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    13.1    Introduction 

 As discussed throughout this book, impact cratering is a funda-
mental geological process that has shaped and modifi ed the 
surfaces of planets throughout geological time (see summary in 
Chapter  1 ). However, the low frequency of meteorite impacts 
during the recent past and the ongoing active geological processes 
on Earth offer rare opportunities to examine pristine impact sites, 
which are common on the surfaces of other terrestrial planets. 
With the exception of a few robotic and manned space explora-
tion missions, the analysis of orbital data has been the primary 
method for studying impact craters in a variety of settings and 
target rocks throughout the Solar System. In this chapter, an over-
view of remote - sensing datasets and techniques is presented with 
direct applications to the study of impact craters. Various types 
of data, as well as methods and techniques for processing and 
interpreting these datasets, are summarized. For readers who are 
interested in a more in - depth discussion of the datasets and tech-
niques mentioned in this chapter, refer to Vincent  (1997) , Sabins 
 (1997) , Lillesand and Kiefer  (2000)  and Jensen  (2007) , and refer 
to Garvin  et al .  (1992) , French  (1998)  and Koeberl  (2004)  for 
overviews of remote sensing specifi cally applied to impact crater 
studies. 

 The goal of remote sensing is to provide useful information 
about planetary surfaces prior to fi eldwork, sample collection or 
 in lieu  of such work in the cases where access may be limited or 
not possible. The basic principle involves collecting, understand-
ing and using data acquired as a result of the interaction between 
matter (i.e. rock or surface) and electromagnetic energy (e.g. 
infrared wavelengths). A variety of remote - sensing datasets 
and techniques have been used to determine: (1) geology; (2) 
morphometry/altimetry/topography; (3) composition; and (4) 
physical properties (e.g. particle/block size, thermal inertia). Dif-
ferent wavelength regions as well as derived datasets and data 
processing techniques can be utilized to determine one or more 
of the aforementioned surface properties with applications to the 
study of impact cratering. This chapter addresses these four 
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themes, followed by two case studies that utilize one or more of 
these aspects to solve a geological problem about an impact site.  

   13.2    Background 

 An early and ongoing goal involving remote sensing of terrestrial 
impact craters has been to simply discover new impact craters 
solely from remote - sensing data (Garvin  et al .,  1992 ; Koeberl, 
 2004 ; Folco  et al .,  2010, 2011 ) or fi nd spectral differences between 
shocked rocks and their protoliths (D ’ Aria and Garvin,  1988 ; 
Garvin  et al .,  1992 ; Johnson  et al .,  2002, 2007 ; Wright  et al .,  2011 ). 
Photogeology, or image analysis, is used to search for the distinc-
tive circular structure of an impact crater, in addition to terraces 
and central peaks within larger complex craters (see Chapter  5 ). 
Several impact structures have been found with this method (e.g. 
Folco  et al .,  2010, 2011 ). Remote sensing alone, however, cannot 
provide defi nitive evidence for impact, as many circular structures 
can be formed by other geological processes (e.g. sinkholes, 
granite or salt domes, volcanoes). Impact structures can be identi-
fi ed by the recognition of a suite of characteristic impactites 
(see Chapter  7 ) and shock metamorphic effects (see Chapter  8 ); 
however, this is diffi cult (albeit not impossible) to accomplish via 
remote sensing and/or spectroscopy. Impactites, as discussed in 
Chapters  7  and  9 , consist of a variety of impact breccias and melt 
rocks generally with the same composition as the original target 
rocks. In some cases, impactites exhibit geochemical enrichments 
(Chapter  15 ) from the impactor and/or mineralogical changes 
due to shock that are diffi cult to measure from spaceborne 
instrumentation. Images with very high spatial resolution are 
commonly required to resolve impact breccias, which must have 
exposed clasts larger than the spatial resolution of the imaging 
instrument. The current highest pixel dimensions of modern 
imaging systems is on the order of tens of centimetres, and thus 
megabreccias are most easily identifi ed (e.g. Grant  et al .,  2008 ; 
Marzo  et al .,  2010 ; Fig.  13.1 ). Breccias with smaller exposed clasts 
will be diffi cult to identify.    
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     Figure 13.1     Various portions of a HiRISE red mosaic image (PSP_005842_1970) covering the eastern portion of the central 
uplift complex of the approximately 40   km Toro crater, Mars, are shown to demonstrate the use of topographic data. The image 
is draped on a digital terrain model (DTM) derived using SOCET set v5.4.1 (BAE systems) and the PSP_005842_1970 and 
ESP_011538_1970 stereo pair (credit: NASA/JPL/UA); resolution is 2   m/pixel with a vertical exaggeration of approximately 5 × ). 
(a) A portion of the HiRISE red mosaic image (PSP_005842_1970;  ∼ 1   km across from the base to the summit of the uplifted 
and rotated megablock) covering the southeastern portion of Toro ’ s central uplift complex and crater fl oor. The perspective view 
is slightly to the northeast. The uplifted megablock, although covered with fi ne - grained debris and talus, shows evidence of the 
underlying light - toned, fractured and brecciated bedrock. A smaller megablock on the lower left shows what appear to be breccia 
dikes consistent with fi eld observations of central uplift bedrock within terrestrial impact structures. (b) A rotated and close - up 
view of the smaller megablock exhibiting the dike - like structures in (a). These could be pseudotachylites or possible impact 
melt - bearing breccia dikes that were injected into the crater fl oor during the formation and expansion of the transient cavity, 
and subsequent formation of the central uplift. (c) A perspective view to the south - southwest of Toro ’ s crater - fi ll deposits. These 
deposits are observed to drape the uplifted bedrock of the central uplift complex and are continuous with the crater - fi ll deposits 
on the crater fl oor. These materials are relatively smooth, dark toned and possess abundant light - toned megaclasts. The unit is 
interpreted to be an impact melt - bearing breccia deposit formed by materials that once lined the transient cavity of Toro during 
the excavation phase of crater formation.  Reprinted from Marzo  et al .,  2010 , with permission from Elsevier .  
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   13.3    Photogeology 

 Photogeology is the use of aerial or orbital data to view and 
interpret geological and geomorphologic features. Geologists 
have used aerial photographs for decades to: (1) determine rock 
exposures from surfaces with and without vegetation; (2) study 
the expression of landforms for insight into their origins (geo-
morphology); (3) determine the structural arrangements of 
disturbed bedrock (i.e. folds and faults); (4) evaluate dynamic 
changes from natural events (e.g. fl oods; volcanic eruptions); and 
(5) use as a visual base map, commonly in conjunction with topo-
graphic maps, on which a more detailed map can be derived (e.g. 
a geological map). 

 The advantage of a large, synoptic view of a study region allows 
for the examination of structures or features of interest in their 
entirety, whereas a fi eld geologist likely could not map a large area 
in a short time. The ability to merge different types of remote -
 sensing data discussed in this chapter can further facilitate the 
recognition of relationships between various surface components 
to be determined with specifi c applications towards impact 
cratering studies. Figure  13.2  illustrate the types of images 
used for photogeologic analyses of three craters and describe 
various spatial resolutions and examples of using false - colour 
images and more than one type of remote - sensing analysis of an 
impact site.    

   13.4    Morphometry,  a ltimetry,  t opography 

 Elevation can be extracted using photometric stereo data process-
ing, as well as from active techniques such as radar and laser 
altimetry. The latter can produce high - resolution DTMs that 
provide three - dimensional (3D) geospatial visualization and 
characterization of impact - related features. Elevation data can 
also be combined with other datasets to create 3D visualizations 
that facilitate correlations with spectral units and/or high -
 resolution morphologic units, and also for interpretation of 
structural/stratigraphic relationships. The terms  ‘ laser altimetry ’  
or formerly  ‘ laser - induced swath mapping ’  has been replaced 
by the acronym LiDAR (light detection and ranging). Depending 
on the instrument, either ultraviolet, visible or near - infrared 
energy is backscattered or refl ected from the surface and the 
distance from the instrument to the ground is calculated by meas-
uring the time delay between the transmission of the laser pulse 
and the detection of the refl ected signal. This creates high -
 resolution topographic data from millions of data points from a 
scanning swath width instrument to dozens of gridded points 
from an orbital system where the laser pulse is backscattered every 
several metres. 

