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Abstract

Several U.S.G.S. researchers using Landsat 
color-ratio-composite images have noted color differences in 
imagery of limonitic areas. While several researchers
suggest that some of these differences are due to transport
of the material, no investigation into the causes for the
color differences has been made.

In this study three presumed limonitic sites exhibit 
binary color differences consisting of blue-green and
yellow-green areas in a Landsat color-ratio-composite (CRC) 
image of the Glen Canyon area, Utah. These sites are 
investigated in an attempt to determine the causes for the
color differences. Color coding for this image is
Band4/Band5 ratio -red, 4/6 ratio -blue, and 6/7 ratio
-green. Green areas in this type of CRC image commonly are
interpreted as being limonitic. Each of the three sites has 

a color boundary that corresponds to mappable differences in 
1 ithology that divide each area into two subsites.

At Sites 1 and 2 the color boundaries between mixed 
blue-green and dark-green pixels and yellow-green pixels 

correspond to contacts between a clean, white to grey and 
orange quartz sandstone, a transition zone composed of the
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above sandstone and red siltstone, and an overlying red to 
brown siltstone. At Site 3» the color boundary between mixed 
dark-green and dark-red pixels and yellow-green pixels is
the contact between a red siltstone with white gypsum and 
white to orange sandstone lenses and an overlying orange 
eolian sand.

X-ray analysis of surficial samples from each site 
shows no differences in hematite, goethite, and ferrihydrite 
iron mineralogy between the subsites. There are differences 
in amount of total iron between each pair of subsites : 
specifically an iron-rich subsite and an iron-poor subsite 
at each site. At Sites 1 and 2 differences in total iron are 
responsible for the color differences. The iron-rich 
siltstone subsites appear yellow-green in the Landsat image 
and the iron-poor sandstone subsites appear blue-green.

At Site 3, differences in vegetation density are
thought to be the cause for image color differences. The
iron-poor sand has 15# more vegetation as well as a change 
in predominant species compared to the iron-rich siltstone. 
The predominant vegetation species in the sand is grass, 
with lesser amounts of Mormon tea (Ephedra viridis) and 
juniper (Juniperus osteosperma). The estimated density is
35#• The prédominent vegetation growing over the siltstone

iv
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is blackbrush (Coleogyne ramosissima), with the same 
secondary species as the sandy area. The estimated density 
is 20^. The higher vegetation density in the sandy subsite
cause a slight shift in the hue of the image toward red and
a decrease in the value and chroma relative to the 
less-densely vegetated siltstone subsite. Vegetation density 
at Sites 1 and 2 is uniform across the subsites. The effect 
of spéciation is not determined in this study.

A model using band ratios and Munsell color coordinates 
derived from laboratory spectral reflectance measurements of 
hematite, goethite, quartz and published spectral
reflectance of green vegetation predicts the changes in CRC
image color between goethitic and hematitic iron oxides,
between iron-poor and iron-rich materials, and changes in 
vegetation density. The model shows that the change in band 
ratios and image color should be the same for differences in 
total iron as for differences in iron mineralogy. Therefore, 
it would be difficult to determine iron mineralogy directly 
from Landsat data if differences in total surficial iron are 
present or differences in total iron if minéralogie 
differences are present.

The model also shows that an increase in vegetation 
density could appear identical to a change from goethitic to

v
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hematitic iron oxides or an increase i

If vegetat ion density d ifferences are
di fficult to determine if iron con
di fferences are present.

VI

iron content. 

it would be 

minéralogie
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Introduction
Researchers (Raines, 1977) in the remote sensing field 

have noted color differences in pixels of presumed limonitic 
areas in Landsat color-ratio-composite (CRC) images. In 
Figure 1 limonitic areas in the Glen Canyon area, Utah, are 

color coded in shades of green with vegetated areas in red, 
and non-limonitic bare rocks in blue (Rowan and others,
1974). This thesis looks at the color variations in the 
green areas and attempts to determine the surface phenonema 
responsible for the color differences.

Three possible causes for the color variations in 
limonitic areas on CRC images are investigated: differences 
in iron mineralogy, differences in amount of total iron, and 
differences in vegetation density. Rowan and others (1974) 
evaluated Landsat multispectral scanner (MSS) data of 
Coldfield, Nevada, to detect areas of alteration and
potential mineralization. Upon color compositing Landsat MSS 
Band 4/Band 5 , Band 5/Band 6 ,and Band 6/Band 7 ratios as
red, blue, and green respectively, they found that light to
dark green areas on the image represented limonite stained
rocks. However, the source of the limonite on the ground 
surface was indeterminate; it may have resulted from 
weathering of hyd rothermally altered material or from
unaltered limonitic rocks.



Figure 1. Color-ratio-composite (CRC) image of Landsat scene 
1337-17320, Glen Canyon area, Ut a h .
Color coding: 4/5 ratio-red, 4/6-ratio blue, 6/7-ratio
green. Scale 1:1,000,000.
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Raines and other researchers (Raines, personal 

communication, 1 9-30 ) have also noted visible color
variations in imagery of limonitic areas. Raines was, in 

some instances able to differentiate limonitic alluvium and 
sedimentary limonitic materials from hydrothermally derived 
limonite through the use of a Munsell transform algorithm 

(Raines,1977)- However, he was unable to determine what the 
differences were between the various types of limonitic 
material, and more importantly, why they were separable.

Raines' (1977) Munsell transform presented a method of 
numerically describing the color produced in a tristimulus 
color image by using Munsell color coordinates. These 

coordinates are hue, chroma and value (Rib,1968;
Strandburg,1968). Hue is the wavelength of light seen by the 

viewer, such as red, green or blue. Chroma is a measure of 

the purity of the color ; a high chroma color would appear 
pure, a low chroma color would appear pale or washed out to 
the viewer. Value is a measure of the brightness of the 
color; a low value color would appear dark, and the color 
would appear brighter as the value increased.

In the Munsell transform (Raines,1977), hue is 
described as an azimuth (Figure A-1, Appendix A). Zero or 
360 is b l u e , 120 is green,and 240 is red. Other hues are
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found between these primary colors. Value is a sum function, 

as the value of the inputs increase, the value of the color 

also increases. Value, without any hue or chroma, is the 
f?rey scale. Chroma is a difference function. As the relative 

difference between the inputs decrease, the chroma decreases 
and the color becomes more neutral, or grey, to the 
observer. Conversely, as the difference between the inputs 

increases, the chroma increases and the resultant color 
becomes purer, or cleaner, to the observer. It can be 
expected then, that as the inputs change from one 
reflectance property to another, the color would become 
muddy, or impure, as the hue changes. For example, a 
limonitic area would appear bright green in a CRC image and 
a heavily vegetated area would appear bright red, but an 
area that is both limonitic and vegetated would be seen as 
an impure, yellowish color.

The Munsell color coordinate algorithm allows the user 
to numerically calculate and compare the colors seen on a 

color image. To do this for a Landsat image one needs only 
the original digital numbers (DNs) for a pixel or subscene 
and the parameters used to create the particular image. This 
allows more precise differentiation between pixels of 

limonitic material than can be accomplished visually. The 
method developed by Raines (1977) also allows creation of an
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image containing pixels with only desired hues, chromas and 
values. The algorithms are given in Appendix A.
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Location and Leoloc.y

Three study areas were selected near Lake Powell in 

southeastern Utah for their excellent outcrop exposure, 

frreen variations in the CRC image and ease of access (Figure 

1, p.2). Structurally the area is dominated by the Circle 

Cliffs uplift and the Monument Upwarp. These form the major 

structural elements in the area. Detailed discussions of the 

stratigraphy and geology of the region can be found in

Longwell and others (1924), Heylmun (1958), Elston (i960), 

Lessantine (1965), Mahan (1968), Wood (1968), Baars and

Molenaar (1971) and Gorham (1975)•

Geology

Sites 1 and 2 (Figure 1, p.2) are exposures of the 

Cedar Mesa Sandstone and Organ Rock tongue members of the 

Permian Cutler Formation. All units strike approximately 

N .40 E. and dip three to eight degrees to the northwest. 

