INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure' and is included in
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced
xerographi,cally in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

U·M·I
University Microfilms International
A Bell & Howell Information Company
300 North Zeeb Road. Ann Arbor, M148106-1346 USA
3131761-4700 800521-0600

-- . ;
..

Order Number 91234'15

Visible and near infrared reflectance of tuff rings and tuff cones
Farrand, William Halsey, Ph.D.
The University of Arizona, 1991

Copyright ©1991 by Farrand, William Halsey. All rights reserved,.

U·M·I
300 N. Zeeb Rd.

Ann Arbor, MI 48106

NOTE TO USERS

THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES
WITH SLANTED PRINT. PAGES WERE FILMED AS RECEIVED.
THIS REPRODUCTION IS THE BEST AVAILABLE COPY.

VISIBLE AND NEAR INFRARED REFLECfANCE OF TUFF RINGS AND
TUFF CONES

by
William Halsey Farrand

Copyright © William Halsey Farrand 1991

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF GEOSCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY

In the Graduate College
THE UNIVERSITY OF ARIZONA
1991

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have read
the dissertation prepared by
entitled

William Halsey Farrand

------------------~-----------------------

VISIBLE AND NEAR INFRARED REFLECTANCE OF TUFF RINGS
AND TUFF CONES

and recommend that it be accepted as fulfilling the dissertation requirement
for the Degr.ee of __~D~o~c~t~o~r~o~f~P~h~i~lo~s~o~h~_______________________________

Date

3/{~" AJ
~~.

.:2-8"

Date

Mel rG.--l rr ~ 'I

Date

Final approval and acceptance of this dissertation is contingent upon the
candidate's submission of the final copy of the dissertation to the Graduate
College.
I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted
fulfilling the dissertation

as

Date

~

7

3

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of requirements for
an advanced degree at The University of Arizona and is deposited in the University
Library to be made available to borrowers under rules of the Library.
Brief quotations from this dissertation are allowable without special
permission, provided that accurate acknowledgement of source is made. Requests
for permission for extended quotation from or reproduction of this manuscript in
whole or in part may be granted by the copyright holder.

4

ACKNOWLEDGMENTS
In contemplating those who have helped and encouraged me on this project, the phrase "cast
of thousands" comes to mind. Be that as it may, I will endeavor to thank the major players and I beg
forgiveness of anyone who might be left out.
This project had its inception with my work on the Geologic Remote Sensing Field
Experiment and many of the remote sensing data products examined herein were acquired during
GRSFE. So I would like to thank the two main GRSFE organizers, Ray Arvidson and Diane Evans.
I would also be very remiss if I did not thank Michele Vogt and GRSFE's "field captain" Tom Farr ;
both of whom did much of the work at JPL to get GRSFE data to researchers such as myself.
Also very high on myendebted to list is RELAB operations manager and all around good
guy, Steve Pratt who measured the many tuff samples I sent him and promptly e-mailed the results to
me. Thanks also to RELAB science manager, Carle Pieters.
All the image processing done in this study was performed at the University of Arizona's
Planetary Image Research Laboratory (PIRL). I would not have gotten very far had it not been for
the help of PIRL's computer support personnel: Ron Mastaler, Pat Eliason, Brad Castalia and James
Winburn. I would also like to thank Roger Clark of the USGS for his SPECPR programs.
The Pavant Butte AVIRIS, Geoscan, and PIDAS data were provided by Bryan Bailey and Jon
Dwyer of the USGS EROS data center.
My formulation of ideas about basaltic hydrovolcanism was greatly aided by conversations
with Michael Sheridan, Ken Wohletz, and Grant Heiken.
My education in, and computer code for, spectral mixture modelling was provided by Milton
Smith, John Adams and Steve Willis of the University of Washington.
X-ray diffraction analyses were performed at the University of Arizona's Department of
Geosciences XRD lab, and I would like to thank Wes Bilodeau of that lab. Sample preparations for
the XRD work was done in the Department of Geosciences' Sedimentology Lab and I sincerely thank
Dr. Joseph Schreiber for allowing me to use both that lab and the petrographic microscopes in the
petrology lab. I thank Tom Teska for his help in the electron microprobe analyses. Thanks also to
LPL photographer Teri Schemenauer. I also would like to thank Richard Morris of JSC for the
MOssbauer spectrometry analyses he performed and for the insights I gained from our conversations.
It would have been tough to do this work without a little help from friends. I'd like to extend
special thanks to Paul Geissler for innumerable instances of help with computers and concepts in
remote sensing. I'd also like to thank Jeff Johnson for bringing back some samples from the Pinacates
before I had the chance to go there myself. I would have gone crazy if not for rock climbing on the
weekends so thanks to all you "rad dudes" whom I have been "on belay" with. Thanks to Linda Reddy
for encouraging words. For special understanding and inspiration I want to thank Melissa Mellen.
Some of the most important people come last. I think everyone who works at PIRL would be
lost without the administrative skills of Linda Hickox. Special thanks go out to the members on my
committee who have taught me almost everything I know about remote sensing: Phil Slater, Stuart
Marsh, Charles Glass, and Victor Baker. Of course, Robert Singer made this project possible by
taking me on as a research assistant, getting me involved with GRSFE and giving me free rein in my
research.
Above all others I dedicate this work to the two people who brought me into this world, who
helped nurture my curiosity about the mysteries of nature, and who gave me the love, support and
encouragement without which I never would have made it. Those people are, of course, my parents
Harold and Helen Farrand.

5

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS ........................................................................................ 8
LIST OF TABLES ........................................................................................................ 12
ABSTRACf ................................................................................................................... 13
CHAPTER 1. INTRODUCfION

Basaltic hydrovolcanism ..................................... ~ ............................................. 15
Rationale for remote sensing of basaltic tuffs ............................................... 17

Research strategy .............................................................................................. 19
Selection of field sites ....................................................................................... 21
CHAPTER 2. GEOLOGY OF FIELD SITES

Stratigraphy of tuff rings and tuff cones ......................................................... 23
Late Cenozoic geology of the Basin and Range Province ........................... 27

Lunar Crater Volcanic Field ............................................................................ 30
Lunar Crater........................................................................................... 34
Easy Chair Crater .................................................................................. 36
Pavant Butte ........................................................................................................ 39
Cerro Colorado .................................................................................................. 45
Other tuff rings ................................................................................................... 48
Ubehebe Crater ..................................................................................... 48
Zuni Salt Lake ........................................................................................ 49
Craters Elegante and MacDougaI.. ..................................................... 50

Kilbourne and Hunt's Hole .................................................................. 50
Bowen Crater ......................................................................................... 51
Koko Crater............................................................................................ 51

6

CHAPTER 3. PETROGRAPHY, CHEMISTRY, MINERALOGY AND IRON
CONTENT OF BASALTIC TUFFS
Classes of basaltic tuff (petrography) ..............................................................S3

Electron microprobe analysis ........................................................................... 59

X-ray diffraction analysis ................................................................................... 62
Iron Mossbauer spectrometry .......................................................................... 64
CHAPTER 4. VISIBLE AND NEAR INFRARED SAMPLE SPECTROMETRY

Methods of sample analysis .............................................................................. 70
Spectral features of basaltic tuffs ..................................................................... 72
Sideromelane tuff .................................................................................. 72
Gray and tan thinly bedded tuffs ......................................................... 73
Palagonite tuff ........................................................................................ 82
Mantling tuff...........................................................................................88
Armored lapilli ....................................................................................... 90
Reflectance of size separates ................................................................. ~ ......... 90·
CHAPTER 5. A MODEL OF TUFF FORMATION AND ALTERATION

Styles and stages of alteration .......................................................................... 93
Water/magma of an eruption and the subsequent degree of

palagonitization .................................................................................................. 98
CHAPTER 6. REMOTE SENSING OF TUFF RINGS AND TUFF CONES

Introduction ...................................................................................................... 104
Overhead spectrometers utilized ................................................................... l06
~ndsat

Thematic Mapper................................................................. 106

NS001 Thematic Mapper Simulator ................................................. 106
Airborne VisiblelInfrared Imaging Spectrometer (AVIRIS) ....... 108

7

Geoscan Mk Ir...................................................................................... 113
The physical interpretation of remotely sensed data .................................. 113
CHAPTER 7. SPECTRAL MIXTURE MODELLING

Background ....................................................................................................... 118
Comparison of spectral mixture analysis with "traditional"

classification techniques .................................................................................. 122
Spectral mixture modelling results ................................................................ 123

Lunar Crater Volcanic Field .............................................................. 123
Pavant Butte ......................................................................................... 136
The non-uniqueness problem in spectral mixture modelling .................... 146
CHAPTER 8. CALIBRATIONS TO AND ANALYSIS OF REMOTELY SENSED
DATA IN REFLECTANCE

Calibrations to reflectance .............................................................................. 150
Empirical line method ......................................................................... 151

Reference endmember modelling method ...................................... 153
Results of reference endmember modelling ................................................ 155
Reflectance spectra of palagonite tuffs from A VIRIS: Comparisons with

laboratory spectra ............................................................................................ 163
Easy Chair Crater ................................................................................ 165
Pavant Butte ......................................................................................... 165
CHAPTER 9. DISCUSSION AND CONCLUSIONS

Summary............................................................................................................ 174
Suggestions for future work ............................................................................ 179
REFERENCES ........................................................................................................... 181

8

LIST OF ILLUSTRATIONS

Figures

1.1 Energyvs. mass ratio of water/magma ................................................................ 16
1.2 Imaging spectrometer concept ............................................................................. 20
2.1 Tuff ring and tuff cone stratigraphies .................................................................. 24
2.2 Field areas ............................................................................................................... 30
2.3 Location of Lunar Crater Volcanic Field ........................................................... 31

2.4 Geologic map of LeVF ......................................................................................... 32
2.5 Location of Pavant Butte....................................................................................... 40
3.1 Mossbauer spectra of tuff ring and tuff cone samples ...................................... 67
4.1 RELAB layout ........................................................................................................ 71
4.2 Pavant Butte sideromelane tuffs .......................................................................... 74
4.3 Thinly bedded tuffs ................................................................................................. 78

4.4 2.2 ~m Al-OH bands .............................................................................................. 80

4.5 Palagonite tuffs ....................................................................................................... 83
4.6 Shift in 1t1_~mn band ............................................................................................... 84
4.7 Band depth vs band center of 1-~m feature ....................................................... 85
4.8 Mantling tuffs and armored lapilli ....................................................................... 89

4.9 Size separates .......................................................................................................... 91
5.1 Tuff ring alteration sequence ................................................................................. 95
5.2 Tuff cone alteration sequence .............................................................................. 97
6.1 Signal/noise for LeVF AVIRIS data ................................................................... l10

6.2 Signal/noise for Pavant Butte AVIRIS data ....................................................... 111
6.3 Definition of solar zenith and elevation angles .................................................. 117
7.1 Concept of residuals ............................................................................................... 121

9

7.2 ECC tuffRELAB spectrum and TM pixel spectrum........................................ 127
7.3 ECC tuff and Buckwheat Rim tuff TM spectra ................................................. 127
7.4 Comparison of rhyolite and ECC tuff measured by AVIR IS .......................... 133
7.5 ECC reference endmembers ................................................................................ 133
7.6 Geologic map of Pavant Butte .............................................................................. 143

7.7 Comparision of AVIR IS spectra of LCVF rhyolite with
Pavant Butte palagonite tuff................................................................................ 149
8.1 Gain and offset derived from a single channel via
the empirical line method .................................................................................... 152
8.2 LCVF reference endmembers compared with
corresponding image endmembers from AVIRIS data .................................. 159
8.3 Pavant Butte reference endmembers compared with
corresponding image endmembers from AVIRIS data .................................. 161
8.4 Comparison of methods used to calibrate data to reflectance ........................ 164
8.5 AVIRIS reflectance spectrum of most palagonite tuff-like pixel
in western wall of Easy Chair Crater compared against RELAB
spectra of ECC tuff samples ................................................................................ 166
8.6 AVIR IS spectra of Pavant Butte palagonite tuffs ............................................. 168
8.7 Geoscan spectra of Pavant Butte palagonite tuffs ............................................. 172

Plates

2.1 Basal explosion breccia at Lunar Crater ............................................................. 25
2.2 Sandwave thinly bedded tuffs at Kilbourne Hole .............................................. 25
2.3 Thickly bedded palagonite tuffs at Pavant Butte ............................................... 28
2.4 Thickly bedded mantling tuffs atop orange palagonite
tuffs at Pavant Butte ............................................................................................. 28

.,." ......

10

2.5 Lunar Crater Volcanic Field TM band 5-4-1 color composite ........................ 33

2.6 Photo mosaic of Lunar Crater ............................................................................... 35
2.7 Easy Chair erater ................................................................................................... 37
2.8 Xenoliths in Easy Chair Crater tuff ..................................................................... 38

2.9 Pavant Butte ............................................................................................................ 41
2.10 Contact between sideromelane and palagonite tuffs at Pavant Butte.......... 43
2.11 Thin layers of palagonite tuff in the midst of sideromelane

tuff at Pavant Butte.............................................................................................. 44
2.12 Bedding sag in Pavant Butte mantling tuff ................................ ~...................... 44
2.13 Landsat TM band 5-4-1 color composite of Cerro Colorado and Elegante 46
2.14 "Mud" cracks in mantling tuffs on the flanks of Cerro Colorado .................. 47
2.15 Palagonite tuff forming the northern wall of Cerro Colorado ....................... 47
3.1 PB-6c sideromelane tuff in plane polarized light ............................................... 58
3.2 PB-1b palagonite tuff in plane polarized light.................................................... 58

7.1 LCVF TM band 5 base map ................................................................................. 124
7.2 LCVF TM iem fraction images ............................................................................. 126
7.3 Easy Chair Crater viewed by NS001 .................................................................... 129
7.4 LCVFviewed by AVIRIS, three band color composite ................................... 131
7.5 Color composite ofLCVF iem fraction images ................................................. 132
7.6 Fraction images of Easy Chair Crater reference endmembers ....................... 134
7.7 Exposures of tuff in the western wall of Easy Chair Crater ............................. 135
7.8 A VIRIS three band color composite of Pavant Butte ...................................... 137
7.9 Geoscan band 13 (2.136 p.m) view of Pavant Butte........................................... 138
7.10 Pavant Butte AVIRIS iem fraction images ....................................................... 140

7.11 Pavant Butte viewed by Geoscan ....................................................................... 141

11

7.12 The southern wall exposure ofpalagonite tuff................................................. 142
7.13 Comparison of single A VIRIS band with OPT fraction image ..................... 144

7.14 Northwestern flank of Pavant Butte .................................................................. 145
8.1 Pavant Butte 1-J.tm band depth map compared with

AVIRIS OPT iem fraction image ....................................................................... 170

12

LIST OF TABLES

2.1 Field sites and analytical techniques ..................................................................... 29
3.1 Results of thin section analyses ............................................................................. 56
3.2 Chemical analyses of average sideromelane

and palagonite from Pavant Butte ............................................................................. 61
3.3 Zeolites probed in sample PB-2b .......................................................................... 61
3.4 Samples analyzed by XRD ..................................................................................... 62
3.5 Minerals identified by XRD ................................................................................... 63
3.6 Mossbauer spectrometry results ............................................................................ 65

4.1 Band parameters for "l-J.Lm" feature .................................................................... 75
4.2 Band parameters for 2.2 and 2.3 J.Lm features ..................................................... 81

6.1 Remote sensing data sets examined .................................................................... 106
6.2 Thematic Mapper specifications .......................................................................... 107

6.3 NS001 specifications .............................................................................................. 107
6.4 AVIRIS characteristics .......................................................................................... 108
6.5 Geoscan Mk II specifications................................................................................ 114
8.1 Results of rem modelling ofLCVF NS001 data (over Easy Chair Crater) .... 156
8.2 Results of rem modelling of LCVF A VIRIS data (full scene) ......................... 156
8.3 Results of rem modelling of Pavant Butte A VIRIS data .................................. 157
8.4 Results of rem modelling of Pavant Butte Geoscan data ................................. 157
8.5 Band parameters for 1-J.Lm band in Pavant Butte

palagonite tuffs observed by AVIRIS ....................................................................... 169

13

ABSTRACf

Hydrovolcanic basaltic tephras from tuff rings and tuff cones were studied in order to better
understand their origin and alteration processes. The visible and near infrared reflectance of tephras
collected from Basin and Range tuff rings and tuff cones was measured in the laboratory. Further
mineralogic and chemical information was gained through petrographiC microscopy, X-ray
diffraction, electron microprobe analysis and iron M()ssbauer spectrometry. In addition, remotely
sensed data from several airborne sensors was obtained for the Lunar Crater Volcanic Field in Nye
County, Nevada and the Pavant Butte tuff cone in Millard County, Utah. Fresh tuff rings, resulting
from dry pyroclastic surges, are composed of a variable mix of country rock fragments and unaltered
sideromelane which has a dark reflectance spectrum dominated by Fe2+ crystal field bands near 1
and 2 p.m. If water condenses on the sideromelane, a process of nearly syn-depositional hydration can
occur. With increasing hydration, water and OH vibrational absorptions develop at 1.4 and 1.9 p.m.
Smectite clay minerals were recognized within thinly bedded tuff ring beds by the presence of a 2.2 p.m
absorption and by XRD results. These minerals have developed without extensive palgonitization.
Tuff ring tephras can also become oxidized to the extent that a well developed Fe3+ - 0 2- charge
transfer edge develops with weak Fe3+ crystal field features shortwards of 0.8 p.m. The poorly
inflated pyroclastic "flow", that characterizes tuff cone formation, produces hot, wet, cohesive ash
deposits that can alter relatively rapidly to palagonite. The reflectance of these highly palagonitized
tephras is twice as high as that of tuff ring depOSits, H20 and OH vibrational absorption bands are
also stronger and a 2.3 p.m Mg-OH band is generally present Increasing oxidation causes spectral
features resulting from Fe3+ to become mor~ pronounced. These include a shortwards shift in
position and shallowing of the "l-p.m" crystal field band and steepening of the Fe3+ - 0 2- charge
transfer edge. Differences in spectral reflectance are ascribed primarily to differences in the degree of
alteration which in turn is influenced by the water/magma ratio extant at the time of eruption•
.J
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Remotely sensed data of hydrovolcanic vents acquired by several different air- and
spaceborne sensors was also examined. These data sets were analyzed using a linear spectral mixture
model. It was found that palagonite tuff constitutes an easily mapped spectral endmember, while the
hydrated tuff typical of tuff rings is difficult to distinguish from other dark materials. The best
mapping was performed with the systems with high spatial resolution such as the NSOOI Thematic
Mapper Simulator and the Geoscan Mk II advanced multispectral scanner. Airborne Visiblellnfrared
Imaging Spectrometer (AVIR IS) data, calibrated to reflectance through reference endmember
modelling, revealed previously undetected 2.21£m absorption features in the palagonite tuff at Pavant
Butte. The l-I£m feature in Pavant Butte palagonite tuffwas mapped from the AVIRIS data using a
band depth mapping routine although the resulting discrimination of palagonite tuffs was not as.good
as was obtained with the spectral mixture model.
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CHAPTER 1: INTRODUCTION

Basaltic Hydrovolcanism
When basaltic magma bodies interact with water at, or near, the Earth's surface, the results
can be e}..lllosive. Such "hydrovolcanic" eruptions can produce craters which in many ways resemble
craters of impact origin. Hydrovolcanic eruptions can also generate great quantities of ash which
accumulate near the vent to form tuff rings and tuff cones. Maars, the craters formed by
hydrovolcanic eruptions, have been defined by Ollier (1967) as "landforms caused by volcanic
explosion (that) consist of a crater, which reaches ... below general ground level and is considerably
wider than deep and (has) a surrounding rim constructed of material ejected from the crater". As
defined by Wohletz and Sheridan (1983), "tuff rings and tuff cones are small (less than 5 km in diam.),
monogenetic volcanoes composed of tuff that results from hydrovolcanic explosions. Tuff rings have
a low topographic profile and slopes, whereas tuff cones have high prOfiles and steep slopes."
The tuff comprising these features consists of a variable mix of basaltic glass, juvenile crystals
and pre-existing country rock fragments. While deposits produced by volcanic eruptions have
commonly been referred to as pyroclastic, Fisher & Schmincke (1984) have proposed the adjective
"hydroclastic" to describe deposits produced by hydrovolcanic activity. Thus tuff ring and tuff cone

beds can be considered as hydroclastic deposits.
Current understanding of the causative mechanism behind hydromagmatic eruptions is based
on fuel-coolant interaction theory. Such reactions convert thermal energy to mechanical energy much
more effectively than can the boiling process (Sheridan and Wohletz, 1983). The process of heat
transfer takes place in pulses which occur on a millisecond time scale. Experiments using a thermite
melt as an analog for basaltic magmas (Wohletz and McQueen, 1984) resulted in the relation between
energy and the mass ratio of water/magma that is reproduced here as Figure 1.1.
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Figure 1.1: Energyvs mass ratio of water/magma (adapted from Wohletz and
McQueen, 1984)
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Also implicit in Figure 1.1 is the fact that a continuum of volcanic landforms can be produced
by the variations in causative water/magma ratio (Wohletz and Sheridan, 1983). In Strombolian
volcanism, the influence of external water is at a minimum and the resulting landforms (primarily
cinder cones) are not truly hydromagmatic in origin. The influence of relatively modest quantities of
phreatic water can produce highly energetic eruptions producing maar craters and tuff rings. The
thinly bedded deposits of tuff rings reflect their deposition by highly inflated pyroclastic surges.
Larger quantities of phreatic, lake or sea water lower the energy of the eruption and produce poorly
inflated surges that deposit massive beds of ash characteristic of tuff cones. When basaltic magmas
are inundated with water, pillOW basalt structures result.
The vitric basaltic glass in tuff rings and tuff cones is known as sideromelane. Like volcanic
glass of any composition, sideromelane is thermodynamically unstable. With time the Si04

17

tetrahedra within the glass will combine with otlier molecules to create more stable mineral phases.
A common devitrification product of sideromelane is the mineraloid known as palagonite. First
described by von Walterhausen in 1845, palagonite was brought to wider attention by Peacock (1926)
and Peacock and Fuller (1928). The exact nature and formation process ofpalagonite is still poorly
understood and will be explored more fully in this dissertation. It is known that palagonite consists of
a number of poorly crystalline mineral phases. Since reflectance spectrometry is especially sensitive
to such poorly crystalline mineral phases (Farrand & Singer, 1990) it is especially appropriate for the
study of palagonitized basaltic tuffs. Moreover, since reflectance spectrometry forms the basis for
remote sensing systems operating in visible and nea~ infrared (Vis/IR) wavelengths, understanding
the Vis/IR reflectance of basaltic hydroclasts could lead'to a better ability to map and analyze these
materials using remotely sensed data.