 One of the primary uses of topographic data, particularly with 
respect to planetary applications for impact craters, is the measure 
of morphometric aspects of these features, such as depth, diam-
eter, volume of crater - fi ll and various aspects of crater ejecta 
(e.g. Stewart and Valiant,  2006 ). In most cases, visible laser 
altimeters have been employed to derive gridded global DTMs of 
planetary surfaces (Zuber  et al .,  1992 ; Smith  et al .,  2001, 2010 ). 
Furthermore, for craters on Earth, these data can be used by 

fi eld geologists to correlate features mapped on the ground (e.g. 
Zumsprekel and Bischoff,  2005 ). Another method for deriving 
morphometry and altimetry is the use of individual or paired 
stereo images (i.e. obtained from at least two viewing angles 
and having a proper separation to reproduce the third dimen-
sion). These stereo images are typically processed into a standard 
qualitative image anaglyph (red – blue images showing relative 
elevation) or into a more quantitative DTM (e.g. Fig.  13.1 , 
Fig.  13.3  and Fig.  13.4 ). For the 3D analysis of terrestrial 
cra ters, numerous options exist that include datasets such as the 
Shuttle Radar Topography Mission (SRTM; e.g. van Zyl,  2001 ; 
Farr  et al .,  2007 ) and the global digital elevation model (GDEM) 
product created by the stereo imaging capability of the Advanced 
Spaceborne Thermal Emission and Refl ec tion Radiometer 
(ASTER) sensor (e.g. ASTER,  2010 ) to high - resolution air-
borne LiDAR fl own over specifi c targets. The global datasets 
have DEM resolutions on the order of 30   m/pixel, whereas air-
borne LiDAR can have very high resolutions (on the order of 
centimetres).   

 Scanning LiDAR is a powerful tool that can also acquire data 
of the surface topography (Bufton  et al .,  1991 ) independent of 
local vegetation and other ground cover. With enough data points, 
a statistically signifi cant number of laser pulses will miss vegeta-
tion cover and refl ect off the ground surface rather than (tall) 
vegetation. The laser pulses that refl ect off vegetation can then be 
statistically fi ltered to create a  ‘ bald earth ’  model, which can be 
used to trace faults and other subtle surface features (Webster 
 et al .,  2006 ; Prentice  et al .,  2009 ). As an example of its high accu-
racy, LiDAR has also been used for change detection (Woolard 
and Colby,  2002 ). This can be especially useful for assessing the 
structure and morphology of terrestrial impact structures covered 
by dense vegetation (after fi ltering). The example shown (Fig. 
 13.5 ) is not from an impact crater, but displays the utility of 
using LiDAR.    

   13.5    Composition  d erived from  r emote  s ensing 

 Measurements of the electromagnetic spectrum are only practical 
within certain wavelength regions, as they provide specifi c diag-
nostic information ranging from atomic/molecular interactions 
to physical properties of surface materials. Some wavelength 
regions useful for diagnostic compositional analysis of the surface 
using remotely sensed data may be obscured by absorption or 
scatter in the atmosphere of the planetary body being observed. 
In order to quantitatively extract the position, shape and magni-
tude of surface spectral features, one must take into account: 
(1) the interaction of that energy with materials on the surface; 
(2) the passage of that energy through the intervening atmos-
phere; and (3) the subsequent capture of that energy and response 
by the instrument detectors. All of these interactions need to be 
understood and well constrained in order to extract and separate 
the atmospheric and surface spectra. Absorption and scattering 
by water vapour, carbon dioxide and stratospheric ozone in 
the Earth ’ s atmosphere, for example, cause all of the gamma - ray 
region, most of the ultraviolet and thermal infrared (TIR) region, 
and some of the visible to near - infrared (VNIR) and shortwave 
infrared (SWIR) regions to be obscured (Hudson,  1969 ). This is 
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     Figure 13.2     (a) 15   m resolution 
ASTER VNIR of Meteor Crater, Arizona 
displayed as bands 3 – 2 – 1 in red – green –
 blue (refer to Colour Plate 29), showing 
very little vegetation save for a small 
farm with trees east of the crater. (b) 
True - colour aerial photograph of 
Meteor Crater with approximately 1   m 
resolution. (c) False - colour aerial pho-
tograph of Meteor Crater stretched to 
display ejecta lobes of bright - white 
Coconino and Kaibab ejecta. (d) False -
 colour ASTER VNIR image of Lonar 
Crater, India (Chapter  18 ), displayed as 
bands 3 – 2 – 1 in red – green – blue; vegeta-
tion (as red) can be seen circum the 
crater lake but inside the crater rim. 
(e) – (h) ASTER VNIR and TIR data of 
Roter Kamm, Namibia; (e) daytime 
VNIR colour image showing the perva-
sive mantling of aeolian sand; (f) 
daytime TIR decorrelation stretch of 
TIR bands 14, 12, 10 in R, G, B (respec-
tively) indicating signifi cant variability 
in the sand composition (Fe - rich sili-
cate sands shown in blue/purple and 
non - Fe - rich silicates shown in red); (g) 
night - time temperature image showing 
less than 4    ° C variation from crater rim 
to the near - rim ejecta; (h) apparent 
thermal inertia (ATI) image (see text) 
with high ATI values (bright) indicating 
potential blocky and less mantled ejecta. 
See text for explanations of acronyms. 
 (See Colour Plate 29)   
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(c) (d)

(e)

(g) (h)
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     Figure 13.3     Various remote images of the Wolfe Creek (a – d) and Gosses Bluff (e) craters in Australia. (a) ASTER VNIR image 
with bands 3, 2 and 1 displayed as red, green and blue  (see Colour Plate 30) , with a 2% stretch. Image taken 02 - 02 - 2003. (b) 
Landsat band ratio image with Fe ratio, normalized difference vegetation index and OH - bearing ratio (see text for details) dis-
played as red, green and blue. Data are stretched 2% to bring out differences. Image from 09 - 03 - 1999. (c) ASTER TIR decorrela-
tion stretch with bands 14, 12 and 10 displayed as red, green and blue. Image from 02 - 02 - 2003. (d) High - resolution image derived 
from  ©  Google Earth, 2012. (e) View to northwest of the 23   km diameter Gosses Bluff Crater, with a hue saturation value trans-
formed VNIR with SWIR minimum noise fraction (MNF) bands applied to a VNIR image (15   m resolution) and draped on a 
DTM with a vertical exaggeration of 3. Green represents bedrock from several Mesozoic sandstone lithologies (Barlow,  1979 ; 
Prinz,  1996 ) uplifted above alluvium shown as blue and purple. (f) ASTER stereo - derived DEM and VNIR data covering the 
1.9   km terrestrial impact structure Tenoumer located at 22 ° 55 ′ 7 ″ N, 10 ° 24 ′ 29 ″ W, in Mauritania, Africa. The 15   m/pixel colour 
infrared image of Tenoumer reveals what appears to be a two - facies, circumferential deposit around the crater rim reminiscent 
of ejecta around fresh impact craters on other planetary surfaces. The colour - coded DEM in the inset shows elevated terrain 
consistent with the inner most facies of these deposits, which strongly supports the idea that some ejecta was preserved around 
this infi lled simple crater. The DEM shows similar to results from Meteor Crater (Garvin  et al .,  1989 ), that the wind regime that 
has dominated this region since the time of crater formation has preferentially muted and eroded the windward (southwest) 
side. (Note: the two areas outlined in black and in solid purple are areas of spurious data values where diffi culties due to surface 
or atmospheric properties confounded attempts to derive digital elevation for these areas.)  