Sites 1 and 2 together create a three-step model of

increasing iron based on three layers. The layers are the

grey to orange Cedar Mesa Sandstone, a transition zone of

interbedded grey and orange sandstones and red si Itstones, 

and the overlying red siltstone of the Organ Rock tongue.

Site 1 (Figure 2) is composed of the lower and middle

layers, and Site 2 (Figure 5) is predominantly made up of
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Figure 2. Site 1 geologic map
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the middle and upper layers. These layers are laterally 

continuous and can be traced from Site 1 to Site 2. In 
Figure 4, the contact between the lower and middle layers is 
also the approximate color boundary between the blue-green 
pixels and the green pixels. At Site 2 (Figure 5) all three 
layers are represented. The color boundary between the
blue-green and dark-green pixels is the contact between the 

lower and middle layers, as at Site 1 (Figure 4). The 
contact between the transition zone and the overlying Organ 
Rock tongue, the middle and upper layers, is less distinct. 
The contact is approximately located by the change from an 
assemblage of equal amounts of dark-green and green pixels 
to predominently yellow-green pixels with fewer dark-green

pixels. This color boundary is about 4000 feet northwest of
the lower to middle layer contact.

The Cedar Mesa Sandstone type section is at Cedar Mesa,
near Mexican Hat, Utah. The Cedar Mesa Sandstone consists of 
a lower, grey to orange, laminated and cross-bedded 
sandstone and an upper, irregularly-bedded, reddish and grey 

sandstone and red-brown siltstone (Figure 6). The base of 
the unit is not exposed in these areas, but the thickness 
has been reported to be approximately 700 feet (Mullins, 
I960). The sandstone is a prominent cliff former and caps 

many plateaus in this region.
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Figure 6. Cedar Mesa Sandstone (Pcc), Site 2. The butte in 
middle ground, right center, is Organ Rock tongue. Mesa in 
background, in ascending order, is Organ Rock tongue, 
Moenkopi and Chinle formations. The Wingate Sandstone caps 
the mesa.
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The lower part of the sandstone is a subrounded to 

rounded, fine to medium grained, grey-white to pale orange, 
well sorted, cross-bedded quartz sandstone (Mullins, 1960). 

Some magnetite and rutile grains are present, and the 

sandstone is weakly cemented by calcit e . The individual bed 

sets range in thickness from 8 to 40 feet. Each bed is 

truncated by a horizontal parting. The cross-bed dips range 

from 12 to 20 degrees to the southeast (Baars, 1962) and are 
attributed to eolian deposition (Mullins, 1960). Localized 

channel deposits and thin interbeds of brownish red 

s iltstone are associated with the horizontal partings 

(Mullins, I960).

The upper part of the Cedar Mesa Sandstone is a 

transition zone from grey sandstone to the red siltstone and 
fine-grained sandstone of the Organ Rock tongue. The 
transition zone is reportedly 20 to 100 feet thick (Mullins, 
1960). At Site 1 the transition zone is approximately 30 

feet thick and consists primarily of three to six foot thick 

interbeds of trough and planar crossbedded, light-grey Cedar 

Mesa and orange to red Organ Rock sandstones.

The red siltstones and grey and orange sandstones form 

fining-upward sequences. A dense, brecciated red-grey 

limestone and calcereous sandstone is locally present in the
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upper part of the transition zone. No fossils are in the 

limestone, hut at one locality between Sites 1 and 2, the 

limestone has an algal mat texture.

At Site 2 the transition zone is approximately 40 feet 

thick and is composed of lenticular beds of fining-upward 

red-brown sandstone and siltstone. Several lenses of dense 

grey limestone are found near the top of the sequence. 

Tongues of Cedar Mesa Sandstone are seen in the transition 

zone as orange to light-grey sandstone. The sandstone is 

both horizontally and cross laminated, with the horizontal 

laminations mainly at the base of the transition zone and 

the cross-laminations at the top. The contact of the upper 

unit of the Cedar Mesa Sandstone with the overlying Organ 

Rock tongue is conformable and sharp (Figure 7).
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Figure 7. Contact of Cedar Mesa Sandstone (Pcc) and Organ 

Rock tongue (Pco), Site 2.
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The Organ Rock tongue of the Cutler Formation was named 

for exposures at Organ Rock, a slender spire about 10 miles 

south of Sites 1 and 2. The Organ Rock tongue is similar to, 

and grades into, the undifferentiated Cutler Arkose in the 

Four Corners area, but is finer grained and is less 

resistant to erosion (Baars and Molenaar, 1971). The age of

the Organ Rock tongue is considered to be late Wolfcampian

to early Leonardian through correlations with the Hermit

Shale in the Grand Canyon (Heylmun, 1958; Baars and

Molenaar, 1971).

The Organ Rock tongue (Figure 8 ) consists of red-brown 

siltstone and fine-grained to silty sandstone. Some 

disseminated limestone pellet conglomerate is present 

(Mullins, I960) . The thickness varies from 450 feet south of 

Site 2 to 315 feet north of Site 1 . Green mottles and stains 

in fractures are quite noticeable in the the rook. 

Individual beds are lenticular, 3 to 10 feet thick, and 

traceable only several hundred yards.
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Figure 8. Organ Rock tongue (Pco), Site 1. Moenkopi F m . in 
background is cliff former.
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The measured vegetation density at Sites 1 and 2 is 
about 10# and does not vary significantly between rock 

types. The predominant vegetation species (Figure 9), in 
decreasing abundance are : blackbrush (Coleogyne
ramosissima), Mormon tea (Ephedra virid is ) , and rabbitbrush 
(Chrysothamnus nauseosus). Lesser amounts of prickly pear 

cactus (Opuntia polyacantha ) , narrow leaf and datil yucca 
(Yucca harrimantae and baccata respectively). shadscale 
(Atriplex confertifolia), Thompson dalea (Dalea thompson) 
and desert trumpet (Eriogonum inflatum) and snake weed 
(Gutierrezia microcephia) are also present (Fagan, oral 
communication, 1983). Individual Utah juniper (Juniperus 
osteosperma) only occurred on outcrop of the Cedar Mesa 
Sandstone.

Alluvium is present at both Sites 1 and 2. At Site 1 

(Figure 2, p.7) the alluvium is outwash from the Red House 

Cliffs. Mullins (1960) mapped much of these deposits as 

eolian, but field inspection indicates eolian reworking of 

the alluvium. The origin of the alluvium at Site 2 (Figure

3, p.8) is less certain. It appears to he a dissected 
alluvial fan. However, a road has been bulldozed on top of 

the fan to gain access to uranium prospects in the Chinle 
Formation. This may have modified, or created, the fan.
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MT? / SWy

Figure 9. Vegetation type and density (approximately 10%), 
Site 1. Vegetation at Site 2 is similar. BB = Blackbrush, TD 
= Thompson dalea, MT = Mormon tea, UJ = Utah juniper, RB = 
rabbit brush, SS = Shadscale, SW = Snakeweed, DT = Desert 
trumpet.
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The third site is at Early Weed Bench, Garfield and 

Kane counties, Utah (Figure 1, p.2., and Figure 10). Early 

Weed Bench lies east of the base of the Straight Cliffs, 
between the Kaiparowits Plateau and the Escalante River. The 

area has about 600 feet of relief and encompasses exposures 
of Navajo Sandstone and the lower part of the Jurassic San 
Rafael Group, specifically the Carmel Formation and the 
Entrada Sandstone. Quaternary sand dunes are present and 
cover much of the area. The site is in outcrop of the Carmel 
Siltstone member, limited exposure of Entrada Sandstone, and 

a cover of eolian sand. The color boundary between the 
blue-green to yellow-green pixels and dark color pixels 
(Figure 11) is the approximate contact between the Carmel 

