of 250°. 

The landscape is a mostly flat plateau that is cut by the larger channels, which are inter-

connected. The larger channels are clearly main drainage routes, as evidenced by the flourishing 

vegetation along their reaches (Figure 2.1 Oa). Meanwhile, many smaller, more linear, channels 

(Figure 2.1 Ob) appear to begin at the southern bank of large slope-aligned channels. These linear 

channels have diverted or pirated the path of slope-aligned channels where these features meet. 

The ignimbrite in this area is highly indurated, due to vapor-phase alteration and slight 

Figure 2.8 Toconao lgnimbrite area, west of La Pacana. Images are subsections of Landsat TM 
mosaic in Figure 2.1 (left) and the DEM (right). Study site is outlined by a black box. The white 
dotted line marks the approximate boundary between the Toconao lgnimbrite and Atana 
lgnimbrite, which lies to the east. A blue arrow indicates regional slope at the study site . 
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Figure 2.9 Landsat ETM+ image for Toconao study site (left) , with delineated feature map 
(center). Lines delineate geomorphic features in a 5 km by 5 km area. Line width is not 
representative of feature width . Colors indicate categorization of features defined in Table 2.1. 
Blue lines are channels aligned along-slope. Gold lines are channels aligned cross-slope. 
Regional slope is indicated by the black arrow. The rose diagram (right) illustrates the features' 
orientations as values of azimuth. The shaded grey wedge indicates orientations defined as 
along-slope. 

Figure 2.10 Photos of the landscape at Toconao lgnimbrite site. (a) Large drainage channel 
containing abundant flora. White dashed lines indicates the top the channel which is level with the 
surrounding flat plateau. (b) Smaller, straighter channel [CJ with defined by rounded topography. 
(c) lgnimbrite cooling joint (indicated by black arrow) at Toconao quarry. 
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welding, and it is apparent from a quarry near the village of Toconao, that it can be carved along 

pervasive joint planes (Figure 2.1 Oc). The access provided by the quarry allowed for a field-

survey of the joint plane orientations in this portion of the Toconao lgnimbrite. The results of this 

survey, and those possible at sites within other ignimbrites, are shown in Figure 2.11 c. The 

distributions of joint planes are shown as rose diagrams, along with the rose diagrams orientation 

measurements of features for the same sites. 
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Figure 2.11 Orientations of cooling joints at four study sites : (a) Puripicar B, (b) Puripicar A, (c) 
Toconao, and (d) Atana C. The rose diagrams compare the feature orientations as defined in 
Figures 2.9, 2.13 and 2.16 (left) with the orientations of cooling joints (center). The locations of 
the four study sites where joint orientations were measured are indicated on a subsection of the 
Landsat TM mosaic (right). 
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2.4.3 Puripicar lgnimbrite 

A major ignimbrite, the Puripicar, lies to the northwest of La Pacana. It is a single, massive, white

pink flow unit over 70 m thick. The ignimbrite has a fine-grained matrix with very high crystal 

content (-70%). It is well-to-moderately indurated, with a 3-15 m thick densely welded purple 

zone. Welding decreases towards the west and the facies show variations that match the 'normal' 

ignimbrite flow unit definition of Sparks et al. (1973). The upper -8 m of the Puripicar lgnimbrite is 

homogeneous, pinkish and well-indurated , sometimes exhibiting columnar jointing. Guest (1969) 

estimated that the Puripicar has a volume of 100 km3
, but this is a conseNative estimate as the 

base of the Puripicar is rarely exposed, its source may be distant from this outcrop area, and the 

true volume larger. Correlations of extensive ignimbrites are problematic and the volume of the 

Puripicar, along with other ignimbrites in the region , has probably been underestimated (de Silva 

and Francis, 1989). The 4.18 ±0.07 Ma Puripicar lgnimbrite is stratigraphically equivalent to the 

Atana formation (de Silva, 1989b; Figure 2.4 ), but is thought to be a different emptive unit derived 

from another source caldera , possibly located in Bolivia. 

Three 25 km3 study sites were located within the Puripicar lgnimbrite , within three major 

plateaus (Figure 2.12). Site A lies to the east of the Rio Grande Canyon. The ETM+ image shows 

35 linear features aligned roughly NW-SE, flanked by two larger channels. The linear features 

have a mean orientation of 154 °, which compares to a down-slope orientation of 207°. The larger 

channels are aligned along-slope (Figure 2.13). Seen in the field these linear features are ridges 

of vapor-phase altered ignimbrite typically <5 m high separated by wider, flat valleys (Figure 

2.14a). There are also 8 features at site A, which were identified as channels, but possibly exist in 

obseNation is not certain given the limited vertical resolution . These features are aligned cross

slope, in parallel to the NW-SE aligned ridges, and most are connected to the fluvial channels. 

The overall terrain is a gently undulating plateau. A suNey of cooling joint orientations, as done in 

the Toconao lgnimbrite, was made for Puripicar A and is shown in Figure 2.11 b. 

The complex nature of some features at site A is even more common at site B. The study 

area appears to contain a mixture of two different surface morphologies. There were identified 21 

linear ridges (mostly seen in the top right of the image), which were aligned cross-slope. 
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Figure 2.12 Puripicar lgnimbrite area, northwest of La Pacana. Images are subsections of 
Landsat TM mosaic in Figure 2.1 (left) and the DEM (right). Study sites are marked by black 
boxes. Blue arrows indicate regional slopes for study sites. 
tandem with linear ridges. The DEM suggests a ridge and channel combination, yet this 

Contrasting this were 22 along-slope channels, and 23 channels aligned cross-slope. As at 

Puripicar A and Toconao, the cross-slope channels are linear features, and have provided 

diversions for flow along the curvilinear, along-slope channels (Figure 2.13), and appear to form 

off of the southern bank of large slope-aligned channels. The mean feature orientation is 297° , 

compared to a down-slope orientation of 264°. Observations in the field were limited by 

accessibility to south of site B, but ridges similar in style to those at site A could be identified in 

the distance (Figure 2.14b). As at site A, the orientations of cooling joints were also measured 

(Figure 2.11 a). 
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Site C within the northernmost extent of the Puripicar lgnimbrite has a somewhat different 

morphology to sites A and B. There are multiple parallel drainage channels that flow to the NW 

(Figure 2.13). Field observations estimated the main channels to be up to 80 m deep. There were 

features identified (mostly channels), with a mean orientation is 297° and the downhill slope is at 
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Figure 2.13 Landsat ETM+ images for Puripicar study sites (left), with delineated feature 
maps (center). Lines delineate geomorphic features in 5 km by 5 km areas. Line width is not 
representative of feature width. Colors indicate categorization of features defined in Table 2.1. 
Blue lines are channels aligned along-slope. Gold lines are channels aligned cross-slope. Red 
lines are ridges aligned cross-slope. Green lines are ridges aligned along-slope. Black lines 
indicate features that could be identified in the ETM+ image but not in the DEM. Regional slope at 
each site is indicated by the black arrow. Thicker gray lines indicate structural faults visible in the 
Landsat images. The rose diagrams (right) illustrate the features' orientations as values of 
azimuth. The shaded grey wedges indicate orientations defined as along-slope. 
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Figure 2.14 Photos of the landscape at Puripicar lgnimbrite sites. (a) Ridges (R) of vapor-phase 
altered ignimbrite separated by wider, flat valleys at site A. (b) Ridges [R] at site B. (c) Major 
drainage channel [CJ at site C, possibly with ridges in the distance. (d) Evidence of small-scale 
fluvial erosion shown by a plunge pool. (e) Smaller channel containing plunge pool found within a 
wider channel. 

287°. The Landsat images show that the drainage pattern becomes more complex to the 

southeast, possibly with ridges similar to those at sites A and B (Figure 2.13). Observations in the 

field were inconclusive, due to limited access (Figure 2.1 4c). However, measurements using the 

DEM confirm that these are positive topographic features. Field observations did confirm that 

running water was significant in shaping the landscape at site C. Growth of vegetation within the 

larger channels shows the current presence of some water. Meanwhile, observations of sub-pixel 
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sized channels showed the past formation of plunge pools, an example of which is shown in 

Figure 2.14d,e. 

2.4.4 Atana lgnimbrite 

The Atana lgnimbrite is a 4.09 ±0.09 Ma dacitic unit. It is the larger member of the Atana 

formation (de Silva,1989b), the other member of which is the underlying the rhyolitic Toconao 

lgnimbrite (Lindsay et al. , 2001a; Figure 2.4). It has been suggested by de Silva (1987) that the 

Toconao lgnimbrite was a precursor to the Atana eruption, representing the volatile-rich cap of 

the La Pacana magma chamber. Chemical analysis confirms that the two ignimbrites are 

cogenetic and that the Toconao lgnimbrite was the evolved cap of the Atana magma chamber 

(Lindsay, 1999; Lindsay et al. , 2001b). The volume of the Atana lgnimbrite was previously 

overestimated (Gardeweg and Ramirez, 1987), as it originally included the Tara sequence as part 

of its outflow sheet. However, it is still thought that the ignimbrite is -2500 km3 in volume (Lindsay 

et al. , 2001a). The Atana lgnimbrite is predominantly a single, homogeneous, crystal-rich (40-

50% crystals) , buff-pink colored flow unit, which is typically -40 m thick (de Silva, 1989b). It is 

moderately-to-strongly indurated, with varying degrees of weld ing and vapor-phase alteration. 

Four study sites were defined within the Atana lgnimbrite , three covering areas of 25 km2 

(Sites A, C and D) and one covering 35 km2 (site B). Site A lies on the eastern rim of La Pacana 

Caldera, south of the Tara lgnimbrite sites (Figure 2.15). It contains 17 linear features that 

primarily lie along the slope (Figure 2.16). The mean feature orientation is 130° and the downhill 

slope is orientated to 124°. The features were identified in the field as large drainage channels 

incised into a flat plateau of ignimbrite (Figure 2.17a). 

Site B is a raised outcrop area of Atana lgnimbrite between Salar de Aguas Calientes 

and high surrounding topography related to Volcan Lascar and other volcanoes (Figure 2.15). It 

contains 40 mostly parallel linear channels, separated by rounded ridges (Figure 2.17b ), aligned 

roughly NW-SE (Figure 2.16). The mean feature orientation is 285°, whilst the downhill slope is 

orientated at 280°. 
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Figure 2.15 Atana lgnimbrite area, which fills La Pacana Caldera (Pa) , and the surrounding area 
to the east and south. Images are subsections of Landsat TM mosaic in Figure 2.1 (top) and the 
DEM {bottom). Study sites are outlined in black. The white cbtted line marks the boundary 
between the Atana and the Tara lgnimbrite (to the north). Tre red dashed line marks an area of 
ignimbrite slumping (S) . Blue arrows indicate regional slope for study sites. Prominent features 
are marked: Salar de Aguas Calientes (AC), Volcan Lascar (La), Salar de Quisquiro (Qu), and 
Cerro Tumisa (Tu) . 
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Figure 2.16 Landsat ETM+ images for Atana study sites {left), with delineated feature maps 
(center). Lines delineate geomorphic features in 5 km by 5 km areas for sites A and C, and a 35 
km2 for site B. Line width is not representative of feature width . Colors indicate categorization of 
features defined in Table 2.1 . Blue lines are channels aligred along-slope. Gold lines are channels 
aligned cross-slope. Black lines indicate features that coutl be identified in the ETM+ image but 
not in the DEM. Regional slope at each site is indicated by the black arrow. The thicker gray line 
indicates a structural fault visible in the Landsat images. The rose diagrams (right) illustrate the 
features' orientations as values of azimuth. The shaded greywedges indicate orientations defined 
as along-slope. 
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Figure 2.17 Photos of the landscape at Atana sites. (a) Large drainage channels [C] in the 
ignimbrite at site A form elongated mesas. (b) Linear channels [C] separated by rounded ridges 
[R] at site B. 

Study site C has very similar characteristics to the Toconao site. This is to be expected 

as Atana site C lies almost adjacent to the Toconao lgnimbrite outcrop (Figure 2.15), and the two 

deposits are part of the same formation. There are larger curvilinear channels, which are linked to 

shallower linear channels that are primarily aligned NW-SE (Figure 2.16). There are 54 features 

with a mean orientation of 287° , compared to a downhill slope orientation of 252°, although the 

larger channels are aligned along the slope. The orientations of ignimbrite joints were also 

surveyed at site C (Figure 2.11 d). At site C the more linear, smaller channels appear to form off 
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of the southern bank of large slope-aligned channels (as seen for the Toconao and Puripicar 

lgnimbrites). The linear channels also divert the paths of slope-aligned channels where the two 

features intersect. These appear as jumps in the remote sensing images and the maps produced 

from them. 

Aside from the sites described there were some other interesting geomorphic features 

that were observed within the Atana lgnimbrite. One of these features is an area containing some 

broken terrain that lies northeast of site A. This area represents an area of slumped ignimbrite 

along the caldera rim. Despite slumping the ignimbrite is welded, implying the collapse must have 

occurred soon after emplacement whilst the ignimbrite was still at high temperature. Such post-

eruption collapses are seemingly common features of fresh ignimbrite sheets {Torres et al., 

1996). Other distinctive features were observed at site D. They appear in the ETM+ images as 

@ Atana Site D ® 
0 

330 30 

210 150 
180 

© 

Figure 2.18 Landscape morphology at Atana D. (a) Landsat ETM+ image (top) with delineated 
feature maps (bottom). Geomorphic features (surface depressions) are indicated by black dots. 
The dashed black lines indicate chains of depressions, which cannot be differentiated in the 
image. A thicker gray line indicates a structural fault visible in the Landsat image. Area is 5 km by 
5 km (b) The rose diagram illustrates the alignment of the dots along NW-SE trends. (c) 
Photograph of one of the surface depressions seen as dots in the Landsat image. Center of 
depression marked by D. 

49 



hundreds of distinctive round dots arranged in NW-SE trending linear alignments, with a mean 

orientation of 115° (Figure 2.18a,b). The regional slope is very gentle and orientated to the east 

(90°). In the field they are subtle circular depressions (<100 m in diameter) in the ignimbrite 

surface (Figure 2.18c). 

2.4.5 Purico lgnimbrite 

The youngest of the ignimbrites studied is the 1.35 ±0.15 Ma Purico lgnimbrite, which in some 

places directly overlies the Atana and Puripicar lgnimbrites. The Purico lgnimbrite has an upper 

and a lower unit, the latter of which was Guest's (1969) Cajon lgnimbrite. It was renamed the 

Purico lgnimbrite by Francis et al. (1984 ), after they defined the source as the Purico Complex, 

tapped by a cluster of domes formed by the Purico Lava Member. The lower member is a dacitic, 

buff-colored, crystal-rich, non-welded ignimbrite, typically 30 m thick. It has an estimated volume 

of -50 km3 (de Silva, 1989b). The upper Purico is similar to the lower member but is well

indurated and typically 10-12 m thick. The upper member is far less widespread than the lower, 

and mainly occurs close to source within the Purico complex. 

Two 25 km2 sites were defined within the Purico lgnimbrite. Site A lies west of the Purico 

complex and north of the Toconao site (Figure 2.19). It covers an area where there is a surface 

boundary between the upper and lower Purico units. This boundary can be seen on the ETM+ 

image as a succession of short cross-slope channels that mark the edge of the upper Purico unit 

(Figure 2.20). The rest of the delineated features are interbraided, curvilinear channels, which are 

aligned along slope (Figure 2.21 ). A total of 48 features were identified, with a mean orientation of 

267°. The regional down-slope orientation is 261 °. 

Site B lies on the upper Purico lgnimbrite north of the Purico complex. The 19 features 

delineated are long , linear drainage channels that either join other larger channels or continue all 

the way to the edge of the Purico lgnimbrite sheet themselves. They are aligned along slope with 

a mean orientation of 351 ° and a downhill slope alignment of 356° (Figure 2.20). 
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Figure 2.19 Purico lgnimbrite area, west of La Pacana Caldera and south of Volcan Licancabur 
(Li). Images are subsections of Landsat TM mosaic in Figure 2.1 (top) and the DEM (bottom). 
Study sites are outlined by black boxes. Blue arrows indicae regional slope for study sites. The 
Purico dome complex are the features to the south of site B. 
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Figure 2.20 Landsat ETM+ images for Purico study sites (left) , with delineated feature maps 
(center). Lines delineate geomorphic features in 5 km by 5 km areas. Line width is not 
representative of feature width. Colors indicate categorization of features defined in Table 2.1. 
Blue lines are channels aligned along-slope. Gold lines are channels aligned cross-slope. Black 
lines indicate features that could be identified in the ETM+ image but not in the DEM. Regional 
slope at each site is indicated by the black arrow. The rose diagrams (right) illustrate the features' 
orientations as values of azimuth. The shaded grey wedges indicate orientations defined as 
along-slope. 

Figure 2.21 Photograph of the landscape at Purico lgnimbrite. Inter-braided, curvilinear channels 
near site A can be seen in the area bracketed by the dashed white lines. 
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2.5 Eolian and fluvial erosion 

In order to understand the origins of the features seen in the remote sensing images, and to 

categorize the landscapes they define, it is clear we must consider the two dominant erosion 

processes occurring; eolian and fluvial erosion. The occurrence of eolian erosion is not surprising 

given the barren, non-vegetated landscape. Even the more consolidated deposits will eventually 

be worn down if left exposed for a long period of time, i.e., the several million years that have 

passed since deposition of the ignimbrites. The effect this has on the landscape can very 

distinctive, particularly if wind maintains a constant direction. 

The relative amount of rainfall in the regional climate will have also influenced the styles 

of erosion that dominated and the type of features that formed. The occurrence of fluvial activity 

might be more surprising, given that the Atacama Desert is one of the world 's major hyper-arid 

deserts. Studies have suggested that desertification in the Atacama region commenced during in 

middle Miocene (14 Ma) during global climate desiccation associated with development of the 

Antarctic ice cap (Clark et al., 1967; Alpers and Brimhall, 1988). This is prior to the emplacement 

of the ignimbrites studied. However, recent studies have suggested that the hyper-aridity might 

not have been established for as long or as permanently as previously suggested. 

The current hyper-arid climate in the Atacama desert is due to a combination of (1) 

subtropical atmospheric subsidence; (2) the upwelling, north-flowing, cold Humboldt Current, 

which prevents precipitation in the coastal regions; and (3) the rain-shadow effect of the Andean 

Cordillera, which prevents humid air from reaching the Pacific coastline (Hartley et al., 2002). 

These conditions were inferred to have commenced in the middle Miocene on the basis of a 

combination of the age of supergene enrichment profiles developed above porphyry copper 

deposits (Alpers and Brimhall , 1988; Sillitoe and McKee, 1996) and geomorphologic studies 

(Galli-Oliver, 1967; Mortimer and Saric, 1975; Clark et al. , 1990 Mortimer et al. , 1974). 

However, these studies do not agree on the timing of the onset of hyper-aridity. They 

suggest a range of timings from 9 to 14 Ma, which are also not supported by stratigraphic and 

sedimentologic evidence from the center of the Atacama Desert (Gaupp et al. 1999; Hartley et al. , 

2002). These later studies argue that a semiarid climate persisted from 8 to 3 Ma (Hartley et al. , 
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2002), punctuated by a phase of increased aridity at ca. 6 Ma (Gaupp et al. 1999). As such, 

hyper-aridity did not commence until the late Pliocene, and was the result of global climate 

change (Hartley et al., 2002). 

Even beyond 3 Ma, studies of vegetation histories (Latorre et al., 2003) and 

paleohydrology (Rech et al., 2002) have shown that wetter climate phases have occurred. 

Reconstructions of albedo have also indicated variations in humidity over the last 20 ka that were 

related to climate changes and Milankovitch cycles (Kull and Grosjean, 1998). When rainfall does 

occur in the Atacama Desert it is general very intense and can cause widespread flash flooding 

that may excavate many small rills and gullies on the ignimbrites (Figure 2.14d,e). 

The fact that some surface features are aligned with the slope, and others contrary to it 

suggests that we are seeing the different relative influences of fluvial and eolian erosion. We 

would assume that generally the topographic ridges are result of wind-erosion in a dominant 

direction and channels result from fluvial activity. 

Initially fluvial channels are typically consequent, forming in the direction of runoff as 

determined by regional slope. However, over time structural influences may allow channels to 

become subsequent. If fluvial activity only occurs very infrequently it could also be possible for 

wind erosion to occur first and then be modified by erosion due to flowing water. This can lead to 

the formation of channels that have jumps in their courses, as they follow existing landforms (e.g. 

Toconao, Puripicar B, Atana C). It is also possible for channels to be modified by wind as fluvial 

erosion exposes less consolidated ignimbrite below upper altered or partially welded zones. This 

is particularly true if the dominant wind direction is aligned along or close to the direction of slope 

(i.e. the initial consequent direction channels form in). 

In more temperate climates the greater erosive power of fluvial activity would make eolian 

erosion negligible (cf. , rapid erosion of 1991 Pinatubo lgnimbrite by rainfall ; Bailey, 2001 ). 

However, for the ignimbrites in the Atacama Desert, but the relative importance of water erosion 

is tempered by its infrequency. This allows for the creation of landscapes such as those in at 

Puripicar C, where there are 80 m deep fluvial channels in combination with wind-eroded ridges. 
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2.6 Analysis of landscape features 

Categorization of surface features as either ridges/channels, or as aligned along-/cross-slope is 

not definitive in terms of defining whether they were formed by eolian , fluvial erosion or both. 

However, used in combination we can define four definitions of feature types that are suggestive 

of their origins (Table 2.1 ). These definitions were used to color code the feature maps from 

Appendix 1.3 to allow qualitative representation of different landscape morphologies (Figures 2.6, 

2.9, 2.13, 2.16 and 2.20). Morphology differences are also highlighted by generalized cross-

sections of the topography at each study site (Figure 2.22). These provide qualitative 

interpretation of the landscapes, so in order to best achieve the goal of categorizing the 

landscape morphologies, it was also important to perform quantitative analyses of the surface 

features' characteristics. 

Table 2.1 A summary of how feature type (ridge or channel) and alignment relative to the 
regional slope can suggest the process that formed the morphologic feature. 

Topographic feature Origin of formation 

Ridge (positive feature on 
DEM) 

Channel (negative feature 
on DEM) 

Cross-slope Along-slope 

EOLIAN MODIFIED 

Erosion of ridges (yardangs) 
due to along a dominant wind 
direction 

COMPLEX 
Channels suggests fluvial 
erosion, but alignments 
cross-slope occur due to wind 
erosion of channels, adoption 
of ridge pathways or other 
structure related influences 

Eolian erosion forms ridges in 
the same direction as channels, 
leading to fluvial modification 

FLUVIAL 
Primarily fluvial erosion, 
however, eolian processes can 
modify channels if the dominant 
wind-direction is aligned with the 
regional slope 

Without ground-truthing all 425 of the surface features identified and measured in this 

study, it is not possible to be certain about the true characteristics of the each feature. Mapping 

out exact individual feature dimensions was not the goal of this study, neither was defining ever 

surface feature in a study area, as many are smaller than the spatial resolution of the images. My 

intentions were to look for the typical characteristics of a study site that can be measured using 
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Figure 2.22 Cross-sectional views showing various topographies at studi ed sites. Eight typical 
arrangements of ridges (R), channels (C) and ridge/channel combinations (R/C) were identified, based 
on qualitative analysis of the DEM. Sites where each morphology prevails are indicated in bottom right 
corners; abbreviations used for Tara (Tar), Toconao (Toe), P uripicar (Pup) , Atana (Ata) and Purico 
(Pea). 
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the DEM and Landsat images, and to see if different trends identify different landscapes. Where 

mean values of measurements are used it is assumed that the dominant feature type will have 

the greatest impact on these values, leading to differences when compared to other landscapes. 

Measurements that were made of feature orientation, average gradient (Gav9) , Length (Lt) 

and sinuosity (S). The orientation of the regional slope was also measured for each study site. 

Comparisons of Gavg vs. S shows that features categorized as eolian are not found for >1.06 

(Figure 2.23a), but there appears to be no obvious relationship between the two characteristics. 

Similarly, Lt vs. Gavg shows eolian ridges reach a maximum of -4 km, but fluvial channels can be 

3 times that (Figure 2.23b). There is also no apparent relationship between these 

characteristics. A comparison of S vs. Lt is more informative (Figure 2.23c), suggesting that 

fluvial channels have a wide range of sinuosity and lengths; eolian ridges have zero to low 

sinuosity, and limited length; and complex features a generally shorter (like ridges) but have a 

range of sinuosity (like channels). 

Figures 2.6, 2.9, 2.13, 2.16 and 2.20 contain rose diagrams that show the distributions of 

feature orientations, for each study site. Figure 2.24a shows values of the mean orientation for 

each site for each location (with errors of ±1 S.D.), and compares them to orientation of the 

regional slope. For many of the sites these values are very similar, but for others there are 

moderate to large differences. The conclusion drawn from this is that the forces forming surface 

features are partly but not totally dependent on the regional slope. The (roughly) NW-SE trends of 

many features is also highlighted by the fact that many of the values of mean orientation are 

close to 315° (NW) or 135° (SE). 

The relationship between orientation and regional slope was examined by calculating the 

(positive) difference between the two values (Li). This was then compared to S for each feature, 

and distinctive distributions were observed (Figure 2.24b). The separation between fluvial (blue) 

and complex (gold) or eolian (red) features was expected, as the relationship to slope is inherent 

in how features were categorized. The separation between complex (cross-slope channels) and 

eolian (cross-slope ridges) highlights the quantitative distinctions between different landscapes. 
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Figure 2.23 Comparisons of geomorphic characteristics. Colors indicate categorization of 
features defined in Table 2.1. (a) Sinuosity (S) vs. averagegradient along feature (Gavg). (b) Gavg 
vs. feature length (4). (c) S vs. 4. 
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Figure 2.24 Comparisons of feature orientation to regional slope and sinuosity. Colors indicate 
categorization of features defined in Table 2.1. (a) Mean fmture orientation and regional slope 
are compared for each site. (b) Sinuosity (S) vs. the magnitJde of the difference between feature 
and site slope orientations (M. (c) Mean sinuosity (Smean) vs. mean of the difference between 
slope and feature orientation ~mean for each study sites (not including Atana D, for ehich there 
are no S values). 
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Figure 2.24c plots b.mean vs. Smean and defines areas of fluvial-dominated , eolian-dominate and 

complex morphologies based on the data in Figure 2.24b. 

2. 7 Categorization of landscape morphologies 

Atana A, Purico A and B all contain features that are predominantly channels and which form 

bifurcated drainage patterns that are aligned with slope (Howard, 1967), so exhibit low b. values 

and a range of S values, predominantly between 1 and 1.25. The mean values plotted in Figure 

2.24c are similar for al l three sites. The DEM shows that a similar type of topography exists at all 

three sites (Figure 2.22a). 

At Atana A, the mean feature orientation and slope are aligned in the same direction , 

following a NW-SE trend . This is also seen for the features at Tara B, Atana B and Puripicar C, 

which plot at similar values to the fluvial features on Figure 2.24c. At Atana A wind does not 

appear to have played a significant role in shaping the landscape, however, at the other three 

sites it has. 

Although assumed to contain predominantly fluvial channels Tara A and Puripicar show 

evidence of channel modification due to wind . At Tara A, eroded tafoni textures on loose 

ignimbrite boulders and a pervasive covering of desert paving (Figure 7d,e) indicate that 

significant eolian erosion has occurred. The site is a raised area of ignimbrite relative to the 

surrounding landscape, with deep channels carved into it (Figure 2.22c). Field observations of 

sub-pixel features showed that the landscape at Puripicar C has been shaped by flowing water. 

However, the DEM has shown the area to the SW contains topographic ridges, which suggest 

wind has also modified this landscape (Figure 2.22d). 

The effects of eolian modification are less obvious for Atana B. The channels are highly 

linear and separated by low, well-rounded ridges (Figure 2.22b) . As at Tara A this study site is an 

area of ignimbrite that is raised relative to the surrounding landscape. Atana B appears to be a 

less developed version of the landscape at Tara A This could reflect the younger age of the Atana 

ignimbrite and the fact that it was emplaced shortly before the time that it is now thought the 

climate in the Atacama Desert became predominantly hyper-arid (Gaupp et al. 1999; Hartley et 
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al., 2002). Thus , there might have been limited opportunity fluvial erosion to occur, and this lack 

of valley exposure would have limited the effectiveness of eolian erosion. 

The most complicated feature patterns are seen for Toconao, Puripicar B and Atana C. 

The plotted values for these sites on Figure 2.24c show moderate values of fl , and high S values 

(relative to other sites). The feature maps show there is a complex mixture of along-slope 

channels and cross-slope channels, along with cross-slope ridges at Puripicar B. The along-slope 

channels an interconnected drainage network, but superimposed on th is are the linear cross

slope channels and ridges, which are all aligned roughly NW-SE (Figure 2.22e,f) . They frequently 

originate on the south bank of larger channels, and sometimes are connected to other channels 

at the other end, and in some cases have been adopted as a fluvial pathway. Although this could 

imply they are of a fluvial origin , their linear nature and alignment in a coherent, cross-slope 

direction suggests at least initial formation by eolian erosion along a dominant wind direction. 

Particularly difficult to define is the landscape at Puripicar B, which appears to move to a 

different morphology in the NE section of the site . The feature map shows a mixture of fluvial , 

complex and eol ian features, whilst the value of S mean vs . fl.mean plots on the boundary between 

complex and eolian-dominated (Figure 2.24c). The higher value of S mean allows for categorization 

of this landscape as complex, but were the sample site moved a few kms to the NW, the 

landscape would probably be found to be eolian-dominated. Interestingly, this would place further 

into the area where much of Greene's (1995) Puripicar lgnimbrite yardang study was undertaken. 

Based on Figure 2.24c, Puripicar A could also potentially be considered complex, however, the 

low value of S mean and the domination of linear ridges (Figure 2.22g) in the feature map suggests 

it should be considered a landscape formed predominantly by eolian-erosion . 

Low S mean and high fl values identify features at Tara B that are clearly dominantly wind

eroded. A fluvial drainage channel is apparent but th is feature follows the slope and winds in 

between the gently undulating terrain . The rest of the measured features are unconnected, linear 

ridges that are exposed atop the undulations and are al igned almost perpendicular to the reg ional 

slope (Figure 2.22h). 
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A totally different geomorphology to the landscapes described for the other 11 sites is 

found at Atana D. The images show hundreds of distinctive round dots arranged in NW-SE 

trending linear alignments. When the dots were observed in the field they were found to be 

subtle depressions in the ignimbrite surface (Figure 2.18c). Using terminology of desert 

landforms, these hollows are interpreted to be a variant of deflation basins or 'blowouts' (Peel, 

1960; Said, 1962). They are formed by the removal of finer material by wind . This process of 

deflation, as shown in Figure 2.25, also creates the armored surface texture known as desert 

pavement (Figure 2.7e), which was observed most notably on the Tara lgnimbrite. It is not clear 

why deflation and the formation of blowouts should be so prevalent in this area. 

Categorization of the landscape morphologies at the 12 study sites was made based on 

the qualitative and quantitative analyses described. Each site was placed into the category that 

best describes its landscape as highlighted by the mapped features (Figures 2.6, 2.9, 2.13, 2.16 

and 2.20), the topography (Figure 2.22) and geomorphic measurements (Figure 2.24). These 
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Figure 2.25 Wind-erosion of desert surfaces. (a) The level of unconsolidated surfaces can be 
lowered due to the removal of fine-grained particles by the wind. This leads to a concentration of 
the coarser grained particles that cannot be transported by wind , producing an armored texture 
called desert pavement. This process of lowering land surface level is called deflation. (b) 
Prevailing wind passing over an uneven surface will concentration deflation at dips in the barren 
surface. This leads to the formation of deflation pits, also known as blowouts. 
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Main Morphology 
Features type 

Fluvial drainage 
FLUVIAL channels 

Fluvial channels 
with some eolian MODIFIED 

modification 

Interrelated ridges 
and channels, due COMPLEX 
to fluvial and eolian 

erosion 

EOLIAN 

Figure 2.26 Classification of surface morphologies showing dominant eros ional processes. 
Categories based on feature maps (Figures 2.6, 2.9, 2.13, 2. 16 and 2.20) , site topographies 
(Figure 2.22) and quantitative analysis of geomorphic characteristics (Figure 2.24). 
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categorized are visualized as a spectrum of the relative dominance of fluvial and eolian erosion 

processes (Figure 2.26). 

2.8 Influences on the erosion processes 

Another goal of this study was to define the origins of the NW-SE trending linear surface features 

that are prevalent in the surface morphology at several of the study sites. The coherence in the 

alignment of many of these features, across multiple sites, must imply something about either the 

conditions of their formation and/or properties of the ignimbrites or their surfaces. 

Vegetation patterns cannot be considered a control on the erosion pattern , as the hyper

arid climate has created a very barren landscape. Similarly, the welded and vapor-phase altered 

states of the ignimbrites tend to be pervasive across the deposit, and do not appear to act as a 

regional erosion control within the same ignimbrite. Although , these hardening mechanisms do 

allow the formation of cooling joints throughout an ignimbrite, providing potential planes of 

weakness. It is suggested that the joints could help influence the pervasive NW-SE alignment of 

wind-derived features . Data from the Atana, Toconao and Puripicar lgnimbrites show that cooling 

joints have major and minor axes of distribution (Figure 2.11 ). The major axes trend roughly NE

SW and the minor axes are perpendicular to this, trending approximately NW-SE. The minor axes 

of joint planes would encourage the NW-SE orientation of wind-derived features but are not the 

driving factor. This factor must be the direction of wind itself. 

Studies of the current climate show that wind in the region is dominantly from the NW 

(Das et al. , 1998; Figure 2.27). So the question is how long would these conditions have had to 

exist to form the fields of coherently aligned linear features that have been identified in this study? 

We know from other ignimbrite studies that unless highly consolidated , in wetter environments, 

deposits can be rapidly removed, For example, after 5 years, -50% of the 1991 Mt. Pinatubo 

lgnimbrite sheet had been remobilized and transported down-slope (Montgomery, 1999). Even if 

an ignimbrite does become welded and vapor-phase altered, it has been inferred that initial 

erosion of the ignimbrite can still be rapid (Bailey et al. , 2000). Eolian-erosion processes occur far 

slower. Thus the incipient patterns of fluvial channels, including the sites where regional slope 
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and features are aligned NW-SE, could have been emplaced shortly after the ignimbrites' 

deposition, but wind-modification of the channels have taken several millennia. 
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Figure 2.27 Evidence for modern and paleo wind directions around La Pacana Caldera. (a) 
Cumulative orientations of studied surface features. (b) Modern wind directions based 
erosional structures in Puripicar lgnimbrite (Greene, 1995). (c) Modern wind directions 
based erosional structures in Puripicar lgnimbrite (Greene, 1995). (d) Survey of current 
atmospheric circulation conditions (Das et al., 1998). 

The fact that the NW-SE aligned features are not present in the Purico lgnimbrite 

implies either they were formed by a mechanism only present before the Purico's 

emplacement (1.35 ±015 Ma), or the formation process requires a period of time longer 

than this age. Alternatively, the Purico lgnimbrite could be unsuitable for NW-SE aligned 

features to form. However, this last point seems unlikely as NW-SE aligned channels and 

ridges features are found in ignimbrites with different degrees of induration and welding. 

In this regard the Purico lgnimbrite is no more unique than any of the other deposits. The 
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lack of wind-related features is more likely a consequence of the Purico lgnimbrite's 

younger age. 