(a) (b)

(c) (d)

(e) (f)
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composition of the uppermost approximately 1   m of the surface, 
including the presence of hydrogen inferred to be subsurface 
water ice. However, very large pixel sizes common in this wave-
length region generally prevent detailed analyses of all but the 
largest impact craters and basins. For example, the Mars Odyssey 
Gamma Ray Spectrometer has a spatial resolution of approxi-
mately 300   km per pixel (Boynton  et al .,  2004 ).  

   13.5.2    Visible to  n ear -  i nfrared ( VNIR ) to  s hortwave 
 i nfrared ( SWIR ) 

 The most familiar type of remote sensing involves detecting 
energy in the 0.4 – 0.67    μ m wavelength region. This includes aerial 
and satellite - based images of Earth and other planets (Fig.  13.2  
and Fig.  13.3 a). In general, this wavelength region is the most 
easily understood, and has had the longest period of technological 

less of an issue for the microwave portion; however, even within 
a relatively clear atmospheric window, scattering/emission can 
still occur, which can further complicate an accurate analysis 
of the surface spectra for specifi c mineral features. Because the 
various wavelength regions can provide information as varied as 
elemental, mineralogical and thermal details of the surface, each 
is summarized below by wavelength region. 

   13.5.1    Gamma and  u ltraviolet 

 As all gamma rays and virtually all ultraviolet light is absorbed by 
the Earth ’ s ozone layer, these data are not typically analysed for 
terrestrial applications and, hence, are not discussed in detail here. 
On other planets lacking atmospheric ozone (or atmospheres for 
that matter), such as the Moon and Mars, gamma ray and neutron 
remote sensing can be used to place constraints on the elemental 

     Figure 13.4     Morphometric and spectral maps (VNIR, SWIR and TIR) of the Haughton impact structure, Devon Island, 
Nunavut territory, Canada. North is to the bottom right of each subimage. (a) A 25   m colourized DTM of the Haughton impact 
structure  (courtesy of the Natural Resources of Canada  http://www.nrcan - rncan.gc.ca/com/index - eng.php ) , with the vertical 
exaggeration set to 10. (b) VNIR image from  Landsat   7  ETM +  (30   m/pixel). The impact melt rock of the Haughton Formation 
is the most apparent lithological unit. This is manifested as a white unit that predominately lines the crater fl oor, but smaller 
occurrences can also be observed in the vicinity of the wall/terraces and rim area. (c) ASTER SWIR (1.656 – 2.400    μ m) colour 
composite of MNF - transformed bands using principle components 2, 1 and 6 in RGB (30   m/pixel). Lithological units are as 
follows: magenta, dolomite; cyan, limestone; red, gypsum; blue, impact melt rock. (d) ASTER TIR colour - composite using DCS 
bands 14, 12 and 10 (90   m/pixel; Tornabene  et al .,  2005 ). Lithological units are as follows: dark blue – green is dolomite; cyan – light 
green is limestone; red is gypsum; and magenta – pink is impact melt rock.  (See Colour Plate 31)   

(a) (b)

(c) (d)
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   13.5.3    Thermal  i nfrared ( TIR ),  i ncluding  m id -  i nfrared 
to  f ar  i nfrared 

 Vibrational spectroscopy (also known as mid infrared (MIR) and 
TIR) involves the measurement of emitted energy of planetary 
surfaces over approximately the 3 – 50    μ m region and has been used 
as a tool to address a variety of geological problems requiring 
major rock - forming mineral identifi cation and mapping. This is 
made possible because many of these materials display prominent 
spectral absorption features (emissivity lows/refl ectance highs) 
within this wavelength region. In the context of geological studies, 
spectral features arise from the bending/stretching frequencies of 
the Al – Si – O and Ca – O bonds, for example, making TIR remote 
sensing excellent for the study of silicate and carbonate rocks on 
planetary surfaces (Lyon,  1965 ; Hunt,  1980 ; Salisbury and Walter, 
 1989 ). In order to compare emitted spectra of planetary surfaces 
with those from the laboratory, the surface radiance must be sepa-
rated into the temperature and emissivity components to facilitate 
comparisons between them. The emitted radiance is described 
by the Planck equation, which states that perfectly emitting sur-
faces (i.e. blackbodies) do not have temperature – wavelength -
 dependent variations (Realmuto,  1990 ; Gillespie  et al .,  1998 ). 
Fortunately, most natural materials and surfaces are not blackbod-
ies and have spectral features at characteristic wavelengths as a 
result of the asymmetric bonds of the minerals they contain (Salis-
bury and D ’ Aria,  1992 ; Salisbury and Wald,  1992 ; Salisbury,  1993 ). 

development through extensive use by the military, commercial 
and scientifi c communities. Compositional properties, in addi-
tion to morphology, morphometry and altimetry (via stereo 
observations), can be gleaned using visible data. The VNIR 0.4 –
 2.6    μ m wavelength region is particularly sensitive to changes 
in valence and the energy state of the outer electrons of transi-
tion metals (e.g. Fe 3 +   or Fe 2 +  ) and vibrations between atoms 
chemically bonded in mineral structures (e.g. OH  −   and H 2 O). The 
electrons and vibrating molecules absorb or refl ect radiation 
at characteristic frequencies, leading to distinctive spectral fea-
tures that are diagnostic of characteristic metal cation – anion 
bonds. Generally, electronic transition absorptions are broad and 
occur at wavelengths shorter than approximately 1.5    μ m, whereas 
sensitivity to bond vibrational energy generally occurs at wave-
lengths longer than this. Depending upon band positions, multi-
spectral data (generally  < 10 bands) can be used to distinguish 
several mineral groups, but hyperspectral data (tens to hundreds 
of bands) is commonly required in order to accurately identify 
specifi c minerals based on their image - derived spectra. These 
spectra can be compared with a spectral library of laboratory -
 measured rocks and minerals. Most clays, sulfates and iron -
 bearing minerals, such as pyroxene and olivine, all have diagnostic 
VNIR absorptions, whereas unhydrated silica phases, chlorides, 
glasses and some sulfates and oxides do not, and thereby are 
diffi cult if not impossible to detect using this particular wave-
length range.  

     Figure 13.5     Analysis of the San Andreas fault from Prentice  et al .  (2009) . (a) Aerial photograph of the fault obscured by a 
dense vegetation canopy. (b) Hillshade image of same area shown in  (a)  derived from LiDAR after removal of the vertical vegeta-
tion structure. The San Andreas fault (arrow) and several minor topographic features can be seen in much more detail. Similar 
data of terrestrial impact sites may permit the identifi cation of previously unmapped faults and fractures.  
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particles). Similarly, both brightness temperature and thermal 
inertia have been used for a more accurate understanding of 
impact sites on Mars (e.g. Pelkey  et al .,  2001 ; Christensen  et al ., 
 2003 ; Tornabene  et al .,  2005 ; Wright and Ramsey,  2006 ), and more 
recently for the Moon (Bandfi eld  et al .,  2011 ). Changes in the 
particle size and/or thermophysical properties can also help to 
derive soil moisture, detect crater rims buried by thick sand 
deposits and distinguish ejecta from the surrounding terrain, as 
shown with high - resolution TIR data of Mars (Christensen 
 et al .,  2003 ; Wright and Ramsey,  2006 ) and Roter Kamm Crater 
in Namibia (Fig.  13.2 h). Cracknell and Xue  (1996)  reviewed how 
to calculate thermal inertia values from remote - sensing data.  