Siltstone and the eolian sand. The white areas within the 
Carmel Siltstone in Figure 11 are outcrop of white to 
light-green gypsum beds. The approximate attitude of the 
units is N. 76 V/., 2 degrees southwest, based upon nine
measurements taken at the top of the Navajo Sandstone and 
the mapped contact between the Carmel Siltstone and Entrada 

Sandstone at Early Weed Bench and Scorpion Flat, six miles 
to the southwest.
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Figure 10. Site 3 geologic m a p .
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Figure 11. Site 3 Landsat enlargement.
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The Carmel Formation consists of two conformable 

members, the Page Sandstone and the Carmel Siltstone. The 

lower member, the Page Sandstone, uncomformably overlies the 

Navajo Sandstone (Peterson and Pi pi ringoes, 1979 ) • The Page 

Sandstone, like the Navajo Sandstone, is a cliff former and 

was not included in the study. The Carmel Siltstone consists 

of red-brown, horizontal, poorly-bedded, sandy siltstone, 

silty sandstone, and mudstone, with interbeds of green to 

white gypsum and limestone. The Carmel Formation is 150 to 

200 feet thick (Doelli ng,1975 ; Peterson and

Pipiringos,1979). The thickness in the study area is roughly 

140 feet thick. The siltstone is easily eroded and forms 

slopes.

The contact between the Carmel Siltstone and the 

Entrada Sandstone is conformable (Peterson and Pipiringos,

1 9 7 9) and marked by an irregular 3 to 5 foot thick bleached 

zone of Entrada Sandstone at the contact with the Carmel 

siltstone (Figure 12a, 12b). At Scorpion Flat, 6 miles south 

of Site 3, the contact is sharp (Figure 12a), but at Site 3 

the contact is irregular (Figure 12b). At the east side of 

Site 3 (Figure 10, p.21), the entire Carmel Siltstone 

appears to have undergone soft sediment deformation due to 

compaction loading by the overlying Entrada sands (Figure 

12b) .
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Figure 12a. Carmel Siltstone (J c ) and Entrada Sandstone (Je) 
contact, Scorpion Flat.
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Figure 12b. Deformed contact of Carmel Siltstone (Jc) and 
Entrada Sandstone (Je), Site 3. Outcrop is about 30 feet 
across.
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This slumping and piping has also been recognized near

Hole-in-the-Rock , 25 miles south of Site 3 (Peterson and

Pi piringos, 1979).

The Entrada Sandstone is an orange to red-orange, 

horizontally and cross-laminated, very fine to fine grained, 

poorly cemented, well-sorted sandstone. The bed sets are 

tabular and wedge-planar sets of medium- to large-scale low- 

and high-angle crossbedding and are 8 to 10 feet thick. 

Where the sand has compressed into the Carmel Siltstone the 

sand is internally structureless except for numerous healed 

fractures and water escape structures, and weathers to 

rounded, blocky masses. The top of the Entrada was not

exposed in this area, but locally is reported to be 700 to

900 feet thick (Doelling, 1975). The Entrada occurs as 

mounds and turrets in this area. Outcrop is not very 

extensive.

The eolian sand appears to be derived from erosion of 

the Entrada Sandstone ; the sand is very similar in 

appearance to the Entrada Sandstone. It is an orange, very 

fine- to fine-grained, well sorted, moderately rounded sand. 

The sand is partially stabilized by coarse grasses and sage 

and appears to be up to 50 feet thick.
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Vegetation at Site 3 is predominantly blackbrush
(Coleogyne ramosissima), Mormon tea (Ephedra virid is), Utah 
Juniper (Juniperus osteosperma) (Fagan, oral communication, 

1983) and various grasses. The minor species listed for
Sites 1 and 2 (p.19) are also present at Site 3• Juniper and
blackbrush are present throughout Site 3 but the blackbrush 

is more prevalent in outcrop of Carmel Siltstone, while 
grasses are more prevalent in the sand dune area. The
vegetation density is about 35^ in the Entrada Sandstone and 
sand dune area and about 20# in the Carmel Siltstone (Figure 
13).
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Figure 13* Variation in vegetation type and density, Site 3• 
Vegetation in foreground is predominantly blackbrush and 
Utah juniper with occasional Mormon tea. Vegetation in 
background is predominently Utah juniper and grasses. 
Density of vegetation in foreground is 20$, density of 
vegetation in background is 35$*
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Background, Radiance Models, and Imape Processing 

Background

Landsat, formerly Earth Resources Technology Satellite 
(ERTS), is a multispectral imaging satellite capable of 
imaging, taking "pictures" of, large areas of the earth. 
Each scene is approximately 185 km. per side with 

approximately 7•6 million picture elements, or pixels. Each 
pixel has a specific x and y , or column and row, location 
for each of the four Landsat bands. A more detailed 

discussion of the technology and methods involved in data 
acquisition and processing can be found in the Data User's 
Handbook (NASA, 1972) and in Rowan and others (1974).

Landsat's ability to digitally measure radiance of 
substances has been used to locate limonitic materials. 
Radiance is measured by Landsat in four wavelength regions 
(Figure 14). The radiance measured by Landsat is primarily a 
function of the reflectivity of the material, the solar 

irradiance, and the transmittance of the atmosphere. The 
reflectance of materials varies with wavelength because of 
various atomic and molecular interactions of matter and 
energy unique to the compound (Hunt, 1977, Hunt and Ashley, 
1979, Nassau, 1980).
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Figure 14. Nominal Landsat detector response (Norwood and 
others, 1972, Slater, 1979).
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Figure 15 shows the differences in measured spectral 
reflectance between quartz, hematite and goethite. Electron 
valence transitions in the ferric ions cause the absorption 

bands around 0-9 p m , and char^e-transfer transitions cause 
absorption bands at wavelengths shorter than 0.6 pm (Hunt 

and others, 1971). The locations of the absorption bands are 
different for hematite and goethite because of differences 
in crystal stucture and impurities in the crystal lattice 

(Hunt and Ashley, 1979), giving each a different spectral 
signature. Included in Figure 15 are the spectral regions of 
the Landsat bands.

Individual radiance measurements by Landsat are not 
diagnostic of a material because variations in individual 

absorption bands are masked by changes in scene brightness 
and topographic effects (Rowan and others, 1974). For 
example, the reflectance curve of hematite has a steeper 
overall slope than that of goethite, even though the scanner 
onboard Landsat may record a similar reflectance value for 
both minerals for a specific multispectral scanner (MGS) 

band (Table 1, p.35). However, ratios of the mineral's band 
reflectance values would be a function of the slope of the 
material's spectral reflectance curve (Rowan and others, 
1974).
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A series of ratios, consisting of Band 4/Band 5, 4/6 or 5/*, 

and 6/7 may be diagnostic of the material (Table 2. p.35).

The ratios can then be color coded, with low ratios

contributing little color and higher ratios contributing 

more color, and combined on color film or other medium to 

create a color-ratio-composite image. The color on the image 

may then be diagnostic of the material imaged.

nolor compositing is commonly achieved by four methods : 

(1) for each of the ratios a color transparency of a black

and white image can be made and super imposed to create a 

color image ; (2 ) a color additive viewer can be used to

project the individual black and white images onto a common 

screen through colored filters, (3 ) a flying-spot projector 

using colored filters can be used to expose color film, or 

(4) through use of a color video display. The first method,

a diazo process, was used by Rowan and others (1974) in 

their evaluation of Landsat data, and a color video display 

and a flying-spot projector are used by the U.S.G.S. and 

other groups. The image processing used for this thesis was 

done at the U.S.G.S. and using an Optronics flying-spot 

projector and routines and calibrations developed by 

U.S.G.S. researchers for their work (Rowan and others, 1974; 

Sawatzky, 1978).
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Models for limonite reflectance

Spectral reflectance curves by Hunt and Salisbury 

( 1970), Siegal and Goetz ( 1977) (Figure 18, p.41) and Hunt 

(1980, unpublished research) (Figure 15, p.31) were 

digitized and used to create Landsat-similar band radiance 

values (Table 1).