Rationale for Remote Sensing of Basaltic Tuffs
While tuff rings and tuff cones are relatively small features, generally less than 5 km in
diameter, their ash output can still be significant (albeit still much smaller than caldera forming
eruptions). Oviatt and Nash (1989) made use of ash emitted from the Pavant Butte tuff cone and the
nearby Tabernacle Hill tuff ring as stratigraphic markers to aid in the interpretation of lacustrine
sediments from glacial Lake Bonneville. One of the three ashes studied by Oviatt and Nash came
from an undiscovered tuff cone. In such an instance, remote sensing could play an important role in
searching for the source vent.
Another important role for remote sensing is in the characterization of large volcanic fields.
Within a single such volcanic field there can be multiple hydroclastic deposits. Even "dry"
Strombolian vents such as cinder cones can experience hydrovolcanic phases during their eruptive
history (Houghton and Schmincke, 1989). If the resulting hydroclastic deposits are exposed on the
surface of the cinder cone, they could be detected far more easily by means of remote sensing than by
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inspection at ground level. The resulting realization that a volcanic vent has gone through
hydrovolcanic periods could help in reconstructing the eruptive and hydrologic history of the volcanic
field.
Remote sensing can also playa critical role in the characterization of poorly explored
volcanic fields in isolated areas. Given tasks such as these, it is important that the Vis/lR reflectance
of all types of pyro- and hydroclastic deposits be characterized.
Certainly other planets qualify as "poorly explored volcanic terrains". Unmanned planetary
probes rely exclusively on remote sensing technologies to return information on the composition and
structure of their target planet. Like the Earth, the planet Mars has the necessary ingredients for the
formation of tuff rings and tuff cones. The presence of both basaltic volcanism (e.g. Greely and
Spudis, 1981) and subsurface water (e.g. Carr, 1984) have been demonstrated. Moreover, many
Martian surface features have been interpreted as analogs to terrestrial features caused by the
interaction of basaltic magmas with ice (Allen, 1979). Extensive hydrovolcanic activity has also been
suggested to explain constructs such as Tyrrhena Patera (Greely and Crown, 1990) and numerous
table mountain-like features on the northern plains of Mars (Allen, 1979). However, no tuff rings or
tuff cones have been unambiguously identified on Mars. This may largely be due to the fact that it is
difficult, on the basis of morphology, to distinguish maar craters from impact craters. Given Mars'
lower gravity, it is also likely that tuff cones will assume a different morphology than their terrestrial
counterparts. McGetchin et a1. (1974) and Dehn and Sheridan (1990) have demonstrated through
physical and computer modelling that cinder cones should assume flatter more oblate morphologies
on the Moon and Mars. The same should hold true for tuff rings and tuff cones.
The materials produced by hydromagmatic activity have also been tentatively identified on
the Martian surface. Hawaiian palagonites have been shown to be good spectral analogs of Martian
bright regions (Evans and Adams, 1980; Singer, 1982). Recent investigations suggest that the dark
materials in the walls of Valles Marineris are, in fact, unaltered vitric basaltic ash (Geissler et al.,
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1990). By better defining the geology and spectral reflectance properties of tuff rings and tuff cones
on Earth, there will be a better chance of identifying such features on Mars. Also by better
understanding how terrestrial palagonites are formed, a better appreciation for possible alteration
processes on the Martian surface might be gained.

llesearch Strategy
Because of its sensitivity to differing stages of alteration of basaltic tephras, reflectance
spectrometry has the potential to differentiate between highly palagonitized tephras and those with
little or no alteration. A major goal of this research has been to measure the Vis/lR reflectance of
numerous samples of basaltic tuff collected from tuff rings and tuff cones across the southwestern
United States and elsewhere. Field work at these sites was performed with the goal of placing the
samples within their proper stratigraphic context. Other analytical techniques besides Vis/lR
spectrometry which were utilized in this study included the petrographic study of tephras in thin
section, X-ray diffraction analysis, electron microprobe analysis and M5ssbauer spectrometry.
Remotely sensed data from two primary field areas was also analyzed. Part of the rationale
for the work with the remot~ sensing data was to simply observe how well data sets obtained from
sensors with varying spatial and spectral resolutions could be used in mapping hydroc\astic deposits.
The most challenging of these data sets were those returned by the Airborne Visible/lnfrared
Imaging Spectrometer (AVIRIS). AVIR IS is an experimental instrument that collects 224 channels
covering the spectral range from 0.4 to 2.45 JLm. Figure 1.2 illustrates the concept behind an imaging
spectrometer such as AVIRIS. Imaging spectrometer data can be used not only for mapping, but also
for the detailed analysis of spectra extracted from one or more pixels. These data could therefore be
used both to compare with, and to supplement, the laboratory sample spectra.
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Figure 1.2: Imaging spectrometer concept
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Selection of Field Sites
The history of this project has been intimately tied to that of the Geologic Remote Sensing
Field Experiment (GRSFE). GRSFE was conceived by Raymond Arvidson of Washington University
and Diane Evans of the Jet Propulsion Laboratory (JPL) as a means of testing models for the
reduction of remotely sensed data of planetary surfaces. The immediate rationale for doing so was
the impending flood of multi-sensor data to be returned in the 1990's by Magellen, Mars Observer,
Galileo and the Comet Rendezvous/Asteroid Flyby (CRAF). JPL's Airborne Sensor Program
provided the means for obtaining data sets colIected at different portions of the electromagnetic
spectrum which could simulate data to be returned by the aforementioned missions. To carry the
analogy even further, test sites were sought that could mimic as much as possible extraterrestrial
landscapes.
In association with Dr. Robert Singer of the University of Arizona, Planetary Sciences
Department, I had the opportunity to become involved with the GRSFE project. The primary field
area analyzed in GRSFE was the Lunar Crater Volcanic Field (LCVF) of northern Nye County,
Nevada. The LeVF contains two prominent hydrovolcanic features, both of which were overflown by
AVIRIS and the NSOOI Thematic Mapper Simulator. Ground calibration work associated with
GRSFE allowed me to conduct field work at those sites as well as at the Ubehebe maar crater in
northern Death ValIey, California.
As part of my participation in GRSFE, I also made the acquaintance of Dr. Bryan Bailey of
the EROS Data Center in South Dakota. Dr. Bailey was kind enough to share AVIRIS and Geoscan
Mk II data that he had acquired over the Pavant Butte tuff cone in Millard County, Utah. Pavant
Butte is a prime example of a tuff cone and it beCame my second primary field area.
In order to gain a representative sampling of hydrovolcanic tephras, I also visited several
other tuff rings in Arizona and New Mexico and made several trips to the Pinacate volcanic field in
northwestern Sonora, Mexico which contains numerous hydrovolcanic vents. The Pinacates volcano
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that has figured most prominently in this research is the Cerro Colorado tuff cone. Dr. Robert
Singer also provided some samples collected from the Koko Crater tuff cone in Hawaii. The geology
of these sites are the subject of Chapter 2.
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CHAPTER 2: GEOLOGY OF FIELD SITES

Stratigraphy of Tuff Rings and Tuff Cones
The stratigraphy of tuff rings and tuff cones can consist of three types of deposits: an
explosion breccia, thinly bedded deposit.. , and massively bedded deposits. Figure 2.1 shows
representative tuff ring and tuff cone cross sections.
The lowermost layer in each is the basal explosion breccia which is composed predominantly
of country rock. This breccia represents the material ejected during the initial crater forming
explosion. Plate 2.1 shows the basal explosion breccia at Lunar Crater. In those cases where the
eruption pierces friable surface materials such as lake sediments or poorly indurated sandstone, there
may be no recognizable explosion breccia.
The explosion breccia is surmounted in most cases by thinly bedded tuffs. These beds can be
divided on the basis of depositional bedforms and internal stratification into three types of beds:
sandwave, massive and planar. As defined by Wohletz and Sheridan (1979) sandwave beds display "an
undulating surface or surfaces inclined to the depositional substrate, (and can) include bedforms such
as dunes, antidunes, ripples, and cross laminations." Planar beds result from flow processes which
produce inversely graded deposits. Massive beds are often found as lens shaped deposits on the lee
side of sandwave dunes. According to Wohletz and Sheridan (1979) they "are mostly unstratified,
ungraded, and rarely show internal structures.... Massive beds are thought to be transitional between
sandwave and planar beds." Wohletz and Sheridan (1979) subdivided pyroclastic surge deposits into
three facies on the basis of these depositional bed forms. These facies are deposited by the gradual
deflation of the pyroclastic surge cloud as it moves laterally away from the vent. Sandwave facies are
deposited close to the vent by the highly inflated pyroclastic surge clouds and include sandwave and
massive beds. Plate 2.2 shows sandwave beds at Kilbourne Hole, New Mexico. The planar facies,
which include massive and planar beds, are deposited furthest from the vent by a largely deflated

24

Figure 2.1: Tuff ring and tuff cone stratigraphies
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(1) Explosion Breccia
(2) Thinly Bedded Tuffs (hydrated, unpalagonitized)
(3) Thickly Bedded Tuffs (highly palagonitized)
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Plate 2.1: Basal explosion breccia at Lunar Crater. 35 mm lens
cap is included for scale.

Plate 2.2: Sandwave thinly bedded tuffs at Kilbourn~ Hole.
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surge cloud. In-between the sandwave and planar facies is the massive facies which can include all
three bed forms (sandwave, planar, and massive). It should be kept in mind that the thinly bedded
layers are laid down one layer at a time by individual eruptive surges. These surges can vary in energy
so that at anyone point a succession of bedforms can be stacked on top of each other. Although on
average the relations stated above will hold with sandwave beds predominating closest to the vent,
then massive beds and finally planar beds. Heiken and Wohletz (1985) have noted that massive beds
are more highly altered than sandwave beds.
The thickness of individual beds in thinly bedded deposits can range from very thin (i.e., on
the order of a millimeter) to several centimeters. The sandwave beds are generally thinnest and the
massive beds thickest. The beds dip at relatively shallow angles, dips seldom exceed 12· except in
cases where the beds have slumped downward to steeper angles. Alteration of thinly bedded tuffs is
scant with only small pockets of palagonitization occurring, primarily in massive beds of surge origin.
Thickly bedded deposits are found only in tuff cones. These beds consist of both massive
surge and poorly bedded fall beds. The thickly bedded deposits of tuff cones also show little variation
in their bedforms (or lack thereot) unlike the vertical variation in bedforms that is common to thinly
bedded deposits. This uniformity is evidence of a steady flow of material, or at least a series of
eruptions of uniform energy. Uniform energy of eruption is in turn indicative of a steady flow of
water to the vent.
Plate 2.3 shows massively bedded deposits from Pavant Butte. Thickly bedded tuffs are
almost always highly palagonitized and the high degree of palagonitization often makes the
determination of bedding difficult ifnot impossible. Where it can be determined, the thickness of
individual beds can range from several centimeters to several meters. The dip of massively bedded
deposits is two or more times greater than that of thinly bedded tuffs of tuff rings. Wohletz and
Sheridan (1983) quoted maximum dip angles of24 and 25 for Pavant Butte and Cerro Colorado
0

0

respectively.
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The thickly bedded deposits of tuff cones very often have an uppermost layer of mantling
tuffs. These are poorly palagonitized tuffs which can be either thinly or thickly bedded. Thinly
bedded mantling tuffs were erupted under water/magma conditions similar to basal thinly bedded

tutIs. Thickly bedded mantling tuffs (Plate 2.4) represent the final stage of the eruption process that
produced the underlying palagonite tuffs. Despite the different water/magma ratios which produced
them, the degree of alteration of both thinly and thickly bedded mantling tuffs is equally minimal.

Late Cenozoic Geology of the Basin & Range Province
The tuff rings and tuff cones examined in this study all reside within the Basin and Range
Province of the American Southwest. The Basin and Range is a region that has been undergoing
tectonic extension since at least mid-Tertiary times. One consequence of this extension has been
numerous occurences of basaltic volcanism and in many instances, associated hydrovolcanism.
Widespread basaltic volcanism in the Basin & Range is a relatively recent phenomenenon. The
orogeny associated with the extension in the mid-Tertiary produced a thin continental crust in the
Basin & Range leading to a high geothermal gradient and a complementary shallow brittle-ductile
transition zone (Spencer and Reynolds, 1989). One consequence of the mid-Tertiary orogeny was
widespread volcanism, predominantly of silicic to intermediate composition. Numerous caldera
forming eruptions left their mark across the Basin and Range in the form of calderas and widespread
sheets of ash flow and ash fall tuffs.
After the mid-Tertiary orogeny, there was a clockwise re-orientation of extensional forces.
By the mid to late Miocene these extensional forces caused what has come to be known as the Basin
and Range disturbance. The amount of Basin and Range extension has been estimated at 10 to 20%.
The structural result of that extension has been the high angle graben and horst physiography of the
Basin and Range Province. Volcanism produced by the Basin and Range disturbance was
predominantly basaltic in composition. Inevitably within many of the resulting volcanic fields,
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Plate 2.3: Thickly bedded palagonite tuffs at Pavant Butte. Note the discordant
layering in the center of the photograph.

Plate 2.4: Thickly bedded mantling tuffs (gray) atop palagonite tuffs (orange) at
Pavant Butte.
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basaltic magmas interacted with surface and/or near-surface waters to produce hydromagmatic vents
and edifices such as maars, tuff rings and tuff cones.
Table 2.1 summarizes the tuff rings and tuff cones examined in this study. Figure 2.2 provides
an overview of the location of the field areas. As was mentioned in the introduction, the two areas on
which I have concentrated the most attention are: the Lunar Crater Volcanic Field in Nye County,
Nevada and the Pavant Butte tuff cone in Millard County, Utah. The Cerro Colorado tuff cone in the
Pinacates Volcanic Field, Sonora, Mexico is another important field area. These areas are described
in some detail below. Areas from which samples have been collected but which have not otherwise
been examined in any great detail are listed in Table 2.1 and are each described briefly in the final
section of this chapter.
Table 2.1: Field sites, analytical teChniques • to which samples from those sites have been subjected
and whether or not remotely sensed data is available.
Tuff Rings
Lunar Crater
Ubehebe
Elegante
MacDougal
Zuni Salt Lake
Kilbourne Hole
Bowen Crater

Vis/IR

XRD TS

X
X
X
X
X
X
X

X
X

X

X

EMPA Mfissbauer Remote Sensing

X

X

X

X

X

X

X
X
X

X

X
X

X
X

X

Tuff Cones
Pavant Butte
Easy Chair
Cerro Colorado
Koko Crater

X

X
X

X

X
X
X

X

X

X
X
X

• Vis/lR = visible and near IR spectrometry, XRD = X-ray diffraction, TS = thin section, EMPA =
electron microprobe analysis, Mfissbauer = iron Mfissbauer spectrometry. While remote sensing
data sets (primarily Landsat TM) of many of the field areas were available only those data sets
described in Chapters 6 - 8 of the LCVF and Pavant Butte were studied in any great detail.
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Figure 2.2: Field areas.
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Lunar Crater Volcanic Field
The Lunar Crater Volcanic Field (LCVF) lies halfway between the towns of Ely and
Tonopah in northern Nye County, Nevada (Figure 2.3). The volcanic field receives its name from
Lunar Crater, a spectacular maar crater over 1100 m in diameter and 130 m deep. The LCVF proper
consists of over 100 square miles of basalt flows and pyro- and hydroclastic deposits (Scott and Trask,
1971). Plate 2.5 shows the LCVF as viewed by the Landsat TM and Figure 2.4 presents a sketch
geologic map of approximately the same area. The TM image is a band 5-4-1 color composite of a
5122 pixel portion ofa larger LCVFscene (see Table 6.1). This subsection includes Easy Chair
Crater in the upper left, Lunar Crater in the lower left and Lunar Lake in the lower right. This
combination ofTM bands has been found by Davis et al. (1987) to be extremely effective in
distinguishing red cinder cone pyroclastics from flow basalts. It accomplishes this purpose by making

31

Figure 2.3: Location of Lunar Crater Volcanic Field
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Lunar Crater
Volcanic Field,
Nye County, Nevada
the highly oxidized, hematite-rich cinders appear a bright red, as indeed in a vaguer sense they already
do to the naked eye*
The basaltic volcanics of the LCVF sit astride a sequence of Tertiary ignimbrites and silicic
lava flows. The entire LCVF is, in fact, in the middle of the the Lunar Lake caldera, the most recent
caldera in the central Nevada caldron complex (Ekren, et aI., 1974). The Lunar Lake caldera (Figure
2.4) was formed approximately 25 Ma B.P. About 375 km3 of ash was ejected to form the tuff
currently mapped as the tuff of Lunar Cuesta (Ekren, et aI., 1973; Snyder, et aI., 1972). Ekren and
others (1974) hypothesize that the Lunar Lake caldera collapse took the form of a type of "trap door"

* This band combination is also satisfying since it makes healthy vegetation (high reflectance in band
4) appear bright green, again accentuating a "true" color. Although the band 5-4-1 composite is
assigning colors to portions of the spectrum that the human eye cannot see (with the exception of
band 1), it can be said that it is actually enhancing true colors.
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Figure 2.4: Geologic map of the LCVF
(after Ekren et aI., 1974)

Legend

Quaternary basalts

Quaternary sediments • Lava flows
DAlIuvium
II Cinders
r] Playa deposits
I] Tuff

Miocene lavas

Miocene tuffs

I
I

Andesite

Ii Buckwheat Rim

Rhyolite

• Buckskin Point

I

Lunar Cuesta

I

Tuffs predating the
tuff of Lunar Cuesta

....-- Plate 2.5: Lunar Crater Volcanic Field color composite with TM bands 5 = red,
4 = green, 1 = blue. Prominent land features are marked as follows: e = Easy
Chair Crater, Lu = Lunar Crater, LL = Lunar Lake. North is to the left.
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action wherein the eastern side collapsed hinging on the western side. The trace of the caldera is
preserved today on the east by the arcuate ridge known as "the Wall". SUbsequent to the ejection of
the tuff of Lunar Cuesta and the accompanying caldera collapse, several more sequences of tuff were
erupted• interspersed with eruptions of rhyolitic, quartz latitic and andesitic lavas.
Exposed around the periphery of the LCVF are a sequence of mid-Paleozoic sedimentary
units. These are primarily dolomites,limestones and quartzites with a combined thickness of about
1200 m (Scott and Trask, 1971). Also, in the middle of the LCVF lies the Lunar Lake playa which
during Lake Lahontan time was a full-fledged lake (Mifflin and Wheat, 1979).
Basaltic volcanism began in the LCVF in the late Tertiary. Kargel (1986) dated over 50
basalt flows in and around the LCVF by the K-Ar method. The five flows that are exposed in the
walls of Lunar Crater range in age from 4.2 to 3.66 Ma. While these basalts are among the oldest in
the LCVF, the youngest lie north of U.S. Rt. 6 in the Black Rock lava flow which is somewhere
between 10,000 and 350,000 years old.
Lunar Crater

Lunar Crater itself (Plate 2.6) is practically a type example of a maar crater with associated
tuff ring. In accordance with the definition for maar craters proposed by Oilier (1967), Lunar Crater
extends considerably below the general ground level, is much wider than deep and has a rim of
material ejected from within the crater.
The rim stratigrapy is in accordance with that described earlier in this chapter. There is a
basal explosion breccia (Plate 2.1), that is well exposed in the northern part of the crater. The basal
explosion breccia has a thickness of2 to 5 m and is surmounted by thinly bedded tuffs with a total
thickness of 30-40 m. Unlike many younger tuff rings, the thinly bedded tuffs of Lunar Crater have
become relatively well indurated. Included in the tuff beds are varying amounts of the underlying
• Among the tuffs that were erupted after the caldera collapse was the tuff of Buckwheat Rim. The
upper cooling unit of this two cooling unit formation has a di~tinctive spectral signature that will be
discussed in Chapter 7.
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country rock, most noticeably fragments of the tuff of Buckwheat Rim. There is also a prominent
exposure of Buckwheat Rim tuff in the southwestern walls of Lunar Crater (Snyder et aI., 1972).
The age of the maar-forming Lunar Crater eruption has not been fIxed. It is almost certainly
considerably younger than the youngest basalt flow exposed in its walls. Based on its state of erosion
and the relatively high degree of induration of its tuff ring beds, I would place the eruption
somewhere in the mid-Pleistocene.
Easy Chair Crater

To my knowledge, Easy Chair Crater (Plate 2.7) has never been described as a tuff cone in
any published account. However, it bears many similarities to tuff cones as defIned by Wohletz and
Sheridan (1983). Its tuff deposits are massively bedded, highly palagonitized and steeply dipping at a
median angle of 18°. While it is apparently lacking in a basal thinly bedded tuff ring, there is a thin
carapace of thinly bedded tuffs at its top.
The crater currently bisects a cinder cone to its north leaving the steep walls of the tuff cone
slanting upward to an even more steeply dipping northern "back" giving the impression, as the name
implies, of a high backed easy chair. The crater itself is over 480 m across in the east-west direction
and 76 m deep as measured from the western wall to the floor.
While I am describing the tuff as a "palagonite tufr, it is distinct from that observed at Pavant
Butte and Cerro Colorado. In the next chapter, the petrography of Easy Chair Crater tuff will be
described in more detail. The best exposures of the tuff are on the inner walls of the crater,
particularly within the western rim, seen on the right hand side of Plate 2.7. The tuff is peppered
with xenoliths of the country rock some of these blocks being as large as a meter in diameter (see
Plate 2.8).
As exposed on its steep northwestern wall, Easy Chair Crater seems to have an inverted

stratigraphy. A clast supported mass resembling an explosion breccia lies atop a matrix supported

Plate 2.7: Easy Chair Crater. Photograph taken from the summit of the cinder
cone that lies to the north of the crater.
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Plate 2.8: Xenoliths in Easy Chair Crater tuff. Hammer induded for scale.

39

thickly bedded palagonite layer. Throughout its thickly bedded layers there seems to be a higher
percentage of lithic clasts than in other tuff cones I have examined.
Easy Chair Crater seems to be an example of a Strombolian/cinder cone eruption that
changed style. A possible scenario for the formation of Easy Chair Crater would begin with the
formation of the cinder cone. At some point in the cinder cone's eruptive history, it would enter a
hydrovolcanic phase and begin spewing out basaltic ash. The water supply probably became
somewhat more restricted so that the water/magma ratio became more explosive, and it was at this
point that the actual crater was formed. The explosion deposited an explosion breccia on top of
preexisting tuff beds. The water/magma ratio again increased to produce additional thickly bedded
deposits before finally dwindling to a phase where thinly bedded tuffs were produced and perhaps
there was a brief final Strombolian phase. While the Easy Chair Crater eruption is undated, a late
Pleistocene age seems likely.

Pavant Butte
Pavant Butte (Plate 2.9) is the most prominent hydrovolcanic edifice in the basaltic volcanic
fields of the Black Rock Desert of west-central Utah (Figure 2.5). The Black Rock Desert lies in a
graben valley within the eastern half of the Great Basin. The entire region was covered by Lake
Bonneville during the late Wisconsin glaciation.
Pavant Butte was first described by G.K. Gilbert (1890). It lies near the northwestern limb of
the Pavant field which consists of two series of lavas erupted subaerially before the Lake Bonneville
flooding. Pavant Butte represents the final eruptive episode in the history of that field. On the basis
of radiocarbon dates of gastropods and ostracodes stratigraphically associated with Pavant Butte ash,
Oviatt' and Nash (1989) have shown that the tuff cone's eruption could have occurred no earlier than
15,300 yr B.P. Oviatt and Nash aflXed a maximum age for the eruption of 16,000 yr B.P. on the basis
of radiocarbon dates of charcoal in soil from a shore zone facies that also contains Pavant Butte ash.
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Figure 2.5: Location of Pavant
Butte
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Plate 2.9: Pavant Butte. The basal tuff ring forms a wave-cut platform on which the orange

palagonite tuff cone beds lie. Photograph taken from the south looking north.
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Pavant Butte adheres very closely to the model cross section of tuff cones described earlier in
the chapter. I could find no exposures of a basal explosion breccia, and since it was erupted through
lake sediments, there might not be one. The lowermost ash beds are thinly bedded tuffs which in
places consist of nearly pristine sideromelane. These beds are on the order of 7S m thick and form a
table mesa on which the thickly bedded highly palagonitized tuff beds lie. The massively bedded tuffs
are approximately 180 m thick.
On the tuff cone's northwestern flank, there is a deep gully that provides an excellent glimpse
at the contact between the sideromelane tuffs and the palagonite tuffs (Plate 2.10). At the head of
this gully are sections of massively bedded unpalagonitized tephra along with areas of thinly bedded
palagonite tuffs. Near the top of the tuff ring beds are a few thin (2-3 cm thick) layers of
palagonitized tuff in the middle of otherwise unaltered beds (Plate 2.11). There \s also discordant
layering with palagonitized beds unconformably overlying unpalagonitized beds, or angular
discordance between thickly bedded palagonitized layers (Plate 2.3). Oviatt and Nash (1989) ascribe
the latter class of discordances to "minor faulting and slumping during the deposition of the tuff
(with) rapid accumulation of new tuff layers over the exposed fault or slump scarps".
The orange highly palagonitized tuffs are coated with a mantle of poorly palagonitized tuff
(Plate 2.4). That the Pavant Butte massive and mantling tuffs were very wet when they were emplaced
is demonstrated by the presence of "bedding sags". An example of this phenomenon in the mantling
tuff is shown in Plate 2.12. These features result from ballistically ejected bombs or lapilli landing on,
and sagging down into, wet, plasticly deformable beds. The mantling tuffs of Pavant Butte will be
described in more detail in the next chapter, and the origin of Pavant Butte itself will be considered in
Chapter S.
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Plate 2.10: Contact between thinly bedded sideromelane
and thickly bedded palagonite tuffs at Pavant Butte.
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Plate 2.11: Thin layers of palagonite tuff in the midst of sideromelane tuff near the
top of the basal tuff ring at Pavant Butte. Hammer is included for scale.
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Plate 2.12: Bedding sag in Pavant Butte mantling tuff. Pen is included for scale.
/'
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Cerro Colorado
Cerro Colorado is a tuff cone on the northeastern flank of the Pinacates volcanic field in
northwestern Sonora, Mexico. The Pinacate volcanic field (PVF) is an outstanding example of a
young continental basaltic volcanic field. It is over 600 square miles in extent with hundreds of
volcanic vents including at least ten maar craters and the trachytic Santa Clara shield volcano. Plate
2.13 is a Landsat TM scene of the PVF with Cerro Colorado appearing in the upper right. Much has
been written on the PVF. Prominent recent work includes a PhD dissertation by Lynch (1981), a
paper on the geology of Crater Elegante by Gutman (1976), and general reviews of the entire field by
Gutman and Sheridan (1978) and Lynch and Gutman (1979).
The PVF has been active throughout the Pleistocene and well into the Holocene (Lynch,
1981). Cerro Colorado is generally considered to be the youngest of the PVFs hydrovolcanic vents
(e.g. Arvidson and Mutch, 1974) despite the fact that its outer walls have been deeply gullied by
erosional processes. The fact that the rim of Cerro Colorado appears more eroded than the rim of
nearby Elegante Crater led Lynch (1981 and personal communication) to suggest that former is older
than the latter which would make Cerro Colorado m.Jre than 1S0,OOO years old•.
However, the advanced degree of gullying need not make it older than Elegante. The greater
relief of Cerro Colorado requires a higher rate of erosion +. Also, if the ash was unconsolidated long
enough to have been subjected to one or more heavy rainstorms, that might have been enough to
begin the incisions that have led to the current highly gullied state. I believe a more reasonable age
for Cerro Colorado is the 10,000 year age suggested by Shakel and Harris (1972) on the basis of
Hohokam potsherds. Indeed, the tuff cone might well be younger. Some of the outermost tuff
surfaces display dessication cracks which look remarkably fresh (Plate 2.14).
• Lynch (1981) estimated Elegante to be 1S0,OOOyears old on the basis ofa K-Ar date ofO.1S ± 0.02
Ma for a basalt that displays a "corduroy" texture representative of contact with unconsolidated
·material such as ash.
+ Ruxton and McDougall (1967) in a study of volcanic terrains in Papua New Guinea found that
there is a positive linear correlation between the rate of erosion and relief.

Plate 2.13: Landsat TM band 5-4-1 color composite of Cerro Colorado (upper
right) and Elegante Crater (lower left).
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Plate 2.14: "M ud" cracks in mantling tuffs on the flanks of Cerro Colorado.
4" x 6" notebook is included for scale.

Plate 2.15: Palagonite tuff forming the northern wall of Cerro Colorado.
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Like Pavant Butte, Cerro Colorado has the typical tuff cone stratigraphy described by
Wohletz and Sheridan (1983). It lacks a basal explosion breccia since it was erupted through friable
playa deposits and Quaternary alluvium. On the northwestern wall of the crater there is a good
exposure of the thinly'bedded tuffs lying directly atop the preexisting playa beds. The tan-colored
thinly bedded tuffs which comprise the base of Cerro Colorado are richer in lithic matter than the
corresponding beds at Pavant Butte. The tuff ring deposits at Cerro Colorado are also thinner than
those at Pavant Butte with a thickness on the order of only 10 m. Fragments of more competent
basalts and gneiss, which make up the bedrock, can be found in both thinly and thickly bedded tuffs.
The overlying palagonitized tuff, in general, resemble those at Pavant Butte although under the
petrographic microscope, they appear even more highly palagonitized (see Chapter 3). The inner
walls of the crater provide excellent exposures of the palagonite tuff (Plate 2.15)
Cerro Colorado is technically a maar since the floor of its crater is about 4 meters below the
general ground level of the exterior. There are several lobate tongues of tuff that extend into Cerro.
Colorado's central crater (the most prominent one being on the northwest). These fans of tuff lead
one to conjecture that there were several vents spaced tens or a few hundred meters apart which
contributed to the construction of Cerro Colorado, or at least to its final stages of construction. This
idea gains additional credence since on the east side of the crater, the topmost tuff beds consist of
thickly bedded mantling tuff and armored lapilli whereas most of the rest of the rim is mantled by
thinly bedded tuffs; some of which even display the cross-bedding characteristic of sandwave beds
(Wohletz and Sheridan, 1983).

Other sampled tuff ring~
Ubehebe Crater

Ubehebe crater is located in northern Death Valley, California on the nQrthern slope of Tin
Mountain. An early description of the main Ubehebe crater and other smaller craters surrounding it
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was given by Von Engeln (1932). A more recent description of the crater and the sedimentary
structures in its base surge deposits was done by Crowe and Fisher (1973).
While Crowe and Fisher identified over a dozen volcanic vents in the vicinity of Ubehebe, the
two most recent and recognizable craters are Ubehebe and Little Hebe Crater to its immediate south.
Ubehebe was erupted in late Pleistocene or early Holocene time through a sequence of
fanglomerates. Wohletz and Sheridan (1983) have observed an explosion breccia at Ubehebe as well
as seven sequences of tephra in its thinly bedded tuff deposits.