   13.6.2    Surface  r oughness from  m icrowave  i maging 
(i.e.  r adar) 

 The basic principle of radar (former acronym for  ‘ radio detection 
and ranging ’ ) remote sensing involves the acquisition and process-
ing of microwaves that have interacted with materials ( ∼ 1   cm to 
several metres in wavelength). In side - looking radar, radar pulses 
are transmitted at an angle (the depression angle) by the airborne 
or spaceborne instrument after which the energy, timing and 
polarization of the refl ected energy are captured. Surface rough-
ness, on the scale of the incident wavelength, is the primary 
attribute measured.  ‘ Rough ’  and coarse - grained surfaces (centi-
metres to metres) generally refl ect the radar wave back to the 
detector, whereas low - return surfaces with fewer refl ections are 
interpreted as  ‘ smoother ’  or fi ne grained. A surface with higher 
dielectric constants (i.e. soil moisture, metals and buried ground 
ice) will also increase the radar return. 

 The best example of radar remote sensing used for analysis of 
craters on planetary surfaces is the global mosaic of Venus 
collected by the  Magellan  spacecraft. The surface of Venus is 
obscured to most remote - sensing techniques by a thick, CO 2  - rich, 
approximately 90   bar atmosphere; however, radar waves can pen-
etrate thick planetary atmospheres (e.g. Venus and Titan). There-
fore, radar is commonly the remote - sensing dataset chosen to 
examine such bodies, although some infrared datasets are also 
useful (e.g. Brown  et al .,  2004 ). After the  Pioneer Venus Orbiter  
spacecraft ’ s radar altimeter allowed for the earliest topography of 
Venus, albeit with a 150   km surface resolution (Masursky  et al ., 
 1980 ; Pettengill  et al .,  1980 ),  Magellan ’ s  12.6   cm radar wavelength 
data gave better views of the impact craters on the Venusian 
surface (Saunders  et al .,  1990 ). It also revealed a surprising paucity 
of craters on Venus, indicating a younger surface than previously 
suspected. The  Cassini  spacecraft ’ s Titan Radar Mapper (1.88   cm 
wavelength) acquired radar images of Titan that showed craters. 
Figure  13.6  highlights examples of complex craters with bright 
and dark interior and exterior deposits imaged on Venus and 
Titan. Radar - bright areas are generally coarse grained or  ‘ rougher ’  
than radar - dark areas. Hummocky crater - fi ll deposits and ejecta 
blankets are commonly radar bright, whereas radar - dark surfaces 
are fi ner grained or  ‘ smoother ’ . The radar images of complex 
craters in Fig.  13.6  exhibit several attributes of fresh complex 
craters: ejecta, rim, wall/terraces and a central peak. Several 
workers have focused on radar data of impact sites on Venus 
and Titan (Phillips  et al .,  1991 ; Schaber  et al .,  1992 ; Campbell 

 For the TIR emissivity of most rocks and soils, the photon –
 matter interaction of the component minerals can be modelled 
as linear combinations because of the high absorption coeffi cients 
(Gillespie,  1992 ; Adams  et al .,  1993 ; Ramsey and Christensen, 
 1998 ). This property results in simple surface (Fresnel) refl ections 
of the emitted photons. These photons have a much shorter path 
length relative to the particle size and, therefore, generally interact 
only once after being emitted/refl ected from particles. These 
photons either reach the detector containing only information 
about that particular particle, or they are quickly absorbed after 
being scattered and never reach the detector. As a result, the 
majority of the energy detected remotely has interacted with only 
one surface particle and the spectral features from the surface 
particles are retained in proportion to their areal extent. 

 Mixing of emitted energy from spectral end - members occurs 
at all scales. What defi nes a component or end - member depends 
on the scientifi c goals of the study (e.g. specifi c minerals, 
rock units, sand populations, micrometre - scale surface textures). 
For cases such as these, a more complex data extraction model 
is required in order to positively identify the presence and 
amount of a particular end - member within a TIR scene. If the 
pure mineral spectra (end - members) are known in advance, this 
allows TIR spectra to be linearly deconvolved (i.e. unmixed) in 
order to ascertain the areal percentages of end - member constitu-
ents (i.e. mineral or rock components) within the fi eld of view 
of the instruments and several micrometres into the surface 
(Thomson and Salisbury,  1993 ; Ramsey and Christensen,  1998 ; 
Ramsey and Fink,  1999 ; Hamilton,  2003 ; Wright and Ramsey, 
 2006 ; Carter  et al .,  2009 ). However, non - isothermal surfaces or 
very fi ne grained surface materials (grains with sizes smaller 
than or on the order of the wavelength) behave non - linearly with 
respect to their components (Gillespie,  1992 ; Ramsey and 
Christensen,  1998 ).   

   13.6    Physical  p roperties  d erived from  r emote  s ensing 

   13.6.1    Thermophysical  p roperties 

 In addition to the spectral information derived from TIR data, 
the radiant energy also contains temperature information that 
can be used to determine information deeper than the uppermost 
surface layer (i.e. thermophysical properties). Thermophysical 
properties include brightness temperature, thermal inertia and 
estimates of rock abundance (as described in Fergason  et al . 
 (2006)  and Nowicki and Christensen  (2007) ). Thermal inertia is 
a measure of the resistance of a material to change in temperature 
and can be calculated accurately if a material ’ s thermal conductiv-
ity, density and specifi c heat are known. Unfortunately, these vari-
ables cannot be obtained directly from remote sensing, and thus 
a thermal model of the surface is needed that relies on several 
assumptions in conjunction with infrared radiance data to derive 
both temperature and thermal inertia (Cracknell and Xue,  1996 ; 
Fergason  et al .,  2006 ). For the Earth, the Moon and Mars, thermal 
inertia is an excellent proxy for particle size of surface materials, 
and is used to discriminate bedrock and various grain - sized 
unconsolidated deposits (coarse sands down to  ‘ dust ’  - sized 
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   13.7    General  s pectral  e nhancement and 
 m apping  t echniques 

 Various methods of enhancing spectral features on remote images 
are briefl y described here. For more information, consult chapters 
concerning this topic in textbooks (Vincent,  1997 ; Sabins,  1997 ; 
Lillesand and Kiefer,  2000 ; Jensen,  2007 ). With an understanding 
of the properties discussed above, it is the scientist ’ s task to visu-
ally display a feature or characteristic of the crater or geological 
scene under study using remote data. Several of the more common 
approaches are described here, with further detail on certain 
methods provided in the case studies in Section  13.8 . 

 With multispectral data, there are limited colour combinations 
one can make to emphasize mineral and lithological spectral 
variability in a scene. Individual inspection of bands is typically 
necessary in order to determine which areas are affected by 
absorptions at a particular wavelength. By noting which bands 
show the most variability, one can simply make a fi rst - order spec-
tral map by placing three of these bands into red, green and blue 
(R – G – B). Spectral units are contiguous areas of similar spectral 
properties (i.e. colour) contained in the scene. Related to this 
approach is creating band ratios (e.g. dividing a wavelength 
channel positioned on the continuum of a spectrum by a channel 
positioned within the deepest portion of an absorption feature) 
for the purpose of mapping the presence of diagnostic absorption 
features. Band ratioing is most useful for multispectral imagery 
that lacks the spectral resolution needed for direct matching to 
specifi c library spectra (e.g. ETM +  or ASTER data for Earth or 
Thermal Emission Imaging System (THEMIS) data for Mars), 
and has been used extensively to map specifi c mineral groups in 
terrestrial remote - sensing studies (e.g. Rowan and Mars,  2003 ; 
Fig.  13.3 b). In the event that colour differences are subtle where 
the band - to - band data are highly correlated, a decorrelation 
stretch (DCS) can be applied (Fig.  13.2 f, Fig.  13.3 c and Fig.  13.4 d). 
The DCS identifi es the major axes of correlation, stretches data 
perpendicular to these axes and, thus, fi lls the entire dynamic 
range of the colour space while retaining the original hues of the 
units in the original R – G – B composite (Gillespie  et al .,  1986 ). 
Additional mapping techniques include the MNF transform noise 
(Boardman and Kruse,  1994 ), a type of principal component 
(PC) analysis, which is designed to decrease the dimensionality 
of hyperspectral datasets (Fig.  13.4 c). Such techniques are neces-
sary for large (hyperspectral) datasets where it would not be prac-
tical to inspect all bands individually. These techniques reduce the 
spectral variability in a data cube containing hundreds of bands 
to as few as a dozen bands with each one being individually infl u-
enced by an important surface attribute, such as albedo, illumina-
tion, temperature and individual spectral components (i.e. 
compositional variability). Another means of analysing hyper-
spectral variability is to identify the image - derived spectral end -
 members (IEMs) in a scene, which typically represent the purest 
spectral components that can be resolved within the spatial and 
spectral limits of the dataset (i.e. purest mineral and lithological 
compositions). The signifi cance of such a classifi cation is that, 
ideally, every pixel within a scene can be potentially described as 
a mixture of these purest end - member spectra, and the distribu-
tion and concentration of each IEM can be displayed. Generally, 