The spectral reflectance was converted to

Landsat-simi1ar digital numbers (DNs) using an approximation 

described on p.52. Exact DNs for the samples cannot be 

calculated because accurate data for the solar flux, 

atmospheric path transmittance and satellite detector gain 

settings when the imagery was acquired were unavailable. 

Although the exact DN cannot be calculated, it is assumed 

that the relative values given here are valid because the 

factors listed above are constant for any single Landsat 

scene, affecting all measured reflectance values equally.
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Table 1. Landsat-similar band radiance of hematite, 
goethite, quartz and green vegetation in watts/ sq. meter.

Goethite Hematite Quartz Vegetat
Band 4 17. 1 15.1 67.5 22.2
Band 5 19.6 18.7 62.2 17.8
Band 6 20.0 20.0 56.3 61 .5
Band 7 10.6 13-2 24.8 53.6

Table 2. Band ratios from data in Table 1.
Ratio Goethite Hematite Quartz Vegetation
4/5 0.87 0.81 1.0 1.25
4/6 0.86 0.76 1.2 0.36
6/7 1.9 1.5 2.3 1.15

Table 3• Munsell color coordinates from ratios in Table 2.
Goethite Hematite Quartz Vegetation

Hue 120.5 123.4 115-0 185-9
Chroma 0.8 0.6 0.9 0.7
Value 2.1 1.8 2.6 1.6
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The 4/5, 4/6 and 6/7 band ratios were calculated (Table 2, 
p.35) and used as the red, blue and green inputs to the 
Munsell algorithm (Raines, 1977), respectively, and the 
Munsell color coordinates calculated (Appendix A).

If differences in iron mineralogy,for example, hematite 
versus goethite, cause the color variations in limonitic 
areas seen in Landsat images, such differentiation could be 
used as a guide in exploration. In CRC images of goethitic 
material the 6/7 ratio would be the dominant color component 
because the 4/5 and 4/6 ratios are approximately equal 
(Table 2, p.35), canceling each other o u t . The resulting 
color on the image would be a well defined green. Pixels of 

hematitic material would also show a 6/7 dominance, but 
because the contribution from the 4/5 (red) ratio is greater 

than the 4/6 (blue) ratio (Table 2, p.35), the 6/7 dominance 
is modified by the addition of the red input and the color 
would appear more yellow (123*4 for hematite versus 120.5 
for goethite) and somewhat less pure to the observer (Table 

3, P*35).

Differences in the amount of iron in the materials 
observed could cause CRC color variations. This would not 
require differences in iron mineralogy, only in the amount
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of iron in or on materials on the ground surface.

Examination of published spectra (Figure 15, p.31) by Hunt 

and Salisbury (1970) show that the individual

band-reflectance values for a quartzose rock would be high 

relative to a limonitic rock (Table 1, p.35). Ratios (Table 

2 . n .3 5 ) of these band values for quartz would be near unity 

and the Munsell color coordinates (Table 3, p.35) would be 

shifted toward blue colors and have a higher chroma and 

value relative to the limonitic material. The 6/7 ratio is 

higher than unity because the solar irradiance in Band 7 is 

only half that of Band 6 (Watson, written communication,

1980). Figure 16 shows the theoretical change in ratio 

values as the relative contribution of hematite reflectance 

increases from 0 to 100% in the material. These curves were 

calculated using a mixing algorithm with pure quartz and 

pure hematite radiance data as end members. The cross-over 

of the 4/5 and 4/6 ratios at high hematite reflectance 

contribution causes the marked shift in hue toward yellow 

(Figure 17). The chroma and value decrease as the

reflectance approaches that of hematite because the sum of 

the ratios decrease. This model does not imply a specific 

amount of hematite in the sample, only the contribution to 

the overall reflectance of the material.
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Figure 16. Changes in band ratios with increasing hematite 
reflectance.
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figure 17. Changes in color coordinates with increasing 
hematite reflectance.
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"'unt and Salisbury ( 1970) noted that the quartz used in 

their study contained a small amount of iron,and is seen by 

the charecteristic reflectance decrease of iron below 0 . 6  

p m . An iron-free quartz should have an even higher 4/6 ratio 

and appear more blue on a CRC image.

The model shows that a change in iron mineralogy from 

goethite to hematite produces the same color differences as 

a change from iron-poor to iron-rich material. Both the 

goethitic material or the iron-poor material would have 

higher band ratios than the hematitic or iron-rich material 

(table 2. p.3 5), and the image color would appear more blue 

(Table 3, p.35). Geochemical analysis of the material would 

be required to resolve whether the materials have 

differences in iron mineralogy or amount.

Vegetation can cause variations in image color. Si ega1 

and Goetz (1977) showed that increases in vegetal ground 

cover effectively masked the spectral reflectance of the 

underlying material (Figure 18); observed reflectance became 

that of the vegetation when the cover approached 50%. Lesser 

amounts of cover result in a mixture of spectral signatures.
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Figure 18. Effect of vegetation cover on spectral 
reflectance of 1imonitic material (modified from Siegal and 
Goetz, 1977).
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Practical experience has shown that red areas in Landsat 

imagery are heavily vegetated, when using 4/5, 4/6, 6/7

ratios color coded red, blue, and green, respectively. 

Abrams and Siegal (1980) have shown that as the amount of 

vegetation cover increases from 0 to 1 00%, the 4/6 and 6/7 

ratios decrease, with the 4/6 ratio decreasing more rapidly 

than the 6/7 ratio. The 4/5 ratio also decreases, but only 

slightly. This would cause a shift in color toward yellow, 

and then as the 6/7 ratio decreases, toward red. Ratio 

values and Munsell color coordinates have been calculated 

from curves presented by Siegal and Goetz (1977) and are 

given in Tables 2 and 3, p.35.

The effect of differences in vegation species was not 

addressed in this thesis. A simplifying assumption was made 

that all vegetation is green and has the same effect on 

radiance measured by Landsat. This assumption is thought to 

be reasonable for Sites 1 and 2 where the vegetation density 

is low and more or less uniform. It is not a reasonable 

assumption for Site 3, where there is both a difference in 

density and in species as a function of 1 ithology. The 

abundance of green grass growing in the eolian sand is 

expected to accentuate any differences in measured radiance 

caused by vegetation between the subsites at Site 3•
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"mage Processing

T and sat scene 1337-17320 of the Lake Powell area was 

acquired by Landsat 1 on June 25, 1973. The sun elevation 

was 6? degrees. The images were created at the Branch of 

Geophysics, Section of Remote Sensing, U.S.G.S., Denver, 

Colorado.

The image was destriped to remove variations in 

image-detector gain settings using a technique developed at 

the U.S.G.S and band ratios calculated using dark object 

subtraction to eliminate the major component of atmospheric 

scatter from the measured radiance (Kowalik,1981). The dark 

object values used decreased the lowest DN in each band to 

0. The values used were: Band 4, 20; Band 5. 11; Band 6 , 4: 

and Band 7, 0 . These values were found by assuming that the 

lowest DN in a band is the atmospheric scattering component 

(kowalik, 1 9 8 1).