Greene's (1995) study of the NW-SE aligned yardangs in the Puripicar estimate 

formation began at least 0.1 to 2 Ma ago. A lava flow that overlies one area of yardangs was 

dated at 0.8 Ma, which places a lower limit on the age of those features. Using Embabi's (1999) 

conceptual model for the stages of eolian erosion of yardangs (Figure 2.28), Brookes (2001) 

estimated that the landscape in the Dakhla Desert goes through life cycles lasting at least 1.0 Ma. 

@ (i) _I Prevailing (ii) 1 
~ wind "" 

(iii) ' (iv) I 

Figure 2.28 Stages of eolian erosion as defined by Embabi (1999). (a) Four stage cycle of (i) 
juvenile, (ii) mature, (ii i) advanced and (iv) end. (b) Example of juvenile to mature stage eolian 
erosion, on an initially fluvial landscape (Tara A). (c) Example of advanced stage (Tara 8). (d) 
Example of end stage (area in between sites A and B within Tara lgnimbrite). 
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The feature orientations measured in this study, and Greene's (1995) studies of the wind

related geomorphology in the Puripicar suggested that strong uni-directional winds from the 

northwest have been constant over a long period of time. Greene's (1995) speculated that the 

region's atmospheric circulation system has been stable since the Pleistocene or late Pliocene, 

i.e., >2 Ma, although the evidence is not conclusive. It does appear however that the linear, NW

SE alignments seen around La Pacana can be attributed primarily to winds that blow dominantly 

from the NW, and have likely done so for a prolonged period of time. 

2.9 Conclusions 

This study is the first known use of SRTM data to describe the morphology of an ignimbrite 

landscape. The combination of an SRTM-derived DEM with Landsat TM and ETM+ images 

allowed measurement of landscape features on the order of 1 Os to 1 OOs m, across 1 OOs km2 of 

terrain . These features are too large and widespread to study solely through ground surveys. 

Field observations were made in order to aid interpretation. The most prevalent features are 

fluvial-derived channels but the most distinctive are linear, wind-derived ridges. These have been 

termed yardangs after similar features identified throughout the literature concerning arid 

landscape geomorphology. This is one of very few studies to identify yardangs in volcanic terrains 

(Greene, 1995; lnbar and Rossi, 2001 ). 

Mapping of every individual surface feature was not a goal of this study. My intention was 

to see if the general character of the landscape could be categorized based on the features that 

were visible within the spatial and vertical resolution of the DEM and Landsat images, using a 

minimum of field-based observations. In this regard, the SRTM data was useful as it generally 

allowed the topographic type (ridge or channel) of a feature to be identified. However, the vertical 

resolution of the DEM is too small to make measurements of individual features' height or depth. I 

was therefore unable to comment on the relative degree of erosion in different areas of ignimbrite 

of the same age. Visually identification of features was often found to be easier in the (higher 

spatial resolution) Landsat images. Through co-registering , feature maps (Appendix 1.3) made 
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using Landsat could be overlain on the DEM to indicate the position of features, which were then 

identified as a ridge of channel. 

Four types of features were identified; channels aligned along-slope (fluvial), channels 

aligned cross-slope (complex), ridges aligned cross-slope (eolian) and ridges aligned along-slope 

(modified). These combine to create a range of landscape morphologies, several of which are a 

complex inter-relationship of wind- and fluvial-eroded features. 

The along-slope channels were identified on images as curvilinear features that may be 

>10km long, and form sub-parallel , bifurcating drainage patterns (Howard, 1967). Evidence such 

as tafoni and desert pavement erosional textures suggests that some fluvial channels have had 

their morphology significantly modified by wind erosion. This is most prevalent at sites where the 

regional slope and the fluvial channels are aligned NW-SE, e.g., Tara A and Atana B. The 

channels that lie cross-slope were often more linear features. They are mostly aligned along the 

NW-SE trend and generally form off of the south bank of larger fluvial channels, e.g. , Toconao, 

Puripicar B and Atana C. Cooling joints might have aided their formation but the alignment and 

morphology suggests eolian erosion. In some instances drainage pathways appear to have 

adopted these channels as a diversion form their original route. 

For some landscapes wind erosion appears to have been the dominant process, e.g. the 

disconnected patterns of wind-eroded ridges (yardangs), seen at Puripicar A and Tara B. There is 

a high coherency in the orientation of these features, with all of them lying on a roughly NW-SE 

trend. Wind erosion has also created alignments of depressions identified as deflation pits, as 

seen at Atana D. 

For many of the sites studied the initial patterns of erosion were most likely due to fluvial 

erosion. Wind erosion then occurred over a longer period of time, either imprinting a second 

pattern of features (e.g, Toconao lgnimbrite), modifying the existing pattern of channels (e.g., 

Tara A) or eroded a new morphology totally separate of any existing fluvial drainages (e.g., Tara 

B). In some cases this pattern was then further modified by further fluvial activity (e.g., Puripicar 

A). This spectrum of influences is summarized in Figure 2.26. The coherent NW-SE alignment of 

wind-derived features suggests that uni-directional winds (from the northwest) have been 
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dominant for a long period of time. Speculation on the timescales of processes suggest that the 

incipient fluvial pattern was imprinted soon after ignimbrite deposition, but the formation of wind

eroded channels and yardangs took at least 1-2 Ma. 

The distinctive yardangs seen in the ignimbrites around La Pacana Caldera are not only 

terrestrial geomorphic features. They have been identified on Mars from Mariner 9 and Viking 

images (Ward, 1979) and on Venus in Magellan images (Trego, 1992). Ward (1979) notes that 

the Martian yardangs, which are up to 50 km long. Ward and Greeley (1984) investigated the 

formation of yardangs by using wind tunnel experiments. They showed that the windward ends of 

the structures are formed by abrasion, whilst reverse airflow control and deflation are the 

important factors further along the yardangs. Although the mechanism might be complicated , it is 

clear that yardangs are the result of a mono-directional wind regime (Whitney, 1983). Since the 

behavior of wind is similar at all scales (Whitney, 1978), the principles set by Ward and Greeley 

(1984) should hold true for kms-long yardangs. Currently there is great interest in the form of the 

Martian surface, as new data collected in the past few years by the Mars Orbiter Laser Altimeter 

(MOLA) and Mars Orbiter Camera (MOC), and the recent exploration of the Mars rover, is 

allowing the landscape to be described in better detail than ever before, e.g. , Bradley et al. 

(2002). The lessons learnt from this terrestrial study of yardangs, which describes the 

morphologies seen due to the interaction of fluvial activity with wind-produced features, could 

provide insight into the role of free-flowing water and eolian processes played in shaping the 

surface of Mars. 
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Chapter 3: The origin of erosional columns in ignimbrites around Valles 
Caldera, New Mexico, and implications for post-depositional processes 

3.1 Introduction 

Pipe-shaped erosional columns have been identified within the Bandelier Tuff deposits 

(ignimbrites) from Valles Caldera, New Mexico. These are sub-vertical, cylindrical volumes of 

ignimbrite that are more resistant to erosion than the surrounding deposit due to chemical 

alteration. The previous assumption has been that these structures are examples of alteration 

associated with fumarolic activity within the cooling ignimbrite, and they have therefore been 

referred to as fumarolic pipes (e.g., Cas and Wright, 1987; p. 259). The term pipe is prevalent in 

ignimbrite literature to describe various structures created by fluidization , fumarolic or 

hydrothermal processes (e.g., fossil fumarole pipes, Sparks et al ., 1973). However, for the 

structures in the Bandelier Tuff, which are more-or-less straight with uniform width and length and 

circular cross-section , the term pipe implies both a hollow geometry and suggestions concerning 

their origin that may not be valid . I will therefore refer to them henceforth by the more 

geomorphologically descriptive term erosional columns (or columns, for short). 

Zones of alteration minerals have been identified around fumarolic structures in many 

ignimbrites, most notably the Valley of the Ten Thousand Smokes, Alaska (Keith , 1991 ; Papike et 

al ., 1991 ; Kodosky and Keith , 1993). Cas and Wright (1987) compared the pipes that occur in the 

Bandelier Tuff to structures in the Bishop Tuff that have been attributed to vapor-phase alteration 

(Sheridan, 1970). Vapor-phase crystallization can produce a coherent rock that Fenner (1948) 

termed sillar. Products of vapor-phase alteration are primarily tridymite, cristobalite and alkali 

feldspar, which form cement in the matrix and pumice pore spaces (Cas and Wright, 1987).They 

result from the escape of hot gases through the ignimbrite, during post-emplacement cooling . 

Sheridan (1970) considered diffusion from juvenile vitric particles and heated groundwater to be 

the principle volatile sources. However, more recent studies by Holt and Taylor (1998) suggested 

that the fumarolic fluids were not dominantly composed of magmatic H20 as proposed by 

Sheridan (1970). Holt and Taylor (1998) provided evidence suggesting a short-lived (=10 years) 

high-temperature (>500°C) meteoric-hydrothermal system existed within the cooling ignimbrite. 
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Cas and Wright (1987; p. 258) also described the Valles pipes as similar to 'steam pipes' 

found in the Rio Caliente lgnimbrite , New Mexico. These contain the minerals clinoptilolite and 

heulandite, which Cas and Wright (1987) suggest implies formation by low temperature fumarolic 

activity. However, the assumption was that non-magmatic water sources were very important for 

pipe formation in the Rio Caliente lgnimbrite. Cas and Wright (1987) suggested that the ignimbrite 

might have been locally deposited in a lake or on marshy ground. 

I undertook a new study of the ignimbrite erosional columns around Valles Caldera and 

propose an alternative model for their formation whereby is hydrothermal in origin but with post

depositional meteoric sources providing water to the system. This makes them similar to the Rio 

Caliente steam pipes, but significantly different to typical fossil fumarole pipes (Sparks et al. , 

1973), which are also found within the Bandelier deposits. I believe their formation was due to 

localized ponding of water on erosional surfaces on the warm, rapidly-incised ignimbrite. The 

water then permeated downwards and created small-scale hydrothermal convection cells. To 

explore this hypothesis, I begin by describing the geological setting in which the erosional 

columns are found. Next I describe the physical locations, characteristics, chemical composition 

and petrography of the structures using a combination of field observations, x-ray diffraction 

(XRD), and scanning electron microscopy (SEM) with EDX-Oxford INCA x-ray analyses. Finally, I 

suggest a model for how the erosional columns could have formed and consider the implications 

that the proposed formation mechanism has for the timing of cooling, alteration processes, and 

welding within ignimbrite sheets. In particular, I use the rapid erosion of ignimbrite-filled valleys 

observed for ignimbrite emplaced by the 1991 eruption of Mt. Pinatubo, as an analogue for the 

setting in which formation of the columns around Valles Caldera was initiated. 

3.2 Geological setting 

The 22 km diameter Valles Caldera is one of the best-known examples of resurgent calderas 

(Smith and Bailey, 1968a). The caldera and its associated deposits are located at the coincidence 

of the north-south aligned Rio Grand Rift and the NE-SW aligned Jemez Mountains (Figure 3.1; 

Gardner et al. , 1986; Self et al. , 1986). The Valles Caldera is best known for he Bandelier tufts, 

71 



( 

I 

UTAH 

O 1 O 20 30 40 50 km 

COLORADO D Undifferentiated Paleozoic
Tertiary 

D Tertiary-Quaternary rift-fill 
sediments 

r----1- Area of 
Figure • 

Tertiary-Quaternary volcanics 
(dominated by Bandelier Tuff) 

ARIZONA 

..... ..... ..... 

I NEW 
I I MEXICO 

_: _- \- -
Rio Grande Rift 

D Precambrian rocks 

I~ I Major faults (with downthrow) 

I.## j Axis of Jemez Lineament 

Figure 3.1 Map showing relationship of Valles Caldera (VC, dashes ou1ine topographic rim), and 
the Jemez Volcanic Field (shaded area of Tertiary-Quaternary volcanics) to the north-central Rio 
Grande rift (based on Smith et al ., 1970 and Self et al. 1986); generalized location of the rift 
shown on inset, bottom left. Locations marked are where erosional columns in Bandelier and pre
Bandelier lgnimbrites were studied; (1) Thompson's Ridge, San Diego Canyon, (2) La Mesita del 
Canoncito Seco, (3) Pueblo Mesa, Cafiones, (4) Road 10, San Juan Mesa, (5) Upper Paliza 
Canyon , (6) White Rock Canyon, Cerros del Rio, (7) FrijolesCanyon. For details of locations see 
Table 3.1 . 
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the products of two large ignimbrite eruptions, involving 400-600 km3 of rhyolite (Smith and 

Bailey, 1966). These, volumetrically, comprise the major members of the Tewa Group (Smith and 

Bailey, 1968b). This group is the product of a series of rhyolitic explosive and effusive episodes, 

erupted during the culmination of magmatic activity in the Jemez Volcanic Field (JVF; Gardner et 

al. , 1986). Other members associated with the Valles Caldera are the San Diego Canyon (SOC) 

lgnimbrites, which are found in the canyon of the same name and along the southwestern wall of 

the Valles Caldera (Turbeville and Self, 1988). These two pre-Bandelier, non-welded ignimbrites 

(designated 'A' and 'B') represent one of the earliest sequences of explosive eruptions of the high 

silica rhyolite (hsr) magma (Tuberville and Self, 1988). The age of these units determined from 

pumice clasts by 40Art39Ar dating is 1.78±0.07 Ma (Spell et al. , 1990). I refer to them here as pre

Bandelier tuffs (PBT). 

The older of the Bandelier lgnimbrites, the Otowi member or Lower Bandelier Tuff (LBT) 

is thought to have had the slightly larger volume of the two, with an estimated volume of 400 km3 

DRE (dense rock equivalent) of non-welded to densely welded ignimbrite and plinian deposits 

(Self et al., 1986). However, significant erosion of the LBT occurred before the emplacement of 

the Upper Bandelier Tuff (UBT), often making it difficult to assess the original extent of the LBT in 

the field . Current estimates of the LBT's age place the eruption at 1.61±0.01 Ma (Spell et al., 

1996). 

The younger Tshirege member or Upper Bandelier Tuff (UBT) is estimated to have erupted at 

1.23±0.08 Ma (Spell et al., 1990; lzett and Obradovich, 1994; Spell et al. , 1996). It is thought that 

up to 300 km3 DRE of material was erupted, including intra-caldera ignimbrite (Self et al. , 1996). 

While there is apparently more intra-caldera UBT than LBT (Goff and Grigsby, 1980; Neilsen and 

Hulen, 1984), the outflow UBT has a variable thickness and is often comparatively thin where it 

drapes over remaining plateaus of LBT. Chemically the two ignimbrites both consist dominantly of 

high silica rhyolite (77% Si02) pumice and ash, and are effectively of the same composition 

except for diagnostic differences in a few trace elements (Self et al. , 1996). The four ignimbrites 

(PBT A and B, LBT, and UBT) formed at the climax of explosive volcanic activity in the JVF and 
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all contributed to the formation of the present-day caldera (Smith and Bailey, 1966; Nielson and 

Hulen , 1984). 

3.3 Physical characteristics of columns 

3.3.1 Overview 

Preferential erosion has revealed columns of altered and hardened ignimbrite at many locations 

around Valles Caldera within the PBT, LBT and UBT ignimbrite outflow sheets. I have 

documented details of columns from 7 sites described below (Figure 3.1; Table 3.1 ). At these 

sites exposure is on the steeply sloping wall of a canyon and with in discrete levels or horizons in 

the ignimbrite. At locations where depositional flow units could be identified, the columns cut 

across these boundaries without any change in their characteristics. However, the location of 

columns within the ignimbrite sheets is related to the different zones of welding and vapor-phase 

alteration (Smith , 1960a,b; Ross and Smith , 1961) that are evident in the PBT, LBT and UBT. 

Columns are found within, and appear restricted to, the lower non-welded section of the 

ignimbrite deposits, whereas fossil fumarolic pipes are found throughout welded and non-welded 

zones. This is above the basal plinian and surge deposits (Self et al. , 1986), but below the level of 

onset of vapor-phase alteration. This same relationship to the ignimbrite zonation is found at all 

seven locations studied (Figures 3.2 to 3.8). 

Table 3.1 Column locations and host ignimbrites. UBT = upper Banderlier Tuff, LBT = Lower 
Bandelier Tuff, PBT = Pre-Bandelier (San Diego Canyon) lgnimbrite. 

Location Grid Reference <1l Host ignimbrite 

Thompson's Ridge, San Diego Canyon 3963700 N, 348900 E soc <2) 

2 La Mesita, Cafioncito Seco 4000600 N, 369400 E LBT <3l 

3 Pueblo Mesa, Cafioncito Seco 4003100 N, 370600 E LBT <3l 

4 San Juan Mesa (Road 10) 3953700 N, 353100 E UBT <4l 

5 Paliza Canyon 3953700 N, 353200 E UBT <
4l 

6 White Rock Canyon, Cerros del Rio 3960900 N, 392500 E UBT <
4l 

7 Frijoles Canyon 3961200 N, 383800 E UBT <4l 

(1) UTM coordinates, Zone 13, scale 1 :125,000, Smith et al. 1970. (2) Age: 1.78± 0.07 Ma (Spell et al. , 1990). (3) Age: 
1.61± 0.01 Ma (Spell et al. , 1996). (4) Age: 1.23± 0.08 Ma (Spell et al., 1990; lzett and Obradovich, 1994 ; Spell et al. , 
1996). 
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A uniformity of diameter is maintained over most of the full length of each column, 

sometimes with slight flaring of the cylindrical shape occurring at the top and bottom ends. The 

columns are inclined approximately vertically to the horizontal with the only exceptions found at 

location 4, a road cut exposure along San Juan Mesa (Figure 3.2). 

Table 3.2 Overview of physical and compositional characteristics of the erosional columns found 
at seven locations. 

Location I Max. length <l>mean Grouping 
Typical Composition(1) 

lgnimbrite I Exposure (cm) spacing 

3-5 down into Circular clusters: 4 column 
Rhyolitic glass , quartz, 

1 (PBT) 
tent rocks 

7 
<30 columns diameters 

andesine, mordenite 
(opaline material} 

10-15 where 
Circular clusters: 3 column Rhyolitic glass, quartz, 

2 (LBT) exposed in 30 
cliff face 

<30 columns diameters andesine, mordenite 

6--12 where 
Circular clusters: 4-5 column Rhyolitic glass, quartz, 

3 (LBT) exposed in 27 
cliff face 

<30 columns diameters andesine , mordenite 

2-3 full 
4-5 column Rhyolitic glass, quartz, 

4 (UBT} exposed at 43 Linear alignment 
roadside 

diameters andesine, mordenite 

Rhyolitic glass, quartz, 

5 (UBT} 
<12 

105 
Small clusters : <10 3 column andesine, mordenite, 

freestanding columns diameters clinoptilolite (in alteration 
horizon below columns) 

10-15 in cliff 
Cliff face alignment 

2 column Rhyolitic glass, quartz, 
6 (UBT) 

face 
11 creating ribbed 

diameters andesine, mordenite 
texture 

10-20 in cliff 
Cliff face alignment 2-3 column Rhyolitic glass, quartz, 

7 (UBT) 
face 

46 creating ribbed 
diameters andesine, mordenite 

texture 

(1) Based on XRD an EDX analyses 

3.3.2 Thompson's Ridge, San Diego Canyon (Location 1) 

The smallest examples of columns are seen in the pre-Bandelier ignimbrite B on the west wall of 

San Diego Canyon (Figure 3.2a). In many cases the columns are the crowning tops of 'tent rocks ' 

(or hoodoos), a distinctive conical erosional structure found in pyroclastic deposits throughout the 

Jemez Volcanic Field (JVF). Tent rocks, also known as teepee rocks due to their shape, are 

artifacts of erosion of the ignimbrite around a more durable capstone (e.g. large lithic). At location 

1 the columns appear to act as the capstones (Figure 3.2b ), but tent rock erosion also occurs in 

the same area without an association with columns. Only the top <0.5 m of columns were 

generally visible, but they are estimated to continue 2-3 m downwards, based on examples seen 
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Figure 3.2 Erosional columns in pre-Bandelier lgnimbrite. (a) Sketched view of part of outcrop at 
Thompson Ridge on west wall of San Diego Canyon (location 1 ), showing the relation of two 
erosional column horizons within pre-Bandelier ignimbrite B (fossil-fumarole pipe size 
exaggerated for clarity, also in later figures). (b) View oftent rocks with small (2-3 m) erosional 
columns crowning their tops, part of the upper horizon. The wide tent-like structure around the 
pipes is an artifact of erosion, see text; note person for scale (front-center). (c) Cluster of col.Jmns 
in the lower horizon being counted by Steve Tait. 
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from broken tent rocks. Both individual and closely spaced groups (<5 columns) of columns are 

associated with one tent rock, with a mean column diameter of 7 cm (Table 3.2). As at all 

locations, the primary columns, and associated tent rocks, occur along a coherent horizon. 

However, at location 1 there is also a second level of less well-defined columns, found 5 m down

slope (and 10 m laterally) from the main horizon (Figure 3.2a,c). 

3.3.3 La Mesita, Canoncito Seco (Location 2) 

The outcrop at location 2 includes the full LBT depositional sequence and the main ignimbrite 

deposits of the UST (Figure 3.3a). Only the basal UBT deposits are missing, possibly because of 

scouring during emplacement of the main UBT unit. Distinctive benches in the wall of Canoncito 

Seco Canyon are found at the UBT/LBT contact, at the welded/non-welded LBT contact, and 

within the welded LBT. There is also a bench within the non-welded LBT where erosional 

columns are found (Figure 3.3b ). This horizon is -10 m above the basal deposits. The columns 

are up to 10-15 m in length, although commonly only <3 m is fully exposed, and they have a 

mean diameter of 30 cm (Table 3.2). They are often found clustered into circular groups 

containing up to 30 columns (Figure 3.3c). The groups are spaced a few meters apart. 

3.3.4 Pueblo Mesa, Canoncito Seco (Location 3) 

This site exposing columns within the LBT is only -5 km from location 2, and reveals a similar 

distinctive column horizon located on a bench extending out from the cliff face (Figure 3.4a). The 

columns' begin -10 m above the basal LBT plinian and surge deposits. They are 6-12 m in 

length, typically forming tight circular groups similar to location 2 (Figure 3.4b). The columns have 

a mean diameter of 27 cm (Table 3.2). Some columns exhibit annular rims that are even more 

altered than the interior material. 

3.3.5 Road 10, San Juan Mesa (Location 4) 

This site is where the features identified by Cas and Wright (1987) as fumarolic pipes are found. 

Exposed along a road cut, but possibly a naturally exposed surface (the only partially man-made 
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Figure 3.3 Columns in lower Bandelier lgnimbrite (LBT) at location 2. (a) Sketch cross-section of 
outcrop at La Mesita, Canoncito Seco, through LBT and UBT showing different zones in the 
ignimbrite and position of the alteration horizon and colums within LBT (size slightly exaggerated 
for clarity, also in following figures) . (b) Erosional columns are found only within the LBT deposit 
within a concordant horizon, here showing one area of columns about 30 m across (note person 
for scale). (c) Close-up of a cluster of columns at the edge of the horizon; mean column diameter 
in cluster is 28 cm. 
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Figure 3.4 Columns in lower Bandelier lgnimbrite at location 3. (a) Cross-section of outcrop at 
Pueblo Mesa, Canoncito Seco, showing erosional column horizon , welding and vapor-phase 
alteration zones. The welded and vapor-phase altered zones ere cut by long (-50 m) joints which 
are continuous across the zones. (b) Photograph taken from bp of mesa looking down onto 
erosional columns cluster, which form along a coherent horizon (outlined by a dashed white line). 
Black areas in top left are bushes dotting the lower slopes of the valley wall (down-slope is to top 
left of picture) . 
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exposure of columns I observed), the preserved parts of the columns are 2 to 3 m in length, with 

a mean diameter of 43 cm (Table 3.2). They maintain the uniformity of shape seen for all 

columns, but are anomalously inclined at 60° to the horizontal (Figure 3.5a). The columns, which 

occur in gray, non-welded but devitrified UBT were found to have a harder annular rim , similar to 

the features at location 3. (Figure 3.5b,c). It is notable that the column's profiles must have 

weathered out of the ignimbrite since the road cut was made. 

3.3.6 Paliza Canyon (Location 5) 

This location is on a relatively gently sloping (-30°) canyon wall on the other side of narrow San 

Juan Mesa to location 4, thus the two are on opposite sides of a dividing ridge (Figure 3.6a). The 

natural columns in UBT ignimbrite are the largest freestanding examples I have found , with 

typical lengths of 5-10 m, including some examples up to 12 m (Figure 3.6b}, and a mean 

diameter of 105 cm (Table 3.2). These large structures have sometimes been eroded to reveal 

distinct flanges, giving the columns a 'Christmas Tree ' shape. Weathering of softer, devitrified 

pumices has also created a cavernous surface texture known as tafoni (Figure 3.6c). Some other 

interesting ignimbrite alteration features are also found at this Paliza Canyon site, below the 

column horizon. These include a proliferation of tent rocks containing pumice-rich horizons, and 

at the base of the outcrop, altered horizontal layers (up to 2 m th ick) within the ignimbrite have led 

to the erosion of 'mushroom-shaped ' rocks. Between the tent and mushroom rock horizons, 

preferential erosion has also created large walls of freestanding non-welded ignimbrite (Figure 

3.6e). These features are -5 m wide but up to 40 m high , and are continuous for 100's mat two 

levels that contour the side of the valley (Figure 3.6f) 

3.3.7 White Rock Canyon, Cerros del Rio (Location 6) 

At this site, also in the gray, devitrified, non-welded UBT ignimbrite the full length of several 

columns are exposed in the canyon wall , measuring 10- 15 min length (Figure 3.7a). The tops of 

the columns are concordant with the higher of two horizontal zones of orange-colored alteration, 

which are each <1 m th ick (Figure 3.7b). A small ignimbrite bench at this height allows the 
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Figure 3.5 Columns in upper Bandelier lgnimbrite (UBT) at location 4. (a) Cross-section of 
outcrop along Road 10, San Juan Mesa, in un-named side valley off east side of San Juan 
Canyon, showing position of column horizon; base of UBT is not seen at this location. (b) Photo 
shows sub-vertical columns inclined at about 60° to the horizontal. (c) Close-up of area outlined 
by dashed white lines showing column with a slightly discolored, harder outer rim. Pick handle for 
scale has cm-wide bands on it; average column diameter is 0.45 m. 
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Figure 3.6 Columns in upper Bandelier lgnimbrite at location 5. (a) Cross-section of outcrop on west 
wall of Paliza Canyon showing spatial relationship of weathering features (size slightly exaggerated for 
clarity) and zones within UBT. (b) A large (-12-m-high) free;tanding erosional column. (c) A group of 
individual 10-m-high columns; cavernous weathering has formed the columns into distinctive 
"christmas tree" shapes (person for scale, front-left). (d) More erosion-resistant horizon at bottom of 
canyon weathered into mushroom-shaped features. (e) Altered ignimbrte in lower canyon eroded out 
into narrow curved wall (40 m high by 5 m wide). (f) Photo taken from above showing pair of walls 
contouring canyon wall ; tent rock erosional forms also seen bottom left (20-m-high pine trees provide 
scale). 

82 



Vapor-phase 

\5~""i°;"~i"iC 7 r·r '-1 j -1 _I -~7i I I I I ) I 
vapar-pnase - - - - - - - -
(VP) onset Non-welded, unaltered 

Upper Bandelier Tuff 

Orange-colored alteration zone #1 

Erosional columns 

Non-welded, devitrified 
Upper Bandelier Tuff 

Orange-colored alteration zone #2 

Tent rocks 

Non-welded, devitrified 
Upper Bandelier Tuff 

-90 m 

._ Surge parting 

Om 

Figure 3.7 Columns in upper Bandelier lgnimbrite at location 6. (a) Sketch view of part of UBT 
outcrop in side canyon off E wall of White Rock Canyon, showng same features as previous figures; 
base of UBT not exposed. (b) Alteration horizon #1 where igrimbrite has become hardened and 
orange-colored forming a coherent layer down from which small columns propagate (hammer for scale, 
30 cm long). (c) Overhead view of columns 5-15 cm wide in area marked by dashed black line in [b]; 
note annular, colored rings in column tops. (d) Alteration horizon #2, with small dowrmard-extending 
discolored zones but no columns; erosional columns are only found -20 m above this lower horizon. 
Note book for scale is 18 cm long. 
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exposure of ends of some columns (Figure 3.7c), allowing us to measure mean diameter as 11 

cm (Table 3.2). The columns exhibit an annular structure similar to those at locations 3 and 4. 

The second orange-colored alteration zone occurs -20 m below the bottom ends of the columns 

(Figure 3.7d). This site is the furthest from source that columns have been found within the 

Bandelier ignimbrite (-45 km from the assumed central vent areas, Self et al. , 1986) 

3.3.8 Frijoles Canyon (Location 7) 

In Frijoles Canyon both LBT and UBT are exposed along various parts of the canyon walls, but 

columns are only observed in the UBT. Due to lack of exposure it cannot be discerned whether 

columns occur in the LBT at this site. As a result of early human activity, many of the freestanding 

columns in the UBT have apparently been broken, making length measurements difficult. 

However, intact examples of the columns in section are found in the cliff face (Figure 3.8a). They 

are arranged parallel to each other, approximately 2-4 column diameters apart, creating a ribbed

texture in the non-welded ignimbrite. Accessible columns lower in the outcrop have a mean 

diameter of 47 cm (Table 3.2), and the features exposed in the cl iff faces are 10-20 m in length 

(Figure 3.8b). Some columns seem to meander slightly from their general vertical dimension. 

3.3.9 Column sizes and spacing 

Although the erosional columns take a similar form in all ignimbrites, there are differences in 

diameter (<t>) and length (L). Columns range from <10 cm to >1 m in diameter, with exposed 

lengths up to 20 m (Table 3.2). They are found over relatively small areas, on the order of 10's of 

m2 at each location, with sometimes a few nearby areas at the same level but not extending for 

more than 200 m laterally. The most extensive distribution is found at Upper Paliza Canyon 

(location 5) where they are found over an area of 1 OO's of m2 on the sloping canyon side, and 

along Frijoles Canyon's east wall where they persist scattered an in groups over -500 m. At all 

locations many columns are clustered into groups, often with up to 30 columns forming roughly 

circular formations, covering <7 m2
. Within a group the columns are closely spaced or even abut 

each other (e.g. location 2, Figure 3.3c). Groups covering larger areas (-20 m2
) were found in the 
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Figure 3.8 Columns exposed in section in cliff face in upper Bandelier lgnimbrite at location 7. (a) 
Sketch of one of outcrops in east wall Frijoles Canyon, sholMng only the lower part of UBT (total > 
100 m thick) and features as in previous figures. (b) Photo looking up cliff-face of -40-cm-wide 
columns exposed in cross-section, which creates a ribbed texture to ignimbrite; note that some 
deviate slightly from the vertical, as shown in a). Columns are 10-20 m long in these outcrops. 
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LBT and UBT. Different groups were identified at each location and the diameters of their 

columns measured (Appendix A2). The histograms of the diameters of all measured columns at 

each location are shown in Figure 3.9. This suggests a weak correlation between ignimbrite and 

column diameter. The smallest diameters are found in the oldest ignimbrite (PBT) and the largest 

diameters in the youngest ignimbrite (UBT), which also possesses the widest range of column 

widths. However, as Figure 3.1 Oa shows, this is only a broad trend between mean column 

diameter (<l>mean) and ignimbrite age, and does not hold true for all locations. It is not thought to be 

genetically significant. 

The ability to measure the length of columns at each location was dependent upon 

exposure. At locations 4, 6 and 7, the full lengths of columns are exposed in cliff faces (Figure 

3.3). The same was also true at locations 2 and 3, though only for a few examples. At location 1 

broken tent rocks allowed us to estimate that the associated columns propagate 2-3 m down into 

these conical-shaped structures. Location 5 provides the best-exposed examples of columns 

(Figures 3.4b), with some of the freestanding features up to 12 m high and >1 m wide. Many 

columns at each site do not have the full length exposed, and broken freestanding columns make 

original lengths difficult to determine. The best estimates came from locations where the full 

lengths of the columns are exposed in the cliff face. Figure 3.10b gives estimates of the maximum 

lengths of columns at each location and also typical column lengths observed. A comparison 

between maximum length and <l>mean shows no statistically significant linear relationship (Figure 

3.10c). 

The distribution of columns within the groups was studied by comparing the mean 

diameter to the mean spacing (Figure 3.7). For locations where the roughly circular groups could 

be accessed a tape measure was used to find the area covered (A) by the group, and the 

individual diameters of each column (Appendix A2). The number of columns in the group was 

tallied (N) and a spacing factor, Wmean. calculated : 

Wmean = (A f N)05 (3 .1) 

At the locations where cliff face exposures were visible, Wmean was calculated using: 

Wmean (linear)= LI (N-1) (3 .2) 
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where L = distance between first and last columns in an alignment. Figure 3.11 a shows Wmean 

plotted against, <t>mean and indicates a significant relationship between these variables. Data from 

different ignimbrites and locations are shown using different colors and symbols, but there is no 

apparent trend according to ignimbrite. However, by dividing Wmeanl<t>mean we see that the mean 

separations between columns are typically between -2 and 6 pipe diameters (Figure 3.11 b ). 

Further comparison to maximum column length enables three styles of columns to be defined 

based on physical characteristics (Figure 3.11 c). The PBT and location 4 UBT columns have an 

intermediate Wmeanl<t>mean ratio (columns spaced 3-5 diameters apart) and short lengths (<5 m). 

Some of the LBT columns have a high Wmeanl<t>mean ratio (columns spaced 5-6 diameters 

apart) and intermediate maximum lengths (10-15 m). Other LBT columns and the UBT 

features at locations 5, 6 and 7 have a low Wmeanl<t>mean ratio (columns spaced 2-3 diameters 

apart) and intermediate to high maximum lengths (10-20 m). 

3.4 Compositional and mineralogical characteristics of columns 

3.4.1 Column components and chemistry 

The column structures at each location have the same gross macroscopic texture as the host 

ignimbrite, yet the resistance to weathering of the column material suggests it must also contain a 

type of cementing agent. The host ignimbrites are non-welded but have somewhat altered and 

devitrified glass, thus attempts to examine any grain-size differences between column and host 

were unsuccessful. While a reasonable grain-size distribution can be obtained for the coarser 

components (pumice and lithic clasts + loose crystals) down to about +4 phi (63 µm); below this 

the fines distribution is dominated by breakage of small glass grains. This approach is not reliable 

at the detail required for discrimination of columns and host if the minerals cementing the 

ignimbrite in the columns are in the sub-50 µm range. In all cases the ignimbrite forming the 

columns is not fines-depleted and has no greater concentration of crystals than the host 

ignimbrite. The columns also lack the zones of alteration minerals produced around fumarolic 

structures in other ignimbrites (Sheridan, 1970; Keith, 1991; Papike, 1992). 
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Within the seven locations where columns were closely examined, three different host 

ignimbrites are present, but they all have similar bulk chemistry (Table 3.3). Further, comparison 

between the host and ignimbrite from within the erosional columns in the PST, LBT, UST shows 

that there is clearly a cementing material present. Thin sections of non-welded column and host 

ignimbrite were prepared using vacuum impregnated blue-stained epoxy to enhance pore space. 

The thin sections were viewed with a petrographic microscope under plane-polarized light at 

magnifications of 10-100 times (Figure 3.12). 

As the host ignimbrite samples were a semi loose deposit held together by epoxy, not all 

the blue areas must be in-situ pore spaces (Figure 3.12a,c,e). Nevertheless it is apparent in the 

column samples that there is another substance which fi lls pore spaces and overgrows the dense 

glass and micropumice shards (Figure 3.12b,d,f). The cementing material is very fine-grained and 

is not obvious to the naked eye or to hands-lens examination. However, it is not apparent in 

samples of the host ignimbrite , and the further analyses described below did not find the 

cementing material in any host ignimbrite samples. 