 et al .,  1992 ; Chadwick and Schaber,  1993 ; Lorenz  et al .,  2007 ; Le 
Mou é lic  et al .,  2008 ; Wood  et al .,  2010 ). Recent work has showed 
the utility of using a particular type of radar called circular polari-
zation ratio radar to identify secondary craters on the Moon 
(Wells  et al .,  2010 ).     

     Figure 13.6     (a)  Magellan  radar image (12.6   cm wavelength) 
of Dickinson Crater on Venus, an approximately 69   km diam-
eter complex crater exhibiting a radar - bright crater rim and 
wall/terrace region, and both  ‘ smooth ’  and  ‘ rough ’  interior 
deposits. The ejecta deposits are both very bright (rough) in 
the northern ejecta and show some less bright to darker por-
tions (smoother) in the southern ejecta, whereas the crater 
interior shows a  ‘ rough ’  central peak surrounded by a smoother 
crater fl oor.  (Image credit: NASA/JPL; Image PIA00479:  http://
photojournal.jpl.nasa.gov/ .)  (b)  Cassini  orbiter images of one 
of Titan ’ s few impact craters imaged in near infrared (left) and 
radar (right). The impact crater is an approximately 80   km 
diameter complex crater (note the  ‘ darker ’  central peak feature 
at 2.0    μ m and its outline in radar).  (Image credit:  http://
photojournal.jpl.nasa.gov/catalog/PIA07868 .)   

(a)

(b)
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hydrated sulfates that make up a major portion of Haughton ’ s 
pre - impact target sequence (Osinski  et al .,  2005 ). Spectral units 
(i.e. units of contiguous spectral similarity) defi ned using SWIR 
and TIR datasets were lithologically characterized in a similar 
fashion to the case study presented on Meteor Crater (Section 
 13.8.2 ). TIR - derived IEM spectra were matched to rock and 
mineral spectra from a library compiled and described by Chris-
tensen  et al .  (2000) . These results were then ground - truthed with 
laboratory - collected spectra of samples obtained in the fi eld, and 
via a direct comparison of our spectral/lithological maps with 
the lithostratigraphic map constructed from previous workers 
(Thorsteinsson and Mayr,  1987 ; Osinski  et al .,  2005 ).  

   13.8.1.2    Results and  d iscussion 

 An understanding of fresh complex crater structure and mor-
phology observed on other planetary surfaces enables recognition 
of similar features at Haughton. Despite the estimated approxi-
mately 200   m of erosion at the HIS (Grieve,  1988 ; Osinski  et al ., 
 2005 ), it is well preserved compared with many complex impact 
structures on Earth. The preservation and morphology of the HIS 
are readily observed in a colourized DTM of the structure (Fig. 
 13.4 a). Elevation profi les derived from the DTM compare favour-
ably to an ideal cross - section of a complex crater despite the level 
of degradation, infi lling and other post - impact modifi cation of 
the structure (see Chapter  19 ). The most readily recognizable 
feature in the colourized DTM is the presence of a circular de -
pression bounded by a zone of circumferential listric faults. The 
concentric faults are indicative of a complex crater ’ s rim and 
wall - terrace region (Fig.  13.4 a), which is formed during the 
modifi cation stage of complex crater formation (Chapter  5 ). On 
the northeast side of the structure, we can observe that one of 
these arcuate listric faults has been clearly exploited by ongoing 
fl uvial erosion. Raised topography in the central region is consist-
ent with a structural uplift, typical of complex craters; however, 
this interpretation cannot be based on topography/morphology 
alone. In addition, it is important to note that wall terraces can 
form in volcanic craters/calderas, so their presence is not neces-
sarily diagnostic of an impact origin either. However, by linking 
these features observed in the DTM and in the visible images 
along with the spectral/lithological units from complementary 
spectral datasets (below), the relationships between the observed 
lithologies and morphologic expression of the structure, espe-
cially where compared with the lithological succession observed 
in the undisturbed target sequence, provides the best evidence 
for an impact (i.e. exogenic) origin versus an endogenic one 
(e.g. calderas, sinkholes, glacial features, salt domes). Unfortu-
nately, erosion at the HIS has left no evidence of an ejecta blanket, 
which, if present, can be recognized in DTMs (e.g. Fig.  13.3 e 
and Fig.  13.4 a) and aerial/satellite imagery of other impact 
structures. 

 Combing our spectral results with the digital elevation from 
the DTM provides an important synthesis that allows the HIS 
to be recognized as a complex crater and the pre - impact target 
stratigraphy to be deciphered and reconstructed. In the case of 
stratifi ed targets, complex craters preserve the relative succession 
and increasing depth of stratigraphic units in the pre - impact 
target within their features (e.g. wall terraces, central uplift). 

displaying the abundance of each IEM is more easily understood 
than displaying individual bands or values.  

   13.8    Case  s tudies 

 Two examples are described below that demonstrate the useful-
ness of remote sensing in determining the distribution of litholo-
gies at impact craters. The composition of the Haughton impact 
structure (HIS), Canada, and Meteor Crater, Arizona, USA, are 
related to the pre - impact stratigraphy and erosion since impact. 

   13.8.1     VNIR ,  TIR  and  DEM   a nalyses of the  HIS , 
 C anadian  A rctic 

  In lieu  of, or in addition to,  a priori  knowledge from the fi eld, 
remote - sensing techniques can be used to construct lithological 
maps of terrestrial impact structures that are well exposed and 
well preserved in areas with low vegetation coverage. Such maps 
are reasonably accurate with respect to features on the order of 
about three or four pixels and can be used prior to mapping and 
sampling in the fi eld, or generally augment observations from the 
fi eld. As a specifi c example, we present a summary of the work of 
Tornabene  et al .  (2005)  on the lithological mapping, via spectral 
analyses of multiple spaceborne datasets, of the HIS  –  an ap -
proximately 23   km diameter complex crater centred at 75 ° 22 ′ N, 
89 ° 41 ′ W on the western part of Devon Island, in the Canadian 
Arctic Archipelago, Nunavut. The HIS is particularly well suited 
for study by remote - sensing spectral and mapping techniques as: 
(1) the structure is sizable enough for lithological units to be 
resolved spectrally using the spatial resolution of the available 
orbital datasets; (2) the structure is moderately to well preserved 
with clearly discernible complex crater morphologic features; (3) 
the crater is well exposed and covered by minimal to sparse veg-
etation; and (4) the structure has been well characterized, sampled 
and geologically mapped, and also offers reasonable access to the 
undisturbed target sequence stratigraphy for comparison with 
mapping both in the fi eld and via remote sensing. Such factors 
are important to note here, as they are particularly relevant to 
remote - sensing studies of impact structures elsewhere on Earth. 

 Although the primary objective of this study was a proof of 
concept for spectral mapping of impact - exposed mineral and 
lithological compositions on Mars, this study highlights various 
aspects of terrestrial complex craters that are complementary to 
the second case study of a simple crater and, therefore, are rele-
vant to this chapter. For a complete summary of the history and 
geology of Haughton, see Chapter  19 . 