Zuni Salt Lake
The Zuni Salt Lake is located in west central New Mexico on the Colorado Plateau.
Descriptions of the crater in the widely available literature are sparse although there is an excellent
geologic map by Cummings (1968) and a description of its tephra by Heiken and Wohletz (1985) as
well as a mention in the Wohletz and Sheridan (1983) paper. The maar is one of several vents on a
SW trending fault line. It was erupted through a sequence of Precambrian basement, and Permian
and Cretaceous sandstones and shales. Again, it has the typical tuff ring stratigraphy. The Zuni Salt
Lake is notable both for its salt lake from which the Zuni indians have produced salt and for its
central cinder cone.
In the early stages of the eruptive history of the Zuni Salt Lake, the water/magma ratio was in
the pyroclastic surge field shown in Figure 1.1. The water/magma ratio decreased with time causing
the style of the eruption to become increasingly Strombolian with the result that the tephra deposited
changed from predominantly surge to fall beds. The start of the production of the aforementioned
cinder cone marked the end of water-magma interactions for the Zuni Salt Lake.
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Craters Elegnnte and MacDougal
Elegan te is perhaps the best known of the Pinacate maars due to its size (1.6 krn in diameter
and 244 m deep), nearly perfect circular morphology and its relative accessability. It too appears on
the TM scene in Plate 2.144. An extensive study of its geology was done by Gutman (1976).
Gutman's mapping of the crater was very well done; however, his interpretation of Elegante's origin is
almost certainly wrong. Gutman considered Elegante (to-, be a collapsed tuff cone. The fact that there
\

are no highly palagonitized tuffs in the vicinity of Elegante belies that assertion.
During the pluvial period that corresponds to the Wisconsin glaciation, a lake filled the floor
of Elegante. A sample of travertine collected from the floor of Elegante was dated via the carbon-14
method to be 17,200+220 years old (Damon, et at., 1963), which must be considered the minimum
age of the crater. The maximum age would be the 150,000 K-Ar basalt age reported by Lynch (1981)
that was mentioned earlier during the discussion of Cerro Colorado.
The rim of Elegante displays a model tuff ring ..;ross section (Wohletz and Sheridan, 1983).
The thinly bedded tuffs of Elegante have a relatively high lithic content and display a tan color.
MacDougal crater has the largest diameter of any maar in the Pinacates. It has been
described by Lynch (1981) and Arvidson and Mutch (1974). I did not personally visit this crater for
this study, but some tephra samples from the northeast rim of MacDougal were collected by Jeffrey
Johnson of the University of Arizona, Department of Geosciences.

Kilbourne and Hunl's Hole
These two maars lie within the Potrillo volcanic field of south-central New Mexico. Probably
the most extensive study of these maars was that done by DeHon (1965). Kilbourne Hole is the larger
of the two maars. It is unusual in that it deviates significantly from a circular shape with oblong
dimensions of 3.2 by 2.0 krn and a depth of approximately 130 m. The reason for the oblong shape
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stems from the fact that the maar was erupted along a north-south trending fault system (Heiken and
Wohletz, 1985).
The maar breaches a sequence of silt- and sandstones and recent basalt flows. According to
DeHon (1965) an explosion breccia that reaches a maximum thickness of 15 m is exposed on the
northern and eastern walls of the crater. This breccia includes numerous ultramafic nodules. The
thinly bedded tuffs which make up the bulk of the tuff ring, are generally tan in color and reach a
maximum thickness of 38 m.
Hunt's Hole is 3.2 km south of Kilbourne Hole and although it lies on the same fault line, it
achieved a more circular outline. It is about 1.6 km in diameter and 40 m deep. Its explosion breccia
outcrops only along the northeastern wall where it is as much as 6 m thick. Its thinly bedded tuffs
reach a maximum thickness of 15 m.

Bowen Crater

The geology of the maar craters and tuff rings of the San Bernadino volcanic field of
southeast Arizona have been described by Lynch (1973) and Lynch (1978). The one maar crater that I
was able to obtain samples from lies about 5 km east from Az Rt. SO. In his 1973 M.S. thesis, Lynch
referred to this crater as "Bowen crater", but I have found no other sources that have recognized that
name as being an accepted one. However, for want of a better name it will be used here. Bowen
crater is 1 km in diameter and has a very subdued topography. The tuff is gray in color and its
petrography will be described in the next chapter.

KokoCrater

Koko Crater is the only area considered here which is not a product of Basin and Range
continental volcanism. It is located on the Hawaiian island of Oahu and is, of course, one product of
the mid-oceanic hot spot volcanism which has produced that chain of islands. The tuffs of Koko

- - - - - -----.

52

Crater and other basaltic tephras of the Honolulu Group have been extensively examined by Hay and
Iijima (1968). A succinct description of the stratigraphy of Koko Crater is also given by Wohletz and
Sheridan (1983). Like Pavant Butte, Koko Crater has a basal tuff ring with sideromelane tuffs in
various stages of hydration. These beds are surmounted by the highly palagonitized massive tuffs
which form the bulk of the tuff cone.
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CHAPTER 3: PETROGRAPHY, CHEMISTRY, MINERALOGY AND IRON
CONTENT OF BASALTIC TUFFS

Classes of basaltic tufT
It is possible to divide basaltic tuffs into several different classes based on their bedding,

constituent materials and color. Most of these properties can be determined simply by visual
inspection; however, by studying thin sections of tuff under the petrographic microscope initial
conclusions made on the basis of macroscopic properties can be corroborated. The desired result is
to establish a number of parameters which are common to all types of basaltic tuffs and which can be
used to help determine the eruption environment (i.e. the water/magma ratio). Another important
objective is to determine those properties which affect the Vis/lR reflectance of the tuffs.
One way to categorize tephras is by means of their constituent materials. Tuffs composed
dominantly of country rock fragments can be classified as lithic tuffs; those with a majority of juvenile
crystals are crystalline tuffs; and those composed primarily of juvenile glass are vitric tuffs. If the
tephra fragments are greater than 4 mm and less than 32 mm in size then they are classed as /apilli and
an indurated assemblage of lapilli would be a /apilli tuff.
Another important parameter which is directly related to the water/magma ratio extant at the
time of eruption is how the tuffs are bedded. In fact, the most basic subdivision of basaltic tuffs might
be whether they are thickly or thinly bedded. The work of Wohletz and Sheridan has shown that
thinly bedded tuffs result from water/magma ratios in the "surge" field of Figure 1.1 whereas thickly
bedded tuffs result from lower energy eruptions in the "flow" field. Generally, thinly bedded tuffs are
poorly palagonitized whereas massively bedded tuffs are highly palagonitized. As with most
generalizations, there are exceptions. At Pavant Butte there are examples at the head of the
northwest gully of massively bedded sideromelane tuff and thinly bedded palagonite tuff. It should be
stressed that of all the sites I have examined, this is the only one where I found highly palagonitized
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thinly bedded tuffs and poorly palagonitized massively bedded tuffs. Thus the generalization stated at
the beginning of this paragraph can still be used bearing in mind that there can be exceptions.
Another important and easily determined parameter is the color the tuffs appear to the
miked eye (or, in the Southwest, the eye covered by sunglasses). Indeed, since this study deals with the
reflectance properties of basaltic tuffs, their visual color becomes especially relevant. In my
experience, basaltic tuffs can be grouped into three color classes: gray, tan and orange. Which color
the tuff assumes is decided by two primary factors: the ratio ofvitric to crystalline and lithic material
and whether or not the tuff is palagonitized. Tuffs rich in country rock fragments and crystals (i.e.
lithic and crystalline tuffs) are more likely to assume a tan color. Tuffs with a higher ratio ofvitric to
crystalline matter are more likely to be a shade of gray. Unaltered vitric tuffs are black. Highly
palagonitized tuffs are a shade of orange ranging from a bright orange to a more red or brownish
shade.
On a thin section scale, differences can be noted in the amount of glass and, once again, in
the ratio of juvenile to lithic material. Two varieties of juvenile basaltic material are considered:
sideromelane and tachylite. Sideromelane is an isotropic basaltic glass that is transparent to perhaps
slightly yellow colored in plane polarized light (Plate 3.1). Tachylite (dark grains in Plate 3.1) is an
opaque basaltic material whose opacity can be ascribed to devitrification products such as microlites
of Fe-Ti oxides. Sideromelane alters to palagonite which in thin section appears yellowish in plane
polarized light. Plate 3.2 shows the most common occurence of palagonite, as a rim on a
sideromelane grain. These components are described more fully by Peacock (1926), and the alteration
processes involved are discussed in Chapter 6.
Based on the properties I have just listed, I have grouped basaltic tuffs into six classes. There
are three classes of vitric tuff (sideromelane, palagonite, and mantling), two classes of lithic and/or
crystalline tuff (gray and tan thinly bedded), and a class is also reserved for armored lapilli. More
detailed descriptions of these classes are given below.
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Twenty three thin sections of tuff from four tuff rings and three tuff cones were examined
under the petrographic microscope. Point counts were made on these sections in order to determine
the ratios ofsideromelane/tachylite and vitric/crystalline materials. As will be seen in Chapter 4, the
former has an effect on the tuffs Vis/lR spectrum and the latter provides some idea of the degree of
lithic matter in the ~uff. Some of the samples tabulated in Table 3.1 will be discussed in the following
text. Samples are named according to where they were collected; for instance, PB·S is from Pavant
Butte. Many of the Lunar Crater samples are designated LeG in order to indicate that they were

collected as part of field work done during GRSFE. These letters are followed by a number which
indicates the order in which the sample was collected. If more than one sample was collected from a
single outcrop this is usually denoted by the number being followed by an a, b, c, etc. The sample
PB90·4, collected from the outcrop shown in Plate 2.11, received a special apellation since it has a
sideromelane component (PB90.4st) and an orange palagonite component (PB90·40pt). Also, the
one sample from MacDougal Crater is designated MacDC·NE in order to indicate that it was
collected from the northeast rim of that crater.
(1) Sideromelane tuff: These tuffs consist almost entirely ofsmall fragments of
sideromelane, with little or no alteration. Plate 3.1 is a photomicrograph in plane polarized light of a
nearly unaltered sideromelane tuff from Pavant Butte (PB·6c). Sideromelane tuff beds are thinly
bedded and black when unaltered. With progressive hydration, they become gray. Grain sizes are, on
average, less than 0.1 mm. The Pavant Butte sideromelane tuffs which were examined in thin section
(PB.S, PB90·4st, PB.6c) each had only about 10% crystals with no discemable lithic fragments,
although in outcrop there were fragments of basalt and lake sediments. The minerals observed in
decreasing order of abundance were plagioclase, olivine and pyroxene. The sideromelane/tachylite
ratio (4 • 17) is high as is the vitric/crystalline ratio (9. 17).
I am also grouping thinly bedded "mantling tuffs" into this class. The important fact is that
sideromelane tuffs are produced by high energy, surge eruptions. This was true for PB·6c as is
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Table 3.1: Results of thin section analyses
Sideromelane
Tach~lite

•

Vitrict

Class Median
Grain Size (mm)
0.0625

Class
Sideromelane Tuff

Samnle
PB-5
PB-6c
CC-13
PB90-4st

5.0
4.0
17.0
4.0

CmtaIline
14.5
11.4
8.9
17.0

Gray Thinly
Bedded Tuff

BC-6
BC-8
LC-3a
LCG-9
ZSL-3b
ZSL-9c

0.56
0.29
0.84
2.4
1.2
5.0

0.69
2.2
2.0
2.2
5.8
3.2

0.25

Tan Thinly
Bedded Tuff

HH-1b
CC-15b
CC-17
EC-5
ECC-16

3.6
5.2
10.3

0.46
0.62
1.8
2.4
3.7

0.25

PB-1b
PB-2b
PB90-40pt
CC-5
CC-9
ECC-1c

19.0
10.2
62.0
62.0
38.0

0.5

2.7

11.4
8.5
31.0
3.5
4.1
2.9

PB-1a
CC-16b

7
12

7.1
2.4

0.5

Palagonite Tuff

Mantling Tuff

1.5
1.56

• The desired result of this ratio is to determine the ratio of originally vitric materials to originally
devitrified tachylite. Hence, this ratio was calculated with the total number of "sideromelane" grains
being equal to pristine sideromelane + palagonite (devitrified sideromelane).
t The desired result of this ratio is to estimate the amount of juvenile glassy or devitrified material
relative to that of well crystalline phases and lithic fragments. Hence, "vitric" materials equal
sideromelane + palagonite + tachylite; "crystalline" material equals juvenile crystals + lithic
fragments.

----_._--_._,
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evidenced by its fine grain size and also for the thinly bedded "mantling tuffs" at Cerro Colorado such
as CC-13.
(2) Gray thinly bedded tuff: These tuffs and their tan colored counterparts tend to have a
high fraction of lithic and crystalline materials. In some cases they might not strictly be "crystal" or
"lithic" tuffs since those components might be less than 50%, but compared to sideromelane or
palagonite tuffs they have a much higher fraction of lithic and/or crystalline material.
As the name implies, these tuffs are gray and are thinly bedded, the gray color results from

hydration of sideromelane and subsequent flaking of the outer shells of the sideromelane grains
provides a fine grained gray matter that coats other constituents (see Chapter 4).
Samples examined in this category came from Bowen Crater, Lunar Crater and Zuni Salt
Lake (BC-6, BC-8, LC-3, LCG-9, ZSL-3b, ZSL-9c). Grain size was rather variable but averaged
around 0.1 to 0.3 mm. The sideromelane/tachylite ratio was also quite variable ranging from a low of
0.3 for Be-8 to a high of 5,Q for ZSL-91,'~The vitric/crystalline ratio seemed to cluster around 2 for the
most part.
(3) Tan thinly bedded tuff: These tuffs are similar to the previOUS class except for their color.
The tan color is due, at least in part, to a higher percentage of lithic and/or crystalline materials. The
vitric/crystalline ratio is low, commonly below 1. The grain size and sideromelane/tachylite ratios
display the same degree of variability as in gray thinly bedded tuffs.
Tan thinly bedded tuff thin sections came from Elegante Crater, Hunt's Hole and the basal
thinly bedded tuff of Cerro Colorado (EC-5, HH-1b, CC-15b, CC-17).
(4) Palagonite tuff: These tuffs differ substantially from the previous classes, primarily in
their bedding characteristics and degree of palagonitization. They are massively bedded and highly
palagonitized to the extent that it is frequently difficult to distinguish individual beds. Their color is a
distinctive orange and they are highly indurated. Individual grain sizes tend to be larger than in the
thinly bedded tuffs with median grain diameters ranging from 0.3 to 0.5 mm.

Plate 3.1 (top): PB-6c sideromelane tuff in plane polarized light. Lighter colored
shards are sideromelane. Opaques are tachylite.

Plate 3.2 (bottom): PB-1b palagonite tuff in plane polarized light. Magnification is
the same as in Plate 3.1; note the larger grain sizes. Arrow indicates sideromelane
grain surrounded by palagonite rind.
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Thin sections were examined from Pavant Butte, Cerro Colorado and Easy Chair Crater (PBIb, PB-2b, PB90-40pt, CC-5, CC-9, and ECC-lc). PB90-40pt, PB-2b and the Cerro Colorado samples
were almost completely palagonitized. In contrast, in PB-lb there were discrete sections of
palagonitized and unpalagonitized glass. Sideromelane/tachylite ratios are very high.
Vitric/crystalline ratios are also much higher than unity.
(5) Mantling tuff: These tuffs form a mantling veneer over palagonite tuffs. Like the
palagonite tuffs they are massively bedded and like the palagonite tuffs have relatively large grain
sizes. They are distinguished from palagonite tuffs by their gray color which like the gray thinly
bedded tuffs implies that these tuffs have been hydrated but not palagonitized. Nonetheless, other
agents such as opal, calcite and zeolites have acted to cement these tuffs to a high level of induration.
Sideromelane/tachylite and vitric/crystaIline ratios are similar to palagonite tuffs.
(6) Armored lapilli: These hydroclasts are not strictly tuffs although they can clump
together. The lapiIli have diameters on the order of 1 to 2 cm and consist of cores of juvenile basalt
or country rock armored with the type of ash that when deposited en masse form mantling tuffs.

Electron Microprobe Analysis
Two samples from Pavant Butte were examined using the Lunar & Planetary Laboratory
Cameca electron microprobe. The two samples represented the two ends of the basaltic ash
alteration spectrum: PB-6c is a virtually unaltered sideromelane tuff while PB-2b is a highly
palagonitized tuff.
The two probe mounts which were analyzed consisted of small chunks of tuff mounted in
epoxy. The samples had been pOlished and carbon coated in keeping with standard microprobe
sample preparation techniques. The electron microprobe analysis (EMPA) was a quantitative 11
major element analysis performed with reference to elemental standards.

-------- -

---------
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In a random analysis of the most highly polished grains (which produce the best results) good
analyses were obtained for seven sideromelane and five palagonite grains as well as for some
crystalline phases. All the sideromelane grains probed were in PB-6c and all the palagonite grains
were in PB-2b.
Table 3.2 shows averages of analyses for sideromelane grains from PB-6c and palagonite
grains from PB-2b. Allen et al. (1981) examined a number ofpalagonite tuffs using EMPA. Chemical
changes in the sideromelane of PB-6c and the palagonite of PB-2b are generally in keeping with what
Allen et al. reported. Noteworthy changes included significant drops in the concentration of Si02,
AI203, Na20 and Cao from the glass to the palagonite, and a notable increase in FeO· in the
palagonite. The amount of water (inferred from the difference of the compound totals from 100%)
was essentially 0% in the sideromelane tuff and approximately 11% in the palagonite tuff, thereby
confirming the importance of hydration in the formation of palagonite.
The values in Table 3.2 for sideromelane also agree well with the values published by Oviatt
and Nash (1989) for Pavant Butte ash.
Among the other mineral phases identified by EMPA were several varieties of plagioclase
feldspars. Several grains of calcic plagioclase, labradorite and bytownite, were probed as well as one
grain of albite. One olivine grain was probed which in the forsterite - fayalite solid solution series
would be placed somewhere between the species of chrysolite and hortonolite.
Several varieties of zeolites were also probed in PB-2b. The compositions of the different
zeolite species probed are shown in Table 3.3. These phases were identified as zeolites based on their
high Si~ and H20 (hiferred from the difference of the compound totals from 100%) and low mafic
element contents. One species appears to be analcite while the other is either chabazite or phillipsite
or perhaps both species are present.

* In the microprobe analyses both ferric and ferrous iron are reported as FeO.

---
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Table 3.2: Chemical analyses of average side rome lane and palagonite from Pavant Butte
Compound
Na20
MgO
Al203
Si02
P20S
K20
CaO
Ti02
erO
MnO
FeO
Total
H2O

PB-6c avg. sideromelane
3.012
5.616
16.325
50.304
0.582
1.174
9.039
2.123
0.012
0.225
11.615
100.026
-0.000

PB-2b avg. palagonite
0.536
6.129
9.495
41.661
0.743
1.969
6.183
3.576
0.022
0.339
18.720
89.374
10.626

Table 3.3: Zeolites probed in PB-2b. The "A" zeolites are chabazite and/or phillipsite. The
"B" zeolites are analcite.
Compound

Al

Na20
MgO
Al203
Si02
P20S
K20
CaO
Ti02
erO
MnO
FeU
Total
H2 O

----

---------

1.135

A2
3.388

A3
1.774

0.000
24.735
55.289

0.000
23.284
54.499

0.103
3.023
5.900
0.011
0.000
0.000

!

Bl
. 8.821

B2
9.004

0.001

0.000

• 23.570
55.526

24.250
59.046

0.000
24.364

0.077
2.441
5.290
0.019

0.073
3.430
4.907
0.017

0.016
0.023

0.019
0.178

0.000
0.000
0.127

0.000
0.013

0.435

0.069
0.000
0.240

90.631

89.307

89.496

92.509

92.770

9.369

10.693

10.504

7.491

7.230

O.UUU

0.199
0.026

58.812
0.006
0.001
0.260
0.011

0.298
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X-ray Diffraction Analysis
'~.~-'-

X-ray diffraction analysis was performed on the samples listed in Table 3.4. This XRJ? work
was done both as a means of indepently verifying some of the minerals identified by Vis/IR
spectrometry as well as to determine mineral phases which might have eluded detection by Vis/IR
spectrometry. For some samples XRD analysis was performed only on bulk samples and for others
on silt and clay size fractions. One goal of the XRD analysis of the clay sized fractions « 4tm), was
to determine if clay minerals were present or, more accurately, if they were sufficiently crystalline to
be detected by XRD.

Table 3.4: Samples analyzed by XRD

Sample

I

I

BC-8
LC-3
LHC-lc
UbeC-4
ZSL-2
PB-2a
PB-2b
CC-2c
CC-lO

Bowen Crater
Lunar Crater
Ubehebe Crater
Ubehebe Crater
Zuni Salt Lake
Pavant Butte
Pavant Butte
Cerro Colorado
Cerro Colorado

gray thinly bedded
gray thinly bedded
tan thinly bedded
gray thinly bedded
gray thinly bedded
mantling tuff
palagonite tuff
palagonite tuff
palagonite tuff

Origin

Tuff Class

I

Size Fraction

bulk
silt, clay
bulk, silt, clay
bulk, silt, clay
bult, silt, clay
silt, clay
bulk, silt, clay
bulk, silt, clay
bulk

All samples were analyzed on the University of Arizona, Department of Geosciences
Siemens D-5oo X-ray diffractometer. The samples were broken down to sand, silt and clay size
fractions (>64tm, 2-64tm, and <4tm) following the methods outlined by Starkey et al. (1984). The
sand sized fraction consisted mainly of coarse lithic fragments and was not X-rayed. The silt sized
fraction was dried and X-rayed as a powder. The clay sized fraction was deposited onto slides while
still in suspension and was X-rayed as oriented aggregates. All samples were irradiated with Cu Ka
radiation over a scanning range from 3 2 e to 60 2 e at a scanning rate of 2 2 e per minute.
0

0

0
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Glycolated clay samples were only examined from 3 0 2 9 to 20 0 29. Results were recorded in analog
format on a strip-chart recorder.
Table 3.5 shows the minerals that were identified by XRD analysis and in which size fraction
they occurred. Considering the larger size fractions first, the only mineral phase which was present in
every sample was plagioclase. Other minerals which were identified in more than one sample were
quartz, zeolite minerals, and serpentine minerals. The identification of serpentine was made
0

primarily on the basis of a sharp peak near 12 29 (7l). No clay minerals were detectable in the
larger size fractions.

Table 3.5: Minerals identified by XRD

Mineral

I

Plagioclase
a-Quartz
Serpentine
Analcime
Chabazite
Heulandite
Calcite
Forsterite
Smectite
Illite-Smectite
Attapulgite

all
BC-8(b), UbeC-4(b,s), CC-2c(b), CC-lO(b)
PB-2b(b,s), CC-2c(c)
PB-2b(b,s)
CC-2c(b,s), CC-lO(b), PB-2b(b)
UbeC-4(s)
BC-8(b), UbeC-4(s)
CC-2c(s)
ZSL-2(c), PB-2a(c), LC-3(c)
LHC-lc(c), UbeC-4(c)
CC-2c(c)

Samples containing that mineral

I

Principal peaks C2e)

27.9 - 28.05, 30.5
26.60, 20.85
12.04 - 12.61
25.91,15.8
30.58, 20.58, 9.5
9.87
29.8
32.15
5.55 - 6.3
7.5 -7.6
8.40

Among the clay-sized fractions of the tuff ring samples, only ZSL-2 produced a sharp peak
fully consistent with a smectite clay mineral such as montmorillonite. LC-3, UbeC-4 and LHC-lc
produced broad poorly defined peaks with positions suggestive of mixed layer illite/montmorillonite
composition. These results are in accordance with those indicated by the Vis/IR spectrometry
reported in the next chapter.
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The three tuff ring samples were also saturated with ethylene-glycol. After glycolation, the
peaks described above moved to greater d-spacings; thereby supporting the interpretation that an
expandable layer clay such as a montmorillonite or mixed layer illite/montmorillonite is present.
The clay fractions of PB-2b yielded no well defined peaks. The 7l serpentine feature was not
present in the clay fraction of PB-2b thus indicating a grain size for the ser~lr.e·minerals larger
than 2/Lm. In contrast, while no serpentine had been indicated in the larger size fractions of CC-2c,
in the clay size fraction, there was a sharp 7A feature which is suggestive of a very fine grained
serpentine group mineral such as chrysotile. There was also a broad peak near 17 Aindicating the
presence of poorly crystalline smectite group clay minerals.
Interestingly, there were several other small sharp peaks in the CC-2c clay. A peak at 10.526

0

2 e (10.5 A) is consistent with a peak for the clay mineral attapulgite. Attapulgite is part of the
palygorskite group. It is described by Deer et al. (1962) as having a chain-like crystal structure.
The clay size fractions of the tuff ring and tuff cone samples all had a broad hump extending
from approximately 25 to 33 29. In PB-2b, and in several of the tuff ring samples, this hump was
0

punctuated by a sharper swell centered on 3.22 l. In their review of the literature on palagonite,
Fisher and Schmincke (1984) noted that there can be weak X-ray reflections in palagonites at 3.0, 3.21
and 3.9 A. These broad reflections are also similar to those reported by Ugolini (1974) in his study of
Mauna Kea palagonites.

Iron Mossbauer Spectrometry
Since many of the short wavelength absorption features in the tuff samples examined in this
study are caused by iron, an analysis by iron M()ssbauer spectrometry is especially appropriate since it
is the best available method for determining the identity of iron bearing phases. Moreover, the
method is sensitive to the different structural sites in which iron ions can occur and the oxidation
states that the ions assume. An early application of the technique to a common target of geologic
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remote sensing. hydrothermally altered rock surfaces. was provided by Buckingham and Sommer
(1983). Good descriptions of the M6ssbauer technique itself are provided by Greenwood and Gibb
(1971) and Wertheim (1964).
Six basaltic tephra samples were analyzed using M6ssbauer spectrometry at the Johnson
Space Center laboratory of Dr. Richard Morris. These spectra are presented as Figure 3.1a-f.
Parameters obtained from this analysis are presented in Table 3.6.