Description of the cementing material's morphology and identification of its mineralogy 

required the use of higher resolution equipment. Analyses were performed in the Department of 

Mineralogy at the Natural History Museum, UK using an Enraf-Nonius X-ray diffractometer (XRD) 

Table 3.3 Bulk mineralogy of the Bandelier and pre-Bandelier lgnimbrites. Data from Self et al. 
(1986). Sample 2, 4 and 6 were analyzed by electron microprobe. The other samples were 
analyzed by XRF. All reported values have been recalculated to be 100% water-free. (1) Whole 
pumice from PST. (2) Glass only from PST. (3) Pumice clast from top of LBT. (4) Glass of pumice 
clast from LBT. (5) Pumice clast from UST plinian. (6) Glass from welded UST. Nd = element not 
detected. 

Oxide PST LBT UST 

Wt% Sample (1) Sample (2) Sample (3) Sample (4) Sample (5) Sample (6) 

Si0 2 76.70 77.83 76.41 77.64 76.20 76.60 
Al20 3 12.17 11 .61 12.35 12.48 12.79 12.50 
Na20 4.82 4.54 4.79 4.87 5.62 5.57 
K20 4.12 4.26 4.53 3.41 3.22 3.78 
FeO 1.58 1.17 1.45 1.18 1.54 1.42 
Cao 0.34 0.24 0.25 0.26 0.35 0.15 
Ti02 0.10 0.17 0.04 0.08 0.08 0.05 
MgO 0.08 0.02 0.1 0.03 0.05 Nd 
MnO 0.06 0.01 0.07 Nd 0.08 Nd 
P20 s 0.01 Nd 0.01 Nd 0.01 Nd 
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Figure 3.12 Plane-polarized light photomicrographs of thin sections comparing host ignimbrite 
and column material. (a) Unconsolidated PBT held together by blue stained epoxy, which fills 
vesicles and space between clasts; 25X. (b) PBT column ignirrbrite; dark, mossy texture material 
surrounds and covers white glass shards; blue epoxy fills previously unfilled vesicles; 25X. (c) 
Unconsolidated LBT; 20X. (d) LBT column ignimbrite; dark gray material surrounds and 
overgrows glass shards; 20X. (e) Unconsolidate::l , non welded UBT with micropumice shard in 
center; 1 OOX. (f) Glass shards {light brown colored) almost totally inundated by dark gray 
cementing material. Quartz crystals (top of photo) remain uncovered; 1 OOX. 
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with lnel curved position-sensitive detector and Jeol 5900LV scanning electron microscopy (SEM) 

with EDX-Oxford INCA X-ray attachment. Additional SEM images were previously taken at 

l'lnstitut de Recherche pour le Developpement (IRD), France and at The Open University, UK. A 

sample of UBT column material was also analyzed by XRD at IRD, France. 

3.4.2 Mineralogy of pre-Bandelier ignimbrite columns 

SEM and EDX images and analyses of samples from location 1 are show in Figures 3.13 and 

3.14. Figure 3.13a shows several open vesicles {black areas) and glass shards, filled and 

surrounded by the cementing material. Observations using the optical microscope showed that 

some of the vesicles remained unfilled (the rounded , blue areas in Figure 3.12b ), these were 

apparently enclosed vesicles into which the cement-bearing medium could not reach. However, 

the glass shards are coated with radial acicular crystal clusters 10-30 µm in size that look like 

pincushions or bow-ties (Figure 3.13a,b ). XRD analyses identified this material as mordenite 

[(Na2,Ca,K2)[AlsSi400 96]·28H20], a zeolite normally formed by hydrothermal alteration. Small 

holes due to solution pitting are also prevalent across the glass shards, demonstrating that they 

have undergone significant chemical alteration (Figure 3.13b ). A further example showing a 

rounded glass shard and mordenite crystals exposed at the edge of the shard is given in Figure 

3.13d,e. The SEM-based EDX analyses show that the mordenite is K, Na and Ca-bearing, typical 

of this zeolite family (Figure 3.14; Deer et al., 2004 ). The XRD analysis also found quartz and 

andesine in the sample, which are typical primary minerals in the Bandelier and pre-Bandelier 

lgnimbrites. Earlier SEM observations of column samples from the PBT found some examples of 

smooth , rounded material identified as opaline silica shard overgrowths, but they are apparently 

not common, and their amorphous form prevents XRD detection. 

3.4.3 Mineralogy of lower Bandelier ignimbrite columns 

Column samples from locations 2 and 3 have very similar mineral morphologies and 

compositions, which' is expected given the close proximity of the two locations. Figure 3.15 shows 

SEM photomicrographs of column ignimbrite from location 3. As for the PBT, glass shards are 

93 



Figure 3.13 SEM images of PBT column 
ignimbrite from location 1 (a) Glass shards 
coated and surrounded by clusters of 
mordenite crystals; dark areas are unfilled 
vesicles [VJ in large shards; 98X. (b) Bow-tie
shaped mordenite crystal cluster growing on 
glass shard , indicated by white circle [M] , with 
examples of solution pits [P] and dissolution of 
glass shards [DJ shown by white arrows; 839X. 
(c) Mordenite crystal overgrowth on pitted 
shard; 1650X. (d) Glass shards with layer of 
fine-grained mordenite crystals between; 
prominent dissolved edges indicated on 
rounded shard by RS; boxed area shown on 
e); 485X. (e) Mordenite infilling between shards 
on left edge [ES] of rounded shard in d); 
2460X. 
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surrounded by a cementing material, which XRD analysis again identified as mordenite (Figure 

3.15a). The LBT shards appear to be longer than the PBT example, and they are even more 

altered, with solution pits prevalent throughout the sample (Figure 3.15b ). Figure 3.15c shows a 

micropumice with mordenite clusters and solution grooves on its surface. Figure 3.15d shows a 

vesicle filled with tiny glass flakes and mordenite clusters. The radial needle-like morphology of 

the zeolite crystals growing on the glass shards is clearly shown by Figure 3.15e,f. EDX analysis 

shows that the mordenite has less Na, but more Ca and K than the glass (Figure 3.16). The 

zeolite also contains traces of Fe and Mg. Alternatively the data might be showing other material 

too small detect with EDX and without a crystal form , so undetectable by XRD. 

3.4.4 Mineralogy of upper Bandelier ignimbrite columns 

Analyses of UBT samples showed that, as for the LBT and PBT, column ignimbrite contains the 

zeolite mordenite , which cements the glass shards together to form a harder zone than the 

surrounding (non- or less-altered) ignimbrite. In an example from location 4, mordenite can be 

seen filling a vesicle in the side of a glass shard and growing around the shards (Figure 3.1 ?a). 

The mordenite crystals inside the vesicle are 1-5 µm-long (Figure 3.17b), and those outside 

the shard -5-10 µm-long (Figure 3.1 ?c). As in the other ignimbrites EDX shows the mordenite 

to have less Na, and more Ca and K relative to the glass, along with traces of Fe (Figure 3.18). 

Another example of glass shards and cementing mordenite in a column at location 6 is shown in 

Figure 3.1 ?d,e,f. The radial acicular morphology of a cluster of mordenite crystals is clearly 

demonstrated in this UBT sample (Figure 3.1 ?f). 

There is generally no change in color of the column material compared to the host 

ignimbrite but in some examples at location 6 there is an annular, orange-red coloration inside the 

column when viewed in cross-section. XRD analysis showed that the whole of these columns 

have the same mineralogical composition that was found for all pipes, but the colored , annular 

region is relatively even more altered. At several locations (3, 4 and 6), some columns have a 

more altered (harder), but not discolored annular outer rim with a center of softer material , which 

is slightly less resistant to erosion. The rim shows a higher degree of alteration (Figure 3.19). 
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Figure 3.15 SEM images of LBT column ignimbrite from location 3. (a) Low magnification 
overview of glass shards with surrounding layers and infill of mordenite crystals; 347X. (b) . Area 
of glass shards full of solution pits , examples indicated by wh ite arrows [P] ; 1370X. (c) 
Micropumice shard with mordenite overgrowths and solution groves [SG]; 944X. (d) Vesicle filled 
with glass flakes and mordenite crystal clusters; 1670X. (e) Radial cluster of mordenite crystals 
[M]; 2380X (f) Example of mordenite crystals with acicular (pin-cushion-like) morphology growing 
between small shards; 2500X. 
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Figure 3.16 (a) SEM image of LBT column ignimbrite from location 3, showing detail of shard 
surface with mordenite crystal cluster. White rectangles mark areas analyzed by EDX. (b) EDX 
spectrum for zeolite crystals. (c) EDX spectrum for glass shard. 
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Figure 3.17 (a) Sample from UBT column ignimbrite at location 4; shards with mordenite layers 
between and filling vesicles; 734X. (b) Tiny (2-4 micron-si:;ed) mordenite crystals inside vesicle in 
shard in a); 2820X. (c) . Detail of clusters of mordenite crystals around shard ; 3340X. (d) Sample 
from UBT column at location 6, showing glass shards with abundant mordenite crystals; 190X. (e) 
Mordenite crystal clusters growing and covering a micropumice shard with tube vesicles; 1970X. 
(f) High resolution view of clusters and acicular morphology of individual mordenite crystals in 
same area as e); 4980X. 
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Figure 3.18 (a) SEM image of UBT column ignimbrite from location 4, showing vesicles filled by 
mordenite and glass shard walls. White rectangles mark areas analyzed by EDX. {b) EDX 
spectrum for zeolite crystals. (c) EDX spectrum for glass shard. 
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Figure 3.19 (a) Example of UBT column with more resistant annular rim (location 4); scale bar is 
10 cm across. (b) Mordenite crystals coating and cementing together shards in sample of annular 
rim from column in a); 1000X. (c) Low magnification view of micropumice shards embedded in 
mats of mordenite from different area in UBT sample in [b] ; boxed area detailed in d); 250X. (d) 
High-resolution image of area in c) showing large degree of replacement of solution-dissolved 
micropumice by mordenite crystals < 5 µm long; 3670X. 

Other features found within the UBT are horizontal alteration horizons of ignimbrite that 

have been hardened over observable distances in the outcrop (1 Os-1 OOs m). This created the 

orange-colored zones at location 6 and the mushroom rock horizon at location 4. XRD analyses 

showed that these horizons contain the same components as the rest of the ignimbrite, including 

the mordenite found in columns (although in relatively less abundance than is found in column 

samples), along with another zeolite, clinoptilolite (also known as heulandite). 

At all locations the host ignimbrite contains no zeolite . The alteration minerals occur 

solely within the described columns and alteration horizons. XRD analyses of column samples for 

all the ignimbrites also showed an unexpected lack of sanidine (KAISi 30 8 ), which occurs sparsely 

in the Bandelier and pre-Bandelier lgnimbrites (Self et al. , 1986; Turbeville and Self, 1988), 

suggesting it may have also been dissolved away to form the zeolites. 
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3.4.5 Origins of alteration 

An interesting observation regarding the erosional columns' occurrence is that they are 

geographically widespread within the ignimbrites around Valles Caldera and temporally 

distributed across three different-aged ignimbrites (spanning a time interval of 0.55 Ma). Yet 

columns are only found at a relatively limited number of locations around the Jemez Mountains. I 

studied columns at the 7 locations where the features are most abundant, although still limited in 

their areal extent. It is therefore necessary to invoke a formation mechanism that is generic 

enough to be repeated at different locations, and in different ignimbrites, at different times, but 

which requires specific conditions that were only achieved in a few sites. The mechanism needs 

to explain both the formation of columns clustered in groups and within a contiguous horizon. The 

mechanism should also include physical controls that account for the association between mean 

column diameter and spacing (Figure 3.11 a), and the limitation on column separations within a 

given group (a minimum of 2 and maximum of 6 diameters; Figure 3.11 b ). 

The absence of fines depletion and crystal concentration suggests that the pipe-shaped 

columns were not fumarolic pipes of the type that are typically associated with gas escape from 

cooling ignimbrite sheets (Allen and Zeis, 1923; Zeis, 1929; Sheridan, 1970; Cas and Wright, 

1987; Keith, 1991 ; Dejou et al., 1999; Macias et al., 2000). These types of degassing pipes, 

which are the venting pathways for volatiles trapped in the ignimbrite and groundwater 

evaporated as the pyroclastic flows were deposited , are commonly seen in the Bandelier and pre

Bandelier lgnimbrites. However, their morphology is different from the structures described in this 

study. 

SEM photomicrographs show that the ignimbrite forming the columns contains a cement 

between and within glass shards that make the ignimbrite more resistant to erosion than the rest 

of the host deposit (Figure 3.12). The SEM images show that the glass shards have been 

dissolved by solutions, and this process of devitrification has led to the formation of zeolite 

crystals. XRD analyses identified the zeolite as mordenite, which is known to occur as a result of 

hydrothermal alteration (Deer et al. , 2004). EDX analyses showed the mordenite has less Na, but 

more Ca and K than the glass (Figures 3.14, 3.16 and 3.18). The zeolite also occasionally 
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contains traces of Fe and Mg, although the data might be indicating another material too small to 

detect with EDX and without a crystal form . 

Mordenite has been identified as an alteration product in several thick pyroclastic 

deposits around the world. It is commonly associated with clinoptilolite (Utada, 1971 ), e.g., 

mordenite and clinoptilolite [K,Na,Ca05,Sr05,Ba05,Mg05)6[Al6Si300 12]·20H20] are found in cavities 

and fractures in the tuff beds at Gurayongo, Korea (Noh and Boles, 1989). Within hydrologically 

open systems, mordenite distribution and the occurrence of other zeol ites indicate control by 

temperature (Deer et al., 2004). In drill cores of rhyol itic rocks at Yellowstone National Park, 

Wyoming , mordenite is found between depths of 15 and 300 m, at temperatures of 90 to 160°C 

(Bargar & Beeson, 1984, 1985; Honda and Muffler, 1970). Around Timber Mountain Caldera, the 

eruptive center at Yucca Mountain, Nevada, zones of mordenite, clinoptilolite and other zeolites 

are found at depth (Deer at al. , 2004). Most of the mordenite crystallization followed the 

dissolution of the glass shards, but Shepard et al. (1988) showed that some mordenite formed 

from the dissolution of clinoptilolite . Experiments by Bish et al. (1982) suggest that clinoptilolite to 

mordenite diagenesis occurs between 120 and 180°C. In the rhyolitic deposits at Wairaki, New 

Zealand, mordenite and clinoptilolite have been reported between depths of 73-300 m at 

temperatures of 150-230°C (Steiner, 1953; Coombs et al. , 1959). 

Rhyolite tuff associated with domes and flows of Ponza Island, Italy, have been altered to 

a mordenite-smectite assemblage (Passaglia et al. , 1995). This study concluded that alteration of 

the glass occurred by percolating meteoric waters , heated by post-volcanic events. Short-lived 

meteoric-sourced activity has also been recognized for the Bishop Tuff (Holt and Taylor, 1998) 

and possibly in other ignimbrites, e.g :, Chegem Tuff (Gazis et al. , 1996). My hypothesis is that 

alteration of regions of the pre , lower and upper Bandelier lgnimbrites was similarly caused by 

meteoric water draining down into the deposits. 
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3.5 Discussion 

3.5.1 Thermal constraints on column formation 

The fact that columns are observed to cut across depositional flow unit boundaries indicates that 

their formation was a post-depositional process. However, if the alteration occurred rapidly and 

immediately after ignimbrite deposition by meteoric (rain and overland or subsurface flow) water 

penetrating a fresh, unaltered surface, then it is likely that such erosional structures would be a 

more widespread phenomenon occurring throughout many ignimbrite sheets. They would also 

occur within the uppermost level of the ignimbrites, when in fact they are only found in the 

unaltered, unconsolidated ignimbrite below the upper welded and vapor-phase altered zones. 

The implication is that welding of the ignimbrite cap occurred rapidly enough to prevent large 

volumes of water percolating into the deposit in a dispersed fashion , and causing widespread 

alteration to the same degree that is found within columns. 

Mordenite is a hydrothermal alteration product. Evidence from other rhyolitic deposits 

where hydrothermal activity has occurred, suggests that it requires formation temperatures (T1) as 

low as 90°C (Bargar & Beeson, 1984, 1985; Honda and Muffler, 1970), or as high as 230°C 

(Steiner, 1953; Coombs et al., 1959), but more likely between 120 and 180°C (Bish et al., 1982). 

Clinoptilolite which was found below the mordenite alteration zone at location 2, requires values 

of T1 in the range <100 to 120°C range (Bish et al. , 1982; Seki et al. , 1969). Formation of 

clinoptilolite in this zone led to localized hardening of non-welded ignimbrite, which resulted 

eventually in exhumation as the giant walls of ignimbrite and mushroom rock alteration seen in 

the UBT in Paliza Canyon (location 2). 

Understanding the cooling history of ignimbrites is key to explaining how the ignimbrites 

became significantly altered in the limited locations where columns are found. Observations at Mt. 

Pinatubo have shown that after deposition, the outer <3 m of the ignimbrite were rapidly 

quenched to <100°C (Bailey, 2001 ), but beyond this higher temperatures persisted. Internally, 

thick ignimbrites can maintain high temperatures for several years after deposition (Riehle et al , 

1995). At Mt. Pinatubo temperatures up to 400°C were measured >1 year after deposition and 

temperatures of >120°C were measured only 50 cm into freshly incised valley walls 3-4 years 
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after deposition (Ronnie Torres, pers. comm ., 2000). I propose that formation of the columns 

occurred as a result of a sustained supply of water able to permeate locally the still hot, interior 

ignimbrite due to its exposure by collapses or slumping along the walls of valleys that were being 

actively incised (Figure 3.20a,b) 
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Figure 3.20 Schematic diagram of sequence of events leading to formation of columns in 
Bandelier and pre-Bandelier lgnimbrites. Typical incised valley depth -40 m (pre-Bandelier 
lgnimbrite) and 80-100 m (Bandelier lgnimbrites) (a) Immediately after emplacement of ignimbrite 
incipient welding begins. Erosion during early valley downcutting leads to oversteepening of 
ignimbrite face, making it unstable. (b) Unstable, hot, friable ignimbrite collapses exposing hotter 
material ; slumping creates bench along valley wall ; welding of remaining ignimbrite complete. (c) 
Meteoric water infiltrates hot deposit on bench, causing alteration of pipe-shaped volumes 
beneath exposed surface. Slumped material could not become vapor-phase altered or welded 
due to reduced temperature and extensive degassing of deposit, thus alteration columns are not 
found to co-exist with fumarolic degassing pipes. (d) Pipe-like, columnar alteration zones and 
clusters of columns exposed when surrounding ignimbrite eroded away. 
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3.5.2 Triggering and mechanism of alteration 

It has been recognized that hot ignimbrite sheets can remain unstable for several years after 

deposition, either in the welded state (Chapin and Lowell , 1979) or as non-welded, friable 

material (Torres et al. , 1996). The 1991 Mt. Pinatubo ignimbrite demonstrated the magnitude to 

which they can be unstable; collapses of ignimbrite in the first 5 years following the eruption were 

large enough (S0.05 km3
) to generate secondary pyroclastic flows (Torres et al. 1996). Incised 

valley walls where erosion causes oversteepening and slumping of the ignimbrite can still be 

seen around Pinatubo (Bailey, 2001 ). Studies of the landscape morphology at Pinatubo and other 

volcanoes have shown there is a tendency for the incision of new ignimbrite sheets to follow 

paleovalleys (Wilson , 1991 ; Daag and van Westen , 1996; Rodolfo et al. , 1996). Incision is 

concentrated at sags in the new ignimbrite surface created by settling of unconsolidated, non

welded material and compaction of welded zones, both greatest where the deposit is thickest, 

i.e. , along canyon/valley fills of ignimbrite. In the LBT and UBT, where welding occurred in the 

upper, hotter-emplaced zones (Smith and Bailey, 1966), this more resistant layer, where 

deposited, would have been rapidly eroded to form proto-canyons over the sites of pre-eruption 

canyons. 

Valley-wall slumps of ignimbrite would have created benches within the cliff face where 

fresh , non-welded ignimbrite was exposed (also seen at Mt. Pinatubo; Bailey, 2001 ). These 

benches would have been catchment areas for direct rainfall and runoff from the welded area 

above (Figure 3.20c). The water would have percolated into the hot, non-welded deposit, creating 

a cool (<100°C), saturated layer (as seen at Mt. Pinatubo). However, the ignimbrite below this, 

whilst at temperatures too low to weld , would still be hot enough to evaporate the water, and 

undergo low temperature hydrothermal alteration, creating zeolite crystals. 

After permeating into and saturating the upper region of ignimbrite (Figure 3.21 a,b ), 

envisage that further infiltration occurred unevenly due to the creation of an instability horizon 

between the heated water and hot ignimbrite. Percolation of the water was concentrated along 

these interfaces and low temperature alteration of the ignimbrite occurred (Figure 3.21 c). The 

local isothermal structure was warped (Harris et al. , 2004) and alteration occurred along 
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Figure 3.21 Schematic diagram of sequence of local infiltration processes leading to formation of 
columns. (a) Meteoric water ponds and percolates into hot ignimbrite. (b) Percolation of water 
creates a saturated zone. (c) Further infiltration occurs unevenly due to the creation of an 
instability horizon between the heated water and hot ignimbrite (d) Dissolution of the glass shard 
matrix and deposition of mordenite crystals occurs along the instability fronts between the 120 
and 180°C isotherms. (e) Alteration occurs until cooling of the ignimbrite terminates the process. 
The isotherms recede into the ignimbrite. (f) With mordenite acting as cementing agent between 
remaining shards and other pyroclastic components, columns are more resistant to weathering 
and are exposed by erosion. 
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cylindrical , pipe-shaped regions into the ignimbrite until terminated by cooling of the deposit 

(Figure 3.21 d,e,f). 

The consistent length of the alteration features was likely a function of the isothermal 

structure of the ignimbrite at a given location, controlled by alteration be restricted to the zone 

where the ignimbrite temperature was 120-180°C. Alteration would have begun once rainfall 

infiltrated and saturated the ignimbrite (Figure 3.21d), which is likely to have occurred soon after 

(if not during) the collapse of the valley wall in new, hot ignimbrite. Based on observations at 

Pinatubo, this saturation zone is typically -3 m (Bailey, 2001 ). 

The proposed formation mechanism also explains why the columns are generally vertical, 

with one anomalous exception. Columns along a road-cut at location 4 are inclined at 60° to the 

horizontal. This is possibly explained by further slumping and tilting of that section of the UBT 

ignimbrite, after the alteration of columnar zones within the deposit, but before they were exposed 

by erosion. Alternatively, the columns at location 4 might have formed by a different mechanism 

to that proposed at other locations, perhaps related to more unique properties of the ignimbrite or 

paleo-topography at that location. 

The apparent correlation between the diameter and spacing of these altered volumes is 

likely a consequence of the instability boundary conditions . The relative differences in size 

between columns in the PBT, LBT and UBT are also thought to demonstrate differences in the 

formation dynamics that occurred within the three ignimbrites. Within the same ignimbrite 

columns at different locations are more closely related in size , because the host ignimbrite was 

likely emplaced at the same temperature. However, differences in the timing of collapses, leading 

to formation would have still created different thermal regimes, causing the differences in length 

and diameter that are observed . 

Several locations (1 , 2 and 6) show evidence of multiple slump levels, suggesting that it 

could have been possible to create more than one horizon where alteration led to the formation of 

column. This is seen for the LBT at location 1 (Figure 3.2), but the columns are far less abundant 

and not well defined in the second layer. The arrangement of columns in clustered groups is 

hypothesized to result from uneven drainage and ponding of water on the slump horizon (Figure 
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3.22). Final exposure of the columns was the result of slower weathering processes that eroded 

the surrounding ignimbrite over the past 1-2 Ma (Figure 3.21f). 
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Figure 3.22 Schematic example of horizon in ignimbrite where erosional columns formed , based 
on location 3. Uneven surface of slumped ignimbrite provides sites for water ponding. The 
arrangement and sizes of ephemeral ponds leads to randomly spaced groups of columns along 
the alteration horizon. 

3.5.3 Model and timing of alteration 

I propose a three-stage process for the formation of the erosional columns. First, a triggering 

mechanism brings meteoric water in contact with a still-hot internal portion of an ignimbrite sheet 

recently emplaced across and within paleovalleys. Secondly, the percolation of the water into the 

hot ignimbrite causes dissolution of glass shards and the precipitation of mordenite , which acts as 

a cement between remaining shards and other ignimbrite components, making a volume of the 

deposit more resistant to erosion than the surrounding host ignimbrite. This alteration of the glass 

took place along pipe-like, cylindrical pathways, the dimensions of which were controlled by the 

physical and thermal properties of the deposit. Finally at the surface, on newly incised valley 

walls, un-cemented ignimbrite was gradually removed by erosion , leaving only more resistant 

pillar-like columns protruding from the ignimbrite (Figures 3.2 to 3.8). 

Such a model is difficult to imagine occurring in the current Jemez Mountains regional 

climate, however, 1- 2 Ma ago it was much wetter than the present day, high altitude semi-desert 

conditions suggest. Examinations of lacustrine sediments have shown that a large lake formed in 

Valles Caldera immediate after its formation and that lakes later existed in surrounding valleys 

(Goff and Heikoop, 2003). Studies have shown that the cl imate in the reg ion has had dry and wet 

periods during the last few millions years (Sears and Clisby, 1952) and in general the New 

Mexico cl imate has become increasingly drier through time (Sammis, 2001 ). Wetter periods, or 
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more extreme storm conditions, would perhaps have not been necessary for alteration of the 

ignimbrites, but they would have provided high and sustained volumes of water. Storms also 

promote collapses of ignimbrite, which was also seen around Pinatubo (Pierson et al. , 1996; 

Rodolfo et al. , 1996). Observations from Pinatubo have also shown that atmospheric convection 

due to large ignimbrite sheets can create clouds that can produce significant amount of rainfall 

(Oswalt et al. , 1996; Tupper et al. , 2005). If storms and/or a wetter climate were required to cause 

enough alteration to create the columns, it would be another explanation of the limited occurrence 

of these features. 
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Figure 3.23 (a) Model cooling curves for 20-m-thick ignimbrite, after Riehle et al. (1995). T1 

shows the temperature range of mordenite formation . A1 estimates the times during which 3-m
long alteration columns, beginning at a height of 10 m above base of ignimbrite, would have 
formed in PBT. (b) Model cooling curves for 80-m-thick ignimbrite ; A2 estimates the times during 
which 15-m-long alteration columns, beginning at a height of 40 m above base of ignimbrite, 
would have formed in LBT or UBT. 
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The timing of the proposed events is clearly dependent on the cooling history of 

ignimbrites, about which little is known . The best currently available model is by Riehle et al. 

(1995), who created models of temperature change with depth and time, for unconsolidated, rain

infiltrated ignimbrite. Using these cooling curves, the range of T1 suggested by presence of 

mordenite and the heights within the ignimbrite columns found at, I suggest a timescale over 

which alteration occurred (Figure 3.23). The 20-m-thick model (Riehle et al. , 1995) was applied to 

the PST for 3 m columns , with the top ends located 10 m above the ignimbrite base (Figure 

3.23a). The 80-m-thick model (Riehle et al., 1995) appl ied to the LST and UST, for 15 m columns 

with the top ends located 40 m above the base of the ignimbrite (Figure 3.23b). The temperature 

range of mordenite formation (T1) defines the temperature value on the graph where alteration 

height is compared to the cooling curves. Once a time is reached when the cooling profile is 

below the heights at which columns were located at in outcrops, the slumped ignimbrite must 

have been too cool to form mordenite crystals and alteration at that site ended. Interpolation of 

the curves in Figure 3.10 estimates this occurred in <1 year for the PST and within 5 years for 

LST or UST. 

3.6 Conclusions 

Pipe-shaped columns of ignimbrite are found in 3 ignimbrite deposits associated with Valles 

Caldera, New Mexico. The ignimbrite forming the columns is more resistant to erosion due to 

crystals of a zeolite, identified by XRD ~rnd SEM-EDX analyses as mordenite, acting as a 

cementing agent between glass shards and other components in the matrix. The column size 

varies with both the host ignimbrite and location (Table 3.2), but apparent correlation is probably 

not significant as the UST has columns of all sizes. Some general physical characteristics are 

common to all. At each location columns, were formed within a coherent horizon, maintain a 

uniform diameter throughout their length , and are found on valley walls within the unconsolidated 

portion of the deposit, 10-40 m above the base, but below the vapor-phase and welded zones. 

Columns are usually clustered in groups, and with in a given group the mean diameter and 
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spacing appear correlated, with columns separated by 2-6 column diameters. The columns are 

generally vertical, with one anomalous exception at location 4. 

Although initially called pipes by those who first noted their occurrence (Cas and Wright, 

1987) the erosional columns are different from fumarolic pipes that result from degassing of 

erupted volatiles and evaporated pre-existing groundwater sources that the ignimbrite is 

emplaced over. For example, fumarole distribution in the non-welded part of the Valley of Ten 

Thousand Smokes ignimbrite was concentrated above pre-eruption river channels (Keith, 1991 ). 

The columns are neither fines-depleted nor do they contain a concentration of crystals, both 

typical characteristics of fumarolic degassing pipes. 

I propose a model where the ignimbrite was altered by circulating meteoric water that 

was able to access hot, interior parts of the new deposit which was exposed along the walls of 

actively incised valleys or canyons through slumping of the deposit. This allowed low 

temperature, hydrothermal activity to occur within a defined horizon of ignimbrite with limited areal 

extent. The elongated column shapes are considered to reflect the boundaries conditions of 

convection that occurred within these localized hydrothermal systems. The rapid formation of an 

incipient welded zone and onset of erosion of valleys filled with ignimbrite are the initiating 

processes for the conceptual model, and the thermal parameters indicated by the identified 

cementing agent, the zeolite mordenite, suggest that they must have occurred rapidly (Figure 

3.23). This conceptual model might not encompass all mechanisms by which the columns form, 

but based on the evidence available it is an explanation for many of the examples seen. 

Observations of the Mt. Pinatubo 1991 ignimbrite have shown that erosion of newly 

emplaced ignimbrite sheets can be extremely rapid in places, e.g ., 1-2 years to completely erode 

to the base of the > 80 m thick 1991 deposit (Rodolfo et al. , 1996). Remobilization of large 

volumes of the Mt. Pinatubo ignimbrite highlight the degree to which ignimbrite sheets in general 

are unstable and susceptible to collapse during incision (Torres et al., 1996). The incipient pattern 

of erosion also seems to have formed very rapidly, possibly within weeks (Bailey, 2001 ). Pristine 

areas of 1991 ignimbrite are found next to valleys that have been eroded down >80 m. Crystal-
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rich and fines-depleted degassing pipes are commonly found at Pinatubo, but to date no 

evidence of Bandelier ignimbrite-type alteration columns has been observed. 

The cooling history of ignimbrite sheets is a little-known area in volcanology. There have 

been few field-based opportunities and methods to measure the emplacement temperatures and 

cooling rates of an ignimbrite sheet. Currently, insights are only offered by thermal modeling 

studies. The application of cooling models (Riehle et al. , 1995) to the Bandelier and pre-Bandelier 

lgnimbrites may provide time estimates for alteration. It suggests that these processes occurred 

within of a timescale of -9 months for the pre-Bandelier lgnimbrites, and -2 years for the lower 

and upper Bandelier lgnimbrites. Based on my proposed model of formation , this also suggests 

that weld ing and well-developed valley incision of the ignimbrite sheets into the canyon system 

preserved today must have occurred equally rapidly. 
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Chapter 4: The changing morphology of an open lava channel on Mt. Etna, 
Sicily 

4.1 Introduction 

The flow regime within channelized basaltic lava flows is known to change over timescales of 

days, minutes and hours (Wadge, 1981; Lipman and Banks, 1987; Rossi , 1997; Harris et al. , 

2000b; Lautze et al ., 2004 ). Some studies have been able to track short-term changes in lava 

channel morphology, volume flux, cooling rates or crystallization (e.g. Lipman and Banks, 1987; 

Crisp and Baloga, 1994; Crisp et al., 1994; Cashman et al., 1999). However, interpretation and 

modeling of channels on timescales of <1 day has been limited by a lack of field-based 

measurements of sufficient temporal or spatial coverage to show critical changes (Baloga and 

Pieri , 1986). In th is regard , field measurements are limited by the observers' ability to continually 

record and accurately describe changes at ephemeral , rapidly evolving, complex or short-lived 

features. Ideally such studies would collect continuous, simultaneous measurements of 

temperatures and lava samples along an extended length of channel. With the notable exception 

of Cashman et al. (1999), such an analysis requires multiple instruments, many (or fast moving) 

personnel and perfect/ideal conditions. 

Such measurements are, however, essential if we are to adequately understand, interpret 

and model lava flow emplacement. Many studies of channelized flows at Mt. Etna (Sicily, Italy) 

and other effusive basaltic volcanoes, primarily Kilauea and Mauna Loa (Hawai 'i) have been 

directed towards defining parameters for quantitative modeling of flows. Hulme (197 4 ), Dragoni et 

al. (1986), Dragoni (1989), Dragoni et al. (1992), Dragoni and Tallarico (1994), Pinkerton and 

Wilson (1994), Keszthelyi (1995a), and Tallarico and Dragoni (1999), for example, studied 

aspects of flow emplacement and cool ing to consider the impact of channel dimensions, lava 

cooling, crystallization and other rheological properties on flow length, velocity and volumetric 

rate. In addition , analysis and modeling of heat loss from channelized and 'a 'a flows has been 

completed by Dragoni (1989), Crisp and Baloga (1990), Ishihara et al. (1990), Crisp and Baloga 

(1994), Harris et al. (1998), Keszthelyi and Self (1998), Cashman et al. (1999), and, Harris and 

Rowland (2001 ). 

114 



The last three years has seen an increasing use of the hand-held Forward Looking 

Infrared (FUR) Thermal Camera (Dehn et al. , 2001 ). The FU R's versatility has led to its use in 

many areas of thermal volcanological research , such as the analysis of active eruption plumes 

(McGimsey et al. , 1999; Dehn et al. , 2002), explosive and effusive eruptions (Dehn et al., 2003; 

Andronico et al " 2005; Harris et al. , in review) , lava lakes (Oppenheimer and Yirgu , 2002), and 

instability of volcanoes (Bonaccorso et al. , 2003). This device is capable of collecting images of 

large flow field areas. Each image is comprised of 320 x 240 pixels, each providing a calibrated 

temperature value between 200 and 1000°C. FUR data thus provide a means to both 

qualitatively and quantitatively study the thermal history of an evolving or cooling lava flow 

(Keszthelyi et al. , 2003; Patrick et al. , 2003; Wright and Flynn, 2003). 

In th is study I use FUR data, visual observations, and thermal infrared thermometer data 

to describe the temporal evolution of a channel ized lava flow during the May 2001 eruption of Mt. 