   13.8.1.1    Spectral and  l ithological  c haracterization 

 A spectral unit map of the Haughton structure was created using 
standard image contrast stretches, band ratios and both MNF and 
PC algorithms on the ETM +  and ASTER scenes (Tornabene  et al ., 
 2005 ). Maps generated using the 30   m/pixel Landsat Enhanced 
Thematic Mapper +  (ETM + ) and ASTER SWIR data (Fig.  13.4 ) 
were very useful, as the VNIR wavelengths covered by these 
instruments are particularly sensitive to the carbonates and 
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consistent with clast - rich impact melt rocks at Haughton (Osinski 
 et al .,  2005 ; Tornabene  et al .,  2005 ).     

   13.8.2    High -  r esolution  a irborne  TIR  
of  M eteor  C rater,  A rizona 

 Meteor Crater (also known as Barringer Crater) is located 69   km 
east of Flagstaff, Arizona, near the city of Winslow, Arizona. It is 
arguably the most well known impact crater in the world, despite 
the initial misinterpretation as being volcanic in origin due to its 
slightly squarish shape and proximity to the cinder cones and 
maar craters of the San Francisco volcanic fi eld to the west 
(Gilbert,  1896 ). Furthermore, the lack of large buried iron mass 
below the crater, which was the prevailing assumption at the time 
for meteorite impacts, further perpetuated the belief of a volcanic 
origin for many decades (Barringer,  1905 ). One of the fi rst scien-
tifi c investigations of the crater was in 1891 by G.K. Gilbert, who 
concluded that the crater was hydrovolcanic in origin based on 
the shape and lack of erupted lava. It was not until the early 1960s, 
when the dynamics of hypervelocity impact crater formation 
were better understood and high - pressure silica (stishovite) was 
discovered, that the impact origins of the crater were confi rmed 
(Shoemaker,  1960 ). Since Shoemaker ’ s early pioneering work at 
Meteor Crater, numerous studies have examined the geology 
(Shoemaker and Kieffer,  1974 ; Roddy,  1978 ), post - crater forma-
tion weathering/erosion (Pilon  et al .,  1991 ; Grant and Schultz, 
 1993 ), as well as the current surface conditions derived from 
remote sensing (Ramsey,  2002 ; Wright and Ramsey,  2006 ) (see 
Chapter  18  for further details on Meteor Crater). 

 The crater has provided an ideal test locale for numerous 
studies, particularly in the TIR region, because of its well -
 preserved state, semi - arid environment, paucity of vegetation, 
lithological exposures and low relief. The crater has been the 
target of ground - based, airborne and satellite - based TIR data 
collections, with the primary focus on the exposed crater ejecta 
and the aeolian reworking of those sediments into the distinctive 
northeast - trending wind - streak. The analysis of the aeolian pro-
cesses using remote sensing was either focused on trying to 
confi rm the amount of erosion that had taken place, and thus the 
palaeoclimatic conditions (Ramsey,  2002 ), or using the data as an 
analogue for similar studies on Mars (Wright and Ramsey,  2006 ). 
Because the amount and style of erosion of a crater ’ s ejecta have 
a direct bearing on the past climatic and geological history, the 
possibility of further constraining these rates with remote sensing 
becomes important for exploration of different craters on Earth 
or other planetary bodies. 

   13.8.2.1    Geology and  c rater  f ormation 

 Meteor Crater is located in north - central Arizona east of Canyon 
Diablo (Fig.  13.2 a – c). The current age estimate places the crater 
at approximately 50   ka (Nishiizumi  et al .,  1991 ), making it one of 
the most recent and well - preserved impact sites on Earth (Chapter 
 18 ). The impact of the iron meteorite produced a simple crater 
that is approximately 180   m deep and 1200   m in diameter with a 
30 – 60   m high rim. The region contains NW - trending normal 
faults and orthogonal joint sets that are responsible for the 
unusual squarish appearance of the crater (Shoemaker and 

These subsurface materials are exposed at the surface from a 
depth that is directly scaled to the size of the crater (Housen 
 et al .,  1983 ; Schmidt and Housen,  1987 ; Melosh,  1989 ). These 
estimates provide a means to approximate quantitative depths of 
excavation and uplift of the lithologies exposed. Complex craters 
are of particular interest for reconstructing subsurface and 
shallow crustal stratigraphy, because they excavate rocks and min-
erals from both the immediate subsurface (e.g. within crater walls, 
terraces and ejecta) and from the shallow crust via stratigraphic 
uplift in a central feature (see Chapter  5 ). 

 All of the major units sampled and exposed by the Haughton 
impact event can be identifi ed and mapped by remote - sensing 
techniques alone. The gentle regional tilt ( ∼ 3 – 5 °  to the WSW) 
of the stratigraphy in the vicinity of Haughton conveniently 
offers the means to compare the lithologies exposed by the crater 
with the undisturbed target sequence just to the west of the crater 
(Fig.  13.4 )  –  both from orbit and in the fi eld. The matched com-
positions summarized below correlate and agree with the litho-
logical units and the pre - impact stratigraphic sequence as mapped 
during recent fi eld studies of the HIS (Chapter  19 ; Tornabene 
 et al .,  2005 ). Units undisturbed by the HIS and the position of 
their equivalents exposed by the HIS are consistent with a complex 
crater and an impact origin. The summarized progression from 
the shallowest subsurface unit exposed within the rim to the 
deepest exposed unit within the central uplift reveals: dolomitic 
limestone in the  ‘ rim area ’  and wall terraces; limestone in the wall/
terraces; gypsum - rich carbonate (eastern fl oor exposure); and 
limestone in the central uplift. 

 Dolomitic limestone occurs in the eroded crater  ‘ rim area ’  (i.e. 
the elevated circumferential peaks surrounding the HIS) and rep-
resents the shallowest unit in the target sequence exposed by the 
HIS. Alternating dolomite and limestone outcrops that repeat on 
the eastern side of the crater are the clearest example of a set of 
terraces exposing the uppermost units of the pre - impact target 
sequence (Fig.  13.3 c,d). The presence of two, or possibly three, 
crater terraces can be observed as a repetition of these two units, 
which correlates with the zone of concentric faults observed in 
the profi les derived from the HIS DTM. Together, these two litho-
logical units, including the dolomitic limestone in the  ‘ rim area ’ , 
are consistent with the dolomites and limestones of the Middle 
and Lower Members of the Allen Bay Formation and Thumb 
Mountain Formation (Osinski  et al .,  2005 ). The rim and wall -
 terrace units are stratigraphically followed by gypsum - rich unit 
(Fig.  13.4 ) observed exposed on or near the  ‘ crater fl oor ’ , which 
correlates with the gypsum - rich portions of the Thumb Moun-
tain Formation (Osinski  et al .,  2005 ). These occurrences of 
Thumb Mountain Formation appear to be part of the lower por-
tions of the wall terraces in the eastern portion of the HIS, but 
rather may represent shallow portions of the structural uplift 
exposed from the erosion of the structure. Limestone occurs again 
associated with small distinctive topographic peaks in the central 
region of the crater, interpreted to be limestones of the Eleanor 
River Formation (Osinski  et al .,  2005 ; Tornabene  et al .,  2005 ; 
Chapter  19 ) that were stratigraphically uplifted from approxi-
mately 1.1 to 1.5   km beneath the pre - impact surface (Osinski 
 et al .,  2005 ). Uplifted blocks of limestone from the Eleanor River 
Formation are embayed by a crater moat unit (Fig.  13.4 , Fig.  13.7 ), 
which was interpreted to be a mix of all major lithotypes and is 



Remote sensing of impact craters  205

overlying approximately 10   m of mixed impact breccia (Shoe-
maker and Kieffer,  1974 ).    