Table 3.6: Mossbauer spectrometry results
Sample

IOlivinePhase I

IS • (mm/s)

PB-6c

Glass
Fe3 +

1.124
1.034
0.367

Olivine

1.126

PB-la

'Gl~

1.046

Fe

+

I

QS t (mm/s)
2.867
1.975
0.732

I

% Iron

11.0
75.9
13.1

0.367

2882
1.971
0.732

11.6
621
26.4

1.154

Olivine
Gl~
Fe +

0.367

2900

PB-2b

0.732

15.0
00.0
85.0

ZSL-3b

Olivine
Gl~
Fe +

1.141
1.090
0.367

2908
2026
0.732

29.0
36.7
34.3

Olivine
Gl~
Fe +
Hematite

1.148
1.132
0.351
0.352

2922
1.984
0.700
-.188

19.7
227
37.5
20.1

Olivine

1.146
1.110
0.373
0.382

2924
2057
0.744
-.192

17.8
21.2
43.3
17.7

EC-5

LCG-9

Gl~

Fe +
Hematite

• Isomer shift (IS) i~related to oxidation state. Fe3+ bearing minerals have a lower IS value than
those containing Fe +.
t Quadrupole splitting (QS) is related to the point symmetry of the lattice surrounding the Fe ion and
therefore yields structural information. An iron ion in a highly distorted crystallographic site will
have a high QS value.
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The results indicate three to four major iron bearing phases in the samples. The presence of
olivine is indicated by the broad 01 doublet in Figure 3.1. Glass is indicated by the slightly narrower
02 doublet. Pyroxene has a doublet with a width similar to that of glass (R. Morris, personal
communication): however, the observed petrography of the samples indicates only a few modal
percent of pyroxene. A nanophase· Fe3+ bearing phase is indicated by the narrow 03 doublet. In
the samples from Lunar and Elegante Craters, the presence of a rhombohedral phase is indicated by
the S1 sextet. This could be a hematite or a titanohematite (R. Morris, personal communication).
The nanophase ferric oxide phase deserves more discussion. Hematite and goethite samples
examined by Morris et al. (1985) had MOssbauer spectra characterized by a sextet. The grain
diameters of these hematite samples ranged fro~ 140 to 790 nm. In a later study, Morris et al. (1989)
studied hematite with grain sizes on the order of 10 to 20 nm. The particles with grain sizes less than
10 nm had MOssbauer spectra characterized only by a doublet similar to the 03 doublet in Figure 3.1
Hematite samples containing grains larger and smaller than 10 nm produced MOssbauer spectra with
both a doublet and a sextet.
In the tuff ring and tuff cone samples analyzed in this study, the strength of the 03 doublet
indicates a large quantity of a nanophase ferric iron phase. The logical repository for this material is
in the palagonite. Indeed, MOssbauer spectra of the size separates of a palagonitic Hawaiian soil
(Morris et al., 1990) closely resemble the spectra shown here.
Some of the features in these MOssbauer spectra will be discussed more fully in the next
chapter in conjunction with a consideration of the Vis/IR sample spectra.

• Nanophase is a term suggested by Morris and Lauer (1990) for particle sizes on the order of tens of
nanometers.

---------

Figure 3.1: Mossbauer spectra of tuff ring and tuff cone samples.
a) PB-6c sideromelane tuff
b) PB-1a mantling tuff
c) PB-2b palagonite tuff
d) ZSL-3b gray thinly bedded tuff
e) LCG-9 gray thinly bedded tuff
t) EC-5 tan thinly bedded tuff
D1 doublet indicates Fe2 + in olivine, D2 is caused by Fe2 + in g'ass and D3 by a
nanophase Fe3 + bearing phase. The S1 sextet is caused by bulk hematite. In the
Pavant Butte samples note that in PB-2b all the Fe2 + bearing glass has been
converted to Fe3 + bearing palagonite.
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CHAPTER 4: VIS/IR SAMPLE SPECfROMETRY

This study's central concern is the determination of the visible and near infrared reflectance
properties of basaltic hydroclasts and how those properties can be used to better understand the
nature of basaltic hydrovolcanism. This chapter addresses the former of those primary objectives.
Over 100 spectra of tuff samples have been obtained. These spectra have had their Vis/lR
reflectance measured at Brown University's Reflectance Experiment Laboratory (RELAB), a NASA
supported science facility: A simple schematic of the RELAB spectrometer is presented in Figure
4.1.
The quantity measured at RELAB is bidirectional reflectance, which can be defined as the
brightness of a surface relative to the brightness of a Lambertian surface identically illuminated. The
bidirectional reflectance of non-Lambertian surfaces varies as a function of the phase angle (a).
Phase angle is in turn defined as the sum of the angle of incidence (i) and the angle of emission (e) t.
All these angular quantities are illustrated in Figure 4.1.
The light source of the RELAB spectrometer is a Jarrel Ash 0.5 m monochromator which
uses a quartz halogen lamp. Viewing geometry can be varied with the RELAB spectrometer over the
range 10 < a < 120
0

0
•

The reference standard is pressed halon which, in strict accordance with the

definition of bidirectional reflectance, is viewed at the same geometry as the sample. A more
complete description of the RELAB facility and their standard processes for measuring Vis/lR
reflectance of powdered samples can be found in Mustard and Pieters (1989).

t The reflectance of a Lambertian surface is independent of the emission angle but there is a cosine
dependence on the incidence angle.

---------,
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Methods of Sample Analysis
Both whole rock and powdered samples were analyzed at RELAB. Powders were ground
using mortar and pestle and were dry sieved to < 500 /Lm•. Bidirectional reflectance was commonly
measured over a spectral range of 0.3 to 2.7/Lm using an incidence angle of30° and an emission angle
of 0 from 0.3 to 2.7/Lm. 481 spectral channels were measured using bandwidths of 5 nm.
0

Figure 4.1: RELAB layout. i = incidence angle; e = emission angle; i

+e =

phase

angle. (adapted from Pieters, 1983)

j

e

Monochromator
Sample Stage

Spectra were analyzed using the Spectrum Processing Routines (SPECPR) package
developed by Roger Clark of the U.S. Geological Survey (Clark, 1980; Clark et at., 199Oa). Where

• Five samples were sieved into separate size fractions; results of the analysis of these size separates is
reported on later in the Chapter.

---
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well defined bands existed their parameters were measured with the interactive band analysis routine
in SPECPR. This routine first prompts the user for two points which define a continuum which is
then removed from the spectrum. Consequently, absorption features superimposed on sloping
continua can be analyzed. Locations of slope inflections were estimated visually. Attempts to match
specific absorptions with specific minerals were made by running a spectral matching routine
("spfeatures") on the U.S.O.S. Denver computer that examined the U.S.O.S. spectral library (Clark et
at., 199Oa).

Spectral features of basaltic tutTs
On the basis of the conditions of emplacement and subsequent alteration, the six classes
outlined in the last Chapter can be considered as two groups. The first group consists of tephras
deposited by highly inflated, dry pyroclastic base surges; the second group consists of tephras
deposited by poorly inflated, wet pyroclastic flow. The first group is unaltered to poorly altered; the
second group is highly palagonitized. In the spectra displayed in Figures 4.2 - 4.5 it can be seen that
there is a profound difference in the reflectance spectra of the two groups described above. On
further examination, one can also note more subtle spectral features unique to at least four of the six
classes described in the last chapter.

Sideromelune tufT
These "tuffs- are very distinct from the other tuff classes. They are characterized by an
extremely low reflectance « 0.15) and a red (positive) slope throughout the 0.3 to 2.7 p.m wavelength
region. The reason for their low reflectance rests largely in the predominance of unaltered or poorly
hydrated sideromelane. Adams and McCord (1971) and Nash and Conel (1973) demonstrated that a
glass has a lower reflectance than a crystalline substance of equivalent composition. Therefore, a

_ .. _-

..
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tephra dominated by vitric shards should have an exceptionally low reflectance and the spectra shown
in Figure 4.2 demonstrate that this is indeed the case.
More subtle spectral features include broad absorption bands centered on 1.1 and l.86/Lm
caused primarily by crystal field effects of Fe2+ in octahedral and tetrahedral sides respectively in
sideromelane (Adams, 1985). Thin section analysis of PB-6c (found near sample PB-6a of Figure 4.2)
showed it to consist of approximately 9% crystals of plagioclase, olivine and pyroxene with plagioclase
being predominant. Thus, some contribution for the 1 and 2/Lm Fe2 + absorptions can be attributed
to crystalline phases. However, it should be noted that in other samples that had a higher percentage
of crystalline phases, the depth of the "l-/Lm" feature was shallower than in the sideromelane tuff.
Thus, it seems that the contribution of crystalline phases to the l-/Lm feature in the sideromelane tuff
is very minor.
Band parameters for the l-/Lm feature in the various types of basaltic tuff were found to vary
to a significant degree. Band parameters for this feature for a number of samples are summarized in
Table 4.1, and a more complete discussion of the variations in the l-/Lm feature are given below.
Increasing hydration leads to an overall increase in reflectance. A weak 1.9/Lm water band
(caused by the v2 + v3 vibrational overtone) also starts to develop along with the growth in the wing
of the water and OH absorptions in the vicinity of3 /Lm (caused by the v3 and v1 fundamental H20
vibrations and the vOH fundamental stretch). Figure 4.2 shows these trends in three increasingly
hydrated samples from the basal tuff ring at Pavant Butte.

Gray and tan thinly bedded tulTs

These two varieties of thinly bedded tuff have similar reflectance spectra. The primary
difference between them being that the tan tuffs tend to have a higher reflectance than their gray
counterparts.
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Figure 4.2: Pavant Butte sideromelane tuffs. The progression from PB-12 (black nearly pristine
basaltic ash) to PB-S (gray tuff) records an increase in the hydration of the sideromelane grains. Note
the increase in reflectance and growth of the 1.9 J.Lm water band with increasing hydration.
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Table 4.1: Band parameters for "I-I'm" feature

I

Sample

PB-12
. PB-6a

I I

Center

I I

Width

I c;;]

Asymmetry

PB-5
PB9O-4st
PB-la
PB-2a
PB-2b
PB90-40pt

1.1181
1.1104
1.0854
1.0721
1.0699
1.0746
0.9740
0.9566

0.5252
0.4854
0.4870
0.3869
0.3560
0.3813
0.1901
0.2291

0.1002
0.0936
0.1200
0.0837
0.0684

0.9792
0.8473
0.7760
0.9155
0.9858
0.9599
0.7447
1.1068

CC-13
CC-U
CC-I0
CC-2c
CC-9

1.0915
1.0792
0.9595
0.9302
0.9199

0.3771
0.3696
0.2365
0.2255
0.2298

0.1028
0.1029
0.0525
0.0798
0.0841

0.9471
0.9048
1.0270
0.7439
0.6439

ZSL-3b
ZSL-9c

1.0488
1.0097

0.2348
0.1562

0.0420
0.0341

0.7530
0.5277

Koko.st
Koko.tbt

1.0856
1.0593
0.9633

0.3990
0.3645
0.2169

0.1263
0.0786

0.9653
0.7145

0.0534

1.0451

Koko.opt

0.2846
0.2727

0.227S

Thinly bedded tuffs are characterized by a relatively low reflectance « 0.4) which tends to
subdue absorption features. The low reflectance is due in part to the influence of the vitric
component and in part to a relatively high fraction of tachylite, especially in the gray thinly bedded
tuffs.
More than a third of all the iron in the samples analyzed by Ml)ssbauer spectrometry (except
for the two Pavant Butte sideromelane tuffs) was in nanophase ferric oxide minerals. In the Vis/IR
spectra of the thinly bedded tuffs and palagonite tuffs, the effects of these ferric iron phases are very
apparent

.. _ - _ .
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There is an absorption edge at short visible wavelengths near the UV caused by the
Fe3+.02• charge transfer edge and broad Fe3+ crystal·field features. The position and slope of this
edge can vary. Shortwards of 0.8ILm, the Fe3+ crystal.field features can cause inflections on that UV
absorption edge. The first of these inflections appears just longwards of 0.5 ILm and is caused by the
6A1 - 4A1 , 4E transition in Fe3+ (Burns & Vaughn, 1975; Singer, 1982). 1\'10 successive slope
changes at approximately 0.61 and O.78ILm combine to form a distinct angled flat shoulder. The
spectrum of the Kilbourne Hole sample KH-3a (Figure 4.3a) displays this feature. The form and
position of this shoulder is similar to that shown in Singer's (1982) Figure 3 spectrum of a shaken
mixture of montmorillonite with 1.0% hematite. The first change in slope could be caused by the
6Al 6A1 -

'72 absorption near 0.62- 0.641L (Singer, 1982) while the second is probably due to the
'71 which causes a profound absorption in crystalline hematite at O.86lLm.
The two most common ferric iron minerals, hematite and goethite, have an absorption in the

0.86 to 0.931Lm region caused by the 6Al -

'71 transition (Morris et al., 1985).

For hematite this is

the aforementioned O.86lLm band, for goethite (a.FeOOH) the band occurs at about 0.90-0.93ILm.
The lack of this feature in the tuff ring sample spectra is further evidence that these ferric
iron minerals are poorly crystalline with grain sizes only on the order of tens of nanometers. In the
Mfissbauer spectra, this fact was evidenced by the dominance of the D3 doublet over the SI sextet. It
is interesting to compare the spectra of LCQ-9 and EC·S (Figure 4.3a) with that of ZSL-3b in Figure
4.3b. Mfissbauer spectrometry reveals that the former two samples are more oxidized than the latter
with a greater percentage of their iron in the nanophase ferric iron phase and on the order of 20% in
well crystalline or, in the terminology of Morris et al. (1989), bulk hematite. In contrast, ZSL-3b has
a smaller percentage of the Fe3+ phase and is lacking in bulk hematite. This difference evidences
itself in a steeper Fe3+ absorption edge for LCQ-9 and EC-S.

---
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If there is bulk hematite in LCG-9 and EC-S, there is some question as to why the 0.86 ILm

band does not appear. The answer might be that the hematite is specular in form, and specular
hematite has a flat reflectance spectrum.
The near IR slope of thinly bedded tuffs can range from negative to flat to positive. Negative
slopes are indicative of abundant tachylite (i.e. the lowest sideromelane/tachylite ratios). The best
example of such a negative slope is the spectrum of the fine grained fraction of BC-8 (Figure 4.3a).
BC-8 was also examined in thin section and has a low sideromelane/tachylite ratio of 0.29. Positive
slopes are indicative of poorly altered, juvenile rich tuffs; a good example being ZSL-3b (Figure 4.3b)
or a sideromelane tuff such as PB-6a. The sideromelane/tachylite ratio of PB-6c (collected very close
to PB-6a) is 4 indicating the low influence of tachylite. The majority of the thinly bedded tuffs
examined had relatively flat slopes in the near IR (e.g. LCG-9 and EC-S, Figure 4.3a).
A broad l-lLm crystal field band caused by ferrous and ferric iron phases is generally present.
The band can be hard to recognize, since it is weaker than it is in sideromelane tuffs; perhaps because
of the masking effect oftachylite. A good example ofa l-lLm band in thinly bedded tuffs is ZSL-3b
(Figure 4.3b). The relative contribution of ferrous and ferric iron mineralogies in producing the l-lLm
band is discussed at more length below.
1.4 and 1.9 ILm water bands can range from almost non-existent to fairly strong. This reflects
the varying degree of hydration of these tuffs which can vary not only from tuff ring to tuff ring but
also within the beds of a single tuff ring.
A weak absorption feature at 2.2 ILm mayor may not be present. This feature is caused by the
A1-0H bending fundamental and is diagnostic of the presence of dioctahedral clay minerals. A good

example is the sharp absorption in ZSL-2 (Figure 4.3b) centered at 2.2077 ILm. The band parameters
of this feature (Table 4.2) match nearly exactly with those of the montmorillonite sample spectrum,
"montmorillonite S",in the U.S.G.S. spectral library (Clark et al., 199Oa).

---. .-.---.-
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Figure 4.3a: Thinly bedded tuffs. BC-S is an example of a very tachylite rich sample with a negative
near IR slope. LCG-9 and EC-S are typical of many thinly bedded tuffs. KH-3 demonstrates that tan
thinly bedded tuffs can have an overall higher reflectance than gray thinly bedded tuffs.
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Figure 4.3b: Thinly bedded tuffs from Zuni Salt Lake and MacDougal Crater. From ZSL-3b to
MacDC-NE, these tuffs portray an increase in palagonitization. Note the steepening of the UV
absorption edge, deepening of the water absorption features and appearance of a 2.3 JLm absorption
band.
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Figure 4.4: 2.2 j.J.m Al-OH Bands
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Figure 4.4: ZSL-2 represents a good montmorillonite absorption band. The bands of UbeC-4 and
LHC-lc are interpreted as resulting from mixed layer illite-montmorillonites.
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Table 4.2: Band parameters for 2.2 and 2.3.u.m features
Sample

I

Center (}.Lm)

I

Width (}.Lm)

1

Depth

·1

Asymmetry

LC·3
LCG·7
LCG·11
BC-4
BC·8
LHC·1e
UbeC·1b
UbeC·3
UbeC-4
ZSL·2
ZSL·3a

2.2186
2.2206
2.2084
2.2109
2.2103
2.2141
2.2236
2.2207
2.2174
2.2077
2.2059

0.0581
0.0586
0.0482
0.0435
0.0333
0.0579
0.0611
0.0422
0.0637
0.0339
0.0457

0.0214
0.0265
0.0256
0.0325
0.0310
0.0444
0.0349
0.0328
0.0368
0.0357
0.0325

0.5749
1.2079
0.7420
1.3444
0.8459
0.5849
0.5536
0.9201
0.4219
1.2501
1.3795

CC·2e
CC·10
PB·2b
MaeDC·NE

2.2944
2.2956
2.2944
2.3040

0.0241
0.0369
0.0390
0.0293

0.0295
0.0599
0.1194
0.0317

0.9124
0.7800
0.8721
1.3239

The center, width and depth of this Al·OH feature can vary from that displayed in ZSL-2.
Other samples display wider bands and slightly longer centers. Figure 4.4 gives some idea of the
forms these absorptions display by shOwing several spectra in the 2.1 to 2.31Lm wavelength region.
An absorption at 2.31Lm can rarely be seen in tuff ring beds. Two examples are shown in

Figure 4.3b. In addition to a 2.31Lm absorption, both ZSL-9c and MacDCNE have pronounced 1.9
and 1.4ILm water and OH absorption bands and a falloff in reflectance at longer wavelengths
indicative of a strong 3ILm water feature. In fact, it seems that these samples are intermediate
between gray thinly bedded tuffs and palagonite tuffs since a sizable fraction of their grains are
palagonitized. ZSL·9c was analyzed in thin section (Table 3.1) and it has a higher
sideromelane/tachylite ratio than any other gray thinly bedded tuff (although tan thinly bedded tuffs
from the basal tuff ring at Cerro Colorado did surpass it in this measure). Looking at the hand
samples of both ZSL-9c and MacDC·NE with a hand lens, orange areas are apparent. These are the
palagonitized portions.

-----".-._-...
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PalagonUe tuff

The characteristics of palagonite tuff reflectance spectra evidence a high degree of both
oxidation and hydration. Their overall reflectance is higher than that of thinly bedded tuffs with more
pronounced absorption features. Viewed in its grossest form these spectra are characterized in the
near IR region (between 0.7 and 2.3/Lm) by a strongly convex shape that peaks near 1.7/Lm.
One characteristic of the strong influence of ferric iron oxides is the pronounced Fe3+
absorption edge near the UV. This absorption edge occurs at longer wavelengths and is steeper than
it is in thinly bedded tuffs and is evidence of a higher degree of oxidation.
The reflectance spectrum of PB-2b (Figure 4.5) typifies most of the palagonite tuff sample
spectra that were examined from Pavant Butte and Cerro Colorado. Its spectrum is flat from 0.3 to
0.32/Lm. Through the use of the SPECPR interactive band analysis (which performs a continuum
removal) it can be seen that there are absorptions centered at 0.4887 and 0.5954 /Lm. Comparison
with the U.S.O.S. spectral library shows that the latter feature matches absorptions in fine grained
hematite (20-30/Lm and 60-104 /Lm size fractions). However, the shorter wavelength of the Fe3+_02charge transfer edge is more indicative of goethite than hematite.
The "1-/Lm band" is more obvious in palagonite than in thinly bedded tuffs. The greater
prominence of this and other absorption features in the palagonite tuff spectra can be attributed, in
large part, to their higher reflectance which increases the difference between the reflectance at band
center and that of the continuum without increasing band depth. In fact, the band depth of the 1-/Lm
band actually decreases from sideromelane to palagonite tuffs.
Figure 4.6 shows that the "1-/Lm" band shifts to shorter wavelengths for more highly
palagonitized tephra. The sideromelane and palagonite samples whose spectra are shown were found
to occur next to each other in outcrop with PB90-4 coming from the outcrop shown in Plate 2.11 and
CC-lO and 11 also occurring within inches of each other.
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Figure 4.5: Palagonite Tuffs
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Figure 4.7: Band Depth vs. Band Center of 1-j.Lm feature
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Figure 4.7 shows the band depth of the 1-JLm feature versus band center for 21 samples from
Cerro Colorado and Pavant Butte. This figure clearly displays the shift in band center from the
unoxidized sideromelane tuffs to the oxidized palagonite tuffs. Less striking, but also noticeable is a
decrease in band depth with increasing oxidation. Referring to Table 4.1, it can be seen that band
width also tends to decrease in going from sideromelane to palagonite tuffs.
There are two reasons for the decrease in band depth in the oxidized palagonite tuffs. First,
unlike the absorption produced by ferrous iron, Fe3+ bands are spin forbidden and thus are
inherently weaker than the equivalent ferrous 1-JLm band. Secondly, in nanophase ferric iron
minerals, the 0.86 or 0.89 JLm band for hematite or goethite disappears (Morris and Lauer, 1990).
Therefore, it seems likely that in the palagonite tuffs there is a combination of nanophase ferric oxide
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phases contributing to the UVabsorption edge but not to the 1-JLm band, plus more crystalline ferric
oxides which do contribute to that band.
The increase in ferric iron phases in palagonite tuffs is confirmed by the MOssbauer results.
The MOssbauer spectra (Figure 3.1 and Table 3.6) indicate that only 13% of the iron in sideromelane
tuff PB-6c is in the ferric state while in palagonite tuff PB-2b that number has grown to 85%. In fact,
according to the MOssbauer spectrometry all the iron in the original sideromelane has been converted

* This is graphically illustrated in Figure 3.1 by the disappearance
from the ferrous to the ferric state.
of the 02 glass doublet in the PB-2b spectrum.
The actual identity of the ferric iron phase remains in some doubt. Ferric iron phases have
an absorption in the 0.86 to 0.98 JLm region caused by the 6A1 -

4r1 transition (Morris et at., 1985).

For hematite this band occurs at 0.86 JLm, for goethite (a-FeOOH) at about 0.90-0.93 JLm and for
lepidocrocite (gamma-FeOOH) it can occur as long as 0.98 JLm. As can be seen in Figure 4.6 and
Table 4.1, some of the most oxidized tuffs from Cerro Colorado have band centers at about 0.92 JLm.
In thin section, the primary sideromelane in these tuffs has altered almost completely to palagonite.
Thus one could be tempted to say that the ferric iron bearing phase is goethite; however, the 0.63 JLm
band characteristically associated with goethite is not present. Nevertheless, just as the 0.86 JLm band
of hematite disappears for nanophase hematite, it is reasonable that the weaker 0.63 JLm goethite
band might disappear in nanophase goethite. Thus in the Cerro Colorado tuffs with band centers
near 0.92 JLm the cause of the band might be due almost entirely to fine grained goethite. Many of the
tuffs referred to here as "palagonite" tuffs still retain a residuum of sideromelane in addition to a
small fraction « 10%) of olivine. Thus for many of the tuffs examined in this study, the I-JLm
feature is very likely a composite band formed by contributions from ferrous and ferric iron phases
with ferrous iron predominating in the poorly oxidized thinly bedded tuffs and ferric iron being
dominant in the palagonite tuffs.

* The remaining 15% of the iron is in olivine which is not as susceptible to alteration as is the
sideromelane.
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While on this subject, it is also interesting to note in Figure 4.7 the difference in band depth
and center between the three Pavant Butte sideromelane tuffs in the upper right hand portion of the
diagram and those in the lower right. Those in the upper right (samples PB-12, PB-S, and PB-6a) are
from the basal tuff ring at Pavant Butte. Three of the samples in the lower right (PB-la, PB-2a, and
PB-7a) are mantling tuffs from the final stage of the eruption. The fourth is PB90-4st, a sideromelane
tuff found near the top of the basal tuff ring next to a palagonitized layer. Thus the figure also seems
to note a change in composition between the first and final phases of the eruption.
The molecular water bands near 1.4 and 1.9,.,.m also appear much stronger in palagonite tuffs
than in other tuff classes. Unlike the l-,.,.m feature, the water absorptions actually are deeper than
they are in less palagonitized tuffs thereby demonstrating the water-rich character of palagonite tuffs.
Highly palagonitized tuffs can also have subsidiary water overtone features at 1.7748 and 2.496,.,.m.
The band parameters of the latter feature matched those of chrysotile and saponite spectra in the
U.S.O.S. spectral library. Saponite spectra collected at the University of Hawaii (Singer, personal
communication) have a 2.5 ,.,.m band that disappears with heating to 120 C, thus the water is likely
0

adsorbed or loosely held interlayer water.
An absorption band at 2.3,.,.m caused by the Mg-OH vibration mayor may not be present in

palagonite tuffs. Such a band is clearly present in PB-2b, CC-10, and Koko.opt (and most other
palagonite tuff samples from those tuff cones) but is not apparent in palagonite tuffs from Easy Chair
Crater (e.g. ECC-1b, Figure 4.5).
The 2.3,.,.m band is diagnostic of the presence of Mg-OH bearing phyllosilicates: e.g.,
serpentine and/or clay minerals. Band parameters for the 2.3,.,.m band of PB-2b and CC-lO are given
in Table 4.2. A search through the U.S.O.S. spectral library showed that the smectite clay mineral
nontronite and the chrysotile species of serpentine have absorption features with band parameters
similar to the 2.3/Lm absorption in the palagonite tuff. The band center of the nontronite in the
U.S.O.S. spectral library is 2.2903,.,.m which is closest to the band centers observed in the palagonite

----------

88

tuffs. Nontronite is an iron bearing phase which, if present in any quantity, could have an influence
on visible and very near infrared reflectances (0.3 - 1.4 p.m). It should also have been detectable from
the MOssbauer spectra; however, the MOssbauer spectra did not indicate that nontronite was present
in any great abundance (Morris, personal communication). In contrast, the presence of chrysotite
serpentine would be in accordance with X-ray diffraction data which indicated the presence of
serpentine in samples PB-2b and CC-2c. Information provided by a water overtone feature at 2.5 p.m
indicates that the trioctahedral smectite mineral saponite may also be present and thus is another
possible contributer to the 2.3 p.m absorption.
The palagonite tuff from Koko Crater also displays a 2.2 p.m band. Thus in that sample the
presence of both di- and trioctahedral phyllosilicates is indicated. This sample is unlike the tuffs from
Pavant Butte and Cerro Colorado in that it has a lower reflectance. It also has a weak band centered
at 0.663 p.m which is attributable to the 6Al - 4.r2 transition. This "band" resembles the angled flat
shoulder discussed in the section on thinly bedded tuffs. Sharper Fe3+ features on the UV
absorption edge indicate the presence of ferric oxides which have attained a higher state of
crystallinity than in the Pavant Butte and Cerro Colorado palagonite tuffs.
The tuffs from Easy Chair Crater also differ from those of Pavant Butte and Cerro Colorado.
In general, their reflectance is lower and they too appear to be more oxidized. Looking back at Table
3.1, the petrographic analysis of sample ECC-lc shows it to be distinct from the other palagonite tuffs
with a markedly lower sideromelane/tachylite and vitric/crystalline ratios. The higher fraction of
tachylite helps account for the lower reflectance and could be masking any 2.2 or 2.3 p.m bands.