Etna (Figure 4.1 ). I begin by reviewing previous studies of Etnean flow fields and channelized 

basaltic flows before giving a description of the events surrounding the formation of the lava 

channel on which I focus . This is followed by a description of the observed channel as well as 

measurements made and the terminology used to describe the channel's morphology. Finally, I 

detail qualitative and quantitative changes in the channel morphology that result from random and 

cyclic fluctuations in the bulk volume flux. My ultimate goal was thus to describe pulses observed 

in the volume flux , and to define what these variations imply about the system, as well as to 

consider the effect that volume flux changes on the order of minutes to hours have on flow rate 

calculations. These observations directly contradict any assumption of a steady-state flow used 

for modeling channelized basaltic lava flows or in making ground-based flow rate calculations. In 

completing my examination of a channel's morphological evolution I also highlight the ability of 

the FUR camera to provide both numerical and visual image data capable of documenting rapid 

morphological and flow regime changes. 
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4.2 The May 2001 lava flow field 

My measurements took place during May 30-31 , 2001 , along a length of channel in the proximal 

section of a flow field being emplaced on the NE flank of the South-East Crater (SEC), within the 

upper Valle del Leone between 3000 and 2500 m elevation (Figures 4.1 and 4.2). At this time the 

flow field as a whole was being fed at an effusion rate of 1.4±0.4 m3 s-1 to build a 2.5 by 1 km 

(-2.5 km2
) flow field. I use the term 'effusion rate', as defined in Calvari et al. (2002), to describe 

the estimated instantaneous total rate at which lava is erupted for the whole flow field. This 

effusion rate may be divided between a number of channels. The term 'flow rate' refers to, the 

rate of lava discharge through a given channel. Thus, where multiple channels exist, the channel 

flow rate will be less than the at-vent effusion rate. Figure 4.3 shows effusion rates recorded for 

May and June 2001 . The data are derived from satellite (AVHRR) and ground-based 

measurements by Lautze et al. (2004 ). 

By May 30 the lava flow field comprised four main sections. The first section was a zone 

of stable tube which extended -0.5 km from a series of vents on the NE flank of the SEC. This 

tube bifurcated 0.25 km from the vent to feed two channels (Figure 4.2). These comprised the 
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second flow field section: a zone of stable channelized flow. This in turn fed the third section, a 

zone of dispersed 'a'a flow, which fed the fourth section , three main lobes at the distal portion of 

the flow field. 

Activity at the SEC had been continuous but at variable levels since January 2001 

(Lautze et al ., 2004). Emplacement of the channel-fed flow field , however, occurred mostly during 

May 2001 , and correlated with a period of increasing effusion rates (Figure 4.3). During the first 

week of May, weak spattering produced hornitos along a fissure located on the NNE flank of the 

SEC (Behncke and Neri , 2003). These were initially the sources of low volume effusive activity. 

Strombolian activity at the summit of the SEC began late on the morning of May 7, and at 16:30 

(all times are local) on May 9 the SEC's first fire-fountaining event of 2001 began. The cessation 

of fountain ing was followed by additional effusive activity, where flows erupted from the NNE flank 

fissure rapidly extended towards the east. 
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Figure 4.3 Effusion rates during May and June (2001) derived from satellite (AVHRR) and 
ground-based measurements by Lautze et al. (2004). 
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For the next week (May 10-17) persistent effusive output continued from the NNE 

fissure, sometimes from more than one spattering vent. By May 15 the active flow extended over 

1 km into the Valle del Leone (Figure 4.1 ). At about 19:00 on May 17 the intensity of activity 

increased and by May 18 lava effusion had become focused at a single vent, a hornito at 3, 156 m 

elevation on the flank of the SEC. Lava flow continued at an effusion rate of 2-3 m3 s-1 (Figure 

4.3) to feed a flow that split into three branches a short distance below the hornito. One of these 

branches extended to the NE with a flow front that reached a distance of about 1 km from the 

vent. This NE branch remained active through my observation period and was the focus of my 

study. The central branch flowed to the E, and was the widest of the three. The third branch 

flowed to the ESE, traveling about 700 m from the vent. 

Continuous flow persisted over the next ten days. However, activity at the NE branch 

diminished greatly in intensity. Along the upper part of th is flow, sluggish lobes were issued out of 

a tumulus that developed 150 m down-slope from the main effusive vent, but these lobes did not 

advance farther than -500 m down-slope. The ESE branch crusted over to form a tube over part 

of its length. Activity in the E flow in contrast remained strong, fed by a constant source of lava 

from the 3, 156 m hornito. During this period changes in effusion rate were noticed with new 

material occasionally rapidly over-running older slower-moving flow fronts. 

By May 28-30 the effusion rate increased to 2-6 m3 s-1 (Figure 4.3). Activity was 

particularly strong at the NE and E branches, where channel-fed 'a'a flows extended >2.0 km into 

the Valle del Leone (Figure 4.1 ). Through June 6 flows continued to extend 2.3-2.5 km into the 

Valle del Leone, by far the longest branches that had thus far been recorded during activity in 

2001. The increased effusion rate was also mirrored by an increase in Strombolian events within 

the SEC. This increase culminated in a series of fourteen fire-fountaining episodes that occurred 

between June 7 and July 13. These fire-fountaining episodes were merely a forerunner to a large 

flank eruption, which began on July 17 and emplaced a 4. 7 km2 flow field primarily on Etna's 

south flank (Figure 4.1 ; Calvari et al. , 2001; Behncke and Neri, 2003). 
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4.3 Channelized 'a'a flows on Etna 

Macdonald's (1953) description of 'a'a lava can be paraphrased as "lava with a rough , jagged, 

spinose and generally cl inkery surface''. Based on th is description, virtually all of Etna's historical 

flows can be classified as 'a'a (Kilburn, 1990). Exhaustive descriptions of the lava types and 

textures found on Etna are given in Kilburn (1990; 2000) and by Kilburn and Guest (1993). 

Commonly Etna's lava flows form compound flow fields (Walker, 1972), comprised of multiple 'a'a 

flow units. On the steeper slopes, flow is generally maintained through channels or tubes (Calvari 

and Pinkerton, 1998), whereas shallower slopes encourage dispersed, bifurcating and braiding 

flows , due to a decrease in mean flow velocity and subsequent adjustment to new rheological 

conditions and flow front inflation (Polacci and Papale, 1997; Calvari and Pinkerton, 1998). 

The high frequency of eruptions on Mt. Etna has allowed numerous studies of flow field 

formation . Some of these studies have concentrated on overall flow field morphology or its 

formation chronology, using either field-based measurements, e.g., Pinkerton and Sparks (1976), 

Frazzetta and Romano (1984), Guest et al. (1987), Kilburn and Lopes (1988), Calvari et al. 

(1994), Calvari et al. (2002), Behncke and Neri (2003), or remote sensing data, e.g., Pieri et al. 

(1990) Harris et al. (1997), Harris et al. (2000b), Wright et al. (2000), Wright et al. (2001 ). Other 

studies have concentrated on changes within the channelized or tubed sections of a flow. Calvari 

and Pinkerton (1998; 1999), for example, described the morphology and mechanism of formation 

of lava tubes on Etna, Polacci and Papale (1997) performed post-emplacement studies of flow 

units fed by lava tube emission points, and Kilburn and Guest (1993) described textural variations 

for Etnean 'a'a and pahoehoe flows. 

A small group of studies have focused on the morphology of channel levees, setting out a series 

of definitions that are important to my study. Static marginal levees between which a central zone 

of lava continues to move are common features of 'a'a flows (Hulme, 1974). Sparks et al. (1976) 

described four different types of Etnean levee: initial , accretionary, rubble and overflow. Initial 

levees are formed by the stagnation and cooling of lava at the margins of the initial flow unit 

(Hulme, 1974; Sparks et al. , 1976), and are characterized by a broad zone of marginal clinker 

bounding the central flowing plug (Figures 4.2 and 4.4 ). Effectively these are the rubbly flanks of 
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the 'a'a flow left behind after the initial flow passed through (Lipman and Banks, 1987). Naranjo 

et al. (1992) point out that narrowing of the actively flowing central zone results in inward growth 

of the initial levees, an effect I observed in the morphologies of the channel levees (Figure 4.4). 

Formation of 'a'a clinker at the flow margins by shearing and milling results in piles of clinker 

being gradually piled up at the margins of the flow zone (Naranjo et al. , 1992). This process is 

responsible for rubble levees (Sparks et al., 1976) that overlie the inner edge of the initial levee. 

Continued narrowing of the central flow zone can leave a series of abandoned rubble levees that 

attest to sustained inward levee growth, as observed at the 2001 Etna channel (Figure 4.4). 

However, pulses of increased bulk lava supply moving down the channel or blockages can cause 

short term lateral overflows to build overflow levees that also cap the initial levees (Sparks et al. , 
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Figure 4.5 (a) Vigorous over bank pahoehoe sheet flow during a down-channel pulse of lava. 
Length of channel section is -200 m and the upper section of the stable channel zone. {b) 
Sluggish 'a'a overflow upslope of a blockage. The overflowis -2 m wide. (c) Near vertical-walled 
channel in upper stable channel zone during May 30, showing well-developed plug flow 
characterized by central zone of plastic pahoehoe and embryonic 'a'a forming in the marginal 
shear zones. Channel is -3 m wide . (d) Lower rea:h of the channel zone on May 31 showing 
well developed plug flow and over-hanging accretionary levees, overhang angle is -60 2 . Up-flow 
the channel has completely zippered-up. (e) Close up of the marginal shear zone showing plastic 
balls of clinker forming and rolling , with more coherent, plastic pahoehoe crust forming at the 
central plug. Channel is -3 m wide. (f) Rubbly blockage faming in the channel during a phase of 
sluggish flow. 
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1976; Lipman and Banks, 1987). As I describe later, pulses produced overflows of pahoehoe 

(Figure 4.5a), whereas blockages produced 'a'a overflows (Figure 4.5b). During pulse-related 

overflows, accretion of pahoehoe lava to the inner wall and lip of the channel also contributed to 

accretionary levees (Sparks et al. , 1976) that result in overhanging channel walls (Figure 4.4). 

The Lipman and Banks (1987) study of the 1984 Mauna Loa channel also provides an 

important source of comparison for this study, because many of the morphologies observed at 

Mauna Loa were also appc;irent at the May 2001 Etna flow. Lipman and Banks (1987) provide a 

useful spatial framework within which morphologies characteristic to certain, increasingly distal 

and immature channel sections can be placed . Based on the concept of Lipman and Banks 

(1987) I identify and divide the Etna channel into four zones characterized by systematic down

channel evolution in structure and morphology. These are (from vent-to-toe): stable channel flow, 

transitional channel , dispersed flow, and flow toe (Figure 4.2). In effect, the down-flow transition 

from one zone to another is a reflection of decreasing maturity. The channelized flow zone 

characterized the upper section of the -2.5 km long flow. It was fed by a tube , whose exit was 

located -440 m from the main vent. In this -580 m long section all marginal motion had ceased , 

and flow was concentrated in a single channel of relatively consistent geometry. The channel was 

relatively narrow (-3 m wide) with 20-30 m-wide initial levees capped by pahoehoe and 'a'a 

overflows. These overflows typically extended laterally -5-20 m from the channel and added to 

the complex, compound nature of the channel's levees. The inner-channel walls were 

approximately vertical (Figure 4.5c). Through time, accretion produced overhanging levees 

(Figures 4.4 and 4.5d). The flow surface moving within the channel was characterized by a 

central slab of pahoehoe bounded by zones of 'a'a clinker formation. 

Across the transitional channel zone, lava flow still occurred in a distinct channel, but the 

levees seen were complex. They resembled initial and rubble levees (Sparks et al. , 1976; Figure 

4.4c). The central channel was wider (6-10 m wide), and extended an additional -580 m down 

flow. Newly formed rubble levees (Figure 4.4c) attained heights of 1-1.5 m and widths of 4 m. 

With increasing distance down this section, the central pahoehoe slab died out and the flow 

surface developed a complete cover of 'a'a clinker. This clinker coverage evolved down-flow from 
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marginal bands of brittle 'a'a clinker bounding shear zones of plastic clinker (Figure 4.4). Down

flow from the transitional channel zone was a zone of dispersed flow, characterized by a -970 m 

long zone of braided 'a'a flow within which channels were absent (Figure 4.2). The toe zone 

consisted of a extreme distal zone of constant flow crumbling to feed incandescent avalanches 

that extended a further few 1 O's of meters down-slope from the actual flow front. The steep slope 

(up to -20°) over which the flows were extending promoted the crumbling and avalanching. 

4.4 Instrumentation and data collection 

4.4.1 Instrumentation 

Visual observations of the channel were made throughout daylight hours over May 30 and 31. In 

addition , a FUR Systems ThermaCam PM 595 and a Minolta-Land Cyclops 300 thermal infrared 

thermometer recorded thermal data for the channel surface during the same two-day period. The 

two instruments were tripod-mounted to ensure stable targeting -100 m from the channel (Figure 

4.2). 

The FUR ThermaCam 595 is operable in different modes (Dehn et al. , 2003) and images 

can be collected as often as once every second. I used sample rates of 10, 15 and 30 s intervals 

to maximize temporal coverage, which was limited by the FUR battery's lifetime. A total of 2106 

images (324 MB of data) were collected covering 3.73 h and 4.18 h on May 30 and 31 , 

respectively. Within the images each pixel represents a FUR temperature that is automatically 

corrected for surface and path length effects using a line-of-sight distance, humidity, air 

temperature, and emissivity, all of which are input at the beginning of each data collection run. At 

the line of sight distance in this study (-100 m), each pixel area corresponds to an instantaneous 

field of view (IFOV) of 0.13 m. However, this assumes that FUR viewing was perpendicular to the 

target, which was not the case. It was therefore necessary to use trigonometry to perform a 

geometric adjustment of this value before using it to compute real distances from measurements 

made in pixels on the FUR images. For cross-channel width measurements th is adjustment was : 

Pixel width (m) = IFOV I cos 8 (4.1) 
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Where 8 is the angle of intersection between the FLIR's line-of-sight the long axis of the channel. 

The width was measured at the center of the FUR image, where 8 = 72°. For along-channel 

measurements the geometric adjustment was: 

Pixel length (m) = IFOV I sin 8 (4.2) 

However, these adjustments were complex as the FUR has a field of view (FOV) of 24° (12° 

either side of the line of sight), which meant across the image 8 varied from 84° at the near 

(down-flow) edge to 60° at the far (up-flow) edge. The more acute 8 becomes, the larger the pixel 

length (= 00 at 8 = 0°). 

Thermal infrared thermometer data were collected once every 5 s on May 30 for a period 

of 6 h, and once every 2 s on May 31 for a period of 6.5 h. The thermal infrared thermometer 

provides an integrated value of radiance for a flow surface area defined by a 1° FOV. Over a 

distance of 100 m this corresponds to a circular area of 2.43 m2
. This spot was centered in the 

lava channel and, given a channel width of -3 m, meant that the flowing section of the channel 

completely filled the FOV. The output data were un-corrected brightness temperatures . 

4.4.2 Methodology 

The FUR image data were used in two ways. The first was to extract channel dimensions, flow 

velocity, effusion rate and plug width . The second was to track and describe changes in channel 

morphology over time, in combination with visual observations. 

The central plug was identified as a zone of cooler pixels in the central part of the 

channel (Figure 4.6). The plug width (wp) was measured as a number of pixels and then 

multiplied by the calibrated pixel dimension to obtain width in meters. Surface flow velocity was 

similarly calculated from the distance a piece of identifiable crust traveled in a known time. This 

velocity was usually that of the flow centerline , and therefore a maximum flow velocity (vmax). If we 

approximate the channel as a half cylindrical conduit of radius d (Walker, 1967; Dragoni et al., 

1986; Calvari et al. , 1994 ), and a parabol ic flow profi le is assumed (Tallarico and Dragoni , 1999; 

Kerr, 2001 ), an estimate of Bulk volume flux (Bflux) can be made following Calvari et al. (2002): 

Bflux = 0.67 (Vmax A) (4.3) 
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A = 0.5(nd)2 (4.4) 

Where d = depth of the flow at mid-channel, measured by pushing a length of re-bar into the lava 

until the channel floor was found . Since the value of d changes this method only provides a spot 

measurement approximation of B flux for different times of flow. Errors are similar to those in 

Calvari et al. (2002), cumulatively ±40%. 
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Figure 4.6 (a) Photo and (b) schematic diagram of plug flow surface features in the channel 
(width is -3 m). (c) Velocity profile obtained following Cigolini et al. (1984) and Harris et al. 
(2002). Profile (black line) has been modeled for a flow width of 3 m and a maximum velocity of 
0.29 ms-1

. An adaptation (dashed gray line) is suggested to show that in the field I observed 
(almost) static zones at the channel margins due to the growth of fixed crust, This a type of "roof' 
growth, which can lead to tube formation (Peterson et al , 1994). 

The central plug was identified as a zone of cooler pixels in the central part of the 

channel (Figure 4.6). The plug width (wp) was measured as a number of pixels and then 

multiplied by the calibrated pixel dimension to obtain width in meters. Surface flow velocity was 

similarly calculated from the distance a piece of identifiable crust traveled in a known time. This 
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velocity was usually that of the flow centerline, and therefore a maximum flow velocity (vmax). If we 

approximate the channel as a half cylindrical conduit of radius d (Walker, 1967; Dragoni et al. , 

1986; Calvari et al., 1994), and a parabolic flow profile is assumed (Tallarico and Dragoni, 1999; 

Kerr, 2001 ), an estimate of Bulk volume flux (Bflux) can be made following Calvari et al. (2002): 

Bflux = 0.67 (Vmax A) 

A = 0.5(nd)2 

(4.3) 

(4.4) 

Where d = depth of the flow at mid-channel , measured by pushing a length of re-bar into 

the lava until the channel floor was found. Since the value of d changes this method only provides 

a spot measurement approximation of Bflux for different times of flow. Errors are similar to those in 

Calvari et al. (2002), cumulatively ±40%. 

4.5 Observations of the stable channel flow zone 

4.5.1 Overview 

My 2001 Etna observations were made within the upper channel zone, where I focused on 

examining the evolution of this apparently stable channel flow section. This section was thus 

within the proximal section of the overall flow field and was linked to the main vent by a short 

section of tube (Figure 4.2). Although 'stable' within the definition of Lipman and Banks (1987) the 

channel showed significant morphological and flow regime fluctuation during my 2-day 

observation period. 

As I show, the activity along what in post-eruption analysis would be considered stable 

channel flow shows considerable temporal variability. Accumulation of solidified crust at channel 

constrictions formed blockages that were unstable and ephemeral , forming and decaying on time 

scales of tens of minutes. Blockages were then an initial stage of tube formation, as described in 

Calvari and Pinkerton (1998). These blockages were also not true blockages as they only 

stopped flow at the surface: flow continued beneath them. However, the blockages were large 

enough to impede flow such that the channel's fill level (surface of flowing lava relative to levees) 

was lowered downstream and a volume of lava became ponded or backed up behind the 

blockage. 
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Lipman and Banks (1987) recognized the effects that blockages had on the character of 

the 1984 Mauna Loa channel. They describe how the backed up lava was eventually released 

either by overflowing or breaking through the channel levees, or by overwhelming and flushing 

away the blockages. When a blockage broke down, a surge of lava propagated down the 

channel. Lipman and Banks ( 1987) called these 'lava surges' and they occurred when the weight 

of the backed up lava exceeded the strength of the obstruction. 

At Etna I observed similar events but at two different volume scales. Small increases in 

the volume flux of lava due to localized release of lava backed up behind blockages were seen 

and are referred to as surges. It is important to differentiate them from larger pulse events. These 

were significant changes in the channel 's bulk volume flux that appeared to be sourced by the 

vent and advanced along the entire reach of visible channel. 

4.5.2 Plug flow and channel thermal structure 

The flow in the channel displayed a well-formed central plug bounded by marginal shear zones 

(Figure 4.6). The plug was typically 0.75-1.2 m wide, and was bounded by 0.9-1 .1 m wide shear 

zones. Flow had a velocity gradient from around zero at the channel edges to a maximum at the 

central plug (Figure 4.6). Constant surface flow velocities across the plug resulted in shear forces 

less than skin strength , so that a coherent crust could form . The plug was usually a series of thin 

plates of spiny pahoehoe (Figures 4.5 and 4.6). The velocity gradient on either side of the plug 

caused shearing and as a result the crust was torn and rolled (Moore, 1987; Rowland and 

Walker, 1990; Kilburn and Guest, 1993). Consequently, the surface of the marginal shear zones 

was characterized by spinose, rotating, balls of pasty crust that are, in effect, incipient 'a'a clinker 

(Figure 4.5e) or 'a'a cauliflower (Kilburn and Guest, 1993). 

This plug-dominated surface morphology resulted in a thermal structure similar to that 

observed and measured by Flynn and Mouginis-Mark (1994) on Kilauea. The shear zones at 

Etna displayed the two component thermal structure of Crisp and Baloga (1990) with relatively 

cool crust separated by high temperature incandescent zones (Figure 4.5 and Table 4.1 ). 

Material exposed at the high temperature zones was typically cooler than the flow core 
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temperature. The maximum incandescent surface temperature was 1042°C compared to a 

thermocouple-derived flow core temperature of 1065°C (Table 4.1 ). The plug also showed a two-

component thermal structure, but the crust percentage was higher, and both the crust and 

incandescent temperatures were cooler (Figure 4.5 and Table 4.1 ). 

Table 4.1 Temperatures measured using Land/Minolta 152 thermal infrared thermometer. Core 
temperature was measured at 1065 °C using a k-type thermocouple. 

Temperature Plug zone Plug zone Shear zone Shear 'A'a overflow 
Measurements cracks crust cracks zone crust cracks 

Minimum Temperature 

(oC) 
733 658 872 676 1008 

Maximum Temperature 
(oC) 950 831 1042 877 1074 
Mean Temperature (°C) 834 760 932 786 1045 
Standard Deviation 49 34 43 43 23 
Number of 
Measurements 42 42 42 42 8 

4.5.3 Variations in flow velocity, plug width and surface morphology 

The temperature recorded by the Minolta-Land Cyclops 300 infrared thermometer is an integrated 

temperature (Tint) described by: 

L(A,Tint) = p L(A,Tcrust) + (1 - p) L(A,Thigh) (4.5) 

in which L is the Planck function for a blackbody radiating at wavelength A and temperature T, p is 

the FOV portion occupied by cool crust at temperature Tcrust. and Thigh is the temperature of hot 

material occupying the remainder of the FOV. Thus a decrease in Tint (4 .5) implied an increase in 

crust coverage, and/or a decrease in T crust and/or a decrease in Thigh· This is consistent with a 

scenario where reduced velocities are associated with wider more coherent plugs, narrower 

marginal shear zones, and more extensive and/or cooler crusts with in the marginal shear zones. 

Conversely, higher velocities were associated with narrower plugs, and less extensive and/or 

cooler crusts, and hence higher Tint· Thus Tint can be used as a proxy for vigor (velocity) of the 

flow, although it is not precise as temperature change appears to lag -15 minutes behind 

changes in velocity. This is not unexpected for a cool ing and evolving flow. 
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The time series of Tint indicated a systematic variation in flow conditions that correspond 

to visual observations (Figure 4.7a,b). Flow in the channel showed a cyclic evolution beginning 

with increases in the channel level and flow velocity, which led to pulses in the bulk flux of 

lava. These pulses of fast moving lava, lasting a few minutes propagated down-flow with a well-

defined front (Figure 4.8). Peaks in the Tint marked such pulses as the increased flow velocity 

caused increased crust disruption and narrower plugs. After the pulse passed increasingly 

sluggish flow would develop over time scales of 1 O's of minutes. During such periods flow velocity 

would steadily decline, plug widths would increase and Tint would decrease. At the same time, the 

channel would become increasingly inefficient with blockages developing and the level of the 

surface up-flow steadily rising due to backup behind blockages. The blockages would eventually 

be cleared by another pulse that would mark the beginning of a new cycle . 

Pulse cycles typically had a 2 to 3.5 h-long duration. Over this time scale the surface flow 

velocity (vmax) varied from 0.05 to 0.29 m s-1. Using equation (4.3) this converted to a variation in 

bulk volume flux (Bflux) of 0.1 to 0.7 m3 s-1 (Table 4.2). The width of the central plug (wp) varied 

from 1.2 m during periods of low flux to 0. 75 m during high periods (Figure 4. 7c). Changes in plug 

width due variation in flow rate is a feature of lava channels that has been predicted by laboratory 

simulations (Griffiths et al., 2003). 

Table 4.2 Measurements calculated for actively flowing channel using measurements made on 
FUR images and equation 4.1. 

Channel Measurement Minimum Maximum Mean 
Standard 
Deviation 

Maximum Surface Flow Velocity ms-1 0.15 0.87 0.46 0.13 
{Vmax) 

Plug Width (wp) m 0.75 1.20 0.93 0.13 

Low Flux Flow High Flux Flow 

Channel Depth (h) m 1.2 1.5 

Bulk Volume Flux (Bflux) m3s-1 0.1 0.7 

130 



Phase 1 
G 3oo ~~::Jiili~m:Z:::+i;:=I=~~ ~ IOlll 

300 

Q) 280t--------------------t .._ 280 
::J 
~ 2601-__.:.;;;;.;.==~.:;:.:.:.==:.-------l 260 

~ 240 1-----"---"'-"~-----------I 240 
E 
~ 220 l---'.,_,_----4------PC--\----+-l 220 

al 200 1----------+----F----~--+----1 200 

~ 1801------------1-------'\----t--i 180 
OJ 

.$ 160 
c 160 

Phase 2 

FUR coveraae 

""- _/'\ - - ""'-

""""' 

~) 31 Mav 2001 

Phase 
Transition Phase 3 . .. !'> 

" . . ft 
n .;1 n coveraye . II 

: \ . . I . . I . ' I ' ·-- ..... •t 
""\.!/ . v . ' . . . . . 

14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 12:00 13:00 14:00 15:00 16 :00 17:00 18:00 19 :00 

Time Time 

2.00 260 -en 240 --E 1.80 ->. • 220 -·c:; 
1.60 JJ 

0 Pulse Cycle 2 200 p.) 

Q) a. 
> 180 

6" 
s: 1.40 3 

CD 0 
160 

..-+ 

LL CD ..... 
Q) 1.20 140 

-I u CD ro 3 't: 
:::::l ;r 120 ""O 

(f) 1.00 Plug Width CD ..... 
o6 100 

p.) • 7· • • .. ii ..-+ - c 
E 0.80 

..... 
80 

CD - • • • -..c 0 - () ""O 60 ~ 0.60 • -• • 
Ol 40 
:::::l 

Surface Flow • c.. 0.40 • 20 
Velocity • • 

0.20 0 
15:00 15:30 16:00 16:30 17:00 17:30 

Time [30 May 2001] 

Figure 4.7 (a) Thermal infrared thermometer time series shown by 50-point moving average for 
May 30. Coincident times when FUR data were captured are indicated. (b) Thermal infrared 
thermometer time series for May 31 . (c) Plug width , flow velocity and thermal infrared 
thermometer signals recorded during pulse-cycle 2. 
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4.5.4 Overflows due to flow pulses 

Pulses that over-spilled the channel (Figure 4.8), fed overflows spiny pahoehoe flow units 

(Figures 4.5a and 4.9). Each pulse lasted a few minutes, after which flow velocity and level 

declined such that flow could be accommodated within the channel once more. The pulse would 

propagate down the entire channel ; initiating spiny pahoehoe overflows along the way. Once the 

pulse moved on down-flow each overflow became starved of supply and consequently they 

extended no more than 5-20 m from the channel , and were typically <0.5 m thick. 

Figure 4.8 Photograph of pulse propagating down the channel and overtopping the levees on 
May 30. Flow front is -10 m wide . 

Plastering of multiple overflows during repeated pulses caused the construction of even 

higher and overhanging levees (Figures 4.4 and 4.5) such that the channel profile evolved from 

an approximately rectangular form to one resembling an upside-down light bulb (Figure 4.4 ). 

Eventually, overhanging rims extended to completely seal the channel, forming sections of tube 

(Calvari and Pinkerton, 1998). Pulses also flushed away blockages that had formed in the 

channel. The increased efficiency of the channel immediately following a pulse meant that lava 
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was relatively free flowing and typically returned to a level below the channel rim. However, 

following the pulse the flow would steadily become more sluggish, leading to the formation of 

blockages and decreasing the lava's ability to flow freely. 

4.5.5 Overflows due to blockages 

The blockages developed at the same location during each cycle, where the channel width 

narrowed to 1-2 m (Figure 4.9). Here solidified crust, as well as levee debris that had fallen into 

the channel , accumulated to form a coherent pile of rubbly material extending across the flow 

surface (Figure 4.5f). Continued flow beneath the blockage meant that these were surficial 

features: roofs rather than true blockages. Sometimes these blockages continued to grow -10 m 

up-stream, forming a coherent roof over the channel with flow continuing beneath the roof. 

Usually such extended roofs were ephemeral and were destroyed during the next pulse. 

Direction 

® 

Levee adjacent 
to channel 

~ Recent overflows 

.., Tubeexit 

~ Overhanging levee 

4 8 
c Sites of typical . 

blockage formation 

l..v Blockage back-up area 
Q Minolta-Land Cyclops • 
ie!J 3001R thermometer F.O.V. •••• Ephemeral opening 

Secondary 
Channel 

I 
N 

·a·a [backup 
surge-related] 

overflow 

Figure 4.9 Overview of the channelized flow section. (a) The first FLIR image collected on May 
30 shows hot active flow in white and yellow, cooling overflows in orange, and cooler levees in 
purple and blue. The central channel and recent overflows are clearly distinguishable. Channel 
section is -100 m long. (b) Schematic of the channel section , surrounding cooling overflows when 
observations began on May 30 and locations of subsequent blockages formation. 
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By decreasing the efficiency of channel flow, blockages caused lava to backup in the 

channel and occasionally overflow. Such overflows were slow moving 'a'a that moved down the 

outer flank of the levee (Figure 4.5b). One such flow on May 31 advanced -30 min 15 min, giving 

a mean velocity of 0.03 m s·1
. Once a blockage collapsed or was removed by a flow pulse, the 

flow level dropped, and the overflows starved . Unlike the pulse-fed pahoehoe overflows, the 'a'a 

overflows due to blockages were localized, short and narrow (Figure 4.9). Three of these 'a'a 

overflows observed during the afternoon of May 31 , for example , were 10-30 m long, 3-4 m wide 

and -0.5 m high. 

4.5.6 Flow surges 

The release of lava that had backed up behind a blockage caused rapid but short-lived increases 

in the volume flux down-channel of the blockage. These surges propagated down-flow as small 

waves. Such events were often subtle, and only evident in sped up sequences of FLIR images. 

They differed from pulses in that pulses appeared to emanate from the vent, whereas 

surges were fed by release of backed up volumes contained within the channel. In addition , the 

volume flux associated with surges was much lower than that with pulses; surges were always 

contained within the channel and did not contribute to levee construction , except for perhaps on 

the inner channel walls. 

I identified two mechanisms of surge generation. The first, a type-1 surge, involved partial 

or total collapse of a blockage (Figure 4.10). If blockage collapse was large enough or occurred in 

stages multiple surges would result. Type-2 surges were generated by stronger, more substantial 

blockages. Again , the event involved sudden release of backed up lava that generated a down

stream wave, but in these cases the surge was generated without the blockage totally 

disintegrating (Figure 4.10). The type-20 events resulted from lava backing-up to such an extent 

that is simply overtopped the blockage, whereas type-2U events may have been due to failures of 

submerged sections of the blockage. On some occasions a hybrid event could occur whereby the 

surge started as type 2 but as the backed up lava flowed over or under the blockage it collapsed 

and type-1 event followed . This often created double or even triple surge-fronts. 
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Flow ~ 
Direction~ 

Type 1 surge 
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collapse of submerged pert 
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II channel walls D . 
(inside of levees) fluid flow 

Figure 4.10 Cross-sectional views showing modes of formation of type-1 (due to blockage 
collapse), type-20 (flow over blockage) and type-2U (flow under blockage) surges. 

4.6 Temporal variation in channel flow rates and morphology 

4.6.1 Temporal variation 

Graphical representation of thermal measurements made from -14:30 to 20:30 on May 30 reveal 

an approximately sinusoidal variation related to cycles of a pulse followed waning flow (Figure 

4.7a,b). Each thermal cycle begins with increase to a peak related to high-integrated surface 

temperatures during vigorous, high velocity flow, followed by a steady decay due to a slow 

reduction in flow rate. All peaks corresponded to observed pulses propagating down-flow. FLIR 

images acquired on May 30 indicated older inactive, but recently emplaced pahoehoe overflows. 

Based on the degree to which they had cooled the pahoehoe overflows indicated that the pulsing 

activity had been occurring for at least several hours previous to the start of my observations. 

Activity was continuing in a similar style when measurements were stopped for the night. 
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During the first three hours of observations during May 31 , flow continued at a relatively 

stable volume flux. Thus backup and surge-related processes associated with blockages 

dominated activity at the channel , because the channel was not periodically cleared of debris in 

the way it had been by pulses throughout May 30. A gradual decrease in the thermal output 

during this time related to steady stagnation of flow behind an increasingly large blockage that 

was able to mature during this prolonged period of non-pulsing flow (Figure 4.7b). However, at 

17:53 there was an upturn in the thermal trend, correlating with visual observations of a return to 

the periodic pattern of pulses. 

Table 4.3 Pulse events observed (OF = overflow, S = surge, P = pulse, B = blockage, T = 
Tube). Average cycle wavelength - 160 minutes. See Figures 4.11 and 4.12 for locations of 
overflows, tubes and blockages referred to here. 

Cycle 

Pulse Date & Time of Events due to pulse wave-
observation length 

min 

5/30/03 Pahoehoe lateral flows produced down flow of site B -190 
-11 :30 to 14:40 (OF1 ). A bifurcated flow (OF2) tried to form down the left 

bank, next to the tube exit. Temperatures measured by 
the FUR indicate these occurred within 2-3 h before the 
start of observations. 

2 5/30/03 Channel flowed very full with a convex shape that 1S9 
14:40 to 17:49 elevated the central part of the flowing surface above 

the level of the levee tops. It was contained within the 
levees, but after the peak had passed a blockage built at 
B and the levee eventually failed producing a lateral flow 
(OF3) down the left bank, up-flow of site B. 

3 5/30/03 An increased volume of lava with a well-defined flow 154 
17:49 to 20:23 front propagated down-flow producing overspills down 

the right bank, and destroyed a forming lava tube (T1 ). 

4 5/30/03 Pulse produced overflows. Cycle continued beyond n/a 
20:23 ton/a instrument observation time. 

5/31/03 No pulse occurring n/a 
11 :09 to 15:51 

5/31/03 Flow level increased producing some small overspills n/a 
15:51to17:52 (OF5) onto tops of levees. Solid blockage (BS) held and 

back-up broke through the left bank levee as a lateral 
flow (OF6) up-flow of site C. 

5 5/31/03 Large pulse similar to pulse 3. Destroyed blockage (BS) 113 
17:53 to 19:45 which had built up into a lava tube (T2) and overflowed 

down left bank (OF?). 
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This channel was thus fed at a variable rate , in cycles beginning with an increase leading 

to a pulse, and ending with a period of decline. During each pulse, extensive pahoehoe overflow 

units were emplaced, where-as during each phase of waning flow blockages, tubes and 'a'a 

overflow units developed. Table 4.3 provides a summary of blockage, overflow, surge, pulse and 

lava tube formation events associated with each cycle, and Figures 4.11 and 4.12 map the effects 

of these cycles on the channel and levee evolution. Appendix A3 provides more detailed timelines 

of blockage, overflow, surge, pulse and lava tube formation events during May 30 and May 31 . 

4.6.2 Pattern and frequency of flow pulses 

My data define 3 phases of activity (Figure 4.7a,b) and 5 separate pulse cycles during the 

observation period (Table 4.3, Figure 4.7a,b). Phase 1 was characterized by cyclic changes in the 

integrated temperature , which were associated with four pulse cycles during 6 h of 

observations (Figure 4.7a). 