Fach of the resulting band ratio sets were recalculated 

to fit a range of 0 to 255. The upper and lower 2% of the 

data were set to ?55 and 0 , respectively, and the median 

ratio value was set to 127. The resulting data set was then 

color coded 4/5-red, 4/6-blue, 6/7-green and used to expose 

the CRC image onto a color film positive using an Optronics 

^o'or plotter.
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Data Analysis

Landsat DN Analysis

Blocks of individual pixel digital numbers (DNs) were 

taken from the destriped version of the Landsat data tape of 

the Glen Canyon area. Six blocks of data were extracted, two 

blocks per site, one for each lithology. Using Stat-Pack, a 

computer statistics package available at the Colorado School 

of Mines, the median, mode, mean and standard deviation for 

each block of data were determined (Table 4). The mode and 

median DNs were always close, if not equal, to the mean DN, 

indicating a normal distribution of data, and omitted from 

further study.

For each pixel the 4/5, 4/6, 5/6, and 6/7 band-ratios 

were calculated and stretched to fit a 0 to 255 DN range 

(Table 5) using the parameters from the original processing. 

Munsell color coordinates (Raines, 1977) (Appendix A) were 

calculated for each pixel's band ratios (Table 5)•

The Munsell color coordinates exemplify the visual 

differences noted in the image. At Sites 1 and 2 the 

sandstone (Pcc) is bluer and brighter than the siltstone 

(Pco). At Site 5, the eolian sand (Qe) is yellower and 

darker than the siltstone (Jc).
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Table 4. Band statistics for Landsat field subsites. Pco =
Organ Rock tongue, Pcc = Cedar Mesa Sandstone, Jc = Carmel
Siltstone, Qe = eolian sands and Entrada Sandstone. N = 110
at Site 1, n = 384 at Site 2, and n = 319 at Site 3•

Site 1 . Median Mode Mean Std.Dev .
Pco B4 82.5 82 83.3 5.0

B5 129.0 125 128.6 7.0
B6 1 3 0 . 0 124 130. 1 6.8
B7 115.5 1 12 115.7 7.2

Pcc B4 107.0 105 108.5 7.7
B5 161.5 1 66 162.4 8.5
B6 163.0 1 66 161.4 8.0
B7 144.0 142 144.6 5.4

Site 2. Median Mode Mean Std.Dev.
Pco B4 86.0 86 87.5 7.0

B5 134.0 129 135.0 8.3
B6 134.0 134 134.8 9.1
B7 115.0 109 116.7 8.7

Pcc B4 104.5 105 104.7 8.8
B5 161.4 154 161.4 13.5
B6 161.5 163 161 .5 11.9
B7 144.3 150 144.3 10.0

Site 3. Med i an Mode Mean Std.Dev .
Jc B4 104.5 101 104.5 6.5

B5 154.0 154 155.9 10.8
B6 152.0 151 154.5 8.9
B7 134.0 130 134.5 7.5

Qe B4 109.0 109 108.0 3.7
B5 162.0 1 66 161.4 7.0
B6 169.0 167 169.1 6.6
B7 155.0 159 154.9 5.6



T-2641 46

Table 5. Means of the band ratios and color coordinates for 
subsites from Table 4. Chr. = Chroma, Val. = Value. Pco = 
Organ Rock tongue, Pcc = Cedar Mesa Sandstone, Jc = Carmel 
Siltstone, Qe = eolian sand and Entrada Sandstone.

R45 R46 R67 Hue Chr . Val.
Site 1
Pco 23 31 136 115.1 89.7 110.4
Pc c 59 76 133 105.0 60.0 156. 1

Site 2
Pco 28 41 168 114.5 110.2 137.3
Pc c 42 58 137 109.9 73.7 137.5

Site 3
Jc 57 75 168 1 1 3 . 0 85.8 172.6
Qe 60 54 109 135.5 46.2 129.9

Comparison of the band ratios and color coordinates to 

the models did not directly determine the cause of the color 

differences in the Landsat image. At Sites 1 and 2, 

differences in iron mineralogy or in total iron could cause 

the same color differences. Additionally, there was not a 

direct one to one correspondence of the models (Tables 1, 2 

and 3, p.35) to the observations. This is most evident in 

the color coordinates. Chroma for all sites is in opposition 

to that predicted by the models (Table 3, p.35). Figure 17 

(p.39) shows that chroma is not a regular function of 

hematite reflectance contribution. The overall trend of 

hematitic or iron-rich material appearing more yellow than 

goethitic material or iron-poor material is observed, but 

the band ratios and the chroma did not always follow the 

models.
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Ratios and color coordinates for Site 3 match well the 

model for differences in vegetation density. The chroma 

color coordinate again is opposite to that predicted.

Site 1 had 110 DN samples per band, 60 from Organ Rock 

tongue outcrop, and 50 from Cedar Mesa Sandstone. The DN 

values for the Cedar Mesa Sandstone are greater than those 

for the Organ Rock tongue (Table 4, o .45). Comparison of the 

color coordinates to the models presented earlier suggests 

either differences in iron mineralogy, or a difference in 

the amount of iron present, as the cause for the color 

difference. That is, hematite is in the Organ Rook tongue 

and goethite in the Cedar Mesa Sandstone, or there is less 

iron in the sandstone.

Site 2 had 384 r>w samples per band, 208 from the Organ 

Rock tongue and 176 from Cedar Mesa Sandstone. As at Site 1, 

the DNs were greater over the sandstone than over the 

siltstone. Comparison of the color coordinates to the models 

suggests, as at Site 1. that the differences in color are 

caused by differences in iron mineralogy or differences in 

total iron.

Site 3 had 319 observations per band, 173 from outcrop
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of the Carmel Formation and 146 from outcrop of the Entrada 

Sandstone and eolian sand. As in Sites 1 and 2, the band DNs 

show a greater radiance from the sand and sandstone. The 4/6 

and 5/6 ratios (4/6 = 54, 5/6 = 114) for pixels in the sandy 

area are lower than that for pixels from the siltstone area 

(4/6 = 75, 5/6 = 154), suggesting a greater amount of

vegetation in the sandy area. The 5/6 ratio, not used in 

creating the image, is inversely proportional to vegetation 

density (Raines, personal communication, 1980). Comparison 

to the model, not taking into consideration the field and 

band ratio evidence for differences in vegetation density, 

suggests a difference in mineral species between the two 

subsites: goethite in the Carmel Siltstone and hematite in

the sands. Geochemical analyses (Table C-1, Appendix C) 

shows no such mineralogical differences. The model also 

indicates more iron in the sands than in the siltstones, 

which is incorrect according to geochemical analyses. 

Differences in vegetation density therefore severely 

modifies the band ratios and color coordinates for the sandy 

subsite, so that comparison with the models for iron 

compounds or amounts yield incorrect results.

Sample Reflectance Analysis ,

Samples from the upper 1 to 2 cm of regolith were taken 

at equal spacing at each site. Approximately 25 samples per
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subsite were taken. All samples were analyzed under a

binocular microscope for grain size and color using an

Amstrat grain size chart and a G.S.A. rock color chart. All 

grain sizes are given in the Wentworth phi scale. Following 

spectral analysis, the samples were analyzed for iron 

mineralogy and total iron, using XRD and XRF, respectively.

The mean grain sizes varied from 2.5 phi for regolith 

derived from the sandstones to 3.5 phi and greater for 

siltstone regolith. The color of the regolith at Site 1 was 

roughly the same for both rock types, 5 YR 5/6. At Site 2

the color of the siltstone was 10 R 5/4, the sandstone 5 YR

5/4. At Site 3 the Carmel Siltstone-derived regolith is red, 

10 R 5/4 and the sands are yellow-brown, 5 YR 5/6. Splits 

were taken from each sample for spectral analysis. The 

splits were sieved and the fraction less than 0.5 mm (-35 

mesh) used for the spectral analysis in order to minimize 

differences in spectral reflectance due to differences in 

grain size (Salisbury and Hunt, 1968 ; Hunt, personal 

communication, 1980). Spectral reflectance was measured from 

0.4 pm to 1.3 jum relative to a smoked MgO standard using a 

Beckman uv5270 spectrophotometer.