Mantling TufT
While the bedding and grain size characteristics of these tuffs resemble those of palagonite
tuffs, their spectral characteristics are like those of sideromelane or gray thinly bedded tuffs except
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Figure 4.8: Mantling Tuffs & Armored Lapilli
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Figure 4.8: CC-ll and PB-2a are mantling tuffs, CC-18 is an armored lapilli.
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that the overall reflectance is somewhat lower. Figure 4.8 presents spectra of mantling tuffs PB-2a
and CC-11. Their water and OH absorptions at 1.4 and 1.9 I'm are weak to non-existant.
The Fe3+_02- charge transfer edge is more well developed in mantling tuffs than in
sideromelane tuffs. Broad 1 and 2 I'm Fe2+ crystal field bands are generally present with band depth
and centers more reminiscent of sideromelane than palagonite. Mantling tuffs PB-1a and 2a and CC
11 have 1-l'm band parameters tabulated in Table 4.1.
Armored lapllll:

These hydroclasts assume the spectral features of the ash that coats them. Basically this
means that their spectra resemble that of the mantling tuffs with which they can be intimately
associated in the field. In Figure 4.8 note the resemblance between the spectrum of armored lapilli
sample CC-18 and mantling tuff CC-11.

ReOectance of Size Separates

Three size fractions were analyzed for five tuff samples. The divisions were 175-350 I'm, 63175 I'm, and < 63 I'm. All the samples demonstrated a rise in reflectance with decreasing grain size.
This is to be expected in accordance with the well known inverse relation between grain size and
scattering ability (Wendtland and Hecht, 1966; Kortum, 1969).
What was somewhat surprising was the large jump in reflectance that some of the samples
displayed between the <64 I'm fraction and the larger size separates. Examples are shown in Figures
4.9a-c for sideromelane, gray thinly bedded, and palagonite tuffs. Clark (1983) observed a similar
phenomenon in his laboratory analysis of mixtures of charcoal and montmorillonite. In mixing
different grain size suites of charcoal with montmorillonite, Clark found a bimodal distribution of the
reflectance spectra between the charcoal grain size ranges of 90-106 I'm and 63-90 I'm. In Clark's
case, charcoal grains smaller than 90 I'm were coating the montmorillonite grains causing a large drop
in reflectance. In the present case it is the lighter palagonite grains which dominate in the < 63 I'm
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size fraction and under the stereoscopic microscope small,light colored flakes can be seen to coat the
larger, darker grains within that size fraction causing an inordinate leap in overall reflectance.
Visual inspection of the size separate spectra seems to indicate that there is a deepening of
absorption features with decreasing grain size. However, when analyzed using the interactive band
analysis mode of SPECPR, no such trend is evident This makes sense since band depth, as defined by
Clark and Roush (1984) is:
ReflectanCCband center
(4.1)

Band Depth =

1 - (----------------------------------------)

Continuum band center

Therefore, while the absolute difference between ReflectanCCband center and Continuum band center
has grown for the smaller size fractions (due to their higher reflectance), the ratio has remained
relatively constant.

Figure 4.9a: P8-5 size separates
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Figure 4.9b: UbeC-1a size separates
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Figure 4.9c: PB-13c size separates
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CHAPTER 5: A MODEL OF TUFF FORMATION AND ALTERATION

Styles and stages of alteration
As was noted in the introduction, volcanic glass is inherently unstable and from the moment

of its formation is destined for transformation. The form assumed by that alteration is dependent on
a number of factors including: the initial water/magma ratio, presence or absence of post-eruptive
hydrothermal activity, climate, and the action of phreatic and/or meteoric water. All of the tephra
deposits I have examined reside in the arid climate of the American Southwest. Consequently, some
of the conclusions presented here may only be valid for tuff rings and tuff cones formed in arid
climates. Given that caveat, there seem to be two phases in the alteration of basaltic glasses and
perhaps two styles of alteration as well.
Considering the second point first, it seems probable that the alteration sequence for ashes
deposited by inflated pyroclastic surges is different than that for ashes deposited by poorly inflated
pyroclastic "flow". In thinly bedded tuffs the occurence of well developed palagonite seems restricted
to isolated pockets in the tephra beds. With the exception of those highly altered pockets, the
alteration sequence seems to consist of an initial phase of hydration followed by a stage of
development of zeolites and dioctahedral smectite clays.
In their SEM analyses of basaltic pyro- and hydroclasts, Heiken and Wohletz (1985) also
outlined two stages in the alteration of sideromelane. The first stage begins with the hydration of the
sideromelane grains. In this hydration stage, molecular water and OH infiltrate the outer skin of the
sideromelane grain(s). This causes the surfaces of the sideromelane grains to crack and the visual
manifestation of that cracking is a light colored rind. The rind forms first within cracks and vesicles
and proceeds to cover the entire grain. The nature of this rind is not immediately apparent.
However, its light color can be attributed, at least in part, to an increase in scattering of incident
radiation caused by the cracking of the surfaces of the sideromelane grains (which increases the
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roughness and provides more surfaces for incident photons to reflect off ot). The increase in
reflectance of increasingly hydrated tephras is illustrated in Figure 4.2.
Definitive evidence of hydration is provided by the appearance of hydrous absorption
features. In many thinly bedded and mantling tuff samples the only hydrous absorption feature to be
observed is a 1.9 J.Lm absorption band, caused by the v2 + v3 vibrational overtone. Such spectra
indicate that hydration is in its earliest phases. In most thinly bedded tuffs, the 1.9 J.Lm band is
accompanied by a weak 1.4 J.Lm feature (the product of the first overtone of vOH, in conjunction with
a series of overtones of various vibrational modes of H20). These water and OH features can be
accompanied by a weak 2.2 J.Lm band caused by poorly crystalline clay minerals. Spectra in Figures 2.3
and 2.4 show this feature.
The presence of recognizable clay minerals signals the onset of Heiken and Wohletz's second
stage of alteration, the development of microcrystalline material. As with the spread of the
"hydration rind", the development of microcrystalline materials begins in vesicles and can spread over
the entire grain. Heiken and Wohletz viewed the development of microcrystalline minerals as
representing an advanced stage of alteration. However, many of the tuffs which display the 2.2 J.Lm
feature are relatively fresh. The best example of this being the tuffs from the Zuni Salt Lake. It was
mentioned earlier that both Vis/IR spectrometry and XRD analysis indicate that ZSL-2 contains a
fairly well developed montmorillonite. However, the tuffs at the Zuni Salt Lake are poorly indurated
and are probably rather young.
Figure 5.1 illustrates how Vis/IR reflectance spectra can be used to track the alteration of
thinly b_edded tuff ring deposits. The three spectra in Figure 5.1 represent the stages in alteration
from pristine sideromelane, through hydration and finally the development of crystalline clay
minerals.
The second style of alteration is followed by tuffs which become highly palagonitized. Once
again, the first stage is one of hydration and development of a cracked skin. The development of this
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Figure 5.1: Tuff Ring alteration sequence
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skin either follows or is coincident with the formation of an interface on the outer hull of the grain
that Morganstein and Riley (1975) have referred to as the "Immobile Product Layer" (IPL). The IPL,
which Staudigel and Hart (1983) have referred to as the "front" of palagonitization, consists of cracks
and microchannels which penetrate the fresh glass. These microchannels apparently serve as the
conduit by which material is removed from the glass to be transformed into the constituent materials
of palagonite.
The second stage in this style of alteration is the stage of palagonitization which includes the
processes of hydration and oxidation. Figure 5.2 tracks tephras in different stages of palagonitization
from unaltered, through hydration, partial palagonitization to a fully palagonitized tuff.
The outstanding spectral features of palagonite tuffs are due to the properties of palagonite.
Two factors contribute to higher reflectances in palagonitized samples. The first is the very fine grain
size of palagonite. Fresh sideromelane grains become palagonitized from the outside in. As this
occurs, flakes of palagonite, less than 20/Lm in size, can spall off and coat other grains. Very small
particles scatter light very effectively (Wendlandt and Hecht, 1966; Kortum, 1969) so a sample with a
higher fraction of small palagonite grains will have an overall higher reflectance. The drastic increase
in reflectance in the less than 0.64 /Lm size fraction provided a vivid demonstration of the ability of
small grains to boost reflectance. The second factor contributing to the higher reflectance of
palagonite tuffs is the presence of ferric oxide minerals within the palagonite. Since ferric oxides are
poor absorbers in the near infrared wavelengths by Kirchofrs law* they are good reflectors.
Consequently, an increase in the percentage of ferric oxides can lead to higher reflectances at those
wavelengths.
The analytical teChniques described in the preceding Chapters have revealed the major
components of palagonite tuft:". Zeolites were detected in analyses by both electron microprobe and
~D.

Poorly crystalline smectite clays were detected by XRD and by Vis/IR spectrometry. Ferric

~,-ltrchofrs law states that absorptance = 1 - reflectance.
and vice versa.

Hence a good absorber is a poo'r reflector
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oxides are present and both Vis/lR and Mi)ssbauer spectrometry indicate that a sizable fraction of
these ferric oxid~ must have grain sizes on the orders of tens of nanometers.
These constituents account for the outstanding features in palagonite tuff spectra. Zeolite
minerals are framework silicates with large spaces in their molecular latticework that allow for the
storage of water molecules. Clay minerals, especially those in the smectite group, can also store
relatively large quantities of molecular water in interlayer sites. The deeper water absorption bands
in the more highly palagonitized tuff cone samples can thus be attributed to the presence of more
zeolites and smectite clays. X-ray diffraction has detected the presence of the zeolite minerals
analcite, heulandite and chabazite and of smectite clays. Electron microprobe analysis has confirmed
the presence of the zeolites analcite, phillipsite and chabazite in the Pavant Butte palagonite tuff
sample, PB-2b.
Ferric oxide minerals affect the slope of the UV absorption edge, the position and depth of
the 1-/Lm band, and have been shown to contribute to the higher reflectance of the palagonite tuffs.
The variable slope and position of the Fe3+ absorption edge can be attributed to several factors.
These include the grain size and concentration of the absorbing species (i.e. the ferric oxides) and the
nature of the matrix material (Morris, et aI., 1989). Figure 4.6 showed that with increasing
palagonitization, the center of the 1-/Lm feature moved to shorter wavelengths and became shallower.
None of the tuffs examined in this study displayed it, but there can apparently be a third stage
of alteration in which the palagonite changes from gel-palagonite to fibrous palagonite (Peacock,
1926). This stage seems to be one in which the crystallinity of the smectites and zeolites develops
further.

Water/magma of an eruption and subsequent degree of palagonitization
In the tuff rings and tuff cones of the American Southwest that were examined in this study,
the degree of alteration appears to be directly related to the water/magma ratio extant at the time of
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eruption. Jakobsson (1978) identified two main causes of palagonitization which can operate in fresh
water environments. The first, which was observed by Jakobsson at Surtsey, was a process of
palagonitization in a hydrothermal system with water temperatures of 50 - 100 C and pressures of
0

several atmospheres. The second process of palagonitization was described for Hawaiian palagonite
tuffs by Hay and Ijima (1968). It can occur through the action of meteoric and/or phreatic water in
humid conditions with temperatures of 0 - 25 C at pressures at or slightly above 1 atm. They noted
0

that the most effective region for this type of palagonitization is in the zone of percolating water, just
above the water table.
None ofthese processes can reasonably be invoked to account for the highly palagonitized
tuff cones examined in this study. The two large tuff cones examined, Cerro Colorado and Pavant
Butte, both have well exposed, relatively unaltered basal tuff rings. Both currently reside in arid
climates although, by definition, they must have formed under wetter conditions. Indeed, Pavant
Butte was formed in glacial Lake Bonneville during the lake's transgressive phase between 16,000 and
15,300 years B.P. (Oviatt and Nash, 1989). The majority of the tuff ring deposits were deposited
subaqueously while the massively bedded tuff cone deposits were deposited subaerially. Cerro
Colorado was erupted onto playa deposits, perhaps during one of the playa'S ephemeral wet periods.
Both thickly and thinly bedded layers were deposited subaerially.
It is unreasonable to suggest that the high degree of palagonitization in either tuff cone could
have been caused by the action of meteoric water. Obviously not, since the underlying thinly bedded
tuffs have not been palagonitized to any appreciable degree. Moreover, in both areas the
demarcation between highly palagonitized and poorly palagonitized tephras equalS the demarcation
between thickly and thinly bedded tuffs. The action of percolating water would respect no such
boundary.
Alteration through the action of hydrothermal systems also seems to be an untenable
hypothesis. At both tuff cones there are areas where highly palagonitized, thickly bedded tuffs can be
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seen to lie directly on top of poorly palagonitized thinly bedded tuffs. The hydrothermal system
operating at Surtsey led to greater levels of palagonitization further below ground where
temperatures were greater. In their examination of a drill hole through the Surtsey tuff cone,
Jakobsson and Moore (1986) noted the strong temperature dependence of the palagonitization
process. They observed that over 90% of the initial sideromelane was palagonitized where the
temperature was in excess of 100° C, with the greatest levels of palagonitization occurring below sea
level. At Pavant Butte, the level of Lake Bonneville (as inferred by the current elevation of a wave
cut bench) is close to the transition between palagonitized and unpalagonitized beds.
The most reasonable explanation for the palagonitized massively bedded tuffs at Pavant
Butte, Cerro Colorado and Easy Chair Crater seems to be that suggested initially by Wohletz and
Sheridan (1983) and later expanded upon by Heiken and Wohletz (1985) and Oviatt and Nash (1989).
This pmcess will be explained in the context of the eruptive history of Cerro Colorado.
The initial eruptions at Cerro Colorado were caused by water/magma ratios in the surge field
of Figure 1.1. These were high energy eruptions with highly inflated surges. The basal thinly bedded
tuffs resulted from these surges. The ash carried in such surges is deposited before the steam in the
surge cloud condenses, thus producing relatively dry ash. Obviously some steam does condense to be
deposited with the ash as hot liquid water. These small quantities of water are insufficient to
completely palagonitize the tephra, but some hydration can occur which then affects the reflectance
of the tephra. As the eruption continued at Cerro Colorado, some event occurred to increase the
water/magma ratio. Perhaps it was an increase in the size of the vent (allowing more phreatic or
ephemeral lake water to mix with the magma). Perhaps it was something as mundane as a rainstorm
that marked the transition from thinly bedded to thickly bedded tuff. At any rate, the increase in
water/magma ratio changed the style of eruption to a lower energy eruption producing a series of
poorly inflated surges. In the poorly inflated surges, steam condensed as the ash was deposited;
thereby producing steaming hot, wet cohesive ash. The water trapped within the tephra beds could

101

have remained hot for some time due to the insulating effect of the outer few meters of tephra. The
fact that Cerro Colorado is in a hot climate with temperatures often exceeding 45 C could also have
0

played a contributing role to keeping this "tephra pressure cooker" going long enough for the tephra
to become highly palagonitized. In the final stages of the Cerro Colorado eruption, the water/magma
ratio decreased and eruptions once again became hotter and more explosive producing thinly bedded
mantling tuffs.
The formation of Pavant Butte probably followed a similar progression. However, in the case
of Pavant Butte, the bulk of its thinly bedded layers were deposited below the waters of Lake
Bonneville. The cooling waters of the lake chilled the ash, and without prolonged contact with hot
water, immediate hydration could not take place.
The uppermost several meters of the tuff ring• very likely did protrude above the lake
surface. Evidence of this is provided by the seams of palagonitized tephra shown in Plate 2.11. In
order for these tephra to have become palagonitized, they could not have been subjected to the
cooling waters of the lake. Instead, I interpret them as "massive" beds. Massive beds, as defined by
Wohletz and Sheridan (1979), are lens shaped beds which lie on the lee side of dunes. The lower tier
of palagonitzed tephra evident in Plate 2.11 does take the form of a series of lens shaped deposits.
These deposits must have been the result of isolated wet surges which were emplaced wet and which
were quickly buried by drier tephra. The wetter beds became palagonitized while the the drier tephras
did not (although the white stringers and general gray color of the other tephra beds in Plate 2.11
indicate that hydration did occur). This occurence of isolated patches of tephra which are emplaced
wetter than the tephras above and below them can also account for samples in tuff rings which are
relatively well palagonitized such as ZSL-9c and MacDC-NE (Figure 4.3b).
Morris et al. (1990) examined an situation superficially similar to that shown in Plate 2.11
with alternating black (unpalagonitized) and orange (palagonitized) layers of basaltic tephra on

* As was mentioned in Chapter 2, the contact between the sideromelane and palagonite tuffs is
exposed in the northwestern gully at Pavant Butte. This contact is shown in Plate 2.10.
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Mauna Kea, Hawaii. They concluded that the black layers were unpalagonitized because they were
composed primarily of tachylite which is inherently less susceptible to palagonitization. In contrast,
the orange layers were originally composed dominantly of sideromelane. While an examination of
Table 3.1 will show that the sideromelane/tachylite ratio of PB90-4 is lower for the sideromelane
portion than for the palagonitized portion, the former portion still contains four times as much
sideromelane as tachylite. Thus, the situation is not analogous to the Mauna Kea tephras examined
by Morris et al.
In considering how these southwestern North America tuff cones become palagonitized, the
role of high ambient air temperatures should be stressed. An objection to the just-described method
of palagonitization is that it apparently did not occur at Surtsey. However, Surtsey formed in a much
colder climate with even day time temperatures seldom reaching much above 15° C. In an
experimental study of palagonitization of glasses of various compositions, Furnes (1975) noted that
"between 40 and 70° C there is a marked increase in the rate of transformation of the glasses,
especially those of alkali basalt composition" and that "the process is virtually inactive at
temperatures of about 25° C or lower". Thus while perhaps significant levels of palagonitization
could have occurred at Surtsey some tens of meters within the tephra pile where heat was retained
longer, at the surface and near surface levels little or no palagonitization could occur because of the
low ambient air temperatures.
At Pavant Butte and Cerro Colorado the thickly bedded "mantling tuffs", that have been
previously described, are interpreted here as thickly bedded tuffs in which the intergranular water did
not stay hot long enough to cause a significant degree of palagonitization. However, the water did act
to hydrate the tephra.
Since Vis/IR spectrometry is especially sensitive to the degree of hydration and to palagonite
content it can be used as a tool to help in the determination of the approximate water/magma ratio of
the eruptive event that produced a given tuff unit. This has already been demonstrated in the sample
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spectra shown in Chapter 4 and in Figures 5.1 and 5.2. Tuff ring forming eruptions produce tuffs
which are frequently hydrated but are rarely palagonitized. The resulting spectra have characteristics
similar to those shown in Figures 4.2 and 4.3. Water/magma ratios in the flow field produce tuff
cones with palagonite tuffs which have spectra similar to those shown in Figure 4.5.
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CHAPTER 6: REMOTE SENSING OF TUFF RINGS AND TUFF CONES

Introduction
The laboratory Vis/IR reflectance studies presented in Chapter 4 demonstrated that
hydrated, poorly oxidized basaltic tuffs have a markedly different spectral signature than highly
oxidized palagonite tuffs. However, the capabilities of laboratory spectrometry can not yet be
matched by airborne or spaceborne sensors. First, overhead sensors, even advanced ones such as
AVIRIS, have coarser spectral resolution than laboratory instruments. The instantaneous field of
view (IFOV) of the two sets of instruments are even more disparate. Where the RELAB
spectrometer viewed a spot one centimeter in size, an airborne sensor views a spot on the ground
seldom smaller than 10 m in diameter and much larger with most systems. Moreover, where
laboratory instruments viewed a homogeneous sample, the overhead sensors view a number of
different types of materials within each pixel.
Given the coarse spatial and spectral resolution of most remote senSing systems, their value
in the characterization of small scale features such as tuff rings and tuff cones might be questioned.
Indeed, part of the rationale for examining remotely sensed imagery of the LCVF and Pavant Butte
has been to determine which sensor(s) prove most effective in characterizing those areas. Is spatial
resolution of primary i~portance? Or must it be coupled with high spectral resolution as well?
Since basaltic tuffs are composed of an amalgam of materials, there is no one characteristic
mineral with an associated diagnostic absorption feature which can be used to map their distribution.
The 2.2 and 2.3 JLm clay bands come close to being diagnostic absorptions, but are often too weak to
be resolved in the ofttimes noisy imaging spectrometer data sets that were examined.
The shapes of the tuffs' reflectance spectra have proven more diagnostic. Palagonite tuffs,
such as are shown in Figure 4.5, are highly reflective due to the predominance of fine grained
palagonite. The high reflectance accentuates absorption features near 1 JLm caused by iron bearing

- - _..----_ ..

105

minerals and hydrous absorptions at 1.4 and 1.9 #Lm. The influence of ferric iron causes an absorption
edge in the visible wavelengths. At the longer wavelengths, the wing of 3#Lm water absorptions draws
down the reflectance. These factors result in a characteristic convex shape for the Vis{1R spectra of
palagonite tuffs. In contrast, hydrated, poorly oxidized basaltic tuffs have a low reflectance due to the
higher percentage of tachylite and unaltered sideromelane. The low reflectance obscures the 1 #Lm
feature and hydrous absorptions (when such features are present). The dearth of ferric oxides can
leave thinly bedded tuffs without a short wavelength absorption edge or with an edge at shorter
wavelengths than in palagonite tuffs. Similarly, while they can be hydrated to some extent, these tuffs
are not so "wet" as palagonite tuffs and so the wing of the 3 #Lm feature is less prominent or is even
absent in the driest tuffs (such as PB-12). The resulting shape, as is evidenced by Figures 4.2 and 4.3,
is more variable than for palagonite tuffs, but is most frequently represented by a spectrum such as
LCG-9 (Figure 4.3a) with a steep, short wavelength absorption edge, flat near IR reflectance, with
minor 1.4 and 1.9 #Lm absorptions, and a sharp dropoff at longer wavelengths due to the 3 #Lm water
feature.
Besides the lack of a characteristic absorption feature, there is another problem in dealing
with these or any other remote sensing data. This second problem stems from the fact that within the
ground instantaneous field of view (GIFOV) of an overhead sensor there are generally numerous
types of ground cover. These different materials all contribute to the reflected radi::mce viewed by the
sensor. This mixture of signal from disparate materials can be labeled the "mixed pixel" problem and
has been considered by Singer and McCord (1979), Marsh et al. (1980), Adams, et al. (1986) and
numerous others.
The combination of the mixed pixel problem and the necessity of relying on spectral shape
led to the use ofa method of spectral mixture modelling (e.g. Smith et aI., 1990; Blount et aI., 1990) to
analyze the remotely sensed data sets. This method will be described in more detail in the next
Chapter.
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Overhead Spectrometers Utilized
Table 6.1 lists the scenes that were examined and the sensors which acquired them. Brief
descriptions of the various scanners and the relevant scenes acquired are given below.

Table 6.1: Remote sensing data sets examined
Sensor

I

TM
NSOOI
AVIRIS
AVIRIS
Geoscan

LCVF
LCVF
LCVFt
Pavant Butte
Pavant Butte

Area

,

ROW·'

Col ,

Time(U1)

2048
6400
512
512
2088

2048
954
614
614
1024

17:48:30
20:58:00
18:44:30
21:13:00

,

Date
3/1/84
9/29/89
9/29/89
9/26/89
7/27/89

,

a

54.7 0
44.96 0
42.09 0
47.59 0

Landsat Thematic Mapper

The workings and capabilities of the Thematic Mapper (TM) have been described in
numerous other places (e.g., Sabins, 1987). It's essential characteristics are summarized in Table 6.2.
The only TM subscene examined in any great detail in this study covers the portion of the Lunar
Crater Volcanic Field that includes Lunar Lake and Lunar and Easy Chair Craters.

NSOOl Thematic Mapper Simulator

The NSOOI (NASNGeosat Test Case Project, 1984) was flown on the NASA C130 during
tne aforementioned Geologic Remote Sensing Field Experiment (GRSFE). The NSOOI has a
spectral resolution identical to the Landsat TM except for an additional band covering the 1.0 to 1.3
ILm region.

• The number of rows and columns given is that of the original scene. The actual areas of interest
generally take up a smaller portion of the scene; thus subsectioning was almost invariably required.
t GRSFE Flight 20, Run 006, Segment 3
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Table 6.2: Thematic Mapper specifications
IFOV
GIFOV
Swath
Altitude
Band
1

0.043mrad
30m
185km
705km

I

2
3
4
5
7

Spectral Range (p.m)
0.45 -0.52
0.52 - 0.60
0.63 -0.69
0.76-0.90
1.55 -1.75
2.08-2.35

The NSOOI data set was unique among those examined in several ways. First it arguably has
the highest spatial resolution (although that of the Geoscan might be equivalent or perhaps even
higher). Secondly, it was the only imagery obtained for this study with a high level of geometric
distortion. Analysis techniques such as spectral mixture modelling were performed on the original
(distorted) data. Resulting fraction images were corrected using a rubber sheet correction routine
written by Paul Geissler of the University of Arizona's Department of Planetary Science.