Phase 2 was a 4 h-long period during which pulses were absent and Tint remained 

roughly constant. Phase 3 was a period of pulsing activity similar to phase 1, which continued 

after the cessation of observations. However, Tint for the first pulse cycle during phase 3 (pulse 

cycle 5; Figure 4.7b) showed a much sharper peak and shorter cycle wavelength , than in phase 

1. A reversal in the thermal trend at 15:51 , FUR data and visual observation suggests that there 

was actually a transitory period between phases 2 and 3. Between 15:51 and 17:52 there was a 

small increase in channel flux and velocity that led to a few small overflows, and was followed by 

a waning period before the advent of pulse 5. Further observations after the conclusion of 

measurements suggested that wavelengths of subsequent cycles increased to values similar to 

those recorded the previous day. 

4.6.3 Pattern and frequency of surge events 

Surge events displayed lower thermal amplitudes but a higher frequency than pulse events. In 

addition, their temporal occurrence was less systematic than the cyclic behavior exhibited by the 

pulses. During my observations 50 surge events were identified from the FUR data (Figure 4.13). 
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Figure 4.11 Time series of maps derived from FUR images showing the main events in the 
morphological evolution of the channel during May 30. The rraps are simplified versions of FUR 
images and highlight the features at higher temperatures than general background temperatures. 
Higher temperatures are shown by lighter shades. White = hct fluid lava, Black = background 
temperature. Stages are summarized as follows. (a) Initial channel state showing extensive, 
cooling pahoehoe overflow un it (OF1 ) em placed during a recent pulse. In addition a cooler 
{older) 'a'a overflow unit emplaced during backup is apparent up-stream. {b) Low, post-pulse fill 
level leads to levees slumping and cracking . (c) Debris blcckage forming at construction during 
increasingly sluggish flow. (d) Lateral backup related to he blockage feeds 'a'a overflow. (e) 
Lateral flow stagnated; blockage still in place. (f) Blockq;ie clearing slightly. (g) Levees growing 
together by accretion. {h) Levees and debris form tube. Atbreviations used are: OF =overflow, B 
=blockage. T =lave tube. 138 



Figure 4.12 Time series of maps-derived from FUR images showing the main events in the 
morphological evolution of the channel during May 31 (see Figure 4.11 for explanation and key). 
(a) Initial channel state showing pahoehoe overflow (OF1) still at above background temperatures. 
(b) Levees thickening by accretion at partial blockage. (c) Trapped debris creates full blockage. 
(d) Blockage partially cleared. (e) Blockage spalling and building at equal rates to maintain a 
constant length. (e) Blockage growing such that clinker is pushed over levee tops. (f) Lets of 
debris blocking channel resulting in high fill level. (g) Libe and lateral 'a'a overflow forming. 
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Surge events occurred, on average, once every -9 minutes during May 30, and once every -10 

minutes on May 31 . Surges were best detected using a visual analysis of the fast motion FUR 

movies to identify the down-flow propagating wave associated with each event. However, Figure 

4.13 gives a plot of the maximum pixel temperature encountered just down-flow of blockage site 

B (where most surges originated; Figure 4.9) and shows that surges are always associated with a 

peak in the maximum temperatures, although not every peak was related to a surge. This may be 

explained by an increase in velocity and shearing of the flow surface during passage of the surge 

to expose higher temperature material. The Minolta-Land thermometer was aimed at a point 

upstream the blockage sites (Figure 4.9), and its data do not reveal any surge-related spikes, but 

instead showed variations related to the pulse cycles (Figure 4.13). This confirmed that the 

blockage was the source of the surges, and hence they are short-term increases in the discharge 

generated by processes that occurred within the channel itself, rather than in the conduit and/or 

main vent. 
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Figure 4.13 Maximum FUR-derived temperature obtained from pixels immediately downstream 
from blockage and thermal infrared thermometer integrated temperature trace. Surges identified 
from fast-motion FUR movies are indicated with numbers. 

I found that surges are typically less frequent as the channel flux increases before a 

pulse and that surges occurred more than twice as frequently after a pulse had passed (Table 

4.4). This was a result of the increasing velocity prior to a pulse, which allowed the channel to 

more efficiently carry away debris, which otherwise formed the obstructions that created surges. 

As flow stagnated these blockages were more readily able to form and surges occurred more 
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frequently. The clearing effect due to a pulse propagating along the channel only stops surges 

occurring for a few minutes after its passing. 

Table 4.4 Frequency of surges during different pulse cycles 

Stage in Pulse Cycle 

Pulse 2 - increase to pulse 

Pulse 3 - waning period 

Pulse 3 - increase to pulse 

Pulse 5 - increase to pulse 

4. 7 Conclusions 

Mean Time between surges 

16.32 min 

6.80 min 

8.18 min 

15.50 min 

Although the observed channel could have been described as stable in terms of its longevity and 

morphology, flow flux over time scales of 10s of minutes to hours was far from stable. Unsteady 

flow, peaking at 0. 7 m3 s-1 and waning to 0.1 m3 s-1, typified the flow regime and a characteristic 

cycle could be identified (Figure 4.14). Each cycle started with a high velocity (up to 0.29 m s-1) 

pulse, which overwhelmed the channel to emplace pahoehoe overflow units and contributed to a 

compound, overhanging levee form. In addition, pulses cleared any blockages and hence 

increased the efficiency of the channel. Pulses were followed by periods of waning flow, during 

which surface velocities fell to 0.05 m s-1
, and viscosity and yield strength increased. Blockages 

that formed during waning stages caused lava to backup up-stream of the blockage, and 

occasionally to overflow to feed slow moving 'a'a overflows that advanced a few 1 O's of meters 

down the levee flank. In the case described here, compound levees were thus symptoms of 

unsteady flow, where overflow levees were emplaced as relatively fast moving pahoehoe sheets 

during pulses, and as slow moving 'a'a units resulting from backup behind blockages. 

I suggest that such unsteady flow may be a common feature in basaltic lava channels. 

Previous evidence has suggested that effusion rate changes can occur over periods of minutes to 

hours (Lipman and Banks, 1987; Harris et al., 2000b; Lautze et al., 2004). Lipman and Banks, 

(1987), for example , observed episodic bulk volume flux variations in the 1984 Mauna Loa 
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channel occurring over periods of minutes to hours. They noted that some of these changes 

reflected gas content and lava density variations rather than variations in the erupted volume flux. 

During the 1983 Etna eruption , fluctuations in flow velocity of -20 % occurred over a periods of 2 

to <24 h (Frazzetta and Romano, 1984; Guest et al., 1987). In my case, I observed large 

variations in flow rate on a timescale of 1 Os of minutes. 

MIN FLO 
RATE 

One Pulse-Cycle 

~I nteg rated 
~ temperture (Tint) 

MIN FLOW 
RATE 

Figure 4.14 Characteristics of a pulse-cycle: As the cycle builds-up to a maximum flow rate, flow 
velocity increases and plug width reduces to a minimum. After a pulse passes flow velocity 
decreases plug width increases to a maximum and flow rate reduces to a minimum. The 
integrated temperatures recorded by the thermal infrared thermometer show the cyclic changes. 

The problem is that, without samples, I cannot tell how much of the variation in the bulk 

volume flux was due to variations the dense rock volume flux and how much was due to variation 

in the vesicularity. My preferred hypothesis is that pulses were caused by short term variations in 

the erupted flux from the vent, and involved the arrival of a batch of slightly higher temperature, 

lower crystallinity and/or higher vesicu larity batch with a reduced viscosity and yield strength. 

Unsteady flow has implications for the collection of effusion rate data. Measurements of 

flow rates must consider natural , short-period variations in order to produce average values that 

truly reflect changes in the source effusion rate. Particular care must be taken not to use data that 
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are falsely high due to measurement during a relatively short, and anomalous, pulse or surge 

period. In my Etna case, the true eruption rate would not have been obtained unless numerous 

measurements were taken over a minimum 4 h period. My results also show that scatter in 

effusion rate calculations may often be genuinely occurring due to unsteady flow and not due to 

measurement errors. New models should therefore include an adjustment that accounts for 

fluctuation in effusion rate if they are considering changes in flow rheology over periods of hours 

or more. The FUR thermal camera in combination with the Minolta-Land Cyclops 300 thermal 

infrared thermometer provide the ideal instruments to acquire the quantitative data required to 

make this adjustment. 
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Chapter 5: Volcanic geomorphology; benefits, problems and methods 

5.1 Why study volcanic geomorphology? 

If I were asked the question, 'Why do scientists study volcanoes?" two fundamental reasons 

would come to mind. One answer is for the 'pure science' of exploration and desire to understand 

an intense and captivating geological force. A force whose effects we can see, hear and feel. 

Secondly, because we wish to understand, and if possible mitigate, the threat posed by volcanic 

activity to life and infrastructure. The field of volcanic geomorphology is intimately linked to both of 

these pursuits. To understand the processes that shape volcanoes, both internal (e .g. , eruption 

styles) and external (e.g., fluvial erosion) requires understanding of what the landscape shows us. 

By evaluating the geomorphology, those processes can be better understood, increasing our 

understanding of 'how' a volcano works, particularly in terms of its hazards potential. 

Despite this broad potential to enhance our understanding in many areas, few landscape

wide studies in volcanic geomorphology have been undertaken. The explanation for this is related 

to the meters to 1 Os m spatial-scale at which significant changes are occurring. Although it might 

be feasible to examine some geomorphological features of this size through field observations 

alone, (e.g. cross-section of a channel}, the full extent of even one feature and certainly its 

relation to the wider landscape (e.g. changes down a km's-long channel; a drainage network) 

would be an overwhelming task even under optimum field conditions. For volcanic environments 

there are additional practical problems such as remote location, inhospitable or dangerous terrain 

and volcanic hazards related to the dynamic nature of volcanic deposit and/or continuing active 

volcanism. However, these problems are now being overcome by advances in technology that 

have made remote sensing data the ideal way to study volcanic landscapes (Mouginis-Mark et 

al. , 2000). 

5.2 Volcanic geomorphology: The role of remote sensing 

The last few years in particular have seen several remote sensing developments that have great 

potential for volcanic geomorphic studies. Two of these SRTM and FLIR were important 
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components of chapters 2 and 4 respectively. The acquisition of a global DEM database through 

the SRTM is proving a powerful tool for anyone looking at landscape change. Although somewhat 

limited by spatial resolution (90 m for areas in South America) chapter 2 demonstrates how an 

SRTM-derived DEM can be utilized for large ignimbrite landscapes, for which there are few 

previous morphological descriptions due to the immenseness of the task. Description of erosional 

features within the Chilean ignimbrites was further aided by the availability of several cloud-free 

(due to the dry regional climate) LANDSAT images, which were co-registered to the DEM. 

The combination of remote sensing datasets is an increasing feasible and important 

technique for volcanic landscape studies. Data from different sources (e.g. visible wavelength and 

radar) can be combined into one image to highlight the landscapes feature. Figure 1.8 is shows 

an example using the LANDSAT TM and SRTM data in chapter 2. Different data sources can 

also be used independently for the same landscape to focus on the interpretation of different 

aspects, e.g. , In chapter 2 length and orientation measurements of the erosional features were 

best made using LANDSAT data but the SRTM-derived DEM was required to measure their 

slopes. For volcanic landscapes were change occurs rapidly (e.g. emplacement of a lava field} or 

seasonally (e.g. Monsoons leading to erosion) the acquisition of a constant time series of data 

provides a powerful method for describing morphological changes. This has been particularly 

highlighted by studies of ignimbrite erosion and lahar deposition around Mt. Pinatubo (Bailey, 

2001 ; Torres et al ., 2004), for which we now have a 15 year-long , multi-dataset archive. 

The introduction of the FUR thermal camera into volcanology has been revolutionary, 

especially in the area of thermal studies of lava flows and explosive volcanism. The FUR 

provides an opportunity to record changes at spatial and temporal scales previous methods (i.e., 

using radiometers, thermocouples and multiple people taking photographs and field notes) could 

not approach. Chapter 4 developed from the add ition of a FUR camera to traditional field 

methods for observations made of open channel lava flow on Mt. Etna. This field campaign was 

undertaken in 2001 , using an older generation of FUR camera, but this still provided images of 

-90 m section of open channel , with a pixel resolution of 0.13 (taken from -100 m distant) and 

temporal frequency of 10-30 s. Current FUR cameras can sample at up to 50 Hz. In chapter 4, I 
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describe the effects of flow rate changes on the morphological of the lava field. These findings 

are also described in Bailey et al. (2005). Further investigations of the thermal and rheological 

evolution of the channel are described in Appendix 4 and by Harris et al. (2005). 

5.3 Volcanic geomorphology: The role of field observations 

Although I am emphasizing the role of remote sensing, field campaigns still remain an essential 

component of studying volcanic geomorphology. Data obtained through remote sensing are not 

as valuable without proper ground-based verification , a fact that is demonstrated throughout my 

dissertation. The measurements of km-long erosional features described in chapter 2 required 

field observations to truly understand their character. The ground-based observations made near 

La Pacana caldera, Chile during February and March 2003 led me to my interpretation that many 

of the study sites exhibited a mixture of fluvial and eolian erosional ridges and channels. In some 

cases, both forms of erosion played an important role in shaping the morphology of a given 

landscape feature. 

In chapter 3 the erosional columns described for the Bandelier ignimbrites are too small 

to be described effectively by any method other than field observations, especially as sampling 

for geochemical and petrological analyses was essential for understanding their formation . Their 

relatively limited geographical occurrence and exposure within discrete locations make them a 

suitable study topic for a field campaign lasting days-weeks. However, my interpretation was 

greatly aided by observations from my MS thesis, which relied on both field observations and 

remote sensing data to understand the processes occurring in the Mt. Pinatubo ignimbrite. 

My observations of Mt. Etna described in chapter 4 combine field and remote sensing 

observation into one. The FLIR is a remote sensing instrument able to view electromagnetic 

wavelengths we cannot, but its deployment was still based on what was visually apparent in the 

field . Interpretation of the channel processes were also aided by descriptions of areas of lava that 

were cooled and therefore not easily discriminated in the FLIR images, e.g. , the channel's 

marginal levees. The reality is that a combination of field observations and (multiple sources of) 

remote sensing data provides the optimum method for describing volcanic landscape change. 
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6.4 Dynamic volcanic landscape change 

It is the dynamic element of change in volcanic geomorphology that helps make it an exciting field 

of study. Landscape change occurs over varied temporal (s to Ma) and spatial scales (cm to 

kms), and this dissertation attempts to look at different examples of changes from across these 

temporal and spatial spectra. When considering timescales an important difference to point out is 

that between the age of deposits and rate of emplacement or erosion processes. It is the type of 

emplacement and erosion processes that does most to determine the landscape's morphology, 

whilst deposit age (the time during over which those processes occurred) is not necessarily 

diagnostic of the how much the morphology has changed. Lava characteristics were seen to 

change over the timescales of minutes during emplacement at Mt. Etna (chapter 4), but erosion 

of these deposits would have taken centuries to millennia, had they not already been covered by 

more recent deposits (Sonia Calvari , Pers. Comm. 2002). 

My MS thesis (Bailey, 2001) studied ignimbrites which were rapidly emplaced (over a few 

days), very quickly eroded during the first 5- 10 years, but have since stabilized due to the re

growth of vegetation. Similarly, my explanation of erosional columns in the Bandelier ignimbrites 

(chapter 3) suggest rapid erosion of the deposit during the first 5 post-emplacement years, but 

then relatively gentle erosion as the column structures are weathered out of the host ignimbrite 

over the next 1-2 Ma. In contrast to the rapid erosion around Pinatubo and Valles Caldera, 

changes in the Chilean ignimbrites (chapter 2) took several million years. In fact, in some areas 

the ignimbrites still remain in almost pristine condition. The key factor in determining the rate of 

landscape change for ignimbrites is the role of the regional climate, which is tropical at Mt. 

Pinatubo, has changed from wet to arid at Valles Caldera, and is currently hyperarid around La 

Pacana caldera, Chile. The occurrence (or not) of welding processes is also important. 

Areas that this dissertation does not explore and which would be the next step for my 

understanding of volcanic landscapes include the erosion of ignimbrites in more temperate 

climates and over different timescales (e.g. centuries to millennia). For example, Manville (2002) 

and Segschneider et al. (2002) have examined the drainage system responses to the 1.8 ka 

eruption of Taupo volcano, New Zealand. Yokoyama et al. (1991) studied the topography of the 
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Ito ignimbrite, which erupted 24,500 years ago from Aira Caldera, Japan. Yokoyama (1999) 

concluded that surrounding river valleys were incised within 1500 years of ignimbrite 

emplacement. For active lava morphology the FLIR continues to expand our knowledge, with the 

lessons learnt at Etna being applied to other channel ized lava flows (e.g . within pahoehoe flows 

at Kilauea volcano , Hawai'i; Pinkerton et al. , 2004). The subject of lava field erosion at all 

timescales also remains little studied. 

My dissertation studies, along with cited examples of work by others have led to 

improved understanding of the processes that shape the landscape within volcanic provinces on 

Earth. They also potentially provide terrestrial analogues for observations of other planetary 

Figure 5.1 Latitude 5°, Longitude 138.5°, south of Olympus Mons. Giant yardangs orientated 
NE-SW are pervasive across much of the image. Their orientation contrasts that of wind streaks 
related to a crater. Viking photograph 044837, NGF orthographic version , clear filter. 
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bodies with volcanic landscapes (e .g., Mars, Venus , lo). An example of this is given in Figure 5.1, 

which shows giant yardangs, similar to the wind-derived Chilean ignimbrite erosional features 

discussed in chapter 2. The giant size (<50 km long) of the Mars yardangs suggests circulation 

must have been stable for a long period of time given the limited erosion abilities of the (current) 

low pressure atmosphere (c.f. Chilean yardangs, chapter 2). Alternatively it might be that erosion 

of the yardangs occurred under different atmospheric conditions than Mars currently exhibits. 

Figure 5.1 also highlights a contrast between the orientation of the yardangs and wind streaks, 

implying a past change in the prevalent atmospheric circulation system. Clearly, the study and 

interpretation of volcanic landscapes is of great importance if we wish to understand the dynamic 

processes shaping the landscape of Earth and other planetary bodies. 

John E. Bailey, June 2005 
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Appendix A1. Image-based geomorphic measurements 

A1.1 Data Sources 

The discussions in chapter 2 are based on geomorphic measurements made using Landsat TM, 

Landsat ETM+ and SRTM data. The Landsat ETM+ data are panchromatic-band (0.5 - 0.9 µm) 

images with a pixel resolution of 15 m (Figures 2.6, 2.9, 2.13, 2.16 and 2.20). The image used 

was a mosaic of images collected on 51
h February 2000 (Path 232, Row 76) and 12th October 

2001 (Path 233, Row 76). The Landsat TM image data are RGB combination images using bands 

3 (0 .63 - 0.69 µm), band 2 (0.52 - 0.60 µm) and band 1 (0.45 - 0.52 µm). These images have a 

pixel resolution of 30 m (Figures 2.1, 2.5, 2.8, 2.12, 2.15 and 2.19). We used a mosaic of images 

collected on 2ih October 1989 (Path 233, Row 76) and 22nd April 1990 (Path 232, Row 76). The 

SRTM data used are a digital elevation model (DEM) and a shaded relief image of the study 

region . These were collected at 90 m postings and have a vertical resolution of -15 m. (Figures 

2.2, 2.5, 2.8, 2.12, 2.15 and 2.19). The data were collected during the SRTM mission flown by the 

Space Shuttle Endeavor between 11th and 22nd February 2000. 

A 1.2 Methods 

The surface features of interest are topographic ridges, channels or depressions. Their character 

was identified on the DEM and verified by observations in the field . Measurements of geomorphic 

characteristics that could be made using the data were recorded . These included feature 

orientation, gradient, sinuosity and regional slope, and are displayed according to study site in 

A 1.3. The methodology for their collection is explained in the following summaries: 

FEATURE NUMBER 

The initial stage of analysis was to identify all the features that could be delineated in the TM 

image and produce a simple "map" that could be overlain on the other images. This map also 

defined the boundary of each site. Within each boundary, each individual feature was numbered 

(feature#) to identify it during analyses. 
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REGIONAL SLOPE 

The DEM was used to find the slope at each site . It was recorded as an azimuth value that 

indicates the downhill direction (Table A 1.1 ). Regional slope is shown by black arrow on the 

feature maps. 

ORIENTATION 

The orientations of the mapped features were recorded as azimuths. In the initial analysis all 

features were assumed to be uni-directional with an easterly (E) azimuth between 0° and 179° 

(Figures 2.6, 2.9, 2.13, 2.16 and 2.20). Many of the features, at the resolution of the data used, 

were relatively straight, but where necessary its mean direction was adjudged. Some features are 

channels that follow the regional slope to the east, so it is correct to define the orientation with an 

azimuth between 0° and 179°. However, some features are channels that follow the slope to the 

west (westerly [W] azimuths between 180° and 359°). Some are ridges or disconnected linear 

channels that may or may not follow the slope, and thus cannot be assumed to be orientated 

either E or W based only on the images. These features were treated as bi-directional. The 

azimuths listed in A 1.3 are the corrected orientations. 

RELATION TO SLOPE 

Regional slope is shown by black arrow on the feature maps. The relation to slope indicates 

whether the mapped features have orientations that follow the regional slope (along) or are 

contrary to it (cross). A feature was defined as aligned along slope if its orientation was equal to 

the regional slope orientation ±20°. 

!ORIENTATION MINUS SLOPE! (Li) 

This is magnitude smallest difference between the values for feature orientation and regional 

slope. It is given as a positive number, e.g., if a feature is orientated at 4 °, and the regional slope 

at 356°, Li= 8°. 
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Table A1.1 Summary of measurements made for all sites using Landsat TM, ETM+ and SRTM
derived DEM images. Values are based on the data in A 1.3. 

lgnimbrite Site: 

Total# Features 

Study Area (km2
) 

Regional slope (°) 

G avg (m/m) 

42 

117 

124 

25 

25 

24 

--l 
0 

8 
::J 

"' 0 

28 

25 

250 

50 

25 

207 

-0 
c: 
-a· 
~-

CD 

71 

25 

264 

32 

25 

287 

17 

25 

124 

~ 
::J 

"' CD 

40 

35 

280 

~ 
::J 

"' () 

54 

25 

252 

;e 
"' ::J 

"' 0 

n/a 

25 

90 

48 

25 

261 

-0 
c: 
::i. 

8 
CD 

19 

25 

356 

Max 0.072 0.032 0.167 0.139 0.200 0.089 0.058 0.116 0.105 n/a 0.151 0.052 

Min 0.013 0.000 0.033 0.013 0.025 0.035 0.000 0.023 0.002 n/a 0.057 0.039 

Mean 0.037 0.008 0.078 0.073 0.079 0.046 0.037 0.075 0.065 n/a 0.099 0.047 

a 0.013 0.008 0.029 0.026 0.027 0.010 0.017 0.019 0.019 n/a 0.027 0.004 

Lr (m) 

S(m/m) 

Max 8160 4020 5340 5280 

Min 240 480 120 180 

Mean 3035 2088 1787 1436 

a 2165 1256 1423 1150 

Max 1.169 

Min 1.000 

Mean 1.043 

a 0.036 

1.072 

1.000 

1.016 

0.019 

1.189 

1.000 

1.057 

0.054 

1.124 

1.000 

1.021 

0.030 

Orientations (°) 

Max 202 

Min 112 

Mean 138 

a 23 

Max 202 

Min 112 

Mean 16 

a 21 

126 

4 
110 

23 

306 

4 

88 

15 

UPHILL I DOWNHILL HEIGHT 

316 

227 

286 

25 

316 

227 

39 

20 

207 

51 

154 

20 

337 

139 

54 

24 

5460 6060 10650 3360 

240 180 270 210 

1555 2723 5935 1685 

1091 1724 4132 941 

1.400 

1.000 

1.055 

0.081 

327 

244 

297 

26 

327 

136 

56 

47 

1.200 

1.000 

1.035 

0.038 

321 

286 

297 

7 

320 

111 

19 

37 

1.125 

1.000 

1.049 

0.040 

175 

112 

130 

22 

175 

112 

15 

16 

1.111 

1.000 

1.023 

0.030 

324 

214 

285 

19 

324 

214 

14 

15 

8280 

300 

1842 

1738 

n/a 

n/a 

n/a 

n/a 

5460 8310 

240 750 

1766 4475 

1646 2503 

1.353 

1.000 

1.072 

0.075 

n/a 

n/a 

n/a 

n/a 

1.133 

1.000 

1.029 

0.034 

308 123 308 

190 115 214 

287 109 267 

25 3 25 

320 n/a 308 

111 n/a 214 

40 n/a 20 

17 n/a 16 

1.074 

1.000 

1.030 

0.020 

364 

336 

351 

8 

358 

0 
7 

6 

The uphill and downhill heights are the higher and lower elevation heights at the two ends of a 

mapped feature, irrespective of orientation. They were found by overlying the feature maps on the 

DEM and using the location value tool in ENVI. Care was taken to check the values of 

surrounding pixels to check fan anomalously high or low value wasn't being measured. 

GRADIENT (Gavg) 

The gradient of a feature is an overall average that uses the elevations at the two ends and the 
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(non-straight) length of the feature (defined below): 

Gavg = (Uphill Height - Downhill Height} I Length (A 1.1) 

TOPOGRAPHIC VALUE 

The geomorphic features studied were both channels and ridges. Channels are negative 

topographic features relative to the surface level of the surrounding landscape. Conversely, the 

ridges are positive topographic features. In some instances a channel co-existed with a ridge. 

Figure 2.22 shows the range of topographic types found within the sites studied. The topographic 

value of a feature (positive or negative) was determined using the DEM and profile tool in ENVI. 

COVERAGE 

The studied sites were all defined as a square 25 km2 area, except in two cases (Tara A; 117 km2 

and Atana B; 35 km2
) where the area was naturally defined by the limited of the ignimbrite 

exposure, and thus occurrence of the geomorphic features. In the 10 square areas not all 

features lie fully within the defined 25 km2
. Many do and are defined as having full coverage. For 

other features only a minority of their length was outside of the defined area and were defined as 

having extra coverage. However, other features, primarily larger channels, continue for 10s km 

and so only the portion that passed through the defined site area was used for measurements. 

These features were defined as having parlial coverage. 

LENGTH (L1) 

The true length of a feature was measured by tracing all of its bends using the measurement tool 

in ENVI. The start I end points of the measurement were same places that the uphill and downhill 

height measurements were made. For the features defined as having partial coverage the length 

data were not used as part of the averaged statistics (Table A 1.1 ). For features defined as having 

extra coverage, the portion outside the study area was included in the measurement so these 

were included in the averaged data. 
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STRAIGHT LENGTH (Ls) 

The straight lengths were measured between the same start and end points as the (true) length. 

These values were recorded to allow calculation of feature gradient and sinuosity. 

SINUOSITY (S) 

Sinuosity is dimensionless value that provides a measure of how much a features bends. It is 

defined by: 

(A1 .2) 

The averaged data assumed that even features with only partial coverage provided a 

representative value of sinuosity, so all data were included in the averaged statistics (Table A 1.1 ). 

A1.3 Measurements 

The measurements made are organized by corresponding ignimbrite, site and feature number. 

The numbered feature maps for each site in a given ignimbrite are shown first followed by the 

tables of measurements. The datasets are ordered by ignimbrites age: oldest to youngest. 

(i) Tara lgnimbrite ... ........ .. .. ....... ............ ..... .... ..... ... ........ ..... ...... .... . page 155-157 
(ii) Toconao lgnimbrite .... ... ... ................. ...... .... ... .. ......... ... ........ ........ ... .... . 158-159 
(iii) Puripicar lgnimbrite ............. ... ............ .. ... ............... .............................. 160-164 
(iv) Atana lgnimbrite ..... .... ... ..... .. ...... ................ ....... .. ... .... .... ... ... ....... ... ..... 165-168 
(v) Purico lgnimbrite ............................................................................ .. .... 169-171 

The features (channels and ridges) are shown on the maps as single black lines. In places where 

the black line is dashed it indicates abandoned channels (Tara A). These features were not 

included in the measurements but were mapped for completeness and to provide further 

evidence of the processes occurring at a given site. Black dashed lines are also apparent on the 

map for Atana D and these indicate continuous chains of hollows that couldn 't be mapped 

separately as they can in the rest of the image (the black dots). The unique morphology at Atana 

site D is shown in Figure 2.18. Also seen in the maps are thicker light gray lines that indicate 

structural lineations that are obvious in the Landsat images. Not all measurements were possible 

for all numbered features due to limitations created by the resolution of the data. Sometimes a 

linear or curvilinear feature can be identified in the TM image, but not in the re-sampled DEM. 
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(i) Tara lgnimbrite 

@ 
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(i) Tara lgnimbrite 

Table A 1.2 Area A - North of Salar de Tara 

Feature Reg ional 
O rientation 

Relation 
~ 

Uphill Downhill 
G avg 

Tope 
Coverage L1 L s s 

# Slope to S lope Height Height Va lue 

deg w E deg m/m m m m/m 

1 124 123 Along 1 4608 4369 0.053 Negative Full 4500 4350 1.034 

2 124 168 Cross 44 4558 4532 0.033 Negative Full 780 690 1.130 

3 124 128 Along 4 4532 4397 0.038 Negative Full 3600 3570 1.008 
4 124 160 Cross 36 4578 4532 0.046 Negative Full 990 930 1.065 

5 124 125 Along 1 4619 4398 0.041 Negative Full 5430 5310 1.023 

6 124 177 Cross 53 4489 4461 0.042 Negative Full 660 660 1.000 

7 124 130 Along 6 4631 4489 0.033 Negative Full 4290 4140 1.036 

8 124 126 Along 2 4629 4539 0.054 Negative Full 1680 1590 1.057 
9 124 178 Cross 54 4555 4537 0.013 Negative Full 1380 1380 1.000 

10 124 129 Along 5 4625 4555 0.050 Negative Full 1410 1350 1.044 

11 124 130 Along 6 4681 4555 0.042 Negative Full 3000 2910 1.031 
12 124 131 Along 7 4654 4555 0.048 Negative Full 2070 1770 1.169 

13 124 131 Along 7 4404 4371 0.052 Negative Full 630 600 1.050 

14 124 184 Cross 60 4420 4404 0.024 Negative Ful l 660 600 1.100 

15 124 202 Cross 78 4462 4429 0.041 Negative Ful l 810 750 1.080 

16 124 129 Along 5 4552 4420 0.056 Negative Full 2370 2310 1.026 

17 124 126 Along 2 4548 4420 0.048 Negative Full 2670 2400 1.113 
18 124 125 Along 1 4564 4505 0.037 Negative Full 1590 1500 1.060 
19 124 120 Along 4 4574 4437 0.039 Negative Full 351 0 3420 1.026 

20 124 121 Along 3 4675 4437 0.034 Negative Full 7080 6870 1.031 

21 124 170 Cross 46 4521 4437 0.028 Negative Full 3000 2850 1.053 
22 124 127 Along 3 4629 4467 0.036 Negative Fu ll 4560 4440 1.027 

23 124 112 Along 12 4690 4553 0.050 Negative Full 2760 2700 1.022 

24 124 119 Along 5 4644 4521 0.028 Negative Fu ll 4470 4410 1.014 

25 124 123 Along 1 4666 4521 0.029 Negative Fu ll 5010 4830 1.037 

26 124 195 Cross 71 4590 4583 0.029 Negative Full 240 240 1.000 

27 124 133 Along 9 4668 4564 0.029 Negative Fu ll 3600 3480 1.034 

28 124 125 Along 1 4569 4531 0.021 Negative Fu ll 1830 1800 1.017 

29 124 120 Along 4 4669 4601 0.049 Negative Fu ll 1380 1350 1.022 

30 124 130 Along 6 4673 4446 0.028 Negative Fu ll 8130 7830 1.038 

31 124 160 Cross 36 4528 4506 0.056 Negative Full 390 390 1.000 
32 124 165 Cross 41 4494 4446 0.019 Negative Full 2520 2430 1.037 

33 124 126 Along 2 4627 4485 0.017 Negative Fu ll 8160 7860 1.038 

34 124 116 Along 8 4624 4549 0.045 Negative Full 1650 1620 1.019 

35 124 114 Along 10 4689 4613 0.072 Negative Fu ll 1050 990 1.061 

36 124 132 Along 8 4665 4494 0.023 Negative Fu ll 7320 7170 1.021 

37 124 118 Along 6 4636 4576 0.027 Negative Full 2190 2160 1.01 4 

38 124 130 Along 6 4702 4494 0.032 Negative Fu ll 6510 6330 1.028 

39 124 132 Along 8 4533 4488 0.014 Negative Full 3240 3090 1.049 

40 124 131 Along 7 4627 4533 0.058 Negative Full 1620 1470 1.102 

41 124 123 Along 1 4650 4533 0.023 Negative Full 5040 4980 1.012 

42 124 143 Along 19 4617 4512 0.028 Negative Full 3690 3480 1.060 
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Table A1.3 Area B - South of Salar de Tara 

Feature Regional 
Orientation 

Relation 
~ 

Uphill Downhill 
G avg 

Topo 
Coverage L 1 L s s 

# Slope to Slope Height Height Va lue 

deg w E deg m/m m m m/m 
1 24 297 117 Cross 93 4367 4361 0.002 Positive Full 2790 2790 1.000 
2 24 300 120 Cross 96 4367 4350 0.017 Positive Full 1020 1020 1.000 
3 24 292 112 Cross 88 4369 4355 0.005 Positive Full 2790 2760 1.01 1 
4 24 294 114 Cross 90 4375 4373 0.001 Positive Full 3360 3360 1.000 

5 24 297 117 Cross 93 4387 4361 0.007 Positive Full 3930 3900 1.008 

6 24 290 110 Cross 86 4382 4382 0.000 Positive Full 1080 1080 1.000 
7 24 295 115 Cross 91 4388 4382 0.004 Positive Full 1440 1440 1.000 

8 24 298 118 Cross 94 4403 4371 0.008 Positive Full 3990 3960 1.008 

9 24 306 126 Cross 102 4406 4384 0.024 Positive Full 900 900 1.000 

10 24 284 104 Cross 80 4409 4385 0.006 Positive Full 3900 3870 1.008 
11 24 297 117 Cross 93 4406 4394 0.007 Positive Full 1710 1680 1.018 
12 24 298 118 Cross 94 4399 4391 0.002 Positive Full 3540 3450 1.026 

13 24 299 119 Cross 95 4405 4398 0.010 Positive Full 690 690 1.000 

14 24 286 106 Cross 82 4411 4407 0.007 Positive Full 600 570 1.053 

15 24 297 117 Cross 93 4411 4405 0.002 Positive Full 2550 2520 1.012 
16 24 300 120 Cross 96 4418 4413 0.004 Positive Fu ll 1350 1320 1.023 
17 24 292 112 Cross 88 4427 4418 0.012 Positive Full 780 750 1.040 

18 24 298 118 Cross 94 4433 4432 0.002 Positive Full 480 480 1.000 

19 24 301 121 Cross 97 4443 4439 0.006 Positive Full 660 630 1.048 
20 24 278 98 Cross 74 4451 4435 0.017 Positive Full 930 930 1.000 
21 24 296 116 Cross 92 4444 4437 0.005 Positive Full 1410 1380 1.022 

22 24 298 118 Cross 94 4459 4449 0.003 Positive Extra 3150 3090 1.019 

23 24 294 114 Cross 90 4476 4455 0.010 Positive Extra 2160 2130 1.014 

24 24 290 110 Cross 86 4488 4466 0.008 Positive Extra 2970 2910 1.021 
25 24 4 Along 20 4488 4368 0.032 Negative Partial 4020 3750 1.072 
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(ii) Toconao lgnimbrite 
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(ii) Toconao lgnimbrite 