A quartz-feldspar sand sample was analyzed at the 

beginning and end of each session of reflectance
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measurements to monitor instrument drift. Figure 19 shows 

the mean spectral reflectance of the standard and

representative standard deviations. The deviations range 

from 1.1% of the spectral reflectance at 0.55 pm to 2.2% of 

the reflectance at 1.1 pm. The low deviation indicate that 

the spectral data could be reproduced without significant 

variation. The machine precision is approximately +/- 1%

relative to the smoked MgO reference.

The spectra were digitized to x ,y data pairs using

facilities and programs developed at the U.S.G.S. The x ,y

data pair^ were then converted to wavelength and percent 

reflectance. Analysis for iron mineralogy was done visually 

from the spectral reflectance curves for each sample.

Analysis was based upon the location of absorption bands 

centered around o .85 pm for hematite, 0.92 for goethite, and 

shifts in the absorption band edge around 0.55 pm (Hunt and 

others, 1971 ; Peters, 1981).

Landsat band-similar DN values were calculated from the 

spectral reflectance of each sample. This casts the 

reflectance data into a form similar to the radiance data 

acquired by Landsat.
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Figure 19• Spectral reflectance of sand standard with 
representative standard deviations. Landsat-similar radiance 
curve based on average reflectance for each band. The curve 
shown is based on four points at midpoint of each bandpass 
region.
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It was hoped that converting the reflectance data into 

radiance data would allow direct comparison to the Landsat 

data. Radiance values were obtained by multiplying the 

sample's spectral reflectance by the published nominal 

detector response (Norwood and others, 1972 ; Slater, 1979)

for each Landsat band (Figure 14, p.30). This modified 

reflectance value was then multiplied by the nominal solar 

flux per band in watts per s q . meter. The solar flux values 

incorporated an estimated 25$ loss of energy due to 

atmospheric scatter. No directly measured solar flux or 

atmospheric scatter data is available for the region when 

the Landsat data was acquired. This very simplistic model 

was developed with assistance from Dr. Kenneth Watson of the 

U.S.G.S. The model does give relative values, band to band, 

that are similar to the Landsat data. The calculation for 

the reflectance per band per sample is:

((P. x w t .)/ Sum w t .) x T Band 1 1  1 0

where P is the percent spectral reflectance of the sample

for the ith interval, wt ̂ is the normalized spectral

response of the detector for the ith interval and T Band iso
the approximate solar flux in a band at the earth's surface 

/ 2in w/m . The estimated total solar flux for the study area
2

was calculated to be 314 w/m over the 0.5 to 1.1 pim range
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and the flux per band (TQBand) to be: 100.8, 88.9, 74.1, and 

50.6 for Bands 4 through 7 respectively (Watson, written 

communication, 1980). It is the dropoff in solar irradiance 

at longer wavelengths that causes the Band DNs to decrease 

at longer wavelengths. No attempt was made to model the 

atmospheric scatter loss of the reflected energy from ground 

surface to the detector.

Figures 20, 21, and 22 show the average spectral 

reflectance for the regolith samples at each site. Spectra 

for Sites 1 and 2 (Figures 20 and 21) show a higher spectral 

reflectance for regolith derived from the quartzose Cedar 

Mesa Sandstone. The individual spectral reflectance curves 

show absorptance patterns indicative of both hematite and 

goethite. Based on the absorption bands around 0.85 jum for 

hematite and 0.92 jum for goethite, at Site 1, goethite 

appears more prevalent in the Organ Rock tongue with the 

Cedar Mesa Sandstone somewhat more hematitic. At Site 2 the 

Cedar Mesa Sandstone is somewhat goethitic, while the 

siltstone is hematitic. Determination of mineralogy based 

upon the models presented on p. 35 through the calculation 

of color coordinates (Table 6) was inconclusive because the 

differences in color coordinates were quite small.
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Figure 20. Average spectral reflectance of regolith
samples, Site 1. Number of samples is 24.
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Figure 21. Average spectral reflectance of regolith samples,
Site 2. Number of samples is 45.
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Figure 22. Average spectral reflectance of regolith samples,
Site 3* Number of samples is 29.
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Table 6. Landsat-similar DNs, ratios and color coordinates 
from regolith sample reflectance measurements. Pco = Organ 
Rock tongue, Pcc = Cedar Mesa Sandstone, Jc = Carmel 
Siltstone, Qe = eolian sand and Entrada Sandstone. Standard 
deviation in parenthesis. N = 24 for Site 1, n = 45 for Site 
2 and n = 29 for Site 3•

Site 1 
Pco 
Pc c

Landsat-similar Band DNs 
Band-4 Band-5 Band-6

1 1.6 (1 .9 ) 
12.4(1.0)

21.3(2.9)22.7(2 .0)
25.1(4.0) 
26.5(2.0)

Band-7

19.4(3.9) 
21.3d .7)

Site 2 
Pco 
Pc c

12.3(1.3)
13-8(2.5)

2 3 .6 (2 .1)
25.2(4.3)

27.1(2.1)
28.9(4.9)

21.3d .9) 
22.2(4.0)

Site
Jc
Qe

15.7(3.7)
14.0(1.8)

28.7(5.4)
24.8(2.9)

31.8(5.2)
28.4(3.1)

23.6(3.5)
22.4(2.9)

Site 1 
Pco 
Pc c

R45

0.45(.02) 
0.55(.01)

Band Ratios 
R46

0.46(.02)
0.47(.02)

R67
1.30(.06) 
1.31(.05)

Site 2 
Pco 
Pc c

0.52(.02) 
0.55(.02)

0.46(.02) 
0.48(.03)

1 .27(.07) 
1.30(.08)

Site 3 
Jc 
Qe

0.55(.05) 
0.57(.02)

0.49(.08) 
0.49(.02)

1.34(.04) 
1.27(.07)

Site 1 
Pco 
Pc c

Hue
Band Ratio Color Coordinates 

Chroma Value

125.1(1.7)
124.9(0.8)

658.7(53.2)
658.4(42.8)

1334.7(26.5)
1339.7(29.5)

Site 2 
Pco 
Pcc

124.2(0.9) 
124.5(1.4)

646.3(50.4) 
649.3(63.7)

1300.0(51.3) 
1345.1(49.4)

Site 3 
Jc 
Qe

1 2 3.0 (2 .0 ) 
124.8(1.0)

671 .8(57.8) 
607.9(51.2)

1372.4(75.8) 
1345.7(51.7)
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The spectral reflectance for Site 3 (Figure 22, p.56) 

does not follow the trend of sands having a higher 

reflectance than the siltstones. The silts and clays derived 

from the Carmel Siltstone have a higher spectral reflectance 

than the eolian sands. All samples taken from the Carmel 

Siltstone had grain sizes finer than 4.0 phi whereas the 

regolith taken from the Entrada Sandstone and the eolian 

sand averaged 2.5 phi. Even after sieving, the samples from 

the Carmel Siltstone subsite were noticably finer than the 

samples from the eolian sand subsite. The very fine grained 

silts and clays could be acting as a specular reflector, 

causing this reversal in reflectance. Salisbury and Hunt 

(1968) showed that fine grained silicates act as

"transparent" reflectors, reflecting more energy than 

coarser fractions of the same material. Differences in 

amount of fine grained, highly reflective calcite and gypsum 

may also increase the reflectance of the samples from the 

Carmel Siltstone (Raines, oral communication, 1982). X-ray 

diffraction (XRD) measurements show approximately five times 

more calcite in the Carmel Siltstone samples than the 

Entrada and eolian sand samples. This increase in the amount 

of calcite may have also resulted in the higher spectral 

reflectance of the Carmel Siltstone samples.

Analysis of the reflectance curves for Site 3 suggest
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that the eolian sand contains more goethite than the Carmel 

Siltstone, but not conclusively so. It must be emphasized 

that the absorption bands around 0.9/jm in all samples, 

including Sites 1 and 2, are broad and indistinct; the final 

determination of mineralogy was very subjective and 

certainly open to error. During preparation of this thesis 

it was noted that the reflectance curves for all the samples 

resembled that of ferrihydrite, a hydrous form of hematite, 

as measured by Raines (Lee and Raines, in press).