Table 6.3: NSOOI specifications
IFOV
Scan Angle
Bands
1
2
3
4
5
6
7

2.5 mrad
1000

I

Spectral Range (p.m)
0.45 - 0.52
0.52-0.60
0.63 -0.69
0.76 - 0.90
1.00 -1.30
1.55 - 1.75
2.08-2.35
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AVIRIS

The Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) (Vane, 1987) has been in
operation since 1987 as one of the components of the Jet Propulsion Laboratory's airborne sensors
program. Some relevant statistics about the instrument are compiled in Table 6.4. Briefly, the
instrument consists of four spectrometers which cover the 0.4 to 2.45 p,m spectral range. It is flown
on-board the NASA ER-2 aircraft at an altitude of 60,000 ft. While a nominal 224 channels are
collected, some of these are spectrally redundant. Moreover, in all the AVIRIS scenes that I have
dealt with, the first and last channels have always been filled with null pixels. Thus without the first
and last channels and the areas of spectral overlap, there are 208 unique channels. In the analyses
described below, excessively noisy channels (including those in the middle of atmospheric water
absorption bands at 1.4 and 1.9p,m) were deleted leaving on the order of 158 channels.
Table 6.4: AVIRIS characteristics

Overall Instrument
IFOV
GIFOV
FOV
Swath

0.95 mrad
20m
300
10.5 km

I nd"d
lVI ua IS;nee rometers

Spectrometer

Spectral Range (p.m)*

Band Width (nm)

S:Nt

A
B
C

0.3969-0.7027
0.6747-1.2830
1.2440-1.8670
1.8300-2.4540

9.6 -10.1
8.8-09.2
9.7 -10.0
9.9 -11.5

150:1
140:1
70:1
30:1

0

• The wavelengths and band passes within each spectrometer were determined from a mailing that
accompanied that data tapes holding the late 1989 AVIRIS data. After each recalibration of the
instrument these values change somewhat.
t Signal:noise values taken from Vane (1987). The quoted values are laboratory values. Actual
values would vary within any given flight season and according to the ground albedo.
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AVIRIS data was acquired over the LCVF as part of GRSFE. While several segments of
GRSFE AVIRIS data were examined, only one (segment 3 of flight 20, run 6) was subjected to
intense scrutiny. AVIRIS data for Pavant Butte was acquired three days prior to the acquisition of
the LCVF AVIRIS data. This data was collected for Bryan Bailey of the USGS at Sioux Falls, South
Dakota. Dr. Bailey requested the AVIRIS flight as part of his participation in a Geosat sponsored
investigation of the nearby Drum Mountains. Due to the proximity of hard pan playas and flat, dark
cinder strewn ground, the Pavant Butte area was used as a calibration site. Dr. Bailey and co-workers
collected PIDAS (Goetz, 1987) field spectra near the time of the AVIRIS overflights.
Since AVIRIS is an experimental instrument, a short discussion of its data quality is in order.
Table 6.4 shows nominal signal/noise (S:N) values for AVIRIS; however, the instrument has been
known to stray from those values. One way of estimating S:N is by assessing instrument response over
a homogeneous target (e.g. Conel et al., 1987; Green et al., 1988). Since both AVIRIS scenes that
were analyzed contained playa deposits, 7x7 pixel averages over those playas were divided by the
standard deviations for those averages. The resulting values are known as coefficients of variation.
This method was used by Crowley et al. (1988) to estimate AVIRIS S:N.
The S:N values given in Table 6.4 are defined for a target with a uniform 50% reflectance.
The playa spectra shown in Figures 6.1a and 6.1a are slightly more reflective than that (which, if
anything, should increase the estimated S:N), but with some exceptions* they do have a relatively flat
reflectance.
Figures 6.1b and 6.2b show plats of coefficient of variation vs. wavelength for Lunar Lake and
the Pavant Butte playa respectively. If the coefficient of variation is equated with S:N then the
performance of AVIRIS for both scenes, and particularly for the Pavant Butte scene, is well below the
* There is a short wavelength absorption due to the Fe3+ - 0 2- charge transfer, a 2.2 J.Lm Al-OH clay
band and a long wavelength decrease due to the 3.0 J.Lm water fundamental. Since the spectra are
shown at the resolution of AVIR IS with the channel sets used for most of the analyses described
below, the shortest and longest wavelength bands have been deleted as have been the bands in the 1.4
and 1.9 J.Lm water and OH absorptions.
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Figure 6.1 a: Lunar Lake reflectance measured by PrDAS
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Figure 6.1 b: Coefficient of variation vs. wavelength
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Figure 6.2a: PB playa reflectance measured by PIDAS
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Figure 6.2b: Coefficient of variation vs. wavelength
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Figure 6.2c: SiN for PE scene determined from dark current
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nominal S:N. While it is very possible that the instrument was behaving poorly, it is equally possible
that the playa targets were not very homogenenous which would drive'up the standard deviations (and
drive down the S:N) independent of instrument performance. Indeed, there is evidence for this. The
spectral mixture modelling which will be shown in the next chapter shows variation in the
composition of Lunar Lake (e.g. Plate 7.5) and in the Pavant Butte playa (Plate 7.13). Also, the
Pavant Butte playa was relatively small; hence it is possible that the adjacency effect (Slater, 1980)
could have played a role in contaminating the spectral signature of some of the pixels at the edges of
the box that was averaged for the 7x7 mean ON. Figure 6.2c presents an alternative calculation of S:N
derived by dividing the signal of a 9x9 raw ON average from the playa north of Pavant Butte by the
standard deviation of 40 lines of dark current. The result is a greater scatter than in the coefficient of
variation plot with a higher S:N indicated in the long wavelengths and poorer S:N indicated in the
shorter wavelengths.
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Geoscan Mk II

The final instrument to be considered is the commercially owned and operated Geoscan Mk
II advanced multi-spectral scanner. The following description of the instrument is taken from Lyon
and Honey (1990). The instrument is owned and operated by Geoscan Pty. Ltd. a mineral
exploration firm with offices in Perth, West Australia and Reno, Nevada. The scanner has three-axis
stabilization and grating-dispersive optics with three sets oflinear array detectors operating in the
visible and near IR (VNIR), short wave IR (SWIR), and thermal IR. The central wavelength and
bandwidth of the 24 visible and infrared channels acquired by the Geoscan Mk II scanner are
presented in Table 6.S. Spatial resolution of the instrument varies according to the altitude that the
instrument is flown. Routine operations acquire 6-8 m pixels.
Geoscan data over Pavant Butte were acquired as part of the aforementioned Geosat
investigation into the Drum Mountains, and were graciously shared with this investigator by G.B.
Bailey and J. Dwyer. This data set was acquired on July 27, 1989 from an altitude of 1S,800 ft. above
ground level, has a swath width of approximately 10 kIn and a GIFOV of approximately 10 m (J.
Dwyer, personal communication). A precise time of data acquistion was not available, but it was
supposed to have been acquired near solar noon. The thermal IR portion of the data set was
examined by M. Abrams of JPL and was found to be of inferior quality to that obtained by the
Thermal Infrared Mapping Spectrometer (TIMS). Moreover, since the thermal infrared portion of
the spectrum falls outside of the spectral range generally considered here, these bands will not be
considered further.

The Physical Interpretation of Remotely Sensed Data
Airborne and spaceborne scanners operating in visible and near infrared wavelengths detect
energy reflected from the Earth's surface. The original source ofthat radiant energy (Q) is the Sun

- - - - - - - ------
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Table 6.5: Geoscan Mk II specifications (from Lyon and Honey, 1990)
Elevation (ft)
4698
6264
7830
9396
10962
12528

Swath (krn)
2.97
3.965
4.956
5.947
6.939
7.93

Resolution (rn)
3
4
5
6
7
8

S:N
Band

11

145-178
65-109
27-65

15
18

Band
1
2
3
4
5
6
7
8
9
10

11
12
13
14
15
16
17
18

I

Central Wavelength (,urn)
0.522
0.583
0.645
0.693
0.717
0.740
0.830
0.873
0.915
0.955
2.044
2.088
2.136
2.176
2.220
2.264
2.308
2.352

I

Band Width (,urn)
0.042
0.067
0.071
0.024
0.024
0.023
0.022
0.022
0.021
0.020
0.044
0.044
0.044
0.044
0.044
0.044
0.044
0.044
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and the power, or radiant flux (<I», from the Sun can be approximated* by <I> = Q/t. The density of
radiant flux falling on the Earth's surface is the irradiance (E) and can be approximated by E = <I>/A
where A is the area being irradiated. The quantity that is actually measured by overhead sensors is

radiance (L) which can be defined by the following equation

L=

(6.1)

dO (dA*cose)

where 0 is the solid angle which is subtended (measured in steradians) and e is equivalent to the solar
zenith angle defined in Figure 6.3. The units for radiance are thus Watts 1steradians*meters2. The
crux of this dissertation is the reflectance of basaltic tuffs, and its Simplest form, reflectance (R) can be
defined by:

(6.2)

R = <I>reflected 1<I>incident

Reflectance varies as a function of wavelength (lambda) (which can be indicated by
R(lambda». Slater (1980) points out that for a lambertian surface:

(6.3)

Llambda = R(lambda)*Elambda 177'

which implies that the radiance detected at the sensor (Llambda) is a function of both the reflectance
of the ground (R(lambda» and of the incident irradiance (Elambda)' A plot of exoatmospheric solar
irradiance versus wavelengths approximates the curve that would result from a blackbody at 5900 K.
There are narrow absorptions in that spectrum caused by gases in the sun's atmosphere. These
absorptions are known as Fraunhofer lines and are only on the order of 0.1 nm in width. The
* The strict definition of radiant flux requires taking the partial derivative of Q with respect to time
(t), but for many instances simple division is sufficient.
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narrowest bandwidth of any scanner used in this study is the 10 nm resolution of AVIRIS which is still
wide enough so that the effects of Fraunhofer line absorptions can be ignored.
Another medium which contributes to, and affects, the radiance received at the sensor is the
atmosphere. The atmosphere contributes to the radiance observed by a sensor by an additive path

radiance term. Path radiance is due largely to scattering effects which in turn result from the
interaction of light with atmospheric particles of different sizes. For instance, Rayleigh scattering is
caused by air molecules; Mie scattering is caused by the larger atmospheric aerosols. The effects of
atmospheric scattering are most pronounced at shorter visible wavelengths (i.e., 350 to 650 nm).
The atmosphere also absorbs energy. In chapter 4, the water absorption features at 1.4 and
1.9 JLm were discussed. In remote sensing, the presence of atmospheric water renders the atmosphere

opaque at these wavelengths. There are also weaker H20 absorptions at 0.94 and 1.13 JLm which
show up in AVIRIS data. The very presence of air and other molecules also decreases the energy that
is transm~tted through the atmosphere. This effect is indicated by the parameter of optical depth (8).
Optical depth can also be related to the actual multiplicative factor of transmittance (1') by the
equation:

(6.4)

l'

= e(-8 sece)

where e is the solar zenith angle as defined in Figure 6.3. The effects of both transmittance and
optical depth can be related to the radiance observed at the sensor at visible and near infrared
wavelengths by:

(6.S)
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where LT is the total radiance that reaches the sensor, Lpr is the path radiance and the surface is
assumed to be lambertian.
Equation 6.5 can be used as the basis for a host of methods for calibrating remotely sensed
data to reflectance. The two primary methods used to achieve that end will be discussed in a later
section.
The radiance observed by a detector for a GIFOV is stored on tape (or some other storage
device) and when retrieved, each GIFOV translates into an individual picture element, or pixel, on
the display. The raw digital number (DN) of a pixel records the quantity Ur of equation 6.5. For
geologic applications, the ground reflectance, R is the most commonly sought quantity. However, it
must be kept in mind that within each GIFOV there are a number of different types of surface
materials each with a unique reflectance which contribute to the value R which is obtained from
sensor DN. This fact provides the rationale for spectral mixture modelling.

Figure 6.3: Definition of solar zenith and elevation angles for a nadir viewing system

Incident Solar
Radiation
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Angle
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CHAPTER 7: SPECTRAL MIXTURE MODELLING

Background
There are two varieties of spectral mixtures: macroscopic and intimate. Macroscopic
mixtures result when there is only a single set of interactions between surface materials and photons.
That is, a given photon will be reflected (or absorbed) by only one type of material. Singer and
McCord (1979) described this as a "checkerboard" mixture since the fractions of endmember
materials could equate to proportionate areal exposures of those end members. Intimate mixtures
occur when individual photons interact with more than one type of material. The reflected radiance
of "checkerboard" exposures of materials (i.e., macroscopic mixtures) combine in an additive fashion
producing a linear set of ~quations. Intimate mixtures are non-linear.
The spectral mixture modelling method used in this study is a linear model that has been
~eveloped

by John Adams, Milton Smith and coworkers at the University of Washington. Briefly, the

method is based on the assumption that virtually all of the spectral variation in a multi- or
hyperspectral data set can be accounted for by a relatively small number (3 to 6) of endmember
spectra. Materials that do not fit into the model reflectance dictated by those endmember spectra
contribute to the residuals generated by the method (Figure 7.1).
Two types of end members are utilized in this spectral mixture model. An image endmember
(iem) is the radiance spectrum of one or more pixels which cover an area that is representative of a

unique type of surface material. A reference endmember (rem) is a laboratory or field reflectance
spectrum of that surface material. Image end members can consist of a mixture of reference
end members.
The ON of a given band, b (ONb) can be described in terms of the fractional contributions of
its constituent endmembers by the following equation:

(7.1)

DNb = ~ Fi

* DNi,b + Eb

with b = 1, ..., M and ~ Fi = 1
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where Fi is the fraction of endmember i; ONi,b is the radiance that endmember i is contributing in
band b; Eb is the error for band b; M is the number of bands; and both summations are carried from
i= 1 to N where N is the number of endmembers.
With M bands, the number of endmembers is constrained to be no greater than M + 1. Even
for multispectral systems such as the Landsat TM this limit is seldom reached. For a system such as
AVIRIS there is actually a surfeit of channels. Since this is the case, it is a good practice to delete the
channels with the lowest signal/noise. These bands tend to be the shortest and longest wavelength
channels and those channels in the middle of atmospheric water absorption bands. Even though
signal/noise is poor in the long wavelength channels (i.e. in the 2.2 to 2.31Lm region), many of these
channels are included even though they might be relatively noisy since key mineralogic absorptions
occur in this spectral region.
This model assumes that atmospheric properties are uniform across a scene. The effects of
the atmosphere are then taken to contribute to the image end members and can be deleted through a
process of reference end member modelling which will be described below. If the atmosphere is not
uniform across the scene it could prove necessary to include atmospheriC endmembers within the
model (for example, a "cloud" endmember).
Equation 7.1 can be used with image end members and raw ON or if the dataset has been
calibrated to reflectance (or the reference spectra convolved to image radiance) it can be used with
reference end members. Milton Smith of the University of Washington graciously provided PIRL
with a FORTRAN program (unmix) that solves equation 7.1 for every pixel in a scene. The program
generates fraction images for each end member plus an rms error image. The latter provides a means
of judging how well the given endmembers model the observed signal in each pixel.
When presented with a multispectral image cube for the first time, one cannot know a priori
what the endmembers are. The method developed by Smith and co-workers to determine image
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end members is an interactive, iterative process. Unmix is first applied to the data with two or three

.

image end members. One endmember used in every application of the model is shade.
The concept of shade is critical to the success of the method. The shade endmember is
selected from a shadowed portion of the image. However, the shade end member represents not only
the absence of radiance (i.e. shadow), but also is a means of compensating for topographic effects. It
is well known that reflectance varies as a function of phase angle. Therefore, even if one was
presented with a compositionally homogeneous surface a number of different levels of reflectance can
be observed if the surface is topographically diverse. The presence of a shade endmember allows for
the other endmembers to have a component of shade, caused either by shadowing or by differences in
phase angle (i.e. topography).
The initial selection of end members besides shade is largely subjective. Basically, one looks
for some other surface material that is bright and areally significant.
After the unmix program is run for the first time, the rms error image is examined in order to
locate areas that are high in error; i.e., which did not match the model dictated by the initial
end members. It is here, that a familiarity with the content of the scene is helpful. Two or more
potential endmembers might show up equally bright in the error image and it helps to be able to
distinguish the potential end members based on some prior knowledge of the area.
This process of selecting end members from the error image is repeated until the error image
is uniformly bland. This can be checked by an examination of the error image's histogram. After the
first iteration, this histogram will very likely be multi-modal in form, representing a number of yet to
be modelled end members. After the final iteration, the histogram of rms error values from the error
image should be a unimodal spike, representing image noise and surface materials with spectral
signatures different from the end members, but not areally significant enough to qualify as
end members in their own right. In many instances these spectrally distinct, smaller surface units

- - - - _ . _ - -..
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cOuld be the object(s) of geologic interest. In such an event they can be studied using the residual
images which are generated for each band.
The concept of the residuals is illustrated in Figure 7.1. Basically, the endmember spectra
combine to form a model reflectance in each pixel+. The difference between that model reflectance
and the actual reflectance is the residual.

Figure 7.1: Concept of residuals. Solid line represents model spectrum for a given pixel generated by
mixture model and the dashed line represents the actual reflectance for that pixel. The difference
between the actual and the model reflectance is the residual.
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The procedure described above is applicable primarily to the process of determining image
end members. Once all the image endmembers have been determined they can be compared with a
spectral library in order to obtain an equivalent set of reference end members. In the process, a set of
gains and offsets are calculated which can be used to transform image ON to reflectance. This
+ The model reflectance is different for each pixel since the relative fractions of the emdmembers will
vary for each pixel.
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procedure will described in more detail in the following chapter on methods for obtaining ground
reflectance.

Comparison of Spectral Mixture Analysis with "Traditional" Classification
Techniques
Spectral mixture analysis is more than just another means of subdividing multispectral data
into a group of thematic classes. Instead, it addresses a fundamental aspect of the process of remote
sensing by acknowledging that the radiant energy received by the sensor is reflected from several
different types of materials. Since different fractions of the end members will reside within each
GIFOV, the fraction images produced by the iem modelling described in this chapter consist of a
gradation of gray levels (ideally between 0 and 1). This differs from classification techniques such as
minimum distance or maximum liklihood wherein a pixel is either in a given class or it is not.
Spectral mixture analysis more closely resembles principal components analysis (PCA). The
first PC contains much of the topographic and albedo information within a scene. In this regard it is
analogous to the shade fraction image. The highest order PC contains mostly noise and in this regard
it is similar to the rms error image of a scene well modelled by spectral mixture analysis. The
intermediate PC's are analogous to the fraction images since they contain compositional information
that has been decoupled from topography and noise just as fraction images are decoupled from
shadow, topographic effects and noise. However, spectral mixture analysis is a much more user
intensive analysis technique since the analyst must make decisions regarding which endmembers to
use and, in iem modelling, from what areas those endmembers should be selected. The need to select
a group of pixels that are representative of an image end member is more reminiscent of a
classification method such as minimum distance with its "training sites" than PCA. Also, the number
of fraction images is limited by the intrinsic dimensionality of the scene (Possolo et aI., 1990;
Gillespie et al., 1990), i.e. the number of end members which account for most of the spectral
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variability. In contrast, the number of principal component images equals the number of bands that
are being analyzed. This latter quality makes PCA unsuitable for use with hyperspectral data sets
such as AVIRIS due to the sheer number of channels and the consequent increase in computing time.

Spectral Mixture Modelling Results
Portions of all the scenes listed in Table 6.1 were analyzed using the spectral mixture
modelling method. The following is an area by area description of the results. It should be kept in
mind during the following discussion that spectral mixture modelling is in many ways a "holistic"
approach to analyzing remotely sensed data. Recently holistic medicine has come in vogue, an
approach that seeks to cure or prevent physical ills by ensuring fitness in the whole body rather than
just in the afflicted part. Similarly, by analyzing remotely sensed data through spectral mixture
modelling, one hopes to get a better view of one specific surface unit by considering how other surface
units can contribute to the overall radiance of any given pixel. Therefore, while the following
discussion will emphasize those results relevant to the identification of hydrovolcanic features, by
necessity other end member units will also be considered.

Lunar Crater Volcanic Field

The primary areas of interest in the LCVF were Lunar Crater and Easy Chair Crater (ECC).
However, as was noted in the discussion of its geology in Chapter 2, there are several varieties of
volcanic pyroclasts within the LCVF. These units were commonly more widespread than the
hydroclastic deposits and some were spectrally quite similar to the palagonite tuff of Easy Chair
Crater.
Plate 7.1 is TM band 5, the red channel of the color composite shown in Plate 2.5; marked on
it are the areas from which the TM image endmember DN values were extracted. These same areas
were accessed again for the end members used in the analysis of the NSOOI and AVIRIS data.

Plate 7.1: LCVF TM band 5 base map showing where image endmembers (iem's)
were extracted from. s = shade, p = playa, c = cinders, r = rhyolite,
v = vegetation, t = Buckwheat Rim tuff
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124

125

Thematic Mapper
Plate 7.2 shows the results of the mixture analysis of the TM scene shown in Plate 7.1. The
five end members that account for most of the spectral variation in this scene are: shade, playa,
cinders, vegetation, and rhyolitic tuff. The rhyolitic tuffwas the Tuff of Buckwheat Rim mapped by
Snyder et al. (1972) and Ekren et al. (1972). This unit is also shown on the simplified geologic map of
the LCVF in Figure 2.4. Several samples of this tuff were collected on an October 1990 visit to the
LCVF.
Given the 30 m resolution of the TM, it is not surprising that the limited exposures of tuff in
Lunar and Easy Chair Crater do not quality as end members in their own right. Even if they were
spectrally distinctive (which, as it will be seen, palagonite tuff is) they are not areally significant. In
fact, analysis of the scene suggests that there is only one pixel at Easy Chair Crater with a spectral
signature equivalent to palagonite tuff (see Figure 7.2).
It can be noted that in the fraction image for the rhyolitic tuff end member there are pixels
within Easy Chair Crater that appear to be rich in rhyolite. The reason for this is apparent in Figure
7.3. That figure compares the TM six point reflectance spectrum for the one palagonite tuff rich pixel
with the rhyolite tuff endmember spectrum converted to reflectance•• Surprisingly, they are very
similar. This similiarity will be discussed further below.

Mixing model analysis was conducted on two 1024 x 928 pixel portions of the NSOO1 LCVF
data, with one portion covering Easy Chair Crater and the other Lunar Crater. Results are only
shown for the Easy Chair Crater portion. With the 10 m resolution of the NSOO1, it is reasonable that
there would be sufficient exposures of thinly bedded tuff in the walls of Lunar Crater for the tuff to
quality as a spectral end member... provided it was spectrally distinct from other surface units.
• TM reflectance spectra were obtained via the empirical line method described in Chapter 8.

Plate 7.2: LCVF TM iem fraction images. (a) shade; (b) playa; (c) cinders; (d)
vegetation; (e) Buckwheat Rim tuff; (t) rms error. In the cinder and rhyolite tuff
fraction images, Easy Chair Crater is indicated by an arrow.
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Figure 7.2:
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However, there was no indication in the rms error image that the thinly bedded tuff needed to be
treated as a spectral endmember. Indeed in the walls of the tuff ring, where the tuff is well exposed,
there were no indications of presence of the tuff in the rms error image. The fact that the mixing
model method failed to detect the thinly bedded tuff can probably be attributed to the low reflectance
of the tuff. Most of the spectral variation in any given pixel is accounted for by the high reflectance
surface materials. Low reflectance materials are generally accounted for by the shade endmember.
The palagonite tuff walls of Easy Chair Crater were distinguished by the mixing model
analysis in the NSOOI subsection that included ECC. Plate 7.3d shows a NSOOI band 6-4-1
(equivalent to TM bands 5, 4 and 1) color composite of Easy Chair Crater. In this image it is difficult
to distinguish the orange palagonite tuff (OPT) in the walls of the crater from the red cinders in the
cinder cone on the north side of the crater. However, the fraction images in Plate 7.3a-c do
distinguish between OPT and cinders. In fact, surprisingly enough, there are two varieties of cinders
each spectrally distinct enough so that they each qualify as endmembers in their own right. In a visit
to the LCVF in October 1990 with fraction images in hand, the two types of cinders were
distinguished as highly oxidized red cinders and oxidized cinders with an orange colored coating.t
Thus the image end members for the NSOOI section with Easy Chair Crater are: shade, playa, red
cinders, orange cinders, and OPT.

AVIRIS
Plate 7.4 is a color composite of three AVIRIS channels which approximates a TM band 5-41 composite. 158 AVIRIS channels were utilized in the analysis which was performed at two scales.
In an effort to determine those image end members which were important over a wide area, one
analysis was conducted using the entire 512 row by 614 column scene. In order to better study the

t The identity of this orange coating remains in doubt. It is definitely a surficial coating and so could
be a form of desert varnish. Potter and Rossman (1978) identified an orange variety of desert varnish
which consisted of hematite and mixed layer clays.

Plate 7.3: Easy Chair Crater viewed by NSOOI. Images a-c are iem fraction
images of: a) orange cinders, b) red cinders, c) palagonite tuff. Image d is a 3
band color composite with band 6 as red, 4 as green and 1 as blue.

------------
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palagonite tuff making up the walls of Easy Chair Crater, a 512 row by 128 column subsection
centered on the crater was subjected to more intense scrutiny.
The end members resulting from the analysis of the larger scene were: shade, playa, cinders
and rhyolite. Plate 7.5 presents a color composite with the cinder fraction image as red, rhyolite as
green and rms error as blue. Vegetation was not included as an endmember thus vegetation-rich
areas in the floors of washes appear as blue. Also the northern portion of the Lunar Lake playa
appears as blue, indicating that its spectral signature was not modelled well by the playa image
end member (taken from the southern part of the playa).
The rhyolite is the Rhyolite of Big Sand Spring Valley mapped by Ekren et a!. (1972). The
analysis which identified rhyolite as an end member was done after my last visit to the LCVF. Thus
while I did sample the Tuff of Buckwheat Rim which was detected In the TM mixing model analysis, I
did not sample the Rhyolite of Big Sand Spring Valley. A close inspection of Plate 7.5 shows some
green pixels in the walls of Easy Chair Crater. In the discussion of the spectral mixture analysis of the
LCVF TM data, it was noted that the six point TM spectrum of the tuff of Buckwheat Rim resembles
that of palagonite tuff. Thus it would be easy to assume that the green pixels in the walls of ECC in
Plate 7.5 represent palagonite tuff rich areas. In fact, Figure 7.4 shows that AVIRIS reflectance
spectra of the Rhyolite of Big Sand Springs Valley and ECC palagonite tuff are not terribly dissimilar.
An analysis was also performed using laboratory spectra as end members. The spectra used

are shown in Figure 7.5. The endmembers used are: ECC-3b, a highly oxidized red cinder, and ECC2b, a palagonite tuff. Image endmembers of alluvial fan deposits and shade were used as'well. The
laboratory spectra were converted to radiance using gains and offsets recovered from reference .
end member modelling (see next chapter). Fraction images of the two reference endmembers are
shown in Plate 7.6.
The unmix program did a, good job of defining the extent of tuff of Easy Chair Crater. The
brightest part of the inner wall of Easy Chair Crater is the area within the western wall shown in Plate

Plate 7.4: LCVF viewed by A VIRIS, three band color composite.
Red = 1.709 JLm; Green = 0.8003 JLm; Blue = 0.5054 JLm. North is to the left.
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Plate 7.S: Color composite of LCVF iem fraction images. Red = cinders;
Green = rhyolite; Blue = rms error. North is to the left.
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Figure 7.4: comparison of rhyolite and ECC tuff
measured by AVIRIS
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Figure 7.5: ECC reference endmembers
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Plate 7.6: Fraction images of Easy Chair Crater reference endmembers (rem's).
a) (left) ECC-2b palagonite tuff; b) (right) ECC-3b red cinder.
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Plate 7.7: Exposures of tuff in the western wall of Easy Chair Crater.
The tuff is orange while underlying cinders are a darker reddish
brown.
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7.7. That any pixels of palagonite tuff are being detected at all is a testament to the ability of the

"unmix" program to live up to its name and unmix mixed pixels. As will be shown in a later section,
there do not appear to be any pixels in the vicinity of ECC that actually have palagonite tuff-like
spectra! Bright areas in Plate 7.6a beyond the confines of Easy Chair Crater very likely represent soil
materials whose spectral Signature mimic that of palagonite tuff. The problem of the non-uniqueness
inherent in some of the fraction images is considered in the final section of this chapter.