Table A1.4 From Toconao Quarry to East 
Feature Regional Orientation Relation 

~ 
Uphill Downhill 

G avg 
Topo 

Coverage Lt L s s 
# Slope to Slope Height Height Value 

deg w E deg m/m m m m/m 
1 250 254 Along 4 3110 2734 0.099 Negative Partial 3780 3180 1.189 

2 250 267 Along 17 2953 2662 0.066 Negative Partial 4410 3870 1.140 

3 250 265 Along 15 3077 2585 0.095 Negative Partial 5160 4980 1.036 

4 250 275 Cross 25 3188 2860 0.101 Negative Extra 3240 2970 1.091 
5 250 316 Cross 66 3001 2809 0.107 Negative Full 1800 1770 1.017 
6 250 285 Cross 35 2898 2792 0.079 Negative Full 1350 1230 1.098 

7 250 297 Cross 47 2848 2676 0.127 Negative Full 1350 1290 1.047 
8 250 289 Cross 39 2897 2632 0.096 Negative Full 2760 2520 1.095 

9 250 311 Cross 61 2724 2604 0.167 Negative Full 720 630 1.143 
10 250 227 Cross 23 2724 2716 0.067 Negative Full 120 120 1.000 
11 250 302 Cross 52 2834 2716 0.055 Negative Full 2130 2010 1.060 
12 250 230 Along 20 2765 2757 0.033 Negative Fu ll 240 240 1.000 

13 250 277 Cross 27 2821 2765 0.060 Negative Full 930 900 1.033 
14 250 312 Cross 62 2841 2821 0.056 Negative Full 360 330 1.091 
15 250 261 Along 11 2955 2821 0.080 Negative Full 1680 1560 1.077 

16 250 304 Cross 54 3059 2955 0.064 Negative Extra 1620 1560 1.038 
17 250 263 Along 13 3098 3001 0.067 Negative Extra 1440 1320 1.091 
18 250 309 Cross 59 2982 2907 0.074 Negative Full 1020 1020 1.000 
19 250 262 Along 12 2707 2569 0.135 Negative Extra 1020 1020 1.000 
20 250 312 Cross 62 2701 2674 0.053 Negative Full 510 510 1.000 
21 250 307 Cross 57 2739 2707 0.044 Negative Full 720 720 1.000 

22 250 308 Cross 58 2676 2528 0.061 Negative Extra 2430 2250 1.080 
23 250 305 Cross 55 2647 2593 0.062 Negative Extra 870 870 1.000 
24 250 304 Cross 54 2644 2608 0.063 Negative Extra 570 570 1.000 
25 250 273 Cross 23 2770 2676 0.068 Negative Full 1380 1200 1.150 

26 250 305 Cross 55 2846 2770 0.056 Negative Extra 1350 1290 1.047 

27 250 291 Cross 41 2826 2700 0.072 Negative Full 1740 1710 1.018 
28 250 285 Cross 35 .2959 2556 0.075 Negative Extra 5340 5040 1.060 
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(iii) Puripicar lgnimbrite 

' 
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Puripicar lgnimbrite 

161 



(iii) Puripicar lgnimbrite 

Table A1 .5 Area A - Across Rio Grande 

Feature Reg ional 
O rientation 

Relation 
~ 

Uphill Downhill 
G avg 

Topo 
Coverage L 1 L s s 

# Slope to Slope Height Height Value 

deg w E deg m/m m m m/m 
1 207 193 Along 14 3894 3433 0.087 Negative Partial 5280 4950 1.067 

2 207 198 Along 9 3823 3566 0.056 Negative Partial 4620 41 10 1.124 

3 207 324 144 Cross 63 3953 3886 0.077 Positive Extra 870 870 1.000 

4 207 150 Cross 57 3968 3871 0.083 Negative Extra 1170 1110 1.054 

5 207 331 151 Cross 56 3980 3869 0.086 Positive Extra 1290 1260 1.024 

6 207 331 151 Cross 56 3918 3900 0. 100 Positive Full 180 180 1.000 

7 207 331 151 Cross 56 3920 3886 0.094 Positive Full 360 360 1.000 

8 207 334 154 Cross 53 3983 3902 0.079 Positive Extra 1020 1020 1.000 

9 207 334 154 Cross 127 3942 3898 0.077 n/a Extra 570 570 1.000 

10 207 334 154 Cross 53 3960 3889 0.082 Positive Extra 870 870 1.000 

11 207 334 154 Cross 127 3968 3885 0.081 n/a Extra 1020 1020 1.000 

12 207 332 152 Cross 55 3964 3869 0.083 Positive Extra 1140 11 40 1.000 

13 207 332 152 Cross 55 3916 3801 0.096 Positive Full 1200 1200 1.000 

14 207 333 153 Cross 54 3896 3801 0.099 Positive Full 960 960 1.000 

15 207 332 152 Cross 55 3910 3788 0.097 Positive Full 1260 1260 1.000 

16 207 333 153 Cross 54 3930 3775 0.091 Positive Full 1710 1710 1.000 

17 207 329 149 Cross 58 3903 3767 0.093 Positive Full 1470 1470 1.000 

18 207 327 147 Cross 60 3850 3787 0.111 Positive Full 570 570 1.000 

19 207 148 Cross 59 3898 3712 0.085 Negative Full 2190 2100 1.043 

20 207 207 Along 0 3946 3927 0.053 Negative Partial 360 330 1.091 

21 207 152 Cross 55 3927 3713 0.077 Negative Ful l 2790 2580 1.081 

22 207 156 Cross 51 3g10 3691 0.073 Negative Full 3000 2910 1.031 

23 207 330 150 Cross 57 3830 3663 0.139 Positive Full 1200 1140 1.053 

24 207 334 154 Cross 53 3951 3910 0.051 Positive Extra 810 780 1.038 

25 207 157 Cross 50 3957 3910 0.063 Negative Extra 750 750 1.000 

26 207 335 155 Cross 52 3955 3927 0.055 Positive Extra 510 510 1.000 

27 207 334 154 Cross 53 3831 3663 0.1 04 Positive Full 1620 1530 1.059 

28 207 337 157 Cross 50 3903 3694 0.068 Positive Full 3060 3030 1.010 

29 207 197 Along 10 3839 3794 0.071 Negative Full 630 600 1.050 

30 207 159 Cross 48 3891 3631 0.068 Negative Full 3810 3690 1.033 

31 207 332 152 Cross 55 3803 3640 0.092 Positive Full 1770 1710 1.035 

32 207 333 153 Cross 54 3726 3650 0.101 Positive Full 750 750 1.000 

33 207 337 157 Cross 50 3910 3883 0.060 Positive Full 450 450 1.000 

34 207 335 155 Cross 52 3904 3806 0.049 Positive Full 2010 1980 1.015 

35 207 333 153 Cross 54 3875 3797 0.050 Positive Full 1560 1500 1.040 

36 207 331 151 Cross 56 3777 3631 0.080 Positive Full 1830 1830 1.000 

37 207 332 152 Cross 55 3846 3587 0.058 Positive Full 4500 4470 1.007 

38 207 333 153 Cross 54 3784 3733 0.047 Positive Full 1080 1020 1.059 

39 207 331 151 Cross 56 3693 3628 0.041 Positive Full 1590 1530 1.039 

40 207 327 147 Cross 120 3746 3726 0.048 n/a Full 420 420 1.000 

41 207 330 150 Cross 57 3734 3675 0.033 Positive Full 1770 1770 1.000 

42 207 328 148 Cross 59 3705 3669 0.025 Positive Full 1440 1440 1.000 

43 207 331 151 Cross 56 3683 3647 0.032 Positive Full 1140 1140 1.000 

44 207 181 Cross 26 3647 3625 0.073 Negative Full 300 300 1.000 

45 207 319 139 Cross 68 3625 3618 0.013 Positive Full 540 510 1.059 

46 207 334 154 Cross 53 3645 3608 0.036 Positive Full 1020 1020 1.000 

47 207 335 155 Cross 52 3610 3541 0.046 Positive Extra 1500 1500 1.000 

48 207 337 157 Cross 50 3548 3484 0.063 Positive Extra 1020 990 1.030 

49 207 335 155 Cross 52 3485 3450 0.106 Positive Partial 330 330 1.000 

50 207 210 Along 3 3531 3466 0.127 Negative Fu ll 510 510 1.000 
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Table A1.6 Area B - North of Guatin 

Feature Regional Orientation Relation 
/j_ 

Uphill Downhill 
G avg 

Topo 
Coverage L t L s s 

# Slope to Slope Height Height Value 

deg w E deg m/m m m m/m 
1 264 319 139 Cross 125 4000 3785 0.075 Positive Extra 2880 2820 1.021 

2 264 320 140 Cross 124 3974 3786 0.075 Positive Extra 2520 2520 1.000 

3 264 323 143 Cross 121 3938 3811 0.090 Positive Extra 1410 1410 1.000 

4 264 322 142 Cross 122 3958 3727 0.077 Positive Extra 3000 3000 1.000 

5 264 323 143 Cross 121 3959 3789 0.086 Positive Extra 1980 1980 1.000 

6 264 321 141 Cross 123 3971 3719 0.067 Positive Extra 3780 3780 1.000 

7 264 316 136 Cross 128 3963 3806 0.076 Positive Extra 2070 2040 1.015 

8 264 318 138 Cross 126 3951 3724 0.073 Positive Extra 3090 3090 1.000 

9 264 287 Cross 23 3553 3461 0.059 Negative Extra 1560 141 0 1.106 

10 264 269 Along 5 3754 3431 0.059 Negative Extra 5460 4500 1.213 

11 264 318 138 Cross 126 4007 3754 0.064 Positive Extra 3930 3930 1.000 

12 264 320 140 Cross 124 3904 3747 0.082 Positive Extra 1920 1920 1.000 

13 264 322 142 Cross 122 3856 3664 0.075 Positive Full 2550 2550 1.000 

14 264 273 Along 9 3766 3688 0.104 Negative Fu ll 750 690 1.087 

15 264 320 140 Cross 124 3936 3766 0.074 Positive Extra 2310 2310 1.000 

16 264 320 140 Cross 124 3943 3765 0.071 Positive Extra 2520 2520 1.000 

17 264 274 Along 10 3782 3742 0.111 Negative Full 360 300 1.200 

18 264 318 138 Cross 126 3911 3782 0.073 Positive Full 1770 1770 1.000 

19 264 320 140 Cross 124 3931 3670 0.067 Positive Extra 3870 3840 1.008 

20 264 273 Along 9 3812 3783 0.121 Negative Full 240 240 1.000 

21 264 323 143 Cross 59 3861 3790 0.099 n/a Full 720 720 1.000 

22 264 323 Cross 59 3891 3812 0.069 Negative Extra 1140 1140 1.000 

23 264 269 Along 5 3489 3431 0.050 Negative Extra 1170 1020 1.147 

24 264 322 Cross 58 3504 3489 0.025 Negative Ful l 600 600 1.000 

25 264 251 Along 13 3580 3504 0.056 Negative Full 1350 1200 1.125 

26 264 264 Along 0 3626 3580 0.070 Negative Full 660 660 1.000 

27 264 284 Along 20 3647 3580 0.070 n/a Ful l 960 870 1.103 

28 264 244 Along 20 3633 3580 0.071 Negative Full 750 690 1.087 

29 264 317 Cross 53 3530 3462 0.034 Negative Full 1980 1590 1.245 

30 264 265 Along 1 3722 3530 0.080 Negative Full 2400 2130 1.127 

31 264 320 Cross 56 3879 3722 0.082 Negative Full 1920 1860 1.032 

32 264 268 Along 4 3671 3553 0.084 Negative Fu ll 1410 1380 1.022 

33 264 312 Cross 48 3568 3548 0.037 Negative Full 540 540 1.000 

34 264 259 Along 5 3547 3277 0.065 Negative Extra 4140 3480 1.190 

35 264 318 Cross 54 3612 3547 0.049 Negative Full 1320 12go 1.023 

36 264 267 Along 3 3665 3570 o.ogo n/a Full 1050 1050 1.000 

37 264 264 Along 0 3721 3577 0.109 Negative Full 1320 1320 1.000 

38 264 308 Cross 44 3828 3721 0.108 Negative Full 990 960 1.031 

39 264 283 Along 19 3629 3583 0.085 nla Full 540 510 1.059 

40 264 270 Along 6 3713 3612 0.135 Negative Full 750 720 1.042 

41 264 297 Cross 33 3658 3612 0.128 n/a Full 360 360 1.000 

42 264 290 Cross 26 3624 3556 0.078 Negative Full 870 660 1.318 

43 264 296 Cross 32 3636 3538 0.076 Negative Full 1290 11 40 1.132 

44 264 319 Cross 55 3572 3497 0.041 Negative Full 1830 1800 1.017 

45 264 246 Along 18 3465 3228 0.063 Negative Extra 3750 3300 1.1 36 

46 264 312 Cross 48 3495 3465 0.043 Negative Full 690 690 1.000 

47 264 246 Along 18 3521 3495 0.062 Negative Full 420 360 1.167 

48 264 319 139 Cross 125 3578 3521 0.054 Positive Full 1050 1020 1.029 

49 264 325 Cross 61 3514 3465 0.031 Negative Full 1590 1560 1.019 

so 264 262 Along 2 3682 3514 0.200 Negative Full 840 840 1.000 

51 264 260 Along 4 3565 3387 0.081 Negative Full 2190 2040 1.074 

52 264 317 Cross 53 3736 3565 0.077 Negative Extra 2220 2220 1.000 

53 264 327 147 Cross 117 3736 3583 0.060 Positive Extra 2550 2520 1.012 

54 264 324 144 Cross 120 3719 3651 0.091 Positive Full 750 750 1.000 
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55 264 325 145 Cross 119 3742 3673 0.077 Positive Full 900 870 1.034 
56 264 322 142 Cross 122 3720 3694 0.079 Positive Full 330 330 1.000 

57 264 321 141 Cross 123 3740 3642 0.093 Positive Full 1050 1050 1.000 

58 264 283 Along 19 3845 3592 0.105 Negative Full 2400 2250 1.067 

59 264 269 Along 5 3838 3788 0.083 Negative Full 600 600 1.000 
60 264 298 Cross 34 3812 3788 0.062 Negative Full 390 390 1.000 
61 264 322 Cross 58 3727 3682 0.075 Negative Full 600 600 1.000 

62 264 247 Along 17 3682 3592 0.107 Negative Full 840 600 1.400 
63 264 293 Cross 29 3832 3682 0.094 Negative Full 1590 1500 1.060 

64 264 257 Along 7 3845 3636 0.116 Negative Full 1800 1680 1.071 

65 264 308 Cross 44 3800 3687 0.097 Negative Full 1170 1110 1.054 
66 264 288 Cross 24 3769 3691 0.118 Negative Full 660 630 1.048 
67 264 310 Cross 46 3850 3769 0.073 Negative Full 1110 1080 1.028 
68 264 284 Along 20 3807 3769 0.097 Negative Full 390 360 1.083 

69 264 316 Cross 52 3858 3774 0.067 Negative Full 1260 1110 1.135 
70 264 310 Cross 46 3872 3812 0.071 Negative Full 840 810 1.037 
71 264 318 Cross 54 3866 3845 0.050 Negative Full 420 390 1.077 

Table A 1. 7 Area C - North of Caspana 

Feature Regional 
Orientation 

Relation 
/}, 

Uphill Downhill 
G avg 

Topo 
Coverage L1 L s s 

# Slope to S lope Height Height Value 

deg w E deg m/m m m m/m 
1 287 301 121 Along 14 3582 3527 0.051 Positive Partial 1080 1050 1.029 

2 287 320 Cross 33 3576 3569 0.039 Negative Full 180 150 1.200 
3 287 302 Along 15 3594 3431 0.041 Negative Partial 3990 3900 1.023 
4 287 295 115 Along 8 3587 3469 0.043 Positive Partial 2760 2670 1.034 

5 287 297 Along 10 3595 3472 0.049 Negative Partial 2520 2490 1.012 

6 287 295 115 Along 8 3645 3587 0.041 Positive Extra 1410 1350 1.044 

7 287 301 Along 14 3601 3409 0.074 Negative Partial 2580 2430 1.062 

8 287 299 Along 12 3513 3374 0.043 Negative Extra 3240 3150 1.029 

9 287 305 Along 18 3482 3337 0.042 Negative Extra 3450 3330 1.036 
10 287 294 Along 7 3603 3384 0.039 Negative Partial 5580 5310 1.051 
11 287 296 Along 9 3503 3466 0.036 Negative Full 1020 1020 1.000 

12 287 286 Along 1 3637 3508 0.046 Negative Extra 2790 2730 1.022 
13 287 293 Along 6 3613 3338 0.049 Negative Partial 5640 5400 1.044 

14 287 294 Along 7 3611 3459 0.043 Negative Partial 3540 3390 1.044 

15 287 302 Along 15 3631 3314 0.052 Negative Partial 6060 5910 1.025 
16 287 292 Along 5 3620 3510 0.044 Negative Partial 2490 2400 1.038 
17 287 297 Along 10 3692 3540 0.044 Negative Extra 3420 3330 1.027 

18 287 288 Along 1 3666 3588 0.048 Negative Extra 1620 1560 1.038 

19 287 287 Along 0 3660 3446 0.089 Negative Extra 2400 2310 1.039 

20 287 297 Along 10 3598 3332 0.047 Negative Partial 5610 5610 1.000 

21 287 296 Along 9 3645 3410 0.042 Negative Partial 5640 5520 1.022 

22 287 290 Along 3 3643 3573 0.045 Negative Partial 1560 1560 1.000 
23 287 292 Along 5 3643 3582 0.043 Negative Partial 1410 1410 1.000 
24 287 290 Along 3 3636 3411 0.043 Negative Partial 5220 5070 1.030 
25 287 291 111 Along 4 3586 3495 0.040 Positive Fu ll 2250 2040 1.103 

26 287 309 129 Cross 158 3577 3543 0.035 Positive Full 960 960 1.000 

27 287 289 Along 2 3605 3570 0.047 Negative Extra 750 750 1.000 

28 287 308 128 Cross 159 3622 3593 0.054 Positive Partia l 540 540 1.000 
29 287 298 Along 11 3556 3422 0.040 Negative Partial 3390 3330 1.018 

30 287 292 Along 5 3573 3516 0.040 Negative Partial 1410 1350 1.044 
31 287 305 Along 18 3563 3539 0.047 Negative Partial 510 480 1.063 
32 287 304 Along 17 3536 3450 0.040 Negative Partial 2130 2040 1.044 

164 



(iv) Atana lgnimbrite 
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(iv) Atana lgnimbrite • 

Table A1.8 Area A- South of Paso de Jama 

Feature Regiona l 
Orientation 

Re lation 
/:J. 

Uphill Downhill 
G avg 

Topo 
Coverage L1 L s s 

# Slope to Slope Height Height Value 

deg w E deg m/m m m mlm 
1 124 119 Along 5 4804 4401 0.049 Negative Extra 8220 8040 1.022 

2 124 118 Along 6 4806 4358 0.046 Negative Extra 9660 9480 1.019 

3 124 115 Along 9 4798 4358 0.044 Negative Extra 9930 9630 1.031 

4 124 113 Along 11 4785 4569 0.045 Negative Extra 4830 4530 1.066 

5 124 112 Along 12 4730 4378 0.047 Negative Extra 7560 7440 1.016 

6 124 114 Along 10 4655 4378 0.046 Negative Extra 5970 5940 1.005 

7 124 129 Along 5 4777 4743 0.044 Negative Fu ll 780 720 1.083 

8 124 117 Along 7 4801 4378 0.044 Negative Extra 9540 9240 1.032 

9 124 175 Cross 51 4722 4718 0.015 Negative Full 270 240 1.1 25 

10 124 117 Along 7 4782 4386 0.045 Negative Extra 8850 8610 1.028 

11 124 168 Cross 44 4692 4692 0.000 Negative Full 270 270 1.000 

12 124 172 Cross 48 4663 4663 0.000 Negative Full 330 300 1.100 

13 124 123 Along 1 4806 4386 0.040 Negative Extra 10500 9750 1.077 

14 124 149 Cross 25 4769 4651 0.047 Negative Extra 2490 2460 1.012 

15 124 118 Along 6 4768 4385 0.036 Negative Extra 10650 9840 1.082 

16 124 130 Along 6 4699 4622 0.058 Negative Full 1320 1290 1.023 

17 124 114 Along 10 4679 4387 0.030 Negative Extra 9720 8790 1.106 

Table A1.9 Area B - East of Aguas Calientes 

Feature Regional Orientation Relation 
/:J. 

Uphi ll Downhill 
G avg 

Topo 
Coverage L1 L s s 

# Slope to Slope Height Height Value 

deg w E deg mlm m m mlm 
1 280 296 Along 16 4449 4382 0.047 Negative Full 1440 1380 1.043 

2 280 290 Along 10 4500 4447 0.061 Negative Full 870 840 1.036 

3 280 285 Along 5 4507 4370 0.070 Negative Full 1950 1770 1.102 

4 280 280 Along 0 4471 4378 0.086 Negative Full 1080 1080 1.000 

5 280 290 Along 10 4448 4395 0.061 Negative Full 870 840 1.036 

6 280 290 Along 10 4440 4350 0.061 Negative Full 1470 1470 1.000 

7 280 324 Cross 44 4477 4440 0.069 Negative Full 540 540 1.000 

8 280 281 Along 1 4522 4477 0.063 Negative Full 720 720 1.000 

9 280 284 Along 4 4493 4477 0.033 Negative Fu ll 480 450 1.067 

10 280 283 Along 3 4567 4503 0.059 Negative Fu ll 1080 1080 1.000 

11 280 284 Along 4 4448 4352 0.060 Negative Fu ll 1590 1590 1.000 

12 280 223 Cross 57 4468 4448 0.095 Negative Full 210 210 1.000 

13 280 291 Along 11 4564 4468 0.089 Negative Fu ll 1080 1080 1.000 

14 280 293 Along 13 4405 4356 0.054 Negative Full 900 810 1.111 

15 280 291 Along 11 4588 4397 0.084 Negative Fu ll 2280 2190 1.041 

16 280 282 Along 2 4599 4356 0.076 Negative Full 3210 3180 1.009 

17 280 296 Along 16 4616 4366 0.077 Negative Full 3240 3120 1.038 

18 280 287 Along 7 4565 4367 0.090 Negative Full 2190 2160 1.014 

19 280 297 Along 17 4403 4376 0.056 Negative Fu ll 480 480 1.000 

20 280 296 Along 16 4626 4390 0.076 Negative Full 3120 3120 1.000 

21 280 284 Along 4 4655 4407 0.084 Negative Full 2940 2910 1.010 

22 280 288 Along 8 4674 4410 0.081 Negative Ful l 3270 3270 1.000 

23 280 214 Cross 66 4632 4583 0.091 Negative Ful l 540 510 1.059 

24 280 282 Along 2 4693 4415 0.083 Negative Full 3360 3300 1.018 

25 280 298 Along 18 4488 4430 0.097 Negative Full 600 570 1.053 

26 280 287 Along 7 4706 4456 0.083 Negative Ful l 3000 2940 1.020 

27 280 287 Along 7 4707 4627 0.076 Negative Full 1050 1050 1.000 
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28 280 234 Cross 46 4627 4454 0.095 Negative Full 1830 1830 1.000 

29 280 292 Along 12 4714 4627 0.085 Negative Full 1020 930 1.097 

30 280 285 Along 5 4601 4467 0.109 Negative Full 1230 1230 1.000 

31 280 287 Along 7 4698 4481 0.086 Negative Full 2520 2490 1.012 

32 280 286 Along 6 4676 4484 0.082 Negative Fu ll 2340 2310 1.013 

33 280 294 Along 14 4645 4509 0.116 Negative Full 1170 1140 1.026 

34 280 284 Along 4 4658 4479 0.077 Negative Full 2310 2250 1.027 

35 280 293 Along 13 4672 4487 0.076 Negative Fu ll 2430 2430 1.000 

36 280 284 Along 4 4654 4598 0.023 Negative Full 2400 2370 1.013 

37 280 307 Cross 27 4661 4593 0.099 Negative Ful l 690 690 1.000 

38 280 292 Along 12 4621 4516 0.069 Negative Ful l 1530 1500 1.020 

39 280 290 Along 10 4621 4495 0.064 Negative Full 1980 1920 1.031 

40 280 293 Along 13 4626 4501 0.053 Negative Ful l 2370 2340 1.013 

Table A1.10 Area D - East of Corral del Coquina 

Feature# 
Topographic 

Type 
Orientation 

Deg Rad 

1 Depression 111 1.937 

2 Depression 109 1.902 

3 Depression 114 1.990 

4 Depression 115 2.007 

5 Depression 111 1.937 

Hole alignments Depression 115 2.007 

Hole alignments Depression 114 1.990 

Hole alignments Depression 117 2.042 

Hole alignments Depression 117 2.042 

Hole alignments Depression 112 1.955 

Hole alignments Depression 110 1.920 

Hole alignments Depression 123 2.147 

Hole alignments Depression 116 2.025 

Hole alignments Depression 117 2.042 

Hole alignments Depression 120 2.094 

Hole alignments Depression 116 2.025 

Hole alignments Depression 115 2.007 

Hole alignments Depression 116 2.025 

Hole alignments Depression 113 1.972 

Hole alignments Depression 114 1.990 

Hole alignments Depression 113 1.972 

Hole alignments Depression 113 1.972 

Hole alignments Depression 112 1.955 

Hole alignments Depression 113 1.972 

Hole alignments Depression 114 1.990 

Hole alignments Depression 117 2.042 
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(v) Purico lgnimbrite -
#3 
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(v) Purico lgnimbrite 

Table A 1.11 Area A - North of Puri co Dome Complex 

Feature Regional 
Orientation 

Relation 
Do 

Uphill Downhill 
G avg 

Topo 
Coverage L 1 L s s 

# Slope to Slope Height Height Value 

deg w E deg m/m m m m/m 
1 261 271 Along 10 3372 2973 0.076 Negative Partial 5220 4980 1.048 

2 261 266 Along 5 3266 2855 0.075 Negative Extra 5460 5190 1.052 

3 261 283 Cross 22 3266 2873 0.151 Negative Extra 2610 2610 1.000 

4 261 272 Along 11 3164 2967 0.075 Negative Partial 2610 2550 1.024 
5 261 275 Along 14 3025 2873 0.082 n/a Extra 1860 1860 1.000 

6 261 266 Along 5 3027 2926 0.084 Negative Extra 1200 1170 1.026 

7 261 268 Along 7 3060 2810 0.082 Negative Extra 3060 3030 1.010 

8 261 262 Along 1 3153 2998 0.076 Negative Full 2040 1980 1.030 

9 261 265 Along 4 3077 2810 0.078 Negative Extra 3420 3300 1.036 
10 261 265 Along 4 3216 2972 0.080 Negative Full 3060 2850 1.074 

11 261 270 Along 9 3397 2944 0.087 Negative Partial 5190 4980 1.042 

12 261 291 Cross 30 3188 3159 0.097 n/a Fu ll 300 300 1.000 

13 261 272 Along 11 3495 3179 0.100 Negative Extra 3150 3120 1.010 

14 261 287 Cross 26 3257 3194 0.140 Negative Full 450 450 1.000 

15 261 308 Cross 47 3270 3209 0.136 Negative Full 450 420 1.071 

16 261 307 Cross 46 3289 3233 0.124 Negative Full 450 450 1.000 

17 261 306 Cross 45 3302 3255 0.112 Negative Full 420 420 1.000 

18 261 299 Cross 38 3318 3252 0.138 Negative Full 480 450 1.067 
19 261 298 Cross 37 3322 3265 0.146 Negative Full 390 390 1.000 

20 261 294 Cross 33 3327 3265 0.148 Negative Full 420 420 1.000 

21 261 305 Cross 44 3416 3323 0.103 Negative Extra 900 840 1.071 

22 261 300 Cross 39 3417 3345 0.120 Negative Full 600 540 1.111 
23 261 295 Cross 34 3546 3471 0.147 Negative Extra 510 450 1.133 
24 261 271 Along 10 3392 2937 0.088 Negative Partial 5190 4980 1.042 

25 261 263 Along 2 3106 2934 0.077 Negative Partia l 2220 2190 1.014 

26 261 261 Along 0 3061 2969 0.077 Negative Full · 1200 1170 1.026 

27 261 255 Along 6 3059 2985 0.080 Negative Full 930 930 1.000 

28 261 265 Along 4 3071 2893 0.080 Negative Extra 2220 2190 1.014 
29 261 257 Along 4 3087 2932 0.077 Negative Full 2010 1920 1.047 

30 261 255 Along 6 3087 2988 0.077 Negative Full 1290 1290 1.000 

31 261 266 Along 5 3079 2920 0.057 Negative Partial 2790 2730 1.022 

32 261 271 Along 10 3016 2933 0.073 Negative Full 1140 1140 1.000 

33 261 255 Along 6 3025 2965 0.080 Negative Full 750 750 1.000 

34 261 287 Cross 26 3009 2871 0.068 Negative Extra 2040 1980 1.030 

35 261 252 Along 9 3381 2915 0.085 Negative Extra 5460 4950 1.103 

36 261 230 Cross 31 3193 3130 0.111 Negative Full 570 540 1.056 
37 261 256 Along 5 3388 3275 0.092 Negative Partial 1230 1170 1.051 
38 261 270 Along 9 3381 3359 0.061 n/a Extra 360 360 1.000 

39 261 252 Along 9 3231 3169 0.129 Negative Ful l 480 480 1.000 

40 261 218 Cross 43 3273 3229 0.122 Negative Full 360 360 1.000 

41 261 217 Cross 44 3297 3251 0.110 Negative Full 420 390 1.077 

42 261 218 Cross 43 3308 3272 0.150 Negative Full 240 • 240 1.000 

43 261 214 Cross 47 3316 3283 0.138 Negative Full 240 240 1.000 

44 261 222 Cross 39 3335 3304 0.115 Negative Full 270 270 1.000 

45 261 224 Cross 37 3359 3327 0.107 Negative Full 300 300 1.000 

46 261 270 Along 9 3180 3030 0.079 Negative Partial 1890 1800 1.050 

47 261 270 Along 9 3327 2908 0.081 Negative Full 5160 4980 1.036 
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Table A1.12 Area B -West of Purico Dome Complex 
Feature Regional 

Orientation 
Relation 

/;:,. 
Uphill Downhill 

G avg 
Topo 

Coverage L t L s s 
# Slope to Slope Height Height Value 

deg w E deg m/m m m m/m 
1 356 345 Along 11 4721 4651 0.042 Negative Extra 1680 1650 1.018 

2 356 350 Along 6 4719 4574 0.052 Negative Extra 2790 2730 1.022 

3 356 351 Along 5 4714 4370 0.048 Negative Extra 7110 6870 1.035 

4 356 338 Cross 18 4725 4600 0.048 Negative Full 2610 2580 1.012 

5 356 350 Along 6 4723 4648 0.043 Negative Fu ll 1740 1710 1.018 

6 356 349 Along 7 4647 4442 0.051 Negative Extra 3990 3780 1.056 

7 356 345 Along 11 4553 4488 0.050 Negative Full 1290 1290 1.000 
8 356 354 Along 2 4755 4368 0.047 Negative Extra 8250 8010 1.030 
9 356 336 Cross 20 4739 4631 0.043 Negative Full 2520 2400 1.050 

10 356 337 Cross 19 4531 4502 0.039 Negative Full 750 720 1.042 
11 356 0 Along 4 4637 4366 0.049 Negative Extra 5550 5400 1.028 
12 356 356 Along 0 4630 4540 0.052 Negative Full 1740 1620 1.074 
13 356 356 Along 0 4715 4390 0.051 Negative Extra 6360 6240 1.019 
14 356 353 Along 3 4760 4390 0.045 Negative Extra 8310 8040 1.034 

15 356 355 Along 1 4778 4553 0.047 Negative Extra 4800 4740 1.013 
16 356 358 Along 2 4747 4439 0.049 Negative Extra 6300 6240 1.010 

17 356 0 Along 4 4739 4437 0.050 Negative Extra 6000 5850 1.026 

18 356 4 Along 8 4776 4466 0.048 Negative Extra 6450 6330 1.019 
19 356 0 Along 4 4769 4466 0.045 Negative Extra 6780 6330 1.071 
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Appendix A2. Diameters of columns in Bandelier lgnimbrites, New Mexico 

A2.1 Diameter measurements 

Column diameters were measured for all features with in defined groups (clusters of columns). 

Measurements were made in the field using a tape measure to the nearest cm. The following 

histograms show the distribution of diameter sizes , using a bin size appropriate for the data (1 , 2, 

5 or 10 cm). The histograms are organized by location, showing the distribution of column 

diameters as for each group. The last histogram within each section is cumulative for all groups at 

that location. These were adapted for Figure 3.9. 

(i) All measurements for all locations .... ... ............... ..... .. ............. ............ ... ..... ...... page 172 
(ii) Location 1: Thompson's Ridge, San Diego Canyon ... .. ... ... ... ........ ....... .... ......... 173-175 
(ii i) Location 2: La Mesita, Canoncito Seco ......... .. ..... ... .. ... ... ... ..... ..... ... .. ..... ... .... .... 176-179 
(iv) Location 3: Pueblo Mesa, Carioncito Seco .... ... .. ... .. ... ....... .. ... .. ...... ... ..... ... ........ 180-1 81 
(v) Location 4: San Juan Mesa (Road 10) .................................. ...................... ..... ......... 182 
(vi) Location 5: Paliza Canyon ... ... ................... ....................... ...... ................. ....... ... 183-184 
(vii) Location 6: White Rock Canyon, Cerros del Rio .. .... ... .. ......... ...... ..... .... .. ...... .... 185-186 
(viii) Location 7: Frijoles Canyon ..... .... .. ...... ...... ..... .............. .... ..... ......... .... .... ... .. ...... 187-188 

A2.2 Histograms 

(i) All measurements for all locations 
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(ii) Location 1 : Thompson's Ridge, San Diego Canyon 
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(iii) Location 2: La Mesita, Caiioncito Seco 
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(iii) Location 2: La Mesita, Cafioncito Seco 
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(iii) Location 2: La Mesita, Caf\oncito Seco 
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(iii) Location 2: La Mesita, Canoncito Seco 
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(iv) Location 3: Pueblo Mesa, Canoncito Seco 
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(v) Location 4: San Juan Mesa (Road 10) 
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(vi) Location 5: Paliza Canyon 
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(vii) Location 6: White Rock Canyon, Cerros del Rio 

en 
c 

4 

E 3 
:::::l 
0 
() -0 
..... 
Q) 

.0 2 
E 
:::::l z 

1 

Location 6, Group 1 

0+-~--.-~~...-~--.-~~ 

en 
c 
E 

4 

-3 3 
() 

..... 
Q) 
.0 
E 2 
:::::l z 

0 2 4 6 8 10 12 14 

Diameter (cm) 

Location 6, Group 2 

0+-~~~~...-~-

0 2 4 6 8 10 12 14 
Diameter (cm) 

16 18 

16 18 

20 22 

20 22 

185 



(vii) Location 6: White Rock Canyon, Cerros del Rio 

5 

Location 6 
• Group 1 

• Group 2 

4 

VJ 
c 
E 3 ::J 
0 
() -0 ..._ 
Q) 
.0 2 
E 
::J 
z 

0+-~_,..~~.....-~---.~ 

0 2 4 6 8 10 12 14 16 18 20 22 
Diameter (cm) 

186 



5 

~4 
E 
:::l 
0 
() 

-3 0 
..... 
Q) 
.0 
E 
:::l 2 z 

1 

(viii) Location 7: Frijoles Canyon 
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Appendix A3. FUR-based geomorphic measurements of an open lava 
channel, Mt. Etna, Sicily 

A3.1 Summary of events in channel on 5/30/01 based on FUR images, radiometer 
measurements and field observations. The timeline provides a summary of channel activity and 
changes in 10-min blocks for the hours that FUR images were captured (OF = Overflow, S= 
Surge, P = Surge, B = Blockage, T =Tube) Times are local time. Blockage sites refer to locations 
shown in Figure 4.9. 