X-ray Analysis

130 samples, including duplicates, were analyzed for 

iron oxide mineralogy using x-ray diffraction (YDD) and for 

total iron content using x-ray fluorescence (XRF). The 

samples used were splits from those used for spectral 

reflectance. The compiled results of analysis are presented 

in Appendix C, Table C-1. The samples for XRD were prepared 

using a technique suggested by Dr. Theodore Botinel1i , 

Branch of Mineral Resources, U.S.G.S. The preparation method 

is given in Appendix B.

Analytical control was achieved by the use of duplicate 

samples and comparison with results from samples previously 

prepared and analyzed by the author during development of



T-2641 60

the sample preparation technique. Comparison of the 

duplicate samples show good precision (Table 7). Clay film 

analysis of selected samples generally have higher counts 

for hematite and similar counts for goethite and

ferrihydrite. Duplicates of XRF samples also show good 

precision.

XRD traces for all samples were measured from 10 to 60 

degrees two-theta. Two-theta angles smaller than 10 degrees 

were not measured; the main peaks for the iron oxides occur 

between 20 and 40 degrees two-theta. Iron peaks were 

measured and recorded in counts-per-second for the 100% 

peaks of hematite (104) at 33.4 degrees two-theta, goethite 

(110) at 21.25 degrees two-theta, and ferr ihydrite (110) at 

35.8 degrees two-theta. Determination of ferr ihydrite was 

difficult because a calcite peak (110) at 36.2 degrees 

two-theta was close to the ferrihydrite peak. In some cases 

potential ferrihydrite peaks were completely masked by the 

calcite signal. No attempt was made to calibrate the XRD 

signals to weight per cent or parts per million due to the 

unavailability of laboratory grade goethite necessary to 

calibrate the XRD patterns.
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Table 7. Compilation of x-ray analysis duplicates. Hematite, 
goethite and ferrihydrite are in counts-per-second, total Fe 
in equvalent weight percent iron oxide. D- duplicate sample, 
C ,CF- clay film, ,BT- bad trace, n/a- data not acquired, 
n/m-data not measurable, or not present.

X-ray Diffraction XRF

Sample Hematite Goethite Ferri-
hydrite

Total Fe Notes

S 1 A3 10.0 0.0 0.0 1.65
S1A3-D 9.0 0.0 0.0 n/a

S2B4 11.0 3.0 12.0 0.71
S2B4-D 10.0 2.0 14.0 0.60

S2B7 7.5 3.5 6.0 0.76
S2B7-D 8.0 2.0 7.5 0.80
S2B7-C 11.0 2.5 7.0 n/a CF

S2C4 8.5 n/m n/m 1.95 BT
S2C4-C 8.0 1.5 5.5 2.10

S2F2 1 3 . 0 3.5 8.0 2.25
S2F2-C 13.0 2.0 6.5 2.67

S2G3 22.0 2.0 8.0 2.49
S2G3-C 20.0 2.0 9.0 2.6

S3B5 9.0 3.0 4.5 0.87
S3B5-D 9.0 1 .0 7.0 0.84

S3B10 7.0 1.5 5.0 1 .52
S3B10-D 5.0 2.5 3.0 1.80
S3B10-C 12.0 2.0 7.5 n/a CF

S3C9 7.5 3.5 n/m n/a CF
S3C9-D 6.0 3.5 9.0 1 .45
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Comparison of samples was based solely on counts-per-second 

and can be considered to be accurate for comparative 

purposes (Botinelli, oral communication, 1981). Samples for 

XRF analysis were converted to equivalent weight per cent 

hematite (Fe^O^)• The statistical results of the sample 

analysis are given in Appendix C.

Table 8. Excerpt of correlation matrix showing relationships 
of X-ray analysis data to site and Landsat band DN. Fexrf= 
total iron, Gsz= grain size (in phi units), Rktyp= rock type 
(1 for a siltstone, 2 for a sandstone) , Hemxr= Hematite , 
Goex r= Goethite, Ferrx= Ferrihydrite, B4smpl= calculated 
radiance from sample reflectance data, B4-LS= Landsat Band
DN. N = 100, r= 0.254 at 99%.

Fexrf 1 .00
Gsz 0.46 1 .00
Rktyp -0.34 -0.33 1 .00
Hemxr 0.19 -0.01 -0.11 1 .00
Goex r 0.14 0.15 0.01 0.09 1 .00
Ferrx 0.19 0.12 0.05 0.49 0.27 1 .00
B4smpl -0.49 -0. 13 0.12 -0.38 -0.00 -0.12
B5smpl -0.46 -0.03 0.04 -0.30 0.01 -0.09
B6smpl -0.51 -0.10 0.07 -0.26 -0.01 -0.12
BYsmpl -0.44 -0.16 0.09 -0.29 0.02 -0.13
B4-LS -0.39 -0.42 0.62 -0.24 -0.15 -0.13
B5-LS -0.41 -0.26 0.79 -0.29 -0.08 -0.09
B6-LS -0.42 -0.44 0.76 -0.25 -0.10 -0.08
B7-LS -0.42 -0.48 0.77 -0.23 -0.08 -0.06

Fexrf Gs z Rktyp Hemxr Goex r Ferrx

The correlation matrix in Table 8 exhibits a negative 

relationship of total iron (Fexrf) to rock type (Rktyp), 

significant negative correlation of band reflectance to 

total iron, and a correlation of decreasing grain size (Gsz)
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(increasing phi number) to total iron (Fexrf), where the

increase in total iron correlates with decreasing grain

size. This was not unexpected and has been reported by Van 

Houton ( 1 968) and others. The iron minerals are found both 

as grain coatings and bound to the clays and silts. Finer 

grained sediments have more surface area than a coarse 

grained sediment and may therefore have more iron. The 

regolith derived from the sandstones also had a smaller silt 

and clay sized fraction. The correlation between hematite 

(Hemxr) and ferrihydrite (Ferrx) (0.49) is expected.

Ferrihydrite is the hydrous form of hematite (Chukhrov and

others, 1976).

There are no significant relationships between iron 

mineralogy and Landsat-similar DN of the samples, or with 

Landsat band DN (Table 8, p.62). An R-mode factor analysis 

substantiates that total iron and grain size, respectively, 

are the two most important variables in the data set. The 

amount of ferrihydrite and hematite were only important in 

the second and third order eigenvectors.

The negative correlation of total iron (Fexrf) to rock 

type (Rktyp) is indicative of a decrease in the amount of 

iron from the siltstones to the sandstones. The variable 

Rktyp was assigned a constant value for a given 1ithology in
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a subsite, 1 for siltstone or 2 for sandstone. A histogram 

of total iron from all samples shows a bimodal distribution 

(Figure 23). An analysis of variance test (F-test) using 

rock type to define two sample sets shows that there is a 

9 9 . 9 9 % probability of the samples being from two distinct 

populations, an iron-poor set and an iron-rich set. These 

sets are the regolth derived from the sandstones and the 

regolith derived from the siltstones, respectively. The

correlation matrix, F-tests and factor analysis indicate 

that there is a significant difference only in the amount of 

iron between the sandstones and the siltstones, and no

significant differences in iron mineralogy.

Six samples, one from each subsite, representative of 

iron mineralogy and total iron, were analyzed for iron

mineralogy using Mossbauer gamma ray resonance (Wertheim,

1964) to substantiate the XRD analysis. Although the 

precision was poor, with an error of 10 to 23%, there did 

not appear to be any differences in iron mineralogy between 

the samples. Based on this analysis and the XRD analysis, 

hematite is the primary iron oxide in all samples, with

ferrihydrite and goethite as secondary and tertiary

constituents, respectively.
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Causes for the Color Differences

The purpose of this thesis was to determine the causes 

for the color variations in areas interpreted as limonitic 

in Landsat CRC images. Using spectral reflectance

measurements, XRD, XRF and binocular microscope analysis, 

there does not appear to be any diagnostic differences in

the surficial materials other than amount of iron and

differences in grain size. Differences were found at the 

test sites in 1ithology and vegetation density.