Pavant Butte
The remotely sensed Pavant Butte database consists of both AVIRIS and Geoscan data.
Plate 7.8 is 416 row by 160 column color composite of three AVIRIS channels which approximates a
TM band 5-4-1 composite. Marked on this plate are the locations of the image endmembers used for
both the AVIRIS and Geoscan data. Plate 7.9 is an 864 row by 576 column subsection of Geoscan
band 13 (2.136 #Lm). The high spatial resolution of the Geoscan data is demonstrated by its ability to
resolve the layering of thickly bedded palagonite tuff on the northwest side of the tuff cone, and to
distinguish a strip of mantling tuff along the tuff cones northern crest.
Some AVIRIS channels on the wings of the 1.4 and 1.9 #Lm water bands as well as bands in
the middle of the weaker 0.94 and 1.13 #Lm water bands which were deemed suitable to be included in
the LCVF spectral mixture analysis had lower signaVnoise in the Pavant Butte scene. This can be
attributed to more moisture in the atmosphere caused both by the lower altitude of Pavant Butte
relative to the LCVF (4,900 ft. vs. 5,900 flo) and to more moisture due to a low pressure system in the
area on the day of the Pavant Butte overflight.
The five endmembers from the AVIRIS scene are shown in Plate 7.10; they are: shade, playa,
orange palagonite tuff (OPl), vegetation and a "red soil" unit. Since Pavant Butte rests on an ancient
lake bed with dry and wet lakes in close proximity, the playa endmember is not surprising. Also at all

Plate 7.8: A VIR IS three band color composite of Pavant Butte. Red = 1.719 JLm;·
green = 0.8196 JLm; blue = 0.4956 JLm. Locations of iem's are marked as
follows: s = shade; p = playa; 0 = palagonite tuff; v = vegetation; rs = red soil.
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Plate 7.9: Geoscan band 13 (2.136 JLm) view of Pavant Butte. Landmarks shown
are: c = strip of mantling tuff near crest of tuff cone; nw = palagonite tuff layers
on northwest wall; s = southern wall palagonite tuff exposure; sp = southeastern
spur. North is on the left.
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but the driest locales, vegetation can generally be used as an end member•. The "red soil" endmember
proved to be something of a surprise, although in retrospect perhaps it should not have been. The
unit simply represents the dominant soil unit of the region.
The same end members were used to model the Geoscan data. The Geoscan OPT fraction
image is shown in Plate 7.11 with Geoscan band 11 (2044J.Lm) shown beside it for reference. The
brightest region in the OPT fraction images of Plate 7.10 and 7.11 is the southern wall of Pavant Butte
(indicated on Plate 7.9). Plate 7.12 shows the excellent exposures of tuff on the southern wall as
viewed from the top of the southeast spurt.
The fact that palagonite tuff had to be used as an endmember is significant. From the
description ofits geology in Chapter 2 it should be obvious that Pavant Butte is a major hydrovolcanic
edifice with a much larger volume of palagonite tuff than can be found within the walls of Easy Chair
Crater. Figure 7.6 presents a redrafted version of a map from Oviatt and Nash (1989) in which the
different tephra and lacustrine units that make up Pavant Butte are shown in plan view. The OPT
fraction images shown in Plates 7.10 and 7.11 can be seen io present a more detailed view of the
extent of the palagonite tuff exposures; subdivided by Oviatt and Nash into the opt 1-3 units outlined
in Figure 7.6.
In Plate 7.13 the AVIRIS palagonite tuff fraction image is compared against an AVIRIS
band centered on 1.719 J.Lm. In the latter image some of the best exposures of palagonite tuff show up
as a bright white. However, this shade cannot be distinguished from white playa deposits in the same
image. Also, in the single band and in the simple 3 band composite of Plate 7.8, the northwest side of
the cone appears darker intimating that it might not have good exposures of palagonite tuff.
However, when viewed from ground level, as in Plate 7.14, it can be seen that the tuff is well exposed.
Part of the reason for the lower reflectance is that this side of the cone is being viewed from a
• Although it was used as an end member, the Pavant Butte area is, in fact, sparsely vegetated; as some
of the photographs in Chapter 2 can attest to.
t The southeast spur forms the righthand side of the tuff cone in Plate 2.9 and is also indicated on
Plate 7.8.

Plate 7.10: Pavant Butte AVIRIS iem fraction images. (a) playa; (b) OPT; (c)
vegetation; (d) red soil; (e) shade; (f) rms error.
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Plate 7.11: Pavant Butte viewed by Geoscan. a) (left) Geoscan band 11 (2.044
/Lm); b) (right) OPT iem fraction image.
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Plate 7.12: The southern wall exposure of palagonite tuff as viewed from the
summit of the southeastern spur. Note the strip of mantling tuff indicated on
Plate 7.9 by "C'.
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Figure 7.6: Geologic map of Pavant Butte (after Oviatt and
Nash; 1989).
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Plate 7.13: Lefthand image is band 1.719 ~m AVIRIS band of Pavant Butte. The
righthand image is the palagonite tuff iem fraction image from Plate 7.10.
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different phase angle than the brighter southern side. Notice that the fraction images map the OPT
equally well on both sides of the cone. The ability of the mixing model analysis to map the OPT on
the northwest side of the cone can be taken as a tribute to the ability of the shade endmember to
account for topographic effects.
Another significant aspect of the mixing model analysis of the imagery of Pavant Butte is the
ability of the method to distinguish between palagonite tuff and mantling and sideromelane tuffs.
The southwestern spur of the tuff cone is covered by mantling tuff and vegetation while the mesa
formed by the basal tuff ring is covered by alluvial fan deposits (including the "red soil" unit) and
vegetation. At the sides of the mesa the sideromelane tuff is exposed. In the mixing model analysis,
the sideromelane and mantling tuff units are accounted for by the shade endmember. Thus in the rms
error image (Plate 7.9f) these units do not show up and hence are modeled well.
The higher spatial resolution of the Geoscan imagery provides more detail than the AVIRIS
imagery. Even given the lower spectral resolution and fewer band passes of the Geoscan data the
palagonite tuff is identified just as well, indeed the discrimination is better since the GIFOV is
smaller. Thus if mapping is the desired goal, a scanner such as Geoscan seems preferable to AVIRIS
since it provides higher spatial resolution with less unnecessary channels to wade through.

The non-uniqueness problem in spectral mixture modelling
One problem with the spectral mixture method is that there are many more surficial
materials within any given scene than can be accounted for by the 4 to 6 end members that are
typically used. That such a small number of endmembers can be used at all is a consequence of the
fact that many materials have similar reflectance spectra. The best results from the spectral mixture
method are achieved when a material has a truly unique reflectance spectrum (or at least unique
among the materials present in that particular scene). For instance, the oxidized basaltic cinders in
the LCVF are fairly unique. In the fraction image depicting cinders in Plate 7.2 and in the color
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composite of 7.S it can be stated with a fair level of confidence that the only materials alarming as
cinders are, in fact, cinders. Likewise, in the fraction images of Pavant Butte, palagonite tuff is
spectrally distinct within that scene and it can be stated that anything alarming as palagonite tuff
probably is palagonite tuff.
However, in the fraction images of the LCVF the Buckwheat Rim tuff end member used in
the TM analysis and the Big Sand Springs Valley rhyolite endmember used in the AVIRIS analysis
are not spectrally unique. Looking again at the AVIRIS spectrum of the rhyolite end member it can
be seen to have an Fe3+ - 0 2- absorption edge, typical of many iron bearing materials and beyond
that feature it's spectrum is rather flat. There are quite a number of materials with spectra similar to
the rhyolite spectrum in Figure 7.4. In the area covered by the AVIRIS scene of the LCVF, there are
two prominent non-rhyolitic materials alarming as "rhyolite": these are numerous alluvial deposits
and the palagonite tuff of Easy Chair Crater. The alluvial deposits, are the weathered remains of their
surroundings which are primarily rhyolitic tuffs and basalts. Since the mafic minerals of basalts
weather away faster than the quartz and feldspars in rhyolite the alluvium ends up with a composition
similar to rhyolite. Hence the fact that the alluvium alarms as "rhyolite" is close to the truth.
However, the fact that the palagonite tuff of Easy Chair Crater alarms in the rhyolite fraction image is
not due to similar composition but rather to a similar spectral signature.
The spectral similarity of these two materials has already been noted in Fig. 7.3 which showed
the similarity of a Buckwheat Rim tuff TM reflectance spectrum to a palagonite tuff rich pixel in the
walls of Easy Chair Crater and in Figure 7.4 which showed that the AVIRIS rhyolite image
endmember, converted to reflectance, resembles an Easy Chair Crater palagonite tuff. Even when the
sample spectrum of ECC-2b was used as an end member, (Plate 7.6) some alluvial deposits were
alarming as "ECC-2b". Thus the mapping of Easy Chair Crater tuffs is non-unique. However, if
placed in the proper geologic context even such a non-unique material might be mapped. For
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example, palagonite tuff would more likely be found near a volcanic vent than near a stream bed. It
would also not be reasonable to expect a rhyolite to show up within a basaltic cinder cone.
In all fairness, it must also be pointed out that the palagonite tuff of Easy Chair Crater is not
really a model palagonite tuff. The petrographic analysis of the thin section of ECC-1c (Table 3.1)
shows it to have a much lower sideromelane/ tachylite ratio than any of the palagonite tuffs from
Pavant Butte or Cerro Colorado. It also has the lowest vitriC/crystalline ratio of any of the palagonite
tuffs examined. Figure 7.7 compares the spectrum of PB-2b against the AVIRIS spectrum of the Big
Sand Spring Valley rhyolite and they can be seen to be very dissimilar. Thus, the palagonite tuff of a
tuff cone such as Pavant Butte is spectrally distinct from rhyolite and, in allliklihood, could be
confidently mapped using the spectral mixture method.
To sum up, the fraction images that are presented here must be viewed in two categories.
There are truly spectrally unique materials such as red cinders or the palagonite tuff of Pavant Butte.
The second class could be termed as the "grab-bag" end members. Shade can fall into this category
since it can account not only for shadow and topographic effects but also for low reflectance
materials. For example, in the spectral mixture modelling of the LCVF, the shade endmember
accounts for basalt flows, unoxidized cinders and the thinly bedded tuff of Lunar Crater. The rhyolite
endmember in the LCVF AVIRIS spectral mixture modelling is a "grab-bag" endmember as is the red
soil end member in the Pavant Butte imagery.
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Figure 7.7: AVIRIS spectra of Pavant Butte palagonite tuff and LCVF rhyolite. Unlike the
tuff of Easy Chair Crater, the palagonite tuff of Pavant Butte has an unique reflectance
spectrum which would not be confused with that of rhyolite.
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CHAPTER 8: CALIBRATION AND ANALYSIS OF REMOTELY SENSED DATA
IN REFLECTANCE

Calibrations to reflectance
Remotely sensed data of the Earth has most often been used as a tool to map lithologies and
or surface cover units. A good example is the way that Landsat MSS or TM data is typically used. As
a mapping instrument the TM is tremendous. The results of the spectral mixture analyses outlined
above showed that maps created with the 6 Vis/IR bands of the TM were potentially as effective as
those made with AVIRIS data. The limiting factor in the quality of the maps was the spatial
resolution of the scanners. The most detailed look at the LCVFwas afforded by the NSOO1 imagery
with its 10 m spatial resolution. Likewise the Geoscan Mark II instrument provided the most detailed
map of Pavant Butte.
However, maps created with the 6 Vis/IR TM bands cannot be effectively utilized without
some prior knowledge of what the map units represent. TM data can not be used to unambiguously
identify surface materials. An example of this has already been noted in the earlier reference to
Figure 7.3. In that figure it can be seen that the 6 point TM spectra of palagonite and rhyolite tuff are
very similar. Figure 7.4 shows that even at full spectral resolution the two varieties of tuff have
similar reflectance spectra. The spectra are similar enough so that spectral mixture analysis using 158
AVIRIS channels also classifies the palagonite and rhyolite tuffs together (Plate 7.5). Nevertheless, a
trained observer could distinguish between laboratory spectra of the two minerals. Likewise, if full
spectral resolution airborne spectra can be converted to reflectance they too can be used in a "hands
on" manner to distinguish between materials with subtley different spectral signatures.
In the following discussion the methods used to calibrate the remotely sensed data sets to
reflectance will be discussed. This will be followed by a discussion of an analysis of some of the
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extracted AVIRIS spectra from the LCVF and from Pavant Butte; i.e. do the airborne spectra have
anything to tell us that the laboratory spectra did not?
1\vo methods were used in this study to convert image ON to approximate ground
reflectance. These were the empirical line method and an extension of the spectral mixture analysis
using library reference spectra. Both of these methods are based on the following Simplified form of
equation 6.5:
(8.1)
where R equals the reflectance of the surface materials within the GIFOV; A equals the
multiplicative terms which affect the ON (transmittance and instrumental factors); and B equals the
additive terms (primarily atmospheric path radiance and instrumental offset, i.e. dark current).

Empirical Une Method
The empirical line method for the recovery of surface reflectance has been described in
numerous other places (e.g., Marsh and Lyon, 1980; Conel and Alley, 1984; Conel et aI., 1987; Green,
et al., 1988). Like the reference endmember method which will be described next, it is a means of
solving for the gain values A and offset values B in Equation 8.1. The empirical line method relies on
the characterization of the surface reflectance within two areas, one light and one dark, that are

• Then for any band, a plot such as Figure 8.1 can
compositionally as homogeneous as can be found.
be made wherein the image ON of one or more pixels covering the light and dark targets is plotted
against the measured surface reflectance of those targets. The slope of the resulting line is the gain
for that band and the y-intercept is the offset. With a spectral processing package such as SPECPR,
gain and offset spectra can be calculated given the ON and reflectance spectra of the light and dark
targets.
• The more homogeneous the target, the easier it is to characterize the surface reflectance within the
territory covered by several pixels.
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Figure 8.1: Gain and offset derived from a single channel via the empirical line
method
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Reflectance
The values for ground reflectance of the light and dark targets can be determined either with
field spectrometers or by measuring the reflectance of representative samples in the laboratory. For
both the LCVF and Pavant Butte scenes, both options were available.
Measurements which could be used to calibrate low spectral resolution data sets such as the
TM and NSOOI were made in the LCVF on July 17 and 20, 1989. The instrument used was the
Spectrafax'" 440 field spectrometer manufactured by Daedalus Enterprises Inc. of Ann Arbor,
Michigan. The Spectrafax I .. 440 uses a circular variable filter (CVF) as a dispersing element. The
CVF consists of three segments which covers the spectral range from 0.45 to 2.4 ~m. The spectral
resolution within each segment varies in a linear fashion. Measurements of surface radiance can be
divided by measurements of radiance from a Spectralon'" standard to produce ground reflectance.
At longer wavelengths, the spectral resolution of the Spectrafax'" instrument is poorer than
that of AVIRIS but is more than sufficient to be used in conjunction with TM or NSOOI data. These
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data were used to calibrate the TM spectra shown in Figure 7.2 and 7.3. The light and dark targets
used were respectively an area at the southern end of Lunar Lake and the eastern rim of Lunar
Crater, which is coated by dark cinders.
Coincident with the ER-2 overflights of the LCVF on September 29, 1989 measurements
were made by the author on the Lunar Lake playa with the Portable Instant Display and Analysis
Spe~trometer

(PIDAS) (Goetz, 1987)•. Measurements of a dark target by PIDAS were not made at

the time of the overflight, but instead came almost a year later. Tom Farr and associates from the Jet
Propulsion Lab. measured the reflectance of a dark cinder field immediately south of highway 6 and
north of Lunar Lake.
Measurements of ground reflectance in the Pavant Butte area were made with PIDAS on
September 26, 1989 (the same day as the AVIRIS data collection) by O. Brian Bailey and co-workers.
The bright target was the small hard pan playa noted in Plate 7.8. The dark target was a dark cinder
strewn field south of Pavant Butte. Samples of the playa and dark cinders from the Pavant Butte area
were also measured at RELAB.

Reference Endmember Modelling Method
The earlier discussion of the spectral mixture method concentrated on the identification and
mapping of image end members. It was noted that image endmembers do not consist of pure
materials (although they can be nearly pure). By comparing the image endmember radiance spectra
to reflectance spectra of the pure materials that the image endmembers are meant to represent, their
actual makeup can be roughly determined. In the process, the image endmembers are "aligned" with
their counterpart reference spectra and gain and offset spectra are generated which relate image DN
to ground reflectance. The "shade" image endmember is modelled by a constant low reflectance of

• 80 measurements of the playa surface were made with a reference measurement made of a
spectralon standard after every four surface measurments for a total of 100 spectra.

-----------.
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0.01 or 0.04. The equation that describes the modelling process is as follows:

G b*DNi,b + 0b = IFr/Rr,b + Eb; i = I,..., NE
with the constraint that IFr,i = 1

(8.2)

where DNi,b is the radiance or image DN in band b for image endmember i, Gb and 0b are
respectively the gain and offset in band b, Rr,b is the laboratory or field reflectance of reference
endmember r in,band b, Fr,i is the fraction of reference endmember r in image endmember i and Eb is
the error in band b.
As was

the case with gains generated by the empirical line method, the values ~ accounts

for multiplicative effects such as instrumental gain and atmospheric transmissivity. Likewise, the
values ~ account for additive effects such as instrumental dark current and atmospheric path
radiance.
The implementation of equation 8.2 which was used at PIRL was based on QuickBASIC'"
programs written at the University of Washington by Milton Smith. These programs have the
capability to search through a spectral library of potential reference spectra and select those spectra
which most closely resemble the image endmembers.
This selection process is interesting in and of itself since it can be used to help identify
unknown image end members. Fortunately, I had the opportunity to go out into the field and collect
samples of unexpected image endmembers such as the rhyolitic Tuff of Buckwheat Rim or the red soil
surrounding Pavant Butte. Lacking the ability to do field work, one could potentially rely on an
extensive spectral library. Unfortunately, it is doubtful if such a library exists anywhere at the present
time. A library of mineral spectra, such as that assembled by Roger Clark and coworkers at the
U.S.G.S. in Denver (Clark et aI., 1990a) is not appropriate for this purpose since it consists of pure
minerals and not the real world amalgams of minerals that make up rocks and soils.
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Results of Reference Endmember Modelling
In this section I will try to convey some of the results obtained from reference end member
modelling of the primary remote sensing data sets. The major results are presented in a series of
tables (Tables 8.1 - 8.4) and in Figure 8.2 and 8.3 reference spectra are compared against AVIRIS
image end members converted to reflectance. Each reference spectrum shown in Fig. 8.2 and 8.3 was
selected from a number of candidates which were compared against each image endmember. In the
tables, the reference end member combination which achieved the best fit, as judged by the highest
mean and minimum correlation and lowest standard deviation of correlation, is listed along with
those correlation values. Also tabulated is the fraction of each reference end member within each
image end member. Remember, that according to equation 8.2 the fractions are constrained to sum to
1.0 and are free to assume negative values.
The fractions within each table have to be considered highly qualitative in that the numbers
can not be interpreted literally. However, if the correlation values are high enough (implying
reference spectra which closely match the ground reflectance of the corresponding image
end member) they can provide a good measure of the "purity" of a given end member and/or the degree
to which it is contaminated by other rem's. However, in cases where two rem's have similar spectra,
misleading fractions can result. A case in point is Table 8.3. This table implies that the OPT
endmember has a high fraction of red soil while it can be seen from earlier photos of Pavant Butte
(e.g. Plate 7.12) that large portions of the walls of Pavant Butte are nearly pure palagonite tuff+ and
so do not contain the "red soil" material (although the tuff does probably contain some of the
components found in the red soil, presumably quartz and iron oxides). Reference end member
modelling of the Geoscan data provides a more reasonable view of the relative proportions of OPT
and red soil on the slopes of Pavant Butte.

+ "Pure palagonite tuff' is something of a misnomer since the tuff is a composite material.
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Table 8.1: LCVF NS001 (over Easy Chair Crater)
Correlation Values
Reference End Members

Image End Members

Mean

Minimum Std. Dev.

0.9575 0.9007

0.03023

shade model
Lunar Lake measured by PIDAS (Iunlak.pds)
ECC-3b
ECC-1b
ECC90-2a

Shade
Playa
Red Cinder
OPT
Orange Cinder

Fractions of rem's in iem's

Shade
Playa
Red Cinder
OPT
OrngCinder

shade model

lunlak.pds

ECC-3b

ECClb

1.120
-0.949
0.827
1.242
-2.182

-0.153
1.111
-0.157
-0.277
0.601

-0.007
-0.065
1.248
0.252
-0.211

0.208
0.310
-0.349
0.612
0.815

ECC90-2a

rms error

-0.169
0.594
-0.570
-0.829
1.977

0.007
0.001
0.007
0.006
0.017

Table 8.2: LCVF AVIRIS (full scene)
Correlation Values
Image End Members

Reference End Members

Mean

Minimum Std. Dev.

0.9786 0.9598
Shade
Playa
Cinder
Rhyolite

0.00925

shade model
Lunar Lake measured by PIDAS (Iunlak.pds)
ECC-3b
ECC1b

Fractions of rem's in iem's

Shade
Playa
Cinder
Rhyolite

shade model

lunlak.pds

ECC-3b

ECC-lb

rms error

0.972
-0.156
0.116
0.181

-0.252
0.978
-0.048
0.114

-0.310
0.089
1.062
0.066

0.589
0.089
-0.131
0.640

0.004
0.004
0.014
0.011
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Table 8.3: Pavant Butte A VIRIS
Correlation Values
Image End Members

Reference End Membel1

Mean

Minimum Std. Dev.

0.9727 0.9402
0.0123
shade model
PB-2b
black brush (Blkbrush)
PB90-5
playa north of Pavant Butte, measured by PIDAS (PBplya.pds)

Shade
OPT
Vegetation
Red Soil
Playa
Fractions or rem's in ;em's

Shade
Playa
OPT
Vegetation
Red Soil

shade model

PBplya.pds

PB-2b

B1kbrush

PB90-5

rms error

0.938
-0.111
0.059
0.284
-0.052

0.141
0.910
0.145
0.123
-0.319

0.069
0.183
0.469
-0.051
0.330

0.147
0.031
0.094
0.557
0.171

-0.294
-0.013
0.350
0.087
0.870

0.007
0.005
0.010
0.007
0.016

Table 8.4: Pavant Butte Geoscan
Correlation Values
Image End Members

Reference End Members

Mean

Minimum Std. Dev.

0.9392 0.8985
0.0120
shade model
playa north of Pavant Butte, measured by PIDAS (PBplya.pds)
PB-2b
black brush (Blkbrush)
PB90-5

Shade
Playa
OPT
Vegetation
Red Soil
Fractions or rem's in ;em's

Shade
Playa
OPT
Vegetation
Red Soil

shade model

PBplya.pds

PB-2b

B1kbrush

PB90-5

rms error

-0.631
-0.275
0.019
-0.731
-0.196

0.489
0.958
0.172
0.653
-0.088

0.112
0.182
0.678
0.304
0.185

-0.207
0.146
0.003
0.901
0.291

1.237
-0.011
0.128
-0.127
0.808

0.005
0.002
0.008
0.015
0.010
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Shade is included in these tabulations even though it does not assume a material presence on
the ground. Nevertheless, the fraction of model shade within an image endmember can provide a
measure of the macroscopic roughness• of that end member. For instance in Table 8.2, while rough
materials such as cinders and rhyolite have positive fractions of model shade, the playa iem has a
negative value indicating the extreme smoothness of that endmember material.
The reference endmember which most resembles an image endmember spectrally need not be
a close compOSitional analogue to that endmember. For example, in the modelling of the LCVF
AVIRIS scene, a palagonite tuff spectrum is a better fit for the Big Sand Springs Valley Rhyolite than
is the Buckwheat Rim rhyolitic tuff. The close fit of the palagonite tuff to the rhyolite is reassuring in

light of the fact that the palagonite tuff within Easy Chair Crater was bright in the rhyolite fraction
image. However, it points again to the non-uniqueness problem discussed in the last chapter. The
availability of multiple data sets over many of the same areas provides the opportunity to cross check
some of the reference endmember modelling results. The fact that each model run comes from
different scenes combined with the varying spatial resolutions of the instruments means that the
image end members used for each scene samples a slightly different area (although I tried to select
image endmembers from approximately the same location for each data set). Lighting conditions
were also different for each scene although hopefully the shade endmember should equalize some of
those effects. Given these caveats it can be seen that in the reference endmember selection process,
the same endmembers were selected each timet when the same areas were covered.

• Hapke (1984) derived a more rigorous measure of macroscopic roughness.
t In most of the modelling runs several reference spectra were provided for each image endmember.
For example, the Pavant Butte OPT end member was compared against five reference spectra in both
the Geoscan and AVIR IS rem modelling with PB-2b being selected each time. The playa
end members from both Pavant Butte and the LeVF were allowed to select between RELAB
laboratory spectra and an average of PIDAS field spectra of those playas. Naturally, the PIDAS
spectra was a more representative view of the playa and reassuringly the PIDAS spectra were
consistently selected over those from RELAB.
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The two Pavant Butte data sets provide the best comparison between two scenes of the same
area. In comparing Tables 8.3 and 8.4, the fractions of reference endmembers is reassuringly similar.
These tables also show some expected trends such as a high shade component in the vegetation
end member. Relatively high components of red soil in the vegetation and vice versa are also to be
expected (the red soil areas were covered by more vegetation than the palagonite tuff rich areas). In
the iem fraction images shown in Chapter 7 the playa near Pavant Butte appeared to have an OPT
component and this is also indicated by the reference end member modelling.