Time 

Pre-FLIR 

14:46:27 to 14:56 
14:57 to 15:06 

15:07 to 15:16 

15:17 to 15:26 
15:27 to 15:36 

15:37 to 15:46 
15:47 to 15:56 
15:57 to 15:56 
15:57 to 16:06 
16:07 to 16:16 

16:17 to 16:26 
16:27 to 16:28 
16:29 to 16:38 
16:39 to 16:48 

16:49 to 16:58 

16:59 to 17:08 
17:09 to 17:18 

17:19 to 17:28 

17:29 to 17:38 

17:39 to 17:48 
17:49 to 17:58 

17:59 to 18:08 

18:09 to 18:18 

18:19 to 18:28 

18:29 to 18:38 

18:39 to 18:43:05 

Post-FLIR 

Description of morphology changes and events 

Bifurcating Flow (OF1) onto left bank near tube exit and Pahoehoe overspill (OF2) onto left bank 
down-flow of site B occurred due to pulse (P1) shortly before recordings began at 13:45. Small 
unknown-type surge (S 1) just before FLIR starts recording (Figure 4.11 a). 

Partial-blockage (B1) across 1/3 of channel width at site B, continuously failing and rebuilding. 
B1 continuing to fail and rebuild simultaneously. Medium type-1 surge (S2), a double surge as the 
blockage collapsed in stages. 
Down-flow of site B levees slumping , cracking and spalls . Blockage cleared by Medium type-1 surge 
(S3). Levees than begin to thickening at fill level inside channel between site B and C (Figure 4.11 b). 
Levees continue to thickening at fill level inside channel between site Band C. 
Levees continue to th ickening until 15:33:11 then full width blockage (B2) begins to forming across 
channel at site B. Blockage thickening up-flow quicker than the front spalls off. 
B2 still building. Some small type-1 surges (S4, SS) related to front of blockage spall (Figure 4.11c). 
B2 still building. 
B2 still building . Small type-1 surge (S6). 
Break in FLIR coverage. 
Lateral 'a'a flow (OF3) becomes active up-flow of site C down left bank, at 16:08:01 . B2 still building 
at back but is pushed forward to replace front that spalls off at same rate. Medium type-20 surge 
(S7). 
OF3 and B2 continuing as before. Double small type-1surge (S8), (Figure 4.11d). 
OF3 and B2 continuing as before. 
Break in FLIR coverage. 
OF3 continuing . B2 also continuing as before but losing more material than it is adding, so overall 
length is shortening. Small type-1 surge (S9) seen mostly as a spurt forward of OF3. Small type-2U 
surge (S10) drains under blockage and rips away part of its front without releasing any obvious 
secondary surge. OF3 is a consequence of pulse (P2) weakening levees. 
Small type-1 surge (S11 ). OF3 stops actively flowing at 16:58:24. Large type-1 surge (S12) occurs 
after OF3 no longer being fed. B2 continues to lose length (Figure 4.11 e). 
B2 continues to lose length . Small type-1 surge (S 13). 
B2 continues to lose length until 17:13:54 when blockage breaking apart. Small type-1 (S14) and 
then large type-1 (S 15) surges. 
B2 now only partial. As front breaks apart large double surge (S16) generated, initially of type-1 and 
then type-20. Medium type-1 then type-20 surge (S17), (Figure 4.12f). 
B2 is an increasingly smaller partial-blockage; unstable. Double surge (S18) mostly of type-20 
nature. Small type-2U surge (S19). 
B2 is an increasingly smaller partial-blockage; unstable. 
B2 all cleared by 17:57:44. Levees thickening at fill level around site B. Medium triple Surge (S20) 
made up of two type-1 and one type-20. Medium type-20 surge (S21 ), (Figure 4.11 g). 
Levees continue to thicken . Small type-20 surge (S22) helps clear loose debris by levees near site 
B. 
Levees continue to thicken . Small type-20 surge (S23) over thickened levee bases. Down-flow of 
site B levees slumping as surge clear out channel debris and fill level lowers. 
Levees thickening at fill level around site B. Medium type-2U surge (S24) over thickened levees. By 
18:20:04 levees connected to form thin crust across channel. Crust thickens and starts to form solid 
tube (T1 ). Medium type-20 surge (S25) tries to flow over the top of the tube during infancy of 
formation 
Little spall off front of solid tube. Small type-2U surge (S26) flows through tube without causing 
destruction (Figure 4.11 h). 
Tube still intact. 

Tube still intact until overwhelmed and destroyed by pulse (P3) at -19:30 . Another pulse-cycle (P4) 
starts at 20:23. 
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A3.2 Summary of events in channel on 5/31/01 using the same methods, format and 
nomenclature used in A3.1. 

Time 

Pre-FLIR 

11 :49 to 12:08 
12:09 to 12:18 
12:19 to 12:28 

12:29 to 12:38 

12:39 to 12:48 

12:49 to 12:S8 

12:S9 to 13:08 

13:09 to 13:18 
13:19 to 13:28 

13:29 to 13:38 

13:39 to 13:48 
13:49 to 13:S7 
13:S8 to 1 S:02 
1 S:02 to 1S:11 

1S:12 to 1S:21 

1S:22 to 1S:31 

1S:32 to 1S:41 

1S:42 to 1S:S1 

1S:S2 to 16:01 

16:02 to 16:11 
16:12 to 16:21 

16:22 to 16:31 

16:32 to 16:41 
16:42 to 16:S1 

16:S2 to 17:01 
17:02 to 17:0S:04 

Post-FLIR 

Description of morphology changes and events 

Partial blockage (B4) continually forming and being destroyed at site B. Very uneven flow. B4 still 
continually forming and being destroyed. Small Type-1 surge (S27). 

B4 still continually forming and being destroyed. Small Type-1 surge (S28). 
B4 still continually forming and being destroyed (Figure 4.12a). 
B4 still continually forming and being destroyed. Small type-2U surge (S29) forced under thick 
levees. 
B4 still continually forming and being destroyed. Small type-2U surge (S30) forced under. Medium 
type-20 surge (S31) tries to flow over blockage which causes it to collapse turning S31 into a type-1 
event (Figure 4.12b). 
Medium type-1 (S32) and small type-20 (S33) surges clear blockage from center of channel but 
remnants at base of levees enable P4 to form again . 
Medium type-2U double surge (S34) at 12:S1 :43 clears the debris forming B4 from site B, but levees 
in this section start to thicken and spread across the channel. 
Thickened levee at site B connects into full width blockage (BS) at 13:0S:13. Small type-2U surge 
(S3S). 
BS intact (Figure 4.12c). 
BS intact until 13:23:13 then starts breaking up and becomes a partial blockage. Large type-1 (S36) 
and medium type-1 (S37) surges. 
BS being steadily cleared but a thick crust remains intact at the base of the levees near site B. Large 
type-1 double surge (S38). 
BS being steadily cleared. Medium type-2U (P39) and small type-20 (S40) surges (Figure 4.12d). 
Channel mostly cleared , but bases of levees at site B still thick. Small type-20 double surge (S41 ). 
Break in FLIR coverage. 
Solid blockage (B6) at site B spalls at front but building at back at same rate, and then shifts down
flow slightly to maintain blockage at same location. Small type-1 (S42) and medium type-1 (S43) 
surges (Figure 4.12e). 
B6 maintaining balance between construction and destruction, and continues to shift new debris 
down-flow to maintain overall position . 
B6 balance maintained until 1 S:26:06 when it is broken into a partial blockage. Two medium type-1 
surges (S44, S4S) generated. Clinker levees being pushed up at and down-flow from site B. 
B6 remains as partial blockage, clinker levees continue to be pushed up. Small type-1 (S46) and 
Medium type-1 (S47) surges lead to small overspill (OF4) onto levees between sites Band C (Figure 
4.12f). 
B6 remains until 1S:46:0S when large type-20 surge (S48) clears out the blockage at site B. Almost 
immediately viscous crust stagnates and reforms a blockage (B7) at site C. 
B7 remains intact. Levees at site A thicken and grow across channel; Lava backing-up at different 
levels behind both blockages. 
B7 at site C and growing levees at site A. Lava flow restricted at different levels. 
Lava flow still restricted at two levels. Blockage at site A (B8) fully formed by 16:17:04 . Small type-
2U (S49) and type-1 (SSO) surges then clear B7 (Figure 4.12g). 
B8 becoming more solid . Down-flow of site B parts of inner levees collapse and are overwhelmed by 
lava. Medium type-1 surge (SS1 ). 
B8 more solid and forming a tube (T2). Small overspill (OFS) onto levee tops down-flow of site B. 
B8 building as a tube. At 16:S1:34 lava is diverted down left bank as a lateral 'a'a flow (OF6). 
Increased flow rate a result of pulse (PS). 
B8 building as a tube. OF6 still active (Figure 4.12h). 
B8 building as a tube. OF6 still active. 

OF6 stops at 17:33. Tube and debris cleared out of channel by pulse (P6) -18:4S, which produces 
channel overspills (OF7) and a forms a bifurcating flow down right bank. Flow still developing into a 
permanent channel branch at end of observations . 
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Appendix A4. Heat loss measured at a lava channel and its implications for 
down-channel cooling and rheology at Mt. Etna, Sicily 

A4.1 Introduction 

Broadly, lava flows can be divided between two distinct styles: channel-fed (e.g. Lipman & Banks, 

1987) and tube-fed (e.g. Hon et al. , 1994). In the channel-fed case the flow surface is poorly 

insulated such that heat losses are extreme (Keszthelyi & Self, 1998). In the tube-fed case, the 

surface is extremely well insulated, such that heat losses are vastly reduced (Keszthelyi , 1995b). 

This divide becomes blurred, however, because slow moving, heavily crusted flows can be as 

efficiently insulated as tube-fed flows, even though they are still channel ized (Harris et al. , 2002). 

In effect the difference defined above is a morphological classification , where a channel-

fed flow is one where the insulating cover, in this case the crustal carapace, rides on top of, and 

thus moves with , the flow. In the second case the insulating cover is decoupled from the moving 

flow. It is thus stationary and fixed, forming static roof above the flow: the tube roof. Thus, in 

terms of heat loss and rheology, emplacement may be better divided into insulated and poorly 

insulated emplacement (Keszthelyi & Self, 1998). Here insulation, whether due to the presence 

of a thick crust or static roof, controls heat loss and hence core cooling and crystallization (e.g. 

Dragoni et al., 1995; Keszthelyi , 1995b; Sakimoto & Zuber, 1998; Dragoni et al., 2002). This in 

turn determines the rate at which the rheology of the flowing lava evolves. Here, poor insulation 

will result in high heat losses and large cooling rates causing viscosities and yield strengths to 

increase more rapidly thereby impeding the motion of the body (Harris & Rowland , 2001 ). 

A number of studies have modeled heat-loss related limits on flow extension, and 

considered the effects of insulation (e.g. Ishihara et al. , 1990; Pinkerton & Wilson , 1994; Harris & 

Rowland , 2001 ). A few have also obtained rare and insightful measurements of down-flow 

cooling, crystallinity and rheological changes (Booth & Self, 1973; Pinkerton & Sparks, 1978; 

Lipman & Banks, 1987; Moore, 1987; Crisp et al. , 1994; Cashman et al. , 1999). Here, cool ing 

rates in tube-fed (insulated systems) are relatively well known (Keszthelyi , 1995b; Sakimoto & 

Zuber, 1998; Clague et al. , 1999; Roeder et al. , 2003), where 1 K km-1 appears to be a typical 

value on which measurements and models have converged. However, cooling rates in channels 

191 



are rich in models (e.g. Danes, 1972; Dragoni, 1989; Ishihara et al., 1990; Crisp & Baloga, 1994; 

Dragoni & Tallarico, 1994; Pinkerton & Wilson , 1994; Harris & Rowland, 2001), but poor in 

measurements. Lipman & Banks (1987) and Cashman et al., (1999) are rare examples of field

base studies that point to a huge range in cooling rates in channelized flow, ranging from 1 to 100 

K km-1 (Harris & Rowland, 2001 ). 

To improve our understanding of heat loss, cooling rates and rheological changes along 

an active lava channel, we present results from a thermal survey of a channelized flow section on 

Mount Etna (Sicily, Italy) using a FUR thermal imager. There follows a presentation of the 

thermo-rheological parameters calculated from these data using standard thermal and rheological 

equations. In short, we are able to use the image data to obtain down-flow surface temperature 

profiles. These can be input into models that use flow cooling to calculate core temperature, 

crystallinity and rheology. 

A4.2 The lava channel 

The lava channel considered here became established within a channel-fed flow field that built on 

the NE flank of the SE crater (SEC) during May 2001 . Effusive activity from SEC had been more

or-less continuous, but somewhat variable in activity style and effusion rate, since January 2001 

(Lautze et al., 2004) and culminated in the July -August south flank eruption (INGV Staff, 2001 ). 

During May 10 - 17 persistent effusion from a vent on the NNE flank of SEC fed flow that, 

by May 15, had extended -1 km to the NE at effusion rates of 2 - 3 m3s-1. By May 28 - 30 

effusion rate increased to 2 - 6 m3 s-1 (Lautze et al. , 2004; Bailey et al., 2005), feeding a flow that 

split into three branches a short distance (< 300 m) below the main vent (Bailey et al., 2005). 

Activity was particularly strong at the NE and E branches, where channel-fed 'a'a flows extended 

-2.5 km to the E. The NE branch remained active through our observation period and was the 

focus of our study. While the evolution of this flow field is described in Lautze et al. (2004), the 

morphology, evolution and flow rates of the channel section considered here is detailed by Bailey 

et al. (2005). 

The targeted channel section represented a 70-m-long length of stable channel that, 
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following the terminology of Lipman and Banks (1987), fed down-flow zones of transitional 

channelized-flow evolving to dispersed 'a'a flow across the distal section (Bailey et al., 2005). 

Our targeted channel-length was thus the upper-most section of a channel-system, extending 

from the lava emission source, which in this case was the mouth of a tube that extended a further 

440-m back to the main vent. This proximal channel section was -3 m wide and contained within 

20-30 m-wide compound levees capped by pahoehoe and 'a'a overflow units. Flow contained 

within the channel was -1 .5 m deep (measured using a length of rebar) but variable in velocity 

such that bulk flow rates varied between 0.2 and 1.3 m3s- 1
. 

Bailey et al. (2005) detail cycles of flow activity, each beginning with a period of free-

flowing lava during which channel velocities were maximum. The channel would, however, 

become steadily more inefficient as a mid-section blockage slowly built. The blockage was only a 

surface feature comprising a clot of jammed crust below which lava continued to flow. It thus 

effectively represented a steadily developing roofed section (here termed hanging blockage) 

below which lava continued to flow. Development of the hanging blockage would impede flow to 

cause up-flow velocity to decline, and flow to back-up so that upstream the flow level gradually 

rose to occasionally overtop the levees. All cycles were terminated by sudden increases in bulk 

effusion rate, during which pulses of lava moved down-channel clearing out hanging blockages 

and returning the channel to it's original, efficient (hanging-blockage-free/un-impeded) free-

flowing form . Flow rates thus varied as the channel moved between free-flowing and impeded 

states (Table A4.1 ). 

Table A4.1. Flow cycles defined by Bailey et al. (2005). 

Cycle Start Time Finish Time Duration Velocity (m s-1) Effusion Rate (m3s-1) 

(minutes) min max min max 

5/30/2001 11 :30 5/30/2001 14:40 190 0.07 0.19 0.3 0.9 

2 5/30/2001 14:40 5/30/2001 18:17 217 0.05 0.21 0.2 1.0 

3 5/30/2001 18: 18 5/30/2001 20:26 128 

4 5/31/2001 15:52 5/31/2001 17:57 125 0.06 0.21 0.3 1.0 

5 5/31 /2001 17:58 5/31/2001 19:45 107 
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A4.3 Instrumentation, data collection and analysis 

Thermal image data were collected using a FLIR Systems ThermaCam PM 595. Although FLIR 

images can be collected at a rate of 1 image/second, our channel data were collected using 10, 

15 and 30-second intervals, sample rates selected to maximize temporal coverage. This was 

otherwise limited by our data storage capacity and the FLIR battery lifetime. A total of 2106 

images were collected covering -8 hours: 3.7 and 4.2 hours on May 30 and 31 , respectively 

(Table A4.2). 

The FLI R operates in the 7 .5 - 13 µm spectral range and records a 320 x 240 pixel 

image in which a temperature is output for each pixel. Temperatures are automatically corrected 

for surface and atmospheric path length effects using an emissivity and line-of-sight distance, as 

well as in-situ humidity and air temperature measurements, measured and input at the beginning 

of each session. Absolute measurement accuracy is ±2 K or ±2 % of the reading . This coupled 

with uncertainty in emissivity, 0.95 ±0.02 for Etna basalt at -3.5 and -10 - 12 µm, mean that we 

choose to round all of or temperature data to the nearest 10. Over the typical line of sight 

distance in this study (-100 m), each pixel corresponds to a 0.15 m diameter square area. 

The FLIR was used to record image sequences for a - 70 m long length of channel 

(Figure A4.1 ). This section covered the uppermost channel section , extending down flow from 

the channel source, i.e. the point where the lava exited the tube. To collect these images, the 

FLIR was tripod mounted . When left to record time series in such a stable set up, the images 

represent a time series for a fixed and stable area. This facilitates simple image-to-image 

comparisons and allows thermal profiles for the same, fixed , channel section to be automatically 

extracted for analysis and comparison . We achieved this by defining 15 regularly spaced points 

down-channel and located centrally in the channel so that they were entirely filled with active lava 

(Figure A4.1 ). The pixel locations for these points were then used to extract thermal profiles from 

each image (Table A4.2). In addition , maximum velocities (Vmax) were obtained by tracking 

pieces of crust as they moved down the center of the flow on sequential images. Following 

Calvari et al. (2003), these were used to estimate bulk effusion rates (E,) from E, = 0.67 Vmax d w, 

in which wand dare flow width and depth (Table A4.3). 
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Table A4.2. FLIR data sets and extracted thermal profile statistics 

DATA SET: 
Start Time: 
Finish Time: 
Duration : 
Good Images: s 
Bad Image: 
Total Images: 
Sampling Interval (s) 

SP-30-1 
5/30/01 , 14 :46 
5/30/01 , 16:28 

1 :42 
590 
18 

608 
10 

SP-30-2 
5/30/01 , 16:39 
5/30/01, 18:43 

2:04 
739 

7 
746 
10 

SP-31-1 
5/31/01 , 11 :49 
5/31/01 , 13:58 

2:10 
259 

0 
259 
30 

SP-31-2 
5/31/01 , 15:02 
5/31/01 , 17:05 

2:04 
478 
16 

494 
15 

TOTAL 
5/30/01 , 14:46 
5/31/01, 17:05 

7:59 
2066 

41 
2107 

Temperature {°C} 
min max mean cr 

Temperature {°C} 
min max mean cr 

Temperature (°C) Temperature {°C} Temperature (°C) 
Point (Distance, m) 
SP1 ( 0) 
SP2 ( 5) 

SP3 (10) 
SP4 (15) 
SP5 (20) 
SP6 (25) 
SP? (30) 
SP8 (35) 
SP9 (40) 
SP10 (45) 
SP11 (50) 
SP12 (55) 
SP13 (60) 
SP14 (65) 
SP15 (70) 
All Points 

Total Surface Cooling 
lffsurtldx (°C/m) 

700 850 770 40 700 780 740 20 
680 820 760 40 670 810 740 30 

680 840 7 40 30 670 820 740 30 
660 830 750 40 660 830 730 40 
600 820 710 40 650 810 730 40 

min max mean 
720 980 900 
670 860 800 
670 850 810 
690 870 790 
700 830 760 

220 810 670 100 470 780 660 80 670 810 730 
300 820 620 150 350 750 580 90 480 840 690 
270 810 570 140 320 760 490 120 310 870 670 
220 740 460 150 250 780 460 130 420 940 800 
250 920 600 160 260 910 500 130 390 910 790 
450 980 800 100 230 890 630 130 510 830 740 
480 910 780 60 340 940 700 110 330 770 630 
460 870 740 50 330 940 740 70 220 780 540 
220 830 720 50 330 880 650 120 370 780 550 
220 840 710 50 220 830 620 140 530 780 630 
220 980 690 130 220 940 650 140 220 980 720 

60 
<1 

100 
-1 

270 
-3 

cr min max mean cr min max mean cr 
70 520 970 840 130 520 980 790 90 
30 530 860 770 50 530 860 760 40 
20 540 870 780 40 540 870 760 40 
40 600 840 750 50 600 870 750 40 
30 520 810 710 60 520 830 720 50 
30 320 780 550 140 220 940 610 140 
70 340 870 630 140 300 870 620 130 
110 370 840 700 120 270 870 580 150 
80 320 970 740 120 220 970 570 190 
60 390 900 770 70 250 920 630 170 
50 390 840 720 50 230 980 720 120 
140 500 810 690 50 330 940 710 100 
180 300 800 600 100 220 940 680 120 
110 280 860 600 120 220 880 640 120 
60 220 810 670 60 220 840 660 100 
130 220 970 700 120 220 980 680 130 

175 
-2 

132 
1.45 



Figure A4.1 FUR thermal (top) and photographic digital (bottom) images of the proximal channel 
section showing sample locations used for thermal profile extractions (SP01-SP15) and main 
morphological features. Channel is -3 m wide , and distance SP01-SP15 is 70 m. 
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Flow surface temperatures were also measured from a distance of 3 m using a Land

Minolta 152 thermal infrared thermometer. Over this line-of-sight distance, the 0.5° field of view 

of th is instrument means that a 1 cm wide surface area was considered . Finally, flow core 

temperatures we obtained using a K-type thermocouple. 

A4.4 Channel temperature measurements 

A4.4.1 Surface and core temperatures 

A total of 168 surface temperature measurements were made with the Land-Minolta 152 thermal 

infrared thermometer: 84 across the central plug zone and 84 across the marginal shear zones 

(Table A4.4). The flow surface displayed the classic two-component thermal structure described 

by Crisp and Baloga (1990). In our case the two components were represented by crust at 

temperature Tcrust and high temperature molten material at Tcrack (Figure A4.2). Within each zone, 

measurements were split such that 42 measurements were made of the crusted and molten 

components, respectively (Table A4.4 ). 

Across th is proximal channel section , the crust comprised a relatively high temperature , 

thin , plastic skin . This was broken by zones of higher temperature, incandescent material. A 

crust-dominated zone occupied a 0.75-to-1 .2-m wide central plug zone characterized by a 

relatively coherent crust composed of broad plates of thin , plastic crust that generally lacked high 

temperature cracks (Figure A4.2). This was bounded by 0.9-to-1 .1-m wide marginal shear zones , 

across which the temperatures and coverage of exposed molten material were greater (Table 

A4.4). Across these marginal zones, crust was represented by embryonic, spiny swirls of 'a'a 

(Figure A4 .2), that were of similar temperature to that of crust in the central plug zone (Table 

A4.4), surrounded by moats of high temperature , incandescent lava. 

These temperatures are in good agreement with the FLIR pixel temperatures and show 

that the FLIR temperatures are integrated temperatures that may be used to approximate the 

effective radiation temperature (Te) of the flow surface, where T0 = [fTcrus1
4 + (1-f) Tcrack4

]
114 (Crisp 

& Baloga, 1990). If, following the data given in Table A4.4, we set Tcrust to 930 K, and T crack to 
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Table A4.3. FUR data sets and extracted velocity, effusion rate and heat source parameters 

Max. Mean Bulk DRE O cryst Oadv O visc 
Velocity Velocity Effusion Effusion (W m-2

) (Wm-2
) (W m-2

) 

(m s-1) (m s-1) Rate Rate 
(m3 s-1) (m3 s-1) 

Data Set: 30-1 
Minimum 0.11 0.07 0.33 0.26 2000 2100 400 
Maximum 0.29 0.19 0.87 0.68 5300 5600 1000 
Mean 0.18 0.12 0.53 0.42 3300 3500 600 
St Dev 0.04 0.03 0.13 0.10 800 800 100 

Data Set: 30-2 
Minimum 0.10 0.07 0.31 0.25 1900 2000 300 
Maximum 0.21 0.14 0.65 0.51 3900 4200 700 

Mean 0.17 0.11 0.50 0.39 3000 3200 600 
St Dev 0.03 0.02 0.08 0.07 500 500 100 
Data Set: 31-1 
Minimum 0.07 0.05 0.21 0.16 1300 1300 200 
Maximum 0.19 0.13 0.58 0.45 3500 3700 600 
Mean 0.13 0.09 0.39 0.30 2400 2500 400 
St Dev 0.05 0.03 0.14 0.11 900 900 200 
Data Set: 32-2 
Minimum 0.05 0.03 0.15 0.12 900 1000 200 
Maximum 0.21 0.14 0.64 0.50 3900 4100 700 
Mean 0.13 0.09 0.40 0.31 2400 2600 400 
St Dev 0.04 0.03 0.12 0.10 800 800 100 
ALL DATA 
Minimum 0.05 0.03 0.15 0.12 900 1000 200 
Maximum 0.29 0.19 0.87 0.68 5300 5600 1000 
Mean 0.15 0.10 0.46 0.36 2800 3000 500 

St Dev 0.04 0.03 0.13 0.10 800 800 100 

Table A4.4. Land-Minolta 152 thermal infrared thermometer channel surface temperatures. 

Plug Zone Shear Zones Both Zones 

Crack Crust Crack Crust Crack Crust 

No. 42 42 42 42 80 80 

Min (°C) 730 660 870 680 730 660 

Max (°C) 950 830 1040 880 1040 880 

Mean (°C) 830 760 930 790 880 770 

CJ 50 30 40 40 70 40 
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Figure A4.2 Photograph of the flow surface showing the two thermal components: crust at Tcrust 
occupying fraction f of the surface and molten material at temperature Tcrack comprising the 
remainder (1-f} of the suface. 
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1350 K, we find a crust coverage (f) of 0.97 gives the mean surface temperature obtained from all 

FUR images (960 K, Table A4.2). Hence, as observed in Figure A4.2 , our integrated surface 

temperature appears consistent with a surface dominated by a high temperature crust, broken by 

zones where molten higher incandescent material is exposed. We thus use the FUR 

temperatures to approximate the effective radiation temperature for a two-component flow 

surface that characterizes this length of channel. 

A4.4.2 Down-flow surface temperature profiles 

FUR-derived surface temperatures vary between -470 and 1250 K, with a mean and standard 

deviation of 953 and 130 K. Surface temperatures show a general decline down-channel from a 

typical value of 1060 K at the source to -950 K seventy meters down-flow (Table A4.2). Two 

end-member temperature profiles can be identified , associated with the free-flowing and impeded 

channel states, respectively (Figure A4.3). In the free-flowing case, temperatures are generally 

higher and typically remain between 990 and 1100 K along the entire channel length. In the 

impeded case, however, the blocked section is marked by significantly cooler surface 

temperatures (-570 K), with surface temperatures recovering down-flow of the blockage as 

conditions of free-flow re-establish (Figure A4.3). In effect, the blocked section marks a short, 

roofed , section. 

A4.5 Channelized-flow heat budget and cooling 

A4.5.1 Heat budget 

The heat budget for a length of active lava channel can be described by: 

O cryst + O adv + O visc = O rad + O conv + O rain + O cond + O ent ( 1) 

Where the left hand side of this balance includes the heat sources, and the right hand side gives 

the heat sinks. We next define and approximate each of these terms, where all variables are 

defined in Appendix A4a. 
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Figure A4.3 FUR images showing (a) free flow and (b) impeded flow conditions, with (c) the 
surface temperature profiles obtained for the two images. 
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A4.5.2 Heat of crystallization (Ocryst) and advected heat (Oadv) 

Of the heat sources, Ocrys1 describes latent heat released during post-eruption crystallization and 

is given by: 

Ocryst = 8T/8x V d p L 8<j>/8T (2) 

where 8T/8x is cooling per unit length, V, d, p, L and 8<!>/8T are mean flow velocity, channel 

depth, lava density (2600 kg m·3 , or 2030 kg m·3 if corrected for 22 % vesicles, Appendix A4b) 

latent heat of crystallization (3 .5 x 105 J kg-1) and mass fraction of crystals grown per Kelvin 

cooling . 

For lava flowing in a -3 m deep channel at 0.3 - 0.5 m s·1 on Kilauea, Cashman et al. 

(1999) measured core cooling rates (8T/8x) of 4 - 7 K km·1 over the proximal channel section. 

This compares with cooling rates of -0.6 K km·1 for lava moving at 1 - 15 m s·1 in the -5.5 m 

deep master channel during the Maun a Loa 1984 eruption (Lipman & Banks, 1987; Crisp et al. , 

1994 ). These studies give crystallization rates of 0.05 - 0.08 and 0.01 - 0.04 volume fraction per 

kilometer, respectively, which translates to 0.007 - 0.08 <j>K-1. Using these values in Equation (2) 

we obtain Ocryst in the range 1 - 13 x 105 W m·2 (Table A4.5). 

Hawaiian lavas typically have eruption temperatures of -1420 Kand are apheric-to-low

phenocryst (e.g . Cashman et al. , 1999; Roeder et al. , 2003). In contrast, Etnean lavas have 

eruption temperatures of -1350 K (Tanguy, 1973; Archambault & Tanguy, 1976;Tanguy & 

Clocchiatti , 1984; Armienti et al. , 1994; Calvari et al. , 1994) and contain typically -34% 

phenocrysts (Appendix A4c). Thus, we may expect somewhat lower crystallization rates at Etna. 

Indeed, using an Etnean composition in MEL TS (Ghiorso & Sachs, 1995) predicts maximum 

crystallization rates of 0.006 <!>K-1, and -0.003 <j>K-1 in the cooling range 1350 - 1330 K (Table 

A4 .6). These rates give somewhat lower Ocryst for our Etnean case of 1-5 x 103 W m·2 (Table 

A4.3). 

The equation for heat advected into the flow takes a similar form to that which describes 

Ocryst and can be written: 

O adv = 8T/8x V d p cp (3) 
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Table A4.5. Heat sources and sinks, with resulting cooling rates, calculated for Etna, Kilauea (1997 channel of Cashman et al. , 1999) and Mauna Loa 
[1984 channel (Lipman & Banks, 1987)] . Kilauea and Mauna Loa and calculated using the heat sinks derived from the Etna data set. 

Mean Velocity (m s·1
) 

Channel depth (m) 
Density (kg m3

) 

L (J kg·1 K"1) 

Crystallization (<Q K"1) 

Cp (J kg·1 K"1
) 

Ocryst (W m"
2

) 

Oadv (W m·2 ) 

Ovisc (W m·
2

) 

Orad (W m·2) 

01ree (W m·
2

) 

Otorce (W m·2 ) 

Orain (W m·2 ) 

Ocond (W m·
2

) 

Oent (W m·2 ) 

8T/8x (01ree) K km-1 

8T/8x (01orce) K km-
1 

8T/8t (Otree) K h"
1 

8T/8t (Otorce) K h"
1 

0.1 
1.5 

2030 
3.5 x 105 

0.003 
960 

(1) Etna 
H1ree (W m·2K-1) 

H1orce (W m·2K-1) 

10 
50 

2030 
3.5 x 105 

0.013 
960 

(2) Kilauea 
H1ree (W m·2K-1) 

H1orce (W m·2K-1) 

0.5 
3 

2030 
3.5 x 105 

0.047 
960 

(3) Mauna Loa 
H1ree (W m"2K-1) 1.00 
H1orce (W m·2K-1) 5.5 

Min Max Median Min Max Median Min Max Median 
9x102 5x103 3x103 4x104 7)(fo4 -- 6xfo4

H- 3x105 1x106 8x105 

1 x 103 6 x 103 3 x 103 1 x 104 2 x 104 1 x 104 3 x 104 4 x 104 3 x 104 

2 x 1 02 1 x 1 03 6 x 1 02 2 x 1 03 3 x 1 04 2 x 1 03 1 x 1 04 1 x 1 04 1 x 1 04 

2 x 1 04 7 x 1 04 5 x 104 

5 x 103 8 x 1 03 7 x 1 03 

3 x 1 04 4 x 1 04 3 x 1 04 

0 2 x 1 02 1 x 1 02 

8 x 102 1 x 1 03 9 x 1 02 

0 0 0 

-50 -130 -90 -2 -5 -3 -0.1 -0.4 -0.2 
-80 -180 -130 -3 -7 -5 -0.2 -0.5 -0.4 

-20 -50 -30 -3 -9 -6 -0.4 -1 .3 -0.8 

-30 -70 -50 -5 -12 -9 -0.7 -1.9 -1 .3 



in which cp is lava specific heat capacity [1230 J kg·1 K-1, or 960 J kg·1 K-1 if corrected for 22% 

vesicles, Appendix A4b]. For the Kilauea and Mauna Loa cases given above, this gives O adv of 1-

2 x 104 and 3-4 x 104 W m·2 , respectively, i.e. lower than the contribution of O cryst (Table A4.5). 

However, for the Etnean case we obtain O adv of 1-5 x 103 W m·2 (Table A4.3), i.e. of the same 

order of the contribution of O cryst · 

Table A4.6. Crystall ization rates calculated using melts (Ghiorso & Sachs, 1995) with a typical 
basaltic composition taken from Wi lson (1989). 

Temperature Liquid Solids 
Mass Fraction Xtals per Mass 

(oC) Mass (g) Mass (g) S ~~w( ) New Solids per Degree Fraction 
0 1 

s g 10 °C Ste~ Cooling Microlites 
1140 55 44 
1120 45 55 10 0.11 0.005 0.11 
1100 33 67 12 0.12 0.006 0.23 
1080 25 74 8 0.08 0.004 0.30 
1060 21 78 4 0.04 0.002 0.34 
1040 18 81 3 0.02 0.001 0.37 
1020 17 83 2 0.02 0.001 0.39 
1000 15 84 0.01 0.001 0.40 
980 14 85 0.01 0.001 0.41 
960 13 86 0.01 <0.001 0.42 
940 13 87 0.01 <0.001 0.43 
920 12 87 0.01 <0.001 0.43 
900 12 88 <0.01 <0.001 0.44 

A4.5.3 Viscous heating (Ovisc) 

Viscous heat is generated by flow internal friction and is described by. 

O visc = p g V d sin(9) (4) 

in which g is acceleration due to gravity and 9 is slope. For our case th is gives O visc of 160 - 970 

W m·2 , somewhat less than O cryst (Table A4.3). Obviously O visc increases with velocity and depth, 

as well as slope (e.g. Table A4.5). Increasing velocity and depth will also cause O cryst to increase 

by a matching amount, however increasing slope to 45° will only raise to 1 - 5 x 103 W m·2
, i.e. 

the same levels as O cryst · Thus, only on extremely steep slopes does O visc become as significant 

as O cryst as a source of heat (Keszthelyi , 1995b ). 
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A4.5.4 Surface heat losses (Orad' Oconv and Orain) 

Surface heat losses are represented by radiative and convective heat losses (Orad and Oconv). 

plus heat loss due to rain falling on the flow (Orain)· Orad and Oeonv take a similar form and are 

given by: 

Orad = c CY (Tsu/ - T air
4

) 

Oeonv = he (T surf - T air) 

(5) 

(6) 

These equations consider the flow surface temperature (Tsurf) and overlying atmospheric 

temperature (Ta;,, -290 K), as well as surface emissivity (c), the Stefan Boltzmann constant (cr), 

and the convective heat transfer coefficient (he). In still air conditions, where convection cells are 

able to build, free convection dominates (Otree). In such cases, he is represented by the heat 

transfer coefficient for free convection (htree). Otherwise, in windy conditions, forced convection 

operates (Otoree). where he is represented by the forced convection heat transfer coefficient (htorce). 