   13.8.2.2    Previous  r esearch  r esults 

 On the basis of the apparent lack of mapped ejecta from units 
such as the Coconino Sandstone, previous studies by Shoemaker 
 (1960)  and Roddy  (1978)  reported 20 – 30   m of vertical erosion 
had occurred in the near - rim vicinity ( ∼ 600   m). However, subse-
quent investigations concentrated on the distal ejecta fi eld using 
ground - penetrating radar (Pilon  et al .,  1991 ) and trenching/sieve 
analysis (Grant and Schultz,  1991 ) and found the total erosion 
was signifi cantly lower (1 – 2   m). Based on these results, Grant and 
Schultz  (1993)  reinforced their argument of low erosion by citing 
the apparent lack of any appreciable amount of reworked Cocon-
ino Sandstone in the surrounding depositional traps. It was 
hypothesized that detectable volumes of reworked Coconino 
Sandstone should be present in these traps if the crater rim had 
been eroded by more than 20   m, unless this eroded material had 
been entirely removed from the region. Extensive transport and 
removal was not deemed likely based on the palaeoclimate 

Kieffer,  1974 ). The principal fl at - lying stratigraphic units (Permian 
Coconino Sandstone, Permian Kaibab Limestone and Triassic 
Moenkopi Formation) are preserved in inverted order as primary 
ejecta up to two crater radii ( ∼ 1.2   km) away from the rim. These 
hummocky, near - rim ejecta deposits consist of a continuous 
blanket formed by larger blocks ranging in size from 0.5 – 30   m. 
The western, northern and eastern sides of the crater are domi-
nated by Kaibab Formation ejecta with several lobate deposits 
of Coconino Sandstone interspersed. On the southern rim, the 
vast majority of the deposit consists of Coconino Sandstone, 
which is easily discernible due to its high albedo. Because of its 
friability and high porosity, this deposit has been the source for 
the majority of material that now comprises the northeast -
 trending patchy wind - streak (Fig.  13.8 ). To the west and south-
west, the character of the hummocky ejecta is considerably more 
muted than the rest of the crater rim, likely due to mantling by 
aeolian fi nes transported by the dominant winds from the south-
west. Within the crater, the uppermost fl oor deposits are formed 
from trapped airborne dust and basaltic ash from the nearby 
volcanic fi eld. Below these surfi cial deposits, drill cores reveal 
30   m of interfi ngered Quaternary lake beds and alluvium 

     Figure 13.7      Landsat   7  ETM +  band ratio images of the Haughton impact structure. (a) Band ratio image consisting of bands 
5/7 (1.65    μ m data divided by 2.215    μ m data) highlights areas within the scene that may contain carbonates, phyllosilicates and 
various hydrothermal alteration minerals, which typically have absorption features in the VNIR in the vicinity of approximately 
2.1 – 2.3    μ m (band   7) and generally higher refl ectance in the vicinity of 1.65    μ m (band   5). In the case of Haughton, discrete high 
ratio - value areas on the eastern part of the crater fl oor correlate with gypsum of the Bay Fiord Formation and clays within the 
Haughton Formation in the vicinity of the Haughton River on the western end of the structure. Some sensitivity to carbonates 
is also exhibited in this band ratio combination. (b) Ratio of bands 3/2 (0.660    μ m/0.560    μ m) highlights areas bearing minerals 
rich (white) or poor (dark) in ferric iron. Fe 2 +   substitution for Mg 2 +   in the dolomites of the Allen Bay Formation is particularly 
prevalent in this image, whereas limestones and the impact melt - bearing breccias are particularly Fe 2 +   poor. The Fe 2 +   - poor nature 
of the crater fl oor  ‘ melt ’  sheet may be a consequence of pervasive hydrothermal alteration (e.g. oxidation) of any Fe 2 +   - bearing 
materials that may have been incorporated into these deposits during and just shortly after impact (LandSat 7/NASA).  

(a) (b)
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sensing. This study also served as an applied test of the linear 
deconvolution approach previously developed for unmixing 
laboratory - collected spectral mixtures data (Ramsey and Chris-
tensen,  1998 ). The results were also used to simulate data from 
Mars orbit to be acquired from the THEMIS instrument (Chris-
tensen  et al .,  2003 ), similar to the other case study herein. Ther-
mal Infrared Multispectral Scanner (TIMS) airborne data were 
acquired in 1994 at several different altitudes, which resulted in 
spatial resolutions from 3.2 to 10.9   m/pixel. The TIMS instrument 
had six spectral bands from 8 to 12    μ m and was fl own by NASA 
from 1982 to 1996 (Palluconi and Meeks,  1985 ). The highest 
spatial resolution data were used to extract spectral end - members 
from regions high in the three primary statigraphic units. The loca-
tion of each of the end - member pixels was based on  a priori  knowl-
edge of rock outcrops from fi eld mapping and the strength of the 
spectral features observed in the processed emissivity data. The 
spectral end - members used with the linear deconvolution model 
produced images showing the relative spectral concentration 
of each IEM representative of the three lithologies (Fig.  13.8 ). 
These were compared with geological maps of the crater region 
(Shoemaker,  1960 ). 

 The TIMS intermediate fl ight line was chosen because it had 
good areal coverage as well as moderate spatial resolution to 
determine the areal extent and maximum traceable distance of 
the Coconino Sandstone. The Coconino comprised the upper-
most layer of the wind - streak and was remotely detected up to 
fi ve crater radii (3   km) to the northeast, with strong ( > 30%) con-
centrations as far out as 1   km. This is more extensive than the 
previously reported 0.5 crater radii from the crater rim (Grant 
and Schultz,  1993 ). Ramsey  (2002)  postulated that the reworked 
ejecta comprising the wind - streak is not strongly concentrated 
and consists of grains less than 300    μ m, making it indistinguish-
able from the sediments derived from the other units and, there-
fore, easily overlooked in the fi eld. In order to extend these 
lithological end - member maps from areal extent to eroded 
volume, an estimate of the sandstone ejecta thickness was made 
with the knowledge of the pixel size and an assumption of the 
volume of Coconino ejected based on theoretical modelling. This 
type of calculation is only accurate for the uppermost tens of 
micrometres because emitted TIR energy can only be detected to 
that depth. However, in conjunction with other geophysical data 
sets, it was extended to greater depths. Only pixels directly com-
prising the primary ejecta and wind - streak were counted. This 
end - member percentage summation was multiplied by the pixel 
resolution to produce the total areal coverage. Using this value 
and the theoretical maximum excavated volume proposed by 
Roddy  (1978) , an average thickness of 1.47   m was calculated. This 
estimate is consistent with the fi eld and theoretical data and 
agrees with the values of Grant and Schultz  (1993) , but is far less 
than the original 20 – 30   m amount of Shoemaker  (1960) . It was 
the conclusion of this study that the lack of Coconino ejecta in 
the region surrounding Meteor Crater was caused by the differ-
ential uplift and subsequent ejection of the sedimentary units 
rather than a large amount of erosion post - impact. 

 Wright and Ramsey  (2006)  expanded upon the previous work 
by examining newly - acquired ASTER TIR data of the crater. 
ASTER was the Earth ’ s fi rst spaceborne multispectral TIR instru-
ment to obtain high spatial resolution data. It has fi ve bands in 

conditions in the region since the crater was formed, which 
suggest 1 – 2   cm of erosion per 1000 years (Greeley and Iverson, 
 1985 ) and is consistent with the lower estimate. 

 Several remote - sensing - based studies took place during the 
1980s and 1990s at Meteor Crater. Garvin  et al .  (1989)  examined 
airborne laser altimetry and characterized the nature and mor-
phology of the near - rim hummocky ejecta. They found the ejecta 
was considerably less pronounced to the west and southwest and 
attributed it to aeolian burial by fi nes transported from the south-
west. Later studies used TIR data to characterize the processes that 
produced the lithological composition of the ejecta deposits and 
wind streak. 