Figure 8.2: LCVF reference end members compared with corresponding image endmembers from
AVIRIS data (Converted to reflectance via gains and offsets derived in the reference end member
modelling process). RELAB spectra were convolved to 158 AVIR IS band passes to match the
resolution and spectral sampling of AVIRIS. AVlRIS channels from poor SIN areas and from the 1.4
and 1.9 porn atmospheric water absorption regions have been deleted .
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Figure 8.3c: Vegetation endmembers
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Reflectance spectra of palagonite tutTs from AVIRIS: Comparisons with laboratory
spectra
In the previous section, methods of reflectance retrieval were described. The primary data
sets for which reflectance information was desired were the AVIRIS data over Easy Chair Crater and
Pavant Butte. In the former case a good empirical line calibration based on field spectra could not be
obtained. While there was a good bright target spectrum measured with PIDAS on Lunar Lake, the
corresponding dark target was measured with PIDAS almost a year later on a region outside of the
confines of the AVIRIS image segment that has been shown here. The adjoining segment was
obtained, an AVIRIS spectrum over the dark target extracted and a set of gains and offsets calculated;
however, the results were not as good as those that were obtained via reference endmember
modelling. Even for the Pavant Butte scene where a good empirical line calibration was possible, the
reference end member modelling yielded better results. Results of the different calibration methods
for a 3x3 pixel area of palagonite tuff on Pavant Butte are shown in Figure 8.4 with the PB-2b RELAB
spectrum (convolved to 150 AVIRIS band passes) included for comparison. It can be seen in the
figure that the empirical line calibration done with PIDAS data resulted in a lower overall reflectance
than the empirical line calibration done from RELAB spectra or the rem modelling. Moreover, the
scatter in the data points of the two empirical line method calibrations is slightly greater than that
which resulted from the rem modelling. The gains and offsets resulting from the empirical line
(RELAB) and rem modelling calibrations were each used to convert the 160 row by 416 column
Pavant Butte AVIRIS image cube to reflectance. A 9x9 pixel region on the playa north of Pavant
Butte had a higher standard deviation (over all 150 channels) for the empirical line calibration than
for the rem modelling method. Consequently, in the following discussion reflectance spectra will have
been obtained via reference end member modelling unless otherwise noted.
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Figure 8.4: Comparison of methods used to calibrate data to reflectance. The three
lowermost spectra are of a 3x3 pixel region of palagonite tuff on Pavant Butte. The
empirical line method was used with playa and dark cinder spectra collected by both
PIDAS and in the laboratory by RELAB. Note the greater scatter, especially at the
longest wavelengths, of the spectra calibrated to reflectance by the empirical line
method. The RELAB spectrum of PB-2b, convolved to ISO AVIRIS band passes, is
included for purposes of comparison.
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Easy Chair Crater
It was mentioned earlier that there were no AVIRIS pixels which rendered what could be

deemed a good palagonite tuff-like spectrum. The results of the spectral mixture modelling of Easy
Chair Crater that used reference spectra as end members was shown in Plate 7.6. That analysis
identified those pixels in Easy Chair Crater that were most like the palagonite tuff sample ECC-2b
(modelling done with sample ECC-lb produced similar results). Figure 8.5 shows a single pixel
spectrum extracted from the brightest area in the western wall of Easy Chair Crater shown in Plate
7.6a. Overlain on that spectrum are spectra of samples ECC-lb and ECC-2b. ECC-lb is the darkest
palagonite tuff sample spectrum from the Easy Chair Crater suite and it still achieves noticably higher
reflectance values in the near infrared. ECC-2b, which is more typical of the palagonite tuff sample
spectra from Easy Chair Crater has a higher overall reflectance than the AVIRIS spectrum.
Are the exposures of palagonite tuff so poor at Easy Chair Crater that a pristine spectrum
can not be obtained with the 20 m resolution of AVIRIS or is there another explanation? Two
factors probably contribute to the darkness of the AVIRIS palagonite tuff spectrum. The first factor
is that the exposures are poor. Unlike the situation at Pavant Butte, there are no broad (i.e. greater

than 400 m2) expanses of palagonite tuff. Compare Plate 7.7 with 7.12 to gain an appreciation for the
difference in area of exposed tuff in the two tuff cones. Also, the tuff that is exposed at Easy Chair
Crater has a higher fraction of xenoliths (primarily poorly reflective basalts as was shown in Plate 2.8)
than was observed at either Pavant Butte or Cerro Colorado. That the tuff could be detected at all
attests to the ability of the unmix program to live up to its name and unmix the spectral mixture
within those pixels that contain abundant tuff.

Pavant Butte
As a large tuff cone with tremendous exposures of palagonite tuff, Pavant Butte presents a

wonderful opportunity to compare AVIRIS spectra of palagonite tuff with those from RELAB.
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palagonite tuff sample spectra while ECC-lb was among the darkest.
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Figure 8.3b compared the AVIRIS OPT image end member spectrum (obtained via the reference
end member modelling method) with that of reference endmember PB-2b. It can be seen that the two
correspond very well indeed. More palagonite tuff spectra extracted from the AVIRIS image cube are
shown in Figure 8.6.
Some features in these spectra are artifacts of the calibration to reflectance while others can
be attributed to instrumental noise. A small peak in the AVIRIS spectrum at 0.94 p.m can be
attributed to incomplete removal of the atmospheric water absorption feature at that wavelength.
Likewise, in some of the spectra there are channels with anomalously low or high reflectance values in
the vicinity of the 1.13 p.m water absorption. The poor signaVnoise performance at longer
wavelengths makes those channels "noisier" than might be wished for.
The prominent spectral features of palagonite tuffs that were described in Chapter 4 are
evident in the spectra of Figure 8.6. Something very noticable is the downturn in reflectance on the
long wavelength ends of the 1.4 and 1.9 p.m water bands. That this is water within the tuff causing the
downturn rather than atmospheric water is demonstrated by the fact that AVIRIS spectra from the
Pavant Butte area (see Figure 8.3) of other materials such as vegetation and red soil do not show such
a downturn. Thus even looking through the atmosphere, the water-rich nature of palagonite tuffs is
apparent.
The I-p.m Fe2+ crystal field feature is also prominent. Table 8.5 presents band parameters
of the I-p.m band for several3x3 pixel averages. It can be seen that these areas have band centers that
are at consistently longer wavelengths than the palagonite tuffs shown in Table 4.1. The longer band
centers could be caused by spectral mixing between the palagonite tuffs and fragments of mantling
tuff. The plates in Chapter 2 show that the exterior of Pavant Butte has a mottled appearance with
patches of palagonite tuff (band centers near 0.97 p.m) interspersed with patches of mantling tuff
(band center near 1.07 p.m) the result of this "checkerboard" mixture is a band center near 1.04 p.m. In
fact, when the areas listed in Table 8.5 are plotted on the band depth vs. center plot of Figure 4.7, they
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Figure 8.6: AVIRIS spectra of Pavant Butte palagonite tuffs. All three spectra are the result
of 3x3 pixel averages. Note the 2.2.um band in the "b" spectrum (extracted from the
southern wall tuff exposure). Channels from poor SIN areas and from the 1.4 and 1.9.um
atmospheric water absorption regions have been deleted.
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Tobie 8.5: Band parameters for I-porn band in Pavant Butte palagonite tuffs observed by AVIRIS
Area
OPTiem
opt 1
opt2
opt 3
opt 4
optS
opt 1-5 avg

I

Center (p.m)

I

1.0358
1.0232
1.0395
1.0444
1.0212
1.0421
1.0408

Width (p.m)
0.2065
0.2869
0.2255
0.2090
0.2385
0.2124
0.2256

I

Depth
0.0862
0.0851
0.0962
0.1004
0.1082
0.1039
0.0958

I

Asymmetry
0.6375
0.9158
1.3202
1.4779
1.4329
1.3509
1.4703

fall between the palagonite tuffs and the sideromelane/mantling tuffs which is as would be expected
for spectral mixing between the two classes of tephra.
The relief of the I-porn feature was good enough so that the data could be analyzed using band
depth mapping. Band depth was defined in equation 4.1. A band depth mapping routine (bmap),
originally developed at the University of Hawaii for the Geosciences Array Processor (GARP)
package, calculates the band depth of every pixel in an image cube given three input channels: one at
each shoulder of the absorption feature and one at its center. The band depth of any given pixel can
be used as an estimate of the ground abundance of the mineral whose absorption band is being
mapped (Farrand and Singer, 1989a and b).
The results of the band depth mapping of the I-porn feature are shown in Plate 8.1 with the
AVIRIS OPT iem fraction image shown beside it for purposes of comparison. While the noise
inherent in AVIRIS data is very apparent in the band depth map, the palagonite tuff mapped in the
OPT fraction image also shows up in the 1 porn band depth map. The southeast spur of Pavant Butte
can also just be made out in the band depth map. This part of the tuff cone is entirely covered by
mantling tuffs and so does not appear in the palagonite tuff fraction image. Recall that in chapter 4 it
was noted that the band depth of the 1 porn feature is greater in sideromelane and mantling tuffs than
in palagonite tuffs. By this criterion alone it might be expected that the sides of Pavant Butte's basal

Plate S.l: Pavant Butte l-,um band depth map (AVIR IS data) (left) compared with
AVIRIS OPT iem fraction image (right). The band depth map is considerably
noisier, but it does outline the extent of the palagonite tuff. It also hints at the
presence of the southeastern spur of the tuff cone which is covered with mantling
tuffs (which actually have deeper l,um bands but are considerably darker than
palagonite tuffs).
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tuff ring and its southeast spur (where the best exposures of the former tuffs are) would appear
brighter in the band depth map than the palagonite tuff rich areas. However, the low reflectance of
the mantling and sideromelane tuffs causes their deeper 1 /Lm bands to be lost in the noise, making
them well nigh impossible to detect and map.
All three spectra in Fig. 8.6 show evidenr.e of a band, or at least a shoulder, at 2.3 /Lm.
Surprisingly, in the b spectrum of Fig. 8.6 there appears to be a band at 2.2/Lm. The presence of such
a feature is evident in several other spectra which were examined.
Attempts at band depth mapping of the 2.2 and 2.3 /Lm features were made. Some areas
north of Pavant Butte were detected in the map of the 2.2 /Lm feature. These are probably clay rich
soils. No clay-rich areas larger 3 or 4 pixels across were apparent on Pavant Butte itself, with the
spectrum of one of these areas shown as Figure 8.6b. The 2.3/Lm band depth map was, if anything,
noisier than the 2.2 /Lm map. Therefore, it appears that the poor signal/noise in the AVIRIS D
spectrometer at these wavelengths prohibits a quantitative analysis of the clay mineralogy of
palagonite tuffs.
The presence of clays in the palagonite tuff of Pavant Butte was also apparent in the Geoscan
data. Figure 8.7 shows several3x3 pixel averages of Geoscan spectra of palagonite tuffs; also shown is
the spectrum of PB-2b convolved to 18 Geoscan bandpasses. While the spectral resolution of the
Geoscan Mk II scanner is some four times less than that of AVIR IS, the higher signal/noise of the
instrument makes depression of any single channel more diagnostic than for any single AVIR IS
channel. Lyon and Honey (1990) show Geoscan spectra of several minerals with absorptions in the
near infrared. Minerals that might be found (or that are analogous to minerals that would be found)
in Pavant Butte palagonite are montmorillonite and nontronite (which, like saponite, is a smectite
clay with a 2.3 /Lm absorption). The Geoscan spectrum of montmorillonite shows evidence of the 2.2
/Lm band with a low reflectance in channel 15 (with 14 also somewhat depressed). Nontronite has a
reflectance minimum at band 17. The Geoscan-equivalent spectrum of PB-2b shows a deflection at
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Figure 8.7: Geoscan spectra of Pavant Butte palagonite tuffs. The top spectra is PB·2b convolved to
18 Geoscan band passes, the one below it is the image endmember used in the spectral mixture
analysis. The "North wall OPT" spectrum was extracted from the bright northern finger of tuff visible
in the upper righthand part of the tuCf cone in Plate 7.11. Note the indication of a 2.3 J,Lm band. The
"South wall OPT" was extracted Crom approximately the same location as the "b" AVIRIS spectrum in
Fig. 8.5. Note the depression of bands 15 and 17 indicating the presence of 2.2 and 2.3 J,Lm
absorptions.
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band 17, indicating the narrow 2.31Lm absorption. The Geoscan spectra from Pavant Butte also
indicate a 2.31Lm absorption in the palagonite tuff. Some of the spectra have a low reflectance in
band 15 which indicates a 2.21Lm A1-0H feature.
Both AVIRIS and Geoscan spectra, therefore, reveal something unexpected in the presence
of a 2.21Lm absorption in the palagonite tuff walls of Pavant Butte. None of the palagonite tuff
sample spectra from either Pavant Butte or Cerro Colorado had such an absorption although the one
palagonite tuff from Koko Crater did. That both di- and trioctahedral varieties of smectite would
form in palagonite is not at all unreasonable. The fact that none of the samples that were examined
had a 2.21Lm band is probably the result of incomplete sampling.
----·--I,-tc".
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CHAP,TER 9: DISCUSSION AND CONCLUSIONS

Summary
The tephras produced by basaltic hydrovolcanism accumulate to form tuff rings and tuff
cones. Work done by Wohletz and others (e.g. Sheridan and Wohletz, 1983; Wohletz and McQueen,
1985) has demonstrated the importance of the mass ratio of water to magma in determining which of
these features will result from a hydrovolcanic eruption. Besides determining vent morphology, the
water/magma ratio also appears to playa key role in determining the degree to which basaltic glass
will subsequently alter. This study has shown that Vis/IR reflectance spectrometry can be used very
effectively to determine the degree of that alteration and that remotely sensed data can be used to
map highly altered basaltic tephras:
The spectra presented in Chapter 4 demonstrate the marked difference between unaltered,
hydrated and palagonitized sideromelane. In Figure 4.2, the reflectance spectrum of unaltered
sideromelane (PB-12) is extremely dark and shows no evidence of hydration. Spectra of PB-6a and
PB-S show the results of increasing levels of hydration: an increase in reflectance, the development of
a 1.9ILm H20 absorption and the growth in the wing of the 3-lLm water fundamental. Hydrated tuff
ring samples, such as are displayed in Figure 4.3a are distinct from the sideromelane tuff spectra of
Figure 4.2. These spectra are brighter, have a marked Fe3+ - 0 2- charge transfer absorption edge,
have H20 and OH absorptions at 1.9 and 1.4ILm and often have an Al-OH bending fundamental
absorption at 2.2ILm. While the presence of a short wavelength absorption edge and results from
Mossbauer spectrometry indicates that some oxidation of iron has occurred, the visual color of these
tuffs remains gray and palagonite is rarely observed in thin section.
The presence of the 2.21Lm "clay· band shows that crystalline alteration products can form in
tuff ring beds without extensive palgonitization. X-ray diffraction analysis confirms the presence of
crystalline :;mectite clay minerals in thinly bedded tuffs. Conventional thinking (e.g. Fisher and
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Schmincke, 1984; Allen et aI., 1981) has held that there is a progression in the alteration of basaltic
glass from incipient hydration to palagonitization to increased crystallinity. These results indicate
that the middle step might be bypassed in some instances.
Pockets of palagonitization can occur within otherwise unpalagonitized tuff ring tephras.
The thinly bedded tuffs in Figure 4.3b are each at a different stage of alteration, from the poorly
altered ZSL-3b to the palagonitized MacDC-NE. However, even the latter sample is not so
palagonitized as the tephras from the thickly bedded deposits of tuff cones.
The spectra of palagonite tuffs from tuff cones that are shown in Figure 4.5 are very
distinctive. That these samples are both highly hydrated and oxidized is indicated by several factors.
The "wetness" of these samples is demonstrated by a very deep 1.9ILm water band, a significant l.4lLm
band, a strong 3-lLm water fundamental, whose wing suppresses reflectance down to 2.1ILm, and water
overtones at 1.77 and 2.5 ILm. Their high degree of oxidation is indicated by the fact that their Fe3+ 0 2- charge transfer absorption edge steepens and is driven to longer wavelengths. Fe3+ crystal field
features shortwards of O.81Lm also become more pronounced. The high reflectance of these tuffs is
also due in part to their high level of oxidation since ferric oxides are poor absorbers in the near
infrared.
The l-lLm crystal field band can also be used to track the oxidation of basaltic tephras. As the
constituent sideromelane grains are converted to palagonite, there is an increase in ferric, at the
expense of ferrous, iron oxides with the consequence that the center of this absorption moves to
shorter wavelengths and becomes progressively shallower. This absorption band also has the
potential of being used with band depth mapping algorithms (Farrand and Singer, 1989a,b; Clark et
al., 1990b) to map the distribution of palagonite tuffs from imaging spectrometer data.
The trend of oxidation of sideromelane is reflected also in the M6ssbauer spectra shown in
Chapter 3. The three Pavant Butte samples which were examined: PB-6c, PB-la, and PB-2b each
represented a different level of alteration. In the sideromelane tuff, PB-6c, most of the iron resided in
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the sideromelane. In the slightly more altered mantling tuff, PB-la, more of that iron had been
converted to the nanocrystalline ferric oxide phases of palagonite. Finally, in the palagonite tuff
sample, PB-2b, the doublet attributable to ferrous iron in glass had disappeared leaving all the iron in
palagonite and in the ever present residuum of olivine.
Another characteristic feature of palagonite tuffs is an absorption at 2.3 J.Lm. This feature
even appears in samples with intermediate levels of palagonitization such as ZSL-9c and MacDC-NE
(Figure 4.3b). Both X-ray diffraction and Vis/IR spectrometry indicate the presence of chrysotile
serpentine. Another phase which might be contributing to this absorption is X-ray amorphous
saponite and/or nontronite. AVIRIS and Geoscan spectra of Pavant Butte indicate that a
dioctahedral smectite such as montmorillonite is also present in the palagonite tuffs of Pavant Butte.
The differences in the degree and style of alteration of basaltic tephras can be traced directly
back to the way in which they were emplaced which in turn is dependent on the water/magma ratio.
Tuff rings are the product of the most explosive water/magma ratio (the "surge" field of Figure 1.1).
This means that their tephras are emplaced by dry, highly inflated pyroclastic surges. The steam in
these surge clouds, by and large, does not condense on the tephra particles. Thus the tephras are
deposited relatively dry. What water does condense produces the small levels of hydration and
oxidation seen in the spectra of Figure 4.3. It must be stressed that this alteration would seem to
occur almost immediately after emplacement while the condensed water is still near the boiling point.
Paradoxically, in order for sideromelane to be preserved without alteration it appears necessary for it
to be quenChed in cold water. The sideromelane ashes from the basal tuff ring at Pavant Butte with
the least alteration (such as sample PB-12) were deposited subaqueously beneath the waters of Lake
Bonneville.
In order for the extreme mix of hydration and oxidation which produces palagonite to occur,
it appears necessary for hot water to be deposited with the tephras. This process is a necessary
consequence of the way that tuff cones are produced. Tuff cones result from water/magma ratios in
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the "flow" field of Figure 1.1; consequently, the eruptions are less energetic than tuff ring forming
eruptions. The resulting pyroclastic flow is a poorly inflated surge in which steam condenses on the
ash as it is deposited. This results in a hot, wet cohesive deposit. If enough of this hot, wet tephra can
be piled together, the upper layers will serve as a blanket keeping the water in underlying layers hot
allowing the process of palagonitization to proceed, sometimes to completion. Jakobsson and Moore
(1986) noted that palagonitization of the young tuff cone Surtsey has occurred most rapidly where a
0

hydrothermal system has produced temperatures in excess of 100 C.
Pavant Butte provides an excellent example of an erOSionally dissected tuff cone. Plate 2.4b
shows palagonite tuffs surmounted by un-palagonitized mantling tuffs. The mantling tuffs are the
layers which served as the thermal blanket that kept the underlying tephras warm for a time long
enough for palagonitization to occur. However, the constituent water within the mantling tuffs did
not remain hot long enough so that they themselves could become palagonitized.
Having determined from laboratory studies that Vis/lR spectrometry can be effectively used
to study the composition and degree of alteration of basaltic tuffs, I have also tested the viability of
studying hydroclastic deposits from airborne sensors operating at Vis/lR wavelengths. While
laboratory spectra of basaltic tephras in various stages of alteration are distinctive, much of this
variation is in the relative depths of 1.4 and 1.9ILm absorption features or in the development of
relatively weak 2.2 and 2.31Lm Al-OH and Mg-OH "clay bands". When the ground is viewed by an
overhead sensor, the former features are wiped out by atmospheric water while the latter features can
be too weak to be detected in current imaging spectrometer systems. However, the shapes of the
spectra are distinctive, thus it was hoped that a classification routine sensitive to spectral shape would
be able to detect basaltic tuffs •. This reasoning coupled with the inescapable fact that there can be

* Since it is generally restricted to low albedo materials (which become lost in the noise of imaging
spectrometer data sets), the l-lLm band has the potential of being used as a diagnostic absorption
feature for palagonite tuffs. Band depth mapping of the the 1-lLm band produced an image (Plate 8.1)
with discrimination of palagonite tuffs comparable (albeit with a higher noise component) to the
OPT fraction image.

----_._---_..
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several types of materials within the GIFOV that an overhead sensor samples led to the use of the
spectral mixture modelling method developed by Adams, Smith and others at the University of
Washington (e.g. Smith et al. 1990).
The fraction images shown in Chapter 7 prove that bright palagonite tuffs, s11ch as those that
make up Pavant Butte, can be effectively mapped using remotely sensed data. The spectral mixture
method also proved effective at mapping other volcanic pyroclastic materials such as oxidized basaltic
cinders and rhyolitic tuff and lavas. However, the spectral mixture method could not discriminate
sideromelane, mantling or thinly bedded tuffs. This is not surprising given the low reflectance of
these tuffs and the fact that while the shape of their spectra is different from that of palagonite tuff it
is not especially different from other low reflectance materials such as soils. The most highly detailed
fraction images resulted from the sensors with the highest spatial resolution; i.e. the NSOOI and the
Geoscan Mk II.
The analysis of the LCVF data sets revealed that poorly reflective, xenolith-rich palagonite
tuff can also have a non-unique reflectance spectrum. This "non-uniqueness" problem resulted in the
Easy Chair Crater tuffs being mapped as rhyolitic tuff in the TM fraction images and as rhyolite in the
AVIRIS data. Figure 8.2b shows the similarity of an Easy Chair Crater palagonite tuff reflectance
spectra to that of rhyolite. To fully explain this similarity is beyond the scope of this dissertation since
it would involve an in depth study of the Vis/IR reflectance of rhyolitic volcanics. However, in an area
with better exposures of both palagonitic and rhyolitic tuff the two would probably not map out as the
same. It must be remembered that the palagonite tuffs of Easy Chair Crater were neither well
exposed nor very representative of palagonite tuffs (as compared to samples from Pavant Butte and
Cerro Colorado). Had a tuff cone such as Pavant Butte been in the LCVF then there would have
been a good test of whether the spectral mixture method could distinguish between palagonitic and
rhyolitic tuffs.
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The reference end member modelling described in Chapter 8 proved very effective at
Calibrating the data to reflectance. However, the fractions of endmembers calculated by this method
must be viewed with caution. In order to effectively determine near quantitative fractions of
component materials from remotely sensed data, some accomodation for intimate mixing must be
made. However, simply casting all reflectances in terms of single scattering albedo and then solving
for the Hapke equation (as was done by Mustard and Pieters, 1987) does not seem to be the solution
either since macroscopic mixing is just as, if not more, important than intimate mixing.
Beyond mapping, what information did the remotely sensed data provide about the tuff rings
and tuff cones that were imaged? AVIRIS and Geoscan spectra of exposures of palagonite tuff on the
walls of Pavant Butte looked reassuringly like palagonite tuff laboratory sample spectra. Parameters
of the I-I'm bands in the AVIRIS spectra were intermediate between those of palagonite and
mantling tuff sample spectra. Thus it is likely that the observed signal is a mixture between the
reflected radiance of palagonite and mantling tuffs within the 3x3 pixel areas that were examined.
Many of the Pavant Butte palagonite tuff-rich pixel spectra that were examined possessed not
only a 2.3 I'm band, but in some cases a 2.21Lm band as well. The poor signal to noise ratio at these
longer wavelengths prevented any quantitative band parameter analysis or useful band depth mapping
of these absorption features.
Imaging spectrometer systems with higher spatial resolution and greater signal to noise in the
near infrared seem to be needed in order to provide the ability to do good pixel to pixel spectroscopic
analysis of a geologic feature as complex as a tuff cone. Band depth mapping of the 1,2.2 and 2.3 I'm
bands might also be aided by a more advanced band depth mapping routine (e.g. Clark et al., 1990b).

Suggestions for future work
The success of Vis/IR spectrometry in the analysis and mapping of palagonite tuffs is a strong
argument in favor of including a Vis/IR imaging spectrometer on a future Mars orbiter. An imaging
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spectrometer operating in the wavelength range from 0.76 to 3.16 pom has already orbited Mars on
board the Soviet Phobos 2 spacecraft (Bibring et at., 1990). However, this instrument had poor
spatial resolution (5 to 30 kIn) and viewed only a very small fraction of the planet.
There is a definite need to include a more advanced imaging spectrometer on board a future
mission such as the proposed Mars Rover/Sample Return. Such an instrument could be used to
effectively address questions related to the crystallinity of altered basaltic ash on Mars. More research
is needed to determine how effective Vis/lR spectrometry might be at distinguishing in-situ
palagonite tuffs from palagonitic dusts (such as those in the playa deposits near Pavant Butte). Since
palagonite is very likely an important component of Martian dust, the ability to discriminate between
the dust and in-situ palagonite tuff would be critical in recognizing hydrvolcanic vents analogous to
tuff cones on Mars.
The interest in palagonite as an analog to Martian surface materials has led to studies of the
nature of palagonite (e.g., Allen et at, 1981; Morris et at., 1990). However, these studies have almost
exclusively focused on Hawaiian palagonites formed by slow, ambient weathering of basaltic ash
produced by Strombolian fire fountaining. The palagonite tuffs studied here were produced by
Surtseyan activity and appear to have altered relatively rapidly. Consequently, the results reported
here could be used to compare and contrast with the studies of the Hawaiian palagonites and perhaps
might provide some insight into which type of volcanic activity and subsequent weathering is most
prevalent on Mars.
This study has also indicated that the degree of alteration of basaltic tephras is related to the
water/magma ratio extant at the time of the eruption. This relation could be used to infer the amount
of water present at the vent at the time of eruption and, by inference, could provide clues as to the
paleoclimate of the volcanic field at the time of eruption (i.e., was water abundant or sparse). The
potential of using hydrovolcanic tephras as an indicator of paleoclimates is a fascinating topiC that
deserves to be studied further.
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