Convective heat transfer coefficients calculated using Appendix A4d give he of 5-10 W 

m·2 K-1. These compare with values of 40 - 50 W m·2 K-1 measured by Keszthelyi et al. (2003), 

and of 30-150 W m·2 K-1 obtained by Keszthelyi & Denlinger (1996), and suggest that the 

calculated values are possibly a little low, especially for the forced convection case. Comparing 

convective heat loss obtained using these heat transfer coefficients with radiative heat loss, 

shows that Oract should dominate at surface temperatures greater than - 720 K (Figure A4.4; 

Keszthelyi et al., 2003 ). Using typical surface temperatures measured at our channel of 950±130 

K (Table A4.2), with he -10 W m·2 K-1, gives Orad of 2 - 7 x 104 W m·2 and Oeonv of 0.5 - 0.8 x 104 

W m·2
. Increasing he to -50 W m·2 K-1

, causes Oeonv to rise to 3 - 4 x 104 W m·2 (Table A4.5). 

In cases where rain is falling on the flow surface , heat is lost during heating and 

evaporation of rainwater. In this case, heat loss is given by: 

Ora in = 8R/8t P tt20 LH2o + (7) 

in which 8R/8t is the rainfall rate , p82o is the density of water [960 kg m·3 for water at -370 K, 

Kays & Crawford (1980)] and L 82o+ is latent heat of evaporation plus heat required to warm 
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water to -370 K [-3 MJ kg-1, Keszthelyi (1995b)]. Given maximum 8R/8t of -10-7 m s-1 (Harris & 

Rowland , 2001 ; Rowland et al. , 2004), we obtain Orain of 250 W m-2 , i.e. 1 to 2 orders of 

magnitude less than heat loss due to radiation or convection at these temperatures (>820 K). 

Orain. for open channel flow is thus insignificant when compared with Orad and Oconv· Further, rain 

was not falling during our measurements thus, in our case, we set Orain to zero. 

A4.5.5 Heat loss due to basal conduction (Ocond) 

Heat loss through the channel floor by steady state conduction can be calculated using Fourier's 

Law: 

Ocond == -k 8T/8h (8) 

in which k is thermal conductivity (-1 W m-1 K-1 ) and 8T is the temperature difference across the 

thermal boundary layer of thickness 8h. In this case 8T will be the difference between the lava 

flow core temperature (Tcore) and the underlying country rock at T ambient (Bussey et al. , 1995; 

Fagents & Greeley, 2001 ). Initially, as lava advances over a cold surface, 8h is represented by a 

thin basal crust, meaning that 8h may be extremely small and Ocond very high. For example, 

given a 1 cm thick glassy crust on base of an advancing pahoehoe flow, with Tcore of 1350 K and 

Tambient 270 K, gives Ocond of -105 W m-2. Thus Ocond will be a significant-to-dominant heat loss 

mechanism over the first few seconds-to-minutes of cooling (Keszthelyi , 1995b; Harris et al., 

1998). However, after 24 hours heating of the substrate will increase 8h to -50 cm, and to -1 m 

by 50 hours (Bussey et al. , 1995; Fagents & Greeley, 2001), decreasing Ocond to -103 W m-2. 

Variation in Ocond with time since flow emplacement (t in seconds) can be assessed 

following Turcotte and Schubert (1982) from: 

Oconct == k (T core - T ambient) I ,/ ( n a t) (9) 

in which a is the thermal diffusivity of basalt (3 x 10-7 m2 s-1). Thus, heat loss by conduction will 

decrease with the square root of time. By the time of our measurements the flow had been active 
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at this location for around 14 - 21 days meaning that Ocond would have declined to <103 W m-2. 

Thus, Ocond will play an increasingly insignificant as the channel matures. 

A4.5.6 Heat loss due to entrainment (Oent) 

Following Crisp & Baloga (1994 ), cooling of the flow core by entrainment of surface crust can be 

described by: 

Oent = Ph [Cp (Tcrust - Tcore) + L (~e - ~) ] / 'tcrust (10) 

Term 1 Term 2 

in which h, Tcrust. and ~e are the th ickness, temperature and crystallin ity of the entrained crust, 

and Cp, T core and ~ are the specific heat capacity, temperature and crystallinity of the lava core . 

Finally parameter 'tcrust is the timescale for the survival of a piece of surface crust (Keszthelyi and 

Self, 1998). In Equation (10), term (1) describes heat loss by entraining cool material into the hot 

flow core, and term (2) describes heat loss by partially melting the entrained material to the same 

crystal content as the core. 

Here we include the entrainment term for completeness, but do not consider it in our 

analysis from here-in for two reasons. First, the terms in Equation (10) are currently difficult to 

parameterize with confidence . Indeed, the process of entrainment is a poorly understood feature 

of lava flow emplacement that requires further fi eld parameterization (Crisp & Baloga, 1994; 

Harris & Rowland , 2001 ). Second, we did not observe any foundering or entrainment of surface 

crust during our measurements of this channel section. Thus we assume that heat loss due to 

entrainment was zero across the observed channel section. 

A4.5.7 Flow cooling 

By combining and rearranging Equations (1) to (7) and (9) to (10), core cooling can be calculated 

from: 

8T/8x = [Qvisc - Orad - Oconv - Orain - Ocond - Oent] / [V d P (L 8~/8T + Cp)] (11) 
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This Equation is an extension of the approach of Crisp & Baloga (1994), Keszthelyi & Self (1998), 

and Cashman et al. (1999), although these approaches did not consider the full lava flow heat 

budget presented here. The latter case, for example, considers just O rad in the heat loss portion 

of the thermal budget, and the former neglect O ra;n and O cond· 

Applying this Equation to our data yields core cooling rates of 50 - 180, 2 - 7 and 0.1 -

0.5 K km-1 for the Etna, Kilauea and Mauna Loa cases considered , respectively (Table A4.5). In 

the latter two cases these calculated values compare favorably with measured values (i.e ., 4 - 7 

K km-1 and 0.5 - 0.7 K km-1 for Kilauea and Mauna Loa, respectively) . Following Equation (11) it 

is clear that increased flow velocity and channel depth will serve to reduce cooling rates. Here, 

an examination of Equations (1) to (10) shows that while increased velocity and depth (which 

likely correlate with higher eruption rates) result in increased heat generation, the magnitude of 

the heat sinks remain roughly the same. Thus increased channel velocities and/or depths result 

in decreased cooling rates. Here, the order of magnitude differences in oT/ox between our three 

cases reflect order of magnitude differences in channel velocity and depth (Table A4.5) as well as 

effusion rate, these being -0.5, -20 and -200 m3 s-1 for the three cases , respectively. We return 

to this issue in the Conclusion. 

However, the Equation (11) approach considers cooling rates integrated over the entire 

channel length . As a result, by assuming constant (but broadly typical or averaged) down

channel heat loss, we calculate a flow-length-averaged or cooling rate integrated over the entire 

section. Such an approach is necessary if, as in studies to date, we lack down-channel thermal 

profiles. In such cases we have to assume typical values based on field measurements (e.g. 

Keszthelyi & Self, 1998). However, models such as Ishihara et al. (1990) and Harris & Rowland 

(2001 ), rather than inputting and outputting integrated values , allow variables to be adapted 

down-flow. This allows down-flow cooling to be simulated for all points down-flow, permitting 

improved fits to field collected model-calibration data (e .g. Harris & Rowland , 2001 ). 
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A4.6 Down-flow heat loss and cooling profiles using FLOWGO 

A4.6.1 FLOWGO model 

The FLOWGO model of Harris & Rowland (2001) is a kinematic, self-adaptive model to describe 

the down-flow thermal and rheological evolution of channel-contained lava. The model steps a 

control volume in 1-meter increments down a channel of known dimensions, cooling and 

crystallizing the control volume depending on the heat budget. In our application to the Etnean 

case considered here, we assume that heat loss due to rain is zero, where no rain fell during the 

experiment. In addition, the channel had been active for around 2 to 3 weeks such that 

conductive cooling would have been insignificant. Thus we simplify Equation (11) to 

oT/ox = [O.,;se - Orad - Oeanvl I [V d p (L o<j>/oT + Cp)] (12) 

note that cooling rate per unit time can now be calculated from oT/ot = V oT/ox, i.e. the product 

of multiplying ox/ot and oT/ox. At the end of each 1-meter step the core temperature (Teare) is 

reduced by oT/ox and crystallization per meter (o<j>/ox) is calculated by multiplying oT/ox and 

o<j>/oT. Now total crystal content of the control volume ( <j>) is obtained by calculating the 

cumulative post-eruption microlite crystallization plus the phenocryst crystal content (Harris & 

Rowland , 2001 ). 

Calculation of these values, allow temperature and crystal dependant viscosity (11) and 

yield strength ('to) to be calculated from: 

to 

= [ (1 - R<j> ro 25] [ llerupt exp a(Terupt -Teare)] 

= [ 6500 <1>2.85] [b exp c(Terupt - Teare)_ 1] 

(13) 

(14) 

In each case terms 1 and 2 take into account the rheological effect of crystals and temperature, 

respectively (Dragoni, 1989; Pinkerton & Stevenson, 1992), where all terms are defined in 

Appendix A4a . Now, following Jeffrey's (1925) and Moore (1987) mean velocity (Vmean) in a 

roughly semi-circular channel can be calculated using: 

Ymean = [r2 pg sin(9) I 811] [1 -(4/3) (toh) + (1 /3) (toh)4
] (15) 
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In which r is channel radius and -c is basal shear stress [ = d p g sin( D)]. We ran the model in 

two modes. First, we used the measured velocities given in Table A4.3, and second using the 

calculated velocity. In the first case, velocity is constant down channel , and in the second it is 

variable being calculated at each step using Equation (15) with the new viscosity and yield 

strength values calculated using Equations (13) and (14). 

The difference between previous heat loss based flow emplacement models (e.g. 

Ishihara et al ., 1990; Keszthelyi & Self, 1998, Cashman et al ., 1999; Harris & Roland , 2001) and 

the one given here, is that all past models have had to assume or simulate a surface temperature 

to calculate heat losses. Here, however, we use the input thermal profiles to calculate the heat 

losses at each point down channel , where the model was run using each of the 2066 thermal 

profiles extracted from the FUR data for this channel. 

A4.6.2 Results 1: Down-channel heat budget 

While heat losses due to radiation and convection were 5 x 104 W m-2 and 3 x 104 W m-2, 

respectively, heat generated by latent heat of crystallization was -6 x 104 W m-2. Heat generated 

by viscous dissipation was trivial , -400 W m·2 (Table A4.7). This gives a net heat loss of -2 x 104 

W m-2 (= O cryst - O rad - O torce ). 

Examining the down flow variation in heat loss, we note a general reduction in heat loss 

across the central section of the channel (Figure A4.5). This relates to the channel section at 

which hanging blockages formed , representing a cooler zone of ephemeral roof. The increased 

insulation that th is section provides the flow is apparent in Figure A4.5 where in free flowing 

sections total heat losses are typically 8 - 11 x 104 W m-2
, as opposed to 6 - 7 x 104 W m-2 

across the insulated zone. Across this zone, following the relationship apparent in Figure A4.3, 

reduced surface temperatures mean that the relative contribution of O conv to 0 101 (= O conv + O rad ) 

increases. In free flowing zones, surface temperatures are typically 990 - 1090 K and O conv 

typically contributes 35 - 40 % to Q 101• Across the insulated zone, where surface temperatures 

are typically 900 - 910 K, this contribution increases to 40 - 45 % (Figure A4.5). 
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Table A4.7. Model-calculated thermal, cooling , crystallinity, and rheological parameter 

DATA SET: SP-30-1 SP-30-2 SP-31-1 SP-31-2 ALL DATA 
Start Time: 5/30/01 14:46 5/30/01 16:39 5/31/01 11 :49 5/31 /01 15:01 5/30/01 14:46 
Finish Time: 5/30/01 16:28 5/30/01 18:43 5/31/01 13:58 5/31/01 17:05 5/31/01 17:05 
Mean Velocity 0.12 m s-1 0.11 m s-1 0.09 m s-1 0.09 m s-1 0.10 m s-1 

Mean E, 0.42 m3 s-1 0.39 m3 s-1 0.30 m3 s-1 0.31 m3 s-1 0.36 m3 s-1 

O visc 460 W m-2 430 W m-2 340 W m-2 350 W m-2 400 W m-2 

min max mean cr min max mean cr min max mean cr min max mean cr min max mean cr 
O rad (x 104 W m-2 ) 0.3 13 5 2 0.3 12 4 2 0.3 13 6 2 0.3 13 5 2 0.3 13 53 0.2 
Ororce (x 104 W m-2) 1 5 3 1 1 5 3 1 1 5 4 1 1 5 3 1 1 5 3 0.03 
Orree (x 104 W m-2) 0.2 0.8 0.5 0.1 0.2 0.7 0.5 0.1 0.2 0.8 0.6 0.1 0.2 0.8 0.5 0.1 0.2 0.8 0.5 0.004 
O cryst (x 104 W m-2 ) 1 18 8 3 0.3 12 4 2 0.3 13 6 2 0.3 13 5 2 0.3 18 6 3 

Cooling (°C m-1) -0.5 -0.03 -0.2 0.1 -0.3 -0.01 -0.1 0.1 -0.5 -0.01 -0.2 0.1 -0.5 -0.01 -0.2 0.1 -0.5 -0.01 -0.2 0.01 
Cooling (C s·1

) -0.1 0.00 -0.03 0.01 -0.04 0 -0.01 0.01 -0.02 0 -0.01 0.01 -0.03 0 -0.01 0 -0.1 0 -0.02 0 
T core (°C) 1056 1074 1066 5 1064 1074 1070 2 1057 1074 1068 4 1060 1074 1068 4 1056 1074 1068 1 
o<j>/ox (x 104 

<!> m·1) 1 14 7 2 0.2 10 4 2 0.3 14 6 3 0.30 14 6 2 0.2 14 6 0.4 
Total xtals (%) 36 41 38 1 36 39 37 1 36 41 38 36 41 38 1 36 41 38 0.3 
Viscosity (x 103 Pas) 7 24 12 4 7 14 9 2 7 23 12 3 7 19 11 3 7 24 11 
Yield Strength (Pa) 350 530 420 40 350 450 390 20 350 530 420 40 350 500 410 40 350 530 410 10 

Cooling (C km-1) -470 -30 -220 70 -330 -7 -120 60 -480 -10 -210 90 -460 -10 -190 80 -480 -30 -220 60 
Cooling (C h"1

) -200 -10 -110 20 -130 -3 -50 20 -90 -3 -40 20 -100 -3 -5() 20 -200 -10 -110 20 

N ...... 
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A4.6.3 Results 2: Down-channel cooling and crystallization 

The net heat loss translates to a typical down-channel cooling rate for the flow core of -0.2 K m-1 

(0.1 K s-1). However, the cooling rate is variable down channel and between differing flow 

phases. For example, the insulating effect of the hanging blockage is apparent in the trend of the 

mean core cooling rate, where cooling rates are lower across the blocked section when 

compared to the free-flowing section (Figure A4.6). In addition , thicker more extensive crusts 

forming during periods of sluggish , impeded, backed-up flow results in increased insulation and 

reduced cooling rates. For example, during a period of free-flow during 14:45 - 15:20 on May 30 

velocities peaked at -0.2 m s-1 and cooling rates were typically -0.04±0.01 K s-1 (no. = 193). 

However, during a period of sluggish flow on May 31 (15:40 - 15:55) velocities fell to less than 

0.1 m s-1 and cooling rates declined to -0.02±0.01 K s-1 (no. = 119). 

The insulating effect of the hanging blockage can clearly been seen in the down-channel 

cooling rate trends (Figure A4.6). During free-flow, variation in down-flow cooling (variance = 

0.002, mean = 0.3 K m-1, cr = 0.1) is less than during impeded flow (variance = 0.012, mean = 0.2 

K m-1
, cr = 0.1 ). Indeed, during impeded flow cooling rates across the section of hanging 

blockage decline from -0.3 K m-1 in the upper and lower free flowing section to less than 0.1 K m-

1 across the section insulated by the hanging blockage (Figure A4.6). 

These cooling rates give a typical decrease in core temperature over this 70-m-long 

section of -11 K (Figure A4. 7). At the same time, crystallization due to core cooling at a rate of 

-6 x 10-4 <!> m-1, results in an increase in crystallinity by -4 %. Given an eruption temperature and 

phenocryst content of 1350 K and 36 %, this gives a core temperature and crystallinity at the end 

of our measured channel section of -1340 K and -40 %, respectively (Figure A4. 7). Again, the 

effect of the roofed section is apparent from a decrease in crystallization rates in the section 

extending between the 25 and 45 m down-channel markers (Figure A4.8). 
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A4.6.4 Results 3: Down-channel rheology 

Using Equations (12) and (13) we obtain a typical , averaged across the section , viscosity of -104 

Pa s and yield strength of -400 Pa s. Given calculated starting values of T] = 7 x 103 Pa s and -r0 

= 350 Pa, down flow cooling and crystallization cause viscosity and yield strength to increase to 

16 x 103 Pas and 470 Pa over this proximal 70 m channel length (Figure A4.9). 

A4.6.5 Results 4: Down-channel velocity 

Our model-predicted velocity shows a down-flow decline as core cooling and crystallization forces 

viscosity (and yield strength) upwards (Figure A4.10). Here we note differences between our 4 

cases (Figure A4.10): 

(1) Unimpeded (Fast) - Free flow at relatively high velocity (-0.2 m s-1
). Low 8T/8x (0.3 K m-1 • 

0.04 K s-1
) mean that rates of core cooling and crystallization are reduced, such that 

viscosities remain low and flow velocity decay is minimized in spite of relatively poor 

insulation. 

(2) Unimpeded (Slow) - Free flow at relatively low velocity (-0.1 m s-1
). High 8T/8x (0.5 K m-1, 

0.04 K s-1) mean that rates of core cooling and crystallization are increased, such that 

viscosities increase more rapidly and flow velocity decay is maximized. Here, low velocities 

and poor insulation mean that cooling rates per meter are extreme. 

(3) Waning - Free-to-impeded flow at moderate velocity (-0. 1 m s-1
). Developing hanging 

blockages cause impedance to flow, but increased insulation from the building hanging 

blockage allow for relatively low 8T/8x (0.3 K m-1
• 0.03 K s-1

) . This results in moderate core 

cooling and crystallization rates , such that viscosity and flow velocity decay is modulated, i.e. 

flow is slow such that cooling per meter is relatively high, but this is dampened by efficient 

insulation by the overlying crusUroof. 

(4) Impeded - Mature hanging blockage with low velocity flow (<0.1 m s-1
) . Presence of a 

mature (well established) hanging blockage causes back-up and extremely low flow 

velocities, such that 8T/8x is maximized (-0.4 K m-1• 0.02 K s-1)_ This results in high core 
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cooling and crystallization rates, such that viscosity and flow velocity decay is maximized. 

Again , this is somewhat dampened by the insulating roof presented by the hanging blockage. 

The agreement between measured and modeled velocities varies depending on scenario (Figure 

A4.10). The agreement is best in the two free-flow scenario's. In these cases the measured and 

modeled mean velocities are nearly identical. However, as the blockages build to impede flow 

the agreement between the measured and modeled velocities declines (Figure A4.9). This 

relationship is to be expected, where the form of the Jeffery's Equation applied here assumes 

free , un-impeded flow in a channel. Thus, as the flow becomes impeded by the blockage so the 

assumption breaks down and the model begins to increasingly over-estimate velocity. The 

excellent agreement between the modeled and measured values during free-flow conditions, 

however, implies that the numerical linking of heat loss, core cooling and rheology is sound: the 

agreement of the calculated velocity with measured velocities implying that the model simulates 

reality. 

A4.7 Conclusions 

Thermally, lava channels are the most inefficient means of transporting lava. In the Etnean case 

considered here we calculate cooling rates of -0.1 K m·1
, which amounts to -100 K per kilometer 

of flow. This compares with rates of -1 K km-1 for tube-fed flows on Kiluaea (Keszthelyi , 1995b; 

Sakimoto & Zuber, 1998; Clague et al., 1999; Roeder et al. , 2003). This comparison vividly 

illustrates that cooling induced limits on the length of channel-fed flows are much greater than in 

insulated (tube-fed) cases. Poor insulation of the channel-contained lava results in extreme heat 

loss. This, in turn, leads to rapid cooling and crystallization such that the flow rheology is forced 

rapidly towards a state where the flow is incapable of further forward motion. 

Following Equation (12), for poorly insulated (channelized) flows, the only way to 

decrease cooling rates is to increase flow velocity and/or channel depth (Figure A4.11 ). Given 

the typical heat loss measured here (-8 x 104 W m·\ and holding depth constant at 1.5 m, 

Equation (12) reduces to: 

8T /8x = 14 V mean-
1 (16a) 
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or, holding velocity constant at 0.1 m s-1
, to: 

8T/8x = 203 d-1 (16b) 

Equation (16a) describes the rapid emplacement mode of Keszthelyi & Self (1998) where 

higher velocities suppress the cooling rate. Here, holding all else constant, cooling rates are 

reduced as velocity increases such that, to quote Keszthelyi & Self (1998), at higher velocities the 

"lava flows so quickly that it does not cool excessively despite large heat losses". 

The second scenario is a case of protected flow, where the deeper flows are more 

capable of accommodating heat losses from the flow surface. This is probably better expressed 

in terms of the ratio of flow width to depth where, for a given effusion rate and flow velocity, we 

show that cooling rates are lowest in deep-narrow channels, i.e. channels where the ratio of width 

to depth is greater than 10 (Figure A4.11 c). For a deep and narrow channel the heat loss is less 

significant per unit volume than for a wide shallow channel. The narrow case exposes a lower 

surface area (in relation to its total volume) to the sky, thus the powerful surface heat losses are 

limited and the control volume is protected. 

Flow cooling rates thus appear to be a function of insulation, velocity and channel 

geometry. There is certainly a range of cooling rates, where cool ing rates will decline as 

insulation (extent and thickness of surface crust) increases. In addition, lava in faster, deeper 

channels will cool more slowly than slow moving lava in a shallow channel. This appears 

consistent with the three main cooling rate measurement sets made at basaltic channels to date 

(Table A4.5), i.e.: 

Mauna Loa, 1984: 

Kilauea, 1997: 

Etna, 2001: 

D = 5.5 m, 

V = 0.5 m s-1, D = 1.5 m, 

V = 0.1 m s-1, D = 1.5 m, 

Cooling Rate = -0.3 K km-1 

Cooling Rate = -4 K km-1 

Cool ing Rate = -110 K km-1 

In this set, cooling rates decrease as a function of flow velocity and depth . This indicates that 

three factors are influential in determining the cooling limits on flow extension: insulation, velocity 

and depth. This leads us to suggest that, in terms of heat loss and cooling rates, three lava 

emplacement modes operate: (1) insulated, (2) rapid , and (3) protected. 
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Appendix 4a: Terms and values used 

Table A4a.1 Terms and values used 

Term 

a 
a 
b 
c 
Cp 

d 

8R/8t 

8T/8h 

8T/8t 
8T/8x 

T] erupt 

h 

h force 

h free 

k 
L 
LH2o+ 

Definition 

Thermal diffusivity of basalt 

Constant 1 
Constant 2 

Constant 3 

Lava specific heat capacity 

Channel Depth 

Mass fraction of crystals 
grown per Kelvin cooling 

Rain Fall Rate 

oT is the temperature 
difference across the thermal 
boundary layer of thickness 
oh 
Core cooling per unit time 

Cooling per unit channel 
length 

Lava surface emissivity 

Crystallinity of the lava core 

Crystallinity of the entrained 
crust 
Phenocryst content 

Fraction of surface composed 
of cool crust 
Acceleration due to gravity 

Convective heat transfer 
coefficient 
Viscosity 

Viscosity at T erupt 

Crust Thickness 

Forced convection heat 
transfer coefficient 
Free convection heat transfer 
coefficient 
Basalt thermal conductivity 

Latent heat of crystallization 

Latent heat of evaporation 
plus heat required to warm 
water to 373 K 

Value and Source 

3x1ff ms· 

0.04 K-1 (Dragoni , 1989) 
10·2 Pa (Dragoni, 1989) 

0.08 K-1 (Dragoni , 1989) 
DRE: 1230 J k ·1 K-1 

Bulk: 960 J kg -~ K-1 (Appendix 4b) 
(1) Etna: 1.5 m (measured) 
(2) Kilauea: 3.0 m (Cashman et al., 1999) 
(3) Mauna Loa: 5.5 m (from Lipman & Banks, 1987) 
(1) Etna: 0.003 <j>K-1 (Table 4.6) 
(2) Kilauea: 0.018-0.007 <j>K-1 (from Cashman et al. , 1999) 
(3) Mauna Loa: 0.01-0.08 <j>K-1 (from Crisp et al., 1994) 
0-10·7 m s·1 (Harris & Rowland , 2001; Rowland et 
al., 2004) 
K m·

1 [= (Tcore-Tambient)/ oh] 

K s·1 (= V oT/ox) 

(1) Etna: 50-180 K km·1 (Calculated, Equation 10) 
(2) Kilauea : 4-7 K km·1 (Cashman et al. , 1999) 
(3) Mauna Loa: 0.5-0.7 K km·1 (Lipman & Banks, 1987) 
0.95 

= <J>phen + f 8<j>/8T 8T/8x OX 

Crisp & Balog a ( 1994) 

34± 7 % (Appendix 4d) 

= (Te 
4 

- T crack 
4

) I (T crust
4 

- T crack 
4

) 

9.8 m s·2 

10-50 W m·2 K-1 (Appendix 4d) 

Pas (Equation 12) 

1000 Pas (Dragoni, 1989) 

in m = [k (Tcore - Tsurf)] I [Qrad + Qconv] 
Oppenheimer (1991) 
50 W m·2 K-1 (Appendix 4d) 

10 W m·2 K-1 (Appendix 4d) 

1 wm·1 K-1 

3.5 x 105 J kg·1 

-3 MJ kg·1 (Keszthelyi , 1995b) 
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Heat loss due to entrainment 

Forced convection 

Free convection 
Radiative heat loss 

Heat loss due to rain 

Heat from viscous heating 

Inverse maximum solids 
concentration 
Channel radius 

Density of basalt 

Density of water 

Stefan Boltzmann constant 

Time since flow emplacement 

Basal shear stress 

Yield strength 

Timescale for the survival of a 
piece of surface crust 
Air Temperature 
Substrate ambient 
temperature 
Core temperature 

Eruption temperature 

Highest surface temperature 
Crust temperature 

Effective Radiation 
Temperature 
Lava surface temperature 

Mean Flow Velocity 

Maximum Velocity 

(1) Etna: 7.5° 
(2) Kilauea: 6.0° 
(3) Mauna Loa: 6.0° 
W m·2 (Equation 3) 

W m·2 (Equations 8 & 9) 

W m·2 (Equation 6) 
W m·2 (Equation 2) 

W m·2 (Equation 10) 

W m·2 (Equation 6) 

W m·2 (Equation 6) 
W m·2 (Equation 5) 

W m·2 (Equation 7) 

W m·2 (Equation 4) 

1.51 (Pinkerton & Stevenson , 1992) 

= w/2 = 1.5 m 
DRE: 2600 kg m·3 

Bulk: 2030 kg m·3 (Appendix 4b) 
960 kg m·3 at -370 K 

5.67 x 1 o-s w m·2 K-4 

14-21 days (1 .2-1.8 x 106 seconds) 

= d pg sin(0) (Pa) 

Equation 13 (Pa) 

Keszthelyi and McEwen (1997) 

290 K (measured) 

270 K 

1350 K (measured) 

1350 K (measured) 

1160 ±70 K (Table 4.4) 

1050 ±40 K (Table 4.4) 

= [(Tcrust + (!:/) Tcrack)025
, K (Crisp & Baloga, 1990) 

950 ±130 K (Table 4.2) 
(1) Etna: 0.1 m s·1 (Mean of all measurements, Table 4.3) 
(2) Kilauea: 0.3-0 .5 m s·1 {Cashman et al. , 1999) 
(3) Mauna Loa: 1-15 m s·1 (Lipman & Banks, 1987) 
= V/0.67 (Calvari et al. , 2002) 
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Appendix 4b: Vesicle corrections and typical vesicle content of Etnean 
lavas 

Dense rock values for density and specific heat capacity are corrected for vesicularity following, 

KER= Now (1-m), where KER is the vesicle corrected value, Now is the dense rock value, and mis 

vesicularity. Bulk effusion rates (Ebulk) are also corrected to dense rock values (E,) following E, = 

Ebulk (1-m). Here, vesicularity values for Etnean lavas were obtained from Herd and Pinkerton 

(1997) and Gaonac'h et al. (1996), to give m of 22 ±7 (n = 23) (Table A4b.1 ). 

Table A4b.1 Vesicularities given in Herd and Pinkerton (1997) and Gaonac'h et al. (1996) 

Herd & Pinkerton (1997) tiJ (%) Gaonac'h et al. (1996) tiJ (%) 

Pahoehoe (at vent) 20 Pahoehoe crust 1 (min) 9 
Toothpaste lava (at vent) 17 Pahoehoe crust 1 (max) 30 
Pahoehoe (channel overflow: source) 28 Pahoehoe crust 2 (min) 18 
A'a (channel overflow: source) 17 Pahoehoe crust 2 (max) 33 
Pahoehoe surface (near-source) 25 Pahoehoe crust 3 (min) 30 
Pahoehoe 20 cm depth (near-source) 33 Pahoehoe crust 3 (max) 60 
A'a (near-source) 35 A'a (min) 43 
Lava bulb (near-source) 42 A'a (max) 71 
Pahoehoe (40 m from source) 30 Slabby crust (min) 7 
A'a (40 m from source) 16 Slabby crust (max) 24 
Massive lava (40 m from vent) 5 
Massive channelized lava 4 
Aa (flow front, 100 m from vent) 16 
Pa hoe hoe 19 
A'a (200 m from vent) 16 
A'a 14 
A'a (flow front) 19 
A'a (flow front) 18 
A'a surface clinker (vertical section, top) 23 
Upper core (vertical section, upper-middle) 13 
Lower core (vertical section, lower-middle) 6 
A'a basal clinker {vertical section, bottom} 17 
Minimum 4 Minimum 7 
Maximum 42 Maximum 71 
Mean 20 Mean 32 
Standard Deviation 10 Standard Deviation 21 
Number 22 Number 10 

All Data 
All Data (within 1 standard deviation of 
mean) 

Minimum 4 Minimum 13 
Maximum 71 Maximum 3 
Mean 24 Mean 22 
Standard Deviation 15 Standard Deviation 7 
Number 32 Number 23 
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Appendix 4c: Typical phenocryst content of Etnean lavas 

Phenocryst contents (~phen) for Etnean lavas were obtained from Tanguy (1973), Tanguy & 

Clocchiatti (1984) and Armienti et al. (1984; 1990; 1994) to give ~phen of 34±7 % (n = 55) (Table 

A4c.1) 

Table A4c.1 Phenocryst contents for Etnean lavas 

Reference Lavas from: Min(%) Max(%) Mean(%) St. Dev No. 

Tanguy(1973) 1966-1970 41 51 47 4 8 
Tanguy (1973) 1971 25 37 33 4 9 
Tanguy & Clocchiatti (1984) 1977-1983 27 48 35 10 6 
Armienti et al. (1984) 1983 24 36 30 4 18 
Armienti et al. (1990) 1989 30 36 33 3 6 
Armienti et al. (1994) 1991-1993 19 35 30 5 8 
ALL DATA 1966-1993 19 51 34 7 55 

Appendix 4d: Calculation of convective heat transfer coefficient 

Convective heat flux (Oeonv. W m·2 ) from a lava flow surface is written : 

Oeonve = he (T surface - T ambient) (A1) 

in which he is the convective heat transfer coefficient (W m·2 K·\ Tsurtaee is surface temperature 

(K) and Tambient is the temperature (K) of the overlying fluid (air/water). The heat transfer 

coefficient for free convection can be calculated using the Nusselt number (Nu) (Holman, 1992): 

= (Nu ka;,)/H (A2a) 

or for forced convection 

= 2 [(Nu kair) I L] (A2b) 

in which H, k and L are the thickness of the layer of hot fluid overlying the lava flow (m), thermal 

conductivity of air (W m·1 K'1) and length scale, respectively. 

(1) Heat transfer coefficient: free convection (Holman, 1992) 

For cooling by free convection the Nusselt Number is given by 

Nu = 0.16Ra 113 (A3) 
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The Rayleigh (Ra) number considers factors such as buoyancy, viscosity and thermal 

conductivity of the overlying fluid , and is the product of the Grashot number (Gr) and the Prandtl 

number (Pr), i.e., 

Ra = Gr Pr (A4) 

The Grashot number is the ratio of buoyancy force to viscous force , and given by: 

Gr = [ g~(Tsurtace - T ambient)H
3

] I v2 (A5) 

in which g is acceleration due to gravity, ~ = 1/T (K-1) , and v is kinematic viscosity. The Prandtl 

number can be written: 

Pr = via. (A6) 

in which a. is thermal diffusivity. These values, and the resulting he calculated in this case for free 

convection , are given in Table A4d.1 . 

Table A4d.1 Values used to calculate he: (1) Table A4d.2 Values used to calculate he: (2) 
Free case values are set for air at tboundary forced case values are set for air at tboundary 
using tables in Holman (1992) using tables in Holman (1992) 

Parameter 

Tsurface (K) 
T ambient (K) 
T boundary (K) 
[ = (T surface+ T ambient) /2] 

Pr 
Kinematic viscosity (m2 s-1

) 

Thermal diffusivity (m2 s-1
) 

Gr 
g (m s-2 ) 

13 (K-1 ) 

T surface - T ambient (K) 
H (m) 
Kinematic viscosity (m2 s-1

) 

Ra 

Nu 

H (m) 
Kair (W m-1 K-1

) 

he W m-2 K-1 

Value 
960 
290 

620 

0.7 
5 x 10-5 

8 x 10-5 

6x109 

9.8 
0.002 
660 
1.5 

8 x 10-5 

4x109 

260 

1.50 

0.05 
8 

Parameter 

surface (K) 
ambient (K) 
boundary (K) 

[= (Tsurface+ Tambient) /2] 

Pr 
Kinematic viscosity (m2 s-1

) 

hermal diffusivity (m2 s-1 ) 

Re 
ind Speed (m s-1

) 

Length scale (channel width , m) 
Kinematic viscosity 

Re Pr 

Nu 

L (m) 
Kair (W m-1 K-1

) 

he W m-2 K-1 

Value 
950 
290 

620 

0.7 
5 x 10-5 

8 x 10-5 

4x105 

10 
3 

8 x 10-5 

3 x 105 

180 

3 
0.05 

5 
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(2) Heat transfer coefficient: forced convection (Holman, 1992) 

For forced convection , if RePr is between 0.6 and 50, the Nusselt Number is given by: 

Nu = 0.332 Pr03 Re05 (A7) 

However, for RePr > 100, Nu is written 

Nu (A8) 

Re being the Reynolds Number, 

Re = (W L)/v (A9) 

in which W is wind speed and L is length scale. These values, and the resulting he calculated in 

this case for forced convection , are given in Table A4d .2. 
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