 Ramsey  (2002)  sought to validate the degree of erosion at 
Meteor Crater through the application of airborne TIR remote 

     Figure 13.8     (a) Meteor Crater as seen from the east. (b) 
TIMS image with Coconino Sandstone spectral end - member 
displayed as red, Kaibab Limestone spectral end - member dis-
played as green and Moenkopi Formation (siltstone/mudstone 
in this region) displayed as blue.  (see Colour Plate 32)   

(a)

(b)
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used as a means to map subsurface lithologies for constraints on 
stratigraphy. By using ASTER and ETM +  datasets as analogues for 
Mars remote - sensing instruments, the study of the Haughton 
structure serves as a terrestrial proof of concept that subsurface 
geology of Mars may be successfully mapped via moderately to 
well - preserved impact craters that are not obscured by dust or 
other surface deposits. Had it not been for the regional tilt of the 
stratigraphic target sequence, the HIS would be completely sur-
rounded by the dolomite with the only subsurface exposures of 
lower stratigraphic units occurring within nearby valleys and 
within the excavated and uplifted target materials outcropping 
within the impact structure as a natural  ‘ window ’  into the crust 
(Tornabene  et al .,  2005 ). Because tectonic processes are less per-
vasive on Mars and other terrestrial bodies than on Earth, impact 
craters provide the most convenient means to locate, map and 
identify the diverse mineral and lithological compositions within 
planetary crusts. 

 For younger craters where the primary ejecta is still present, 
remote sensing provides an ideal way to characterize the amount 
of erosion, the distribution and its thickness. At Meteor Crater, 
these parameters were constrained using TIR remote sensing. 
This work not only demonstrated the utility of using remote 
sensing for insight into the crater formation and subsequent ero-
sional processes, but also the geological history of a region. Using 
the unique spectral characteristics of a lithology not otherwise 
observable at the surface if not for impact, the areal extent and 
volume of that ejected lithology were calculated. Comparable 
investigations of the surfaces of other planets and moons are war-
ranted where only remote data exist. 

 Whether searching for new impact sites or through detailed 
analyses of known impact structures, remote sensing provides 
an approach to extract quantitative aspects or details that would 
not otherwise be known from the fi eld. This ranges from identify-
ing terrestrial impact structures via morphology and topography 
to analyses of the composition or physical properties of the mate-
rials affected by impact. This chapter represents a summary of 
what properties can be determined from the analyses of remote 
sensing.  
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Plate 29 (Figure 13.2) (a) 15 m reso-
lution ASTER VNIR of Meteor Crater, 
Arizona displayed as bands 3–2–1 in 
red–green–blue, showing very little veg-
etation save for a small farm with trees 
east of the crater. (b) True-colour aerial 
photograph of Meteor Crater with 
approximately 1 m resolution. (c) False-
colour aerial photograph of Meteor 
Crater stretched to display ejecta lobes 
of bright-white Coconino and Kaibab 
ejecta. (d) False-colour ASTER VNIR 
image of Lonar Crater, India (Chapter 
18), displayed as bands 3–2–1 in red–
green–blue; vegetation (as red) can be 
seen circum the crater lake but inside 
the crater rim. (e)–(h) ASTER VNIR 
and TIR data of Roter Kamm, Namibia; 
(e) daytime VNIR colour image showing 
the pervasive mantling of aeolian sand; 
(f) daytime TIR decorrelation stretch of 
TIR bands 14, 12, 10 in R, G, B (respec-
tively) indicating signifi cant variability 
in the sand composition (Fe-rich sili-
cate sands shown in blue/purple and 
non-Fe-rich silicates shown in red); (g) 
night-time temperature image showing 
less than 4 °C variation from crater rim 
to the near-rim ejecta; (h) apparent 
thermal inertia (ATI) image (see text) 
with high ATI values (bright) indicating 
potential blocky and less mantled ejecta. 
See text for explanations of acronyms.
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Plate 30 (Figure 13.3) Various remote images of the Wolfe Creek (a–d) and Gosses Bluff (e) craters in Australia. (a) ASTER 
VNIR image with bands 3, 2 and 1 displayed as red, green and blue, with a 2% stretch. Image taken 02-02-2003. (b) Landsat 
band ratio image with Fe ratio, normalized difference vegetation index and OH-bearing ratio (see text for details) displayed as 
red, green and blue. Data are stretched 2% to bring out differences. Image from 09-03-1999. (c) ASTER TIR decorrelation stretch 
with bands 14, 12 and 10 displayed as red, green and blue. Image from 02-02-2003. (d) High-resolution image derived from 
© Google Earth, 2012. (e) View to northwest of the 23 km diameter Gosses Bluff Crater, with a hue saturation value transformed 
VNIR with SWIR minimum noise fraction (MNF) bands applied to a VNIR image (15 m resolution) and draped on a DTM 
with a vertical exaggeration of 3. Green represents bedrock from several Mesozoic sandstone lithologies (Barlow, 1979; Prinz, 
1996) uplifted above alluvium shown as blue and purple. (f) ASTER stereo-derived DEM and VNIR data covering the 1.9 km 
terrestrial impact structure Tenoumer located at 22°55′7″N, 10°24′29″W, in Mauritania, Africa. The 15 m/pixel colour infrared 
image of Tenoumer reveals what appears to be a two-facies, circumferential deposit around the crater rim reminiscent of ejecta 
around fresh impact craters on other planetary surfaces. The colour-coded DEM in the inset shows elevated terrain consistent 
with the inner most facies of these deposits, which strongly supports the idea that some ejecta was preserved around this infi lled 
simple crater. The DEM shows similar to results from Meteor Crater (Garvin et al., 1989), that the wind regime that has domi-
nated this region since the time of crater formation has preferentially muted and eroded the windward (southwest) side. (Note: 
the two areas outlined in black and in solid purple are areas of spurious data values where diffi culties due to surface or atmos-
pheric properties confounded attempts to derive digital elevation for these areas.)
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Plate 31 (Figure 13.4) Morphometric and spectral maps (VNIR, SWIR and TIR) of the Haughton impact structure, Devon 
Island, Nunavut territory, Canada. North is to the bottom right of each subimage. (a) A 25 m colourized DTM of the Haughton 
impact structure (courtesy of the Natural Resources of Canada http://www.nrcan-rncan.gc.ca/com/index-eng.php), with the 
vertical exaggeration set to 10. (b) VNIR image from Landsat 7 ETM+ (30 m/pixel). The impact melt rock of the Haughton 
Formation is the most apparent lithological unit. This is manifested as a white unit that predominately lines the crater fl oor, but 
smaller occurrences can also be observed in the vicinity of the wall/terraces and rim area. (c) ASTER SWIR (1.656–2.400 μm) 
colour composite of MNF-transformed bands using principle components 2, 1 and 6 in RGB (30 m/pixel). Lithological units 
are as follows: magenta, dolomite; cyan, limestone; red, gypsum; blue, impact melt rock. (d) ASTER TIR colour-composite using 
DCS bands 14, 12 and 10 (90 m/pixel; Tornabene et al., 2005). Lithological units are as follows: dark blue–green is dolomite; 
cyan–light green is limestone; red is gypsum; and magenta–pink is impact melt rock.
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Plate 32 (Figure 13.8) (a) Meteor Crater as seen from the east. (b) TIMS image with Coconino Sandstone spectral end-
member displayed as red, Kaibab Limestone spectral end-member displayed as green and Moenkopi Formation (siltstone/
mudstone in this region) displayed as blue.

Plate 33 (Figure 14.1) Left-hand fi gure is a tomographic model of electrical resistivity at Araguainha Crater; right-hand fi gure 
is Bouguer gravity and its relationship with surface outcrop (from Tong et al. (2010)). A low-resistivity zone (LRZ), which cor-
responds to polymict breccias at surface, dips beneath the granitic core of the central uplift.
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