Sites 1 and 2

Sites 1 and 2 make a three layer test of progressive 

change in 1ithology. The three layers are, in ascending 

order, the white to grey and orange Cedar Mesa Sandstone, a 

transition zone of Cedar Mesa Sandstone and interbedded red 

siltstone and sandstone of the Organ Rock tongue of the

Cutler Formation, and the Organ Rock tongue itself. These 

units are laterally continuous and can be traced from Site 1 

south to Site 2. Site 3 is dealt with separately because

there are significant differences in grain size and 

vegetation density as well as total iron differences between 

the two subsites. These differences were not present at 

Sites 1 and 2.
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Sample Data
Correlations relating band reflectance to iron 

mineralogy for Sites 1 and 2 (Table C - 2 , Appendix C) yielded 

no statistically significant results. The negative
correlation of hematite to the 4/5 and 4/6 ratios (-0.54 and 
-0.59 respectively) is a function of total iron in the 

sample. As shown in Figure 16 (p.58), the ratio values 
decrease as the reflectance approaches that of hematite. If 
mineralogy were responsible for the color differences, a 
reciprocal correlation with goethite or ferrihydrite would 
be expected, but none is seen in the data. There is a poor 
but positive (0.19) correlation between total iron (Fexrf) 
and hematite (Hemxr). The correlation might be better if 
hematite were not expressed in counts-per-second and total 
iron in weight percent.

To test the hypothesis that hematite is the principal 
iron oxide, An F-test was made on the amount of hematite 
based upon total iron in the sample. The population was 
divided into iron-rich and iron-poor sample subsets based on 
the bimodal distribution of iron seen in Figure 25 (p.65).
The test showed that there was a 99*98$ probability of the 
hematite coming from two populations, an iron-poor set and 
an iron— rich set. As the amount of total iron increased, the
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amount of hematite increased.

Sample reflectance and band ratios do show significant 

correlation with total iron (-0.53 to -0.18, Table C-2, 
Appendix C). Table C-2 shows the expected decrease in 
radiance as total iron increases, and as more iron occurs in 
finer grained material, the radiance also decreases with 
decreasing grain size. Band ratios of the sample’s radiance 
values decrease with increasing iron, as predicted in Figure 
16 (p.38). This is caused by a flattening of the reflectance 
curve as the reflectance decreases (Figures 20 and 21, p.54, 

55).

The relationship between iron and color coordinates 
from the sample's radiance values is not clear for Sites 1 
and 2. It was expected that the finer grained, iron-rich 
rocks would have a higher hue number as predicted by the 
models. The difference in the Munsell color coordinates 

between the si Itstone and sandstones (Table 6, p.58) is 
statistically insignificant.

Direct registration of pixels to geochemical ground 
sample position was not possible because of inaccuracies in 
registering pixel locations to the ground surface. Surface 
samples were taken in the same areas that the Landsat DNs



T-2641 69

were acquired. Comparison of means was used to relate 

Landsat data to geochemical analysis.

Landsat data

As with the subsite sample radiance, there is no 

direct relationship of iron mineralogy to Landsat band 

reflectance, ratios or Munsell color coordinates aat Sites 1 

and 2 (Table C-2, Appendix C). Correlation of grain size to

the Landsat DN for Sites 1 and 2 is poor, averaging -0.15.

The correlation with band ratios is better, especially with 

the 6/7 ratio (0.4), hue (0.32) and chroma (0.38).

The correlation of total iron (Fexrf, Table C-2,

Appendix C) to Landsat DN, ratios and color coordinates is

good. The negative correlations of Band DN to total iron 

(-0.35 to -0.37) show that the Band DN decreases as the iron 

increases. The negative correlations of the 4/5 and 4/6 

ratios show the decrease with increasing hematite

reflectance contribution as predicted in Figure 16 (p.38).

The 6/7 ratio does not decrease as predicted, but increases 

instead. This suggests that the model presented in Figure 

16, p.38, is perhaps oversimplified. The positive

correlation of the 6/7 ratio to total iron is probably 

caused by an increase in the depth of the absorption band 

for iron around 0.9 pm. Evans and Adams (1980) show that the
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iron absorption bands deepen and broaden as the amount of 

iron in the material increases. Around 0.9 pm this causes a 

decrease in the Band 7 DN and an increase in the 6/7 ratio.

The hue, as predicted, increases with decreasing grain 

size and increasing iron content. This is seen in the CRC 

image, (Figure 1, p.2, Figures 4 and 5, p.10 and 11) where 

the Organ Rock tongue appears green to yellow-green and the 

Cedar Mesa Sandstone blue-green.

In summary, there are no demonstrable differences, at 

Sites 1 and 2, in iron mineralogy or vegetation density 

between the subsites. There are differences in grain size 

and total iron with total iron inversely proportional to 

grain size. The increase in total iron causes a decrease in 

the radiance of the surficial materials (Figures 20 and 21, 

p.54 and 55), Landsat DN (Table 4, p.45), and their 4/5 and 

4/6 band ratios (Tables 5 and 6, p.46 and 58). The 6/7 ratio 

increased as the iron absorption band in Landsat Band 7 

around 0.9 pm deepened and broadened with increasing iron. 

As a result, the iron-rich siltstones appear yellow-green to 

green in the CRC image while the iron-poor sandstone appears 

blue-green.
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Site 3 

Sample data

As at Sites 1 and 2 there are no iron mineralogy 

differences at Site 3 (Table C-1, Appendix C) between the 

subsites that affected sample radiance. There is a negative 

correlation of goethite to radiance (Goexr, Table C-3, 

Appendix C) ranging from -0.32 to -0.38. This is related to 

the total iron in the sample. There are no parallel or

reciprocal correlations of hematite and/or ferrihydrite

found in the data that mirror goethite.

Correlation of grain size to sample radiance is poor 

but positive ( 0.08 to 0.23, Gsz, Table C-3, Appendix C). As 

stated previously, the samples from the Carmel Si 1tstone 

appear to exhibit "transparent" reflectance behavior as

described by Salisbury and Hunt (1968). This property is 

seen primarily in silicates where the reflectivity increases 

with decreasing grain size. This is probably the cause for 

the higher laboratory-measured reflectance values of the 

Carmel Siltstone relative to the eolian sand (Figure 22, 

p.56). There is a significant correlation between grain size 

and the sample’s 4/5 and 6/7 band ratios (Table C-3,

Appendix C). The correlation of grain size to 4/5 ratio is 

negative (-.40) and to the 6/7 ratio positive (0.53). The



T-2641 72

correlation with hue is negative (-0.55), indicating that 

the hue shifts from yellow-green toward green and blue-green 

as grain size decreases.

The correlation of total iron to sample radiance and 

band ratios for Site 3 is the same as at Sites 1 and 2;

negative for the radiance values and the 4/5 and 4/6 ratios,

and positive for the 6/7 ratio (Table C-3, Appendix C ). The 

correlation with the hue calculated from the samples'

radiance values is negative, that is, as iron increases, the

hue decreases, shifts toward blue. This is in contrast to 

Sites 1 and 2, but is the same as the correlation with 

decreasing grain size. The correlation is better with grain 

size than with total iron (-0.55 versus -0.38), indicating 

that the correlation is probably controlled by changes in 

grain size.

The data presented above may indicate the effect of 

grain size alone on the image. If the si Itstone does act as 

a "transparent" reflector, any absorption bands from the 

iron contaminants should become broader and shallower and 

the reflectance approach that of pure quartz, unless the 

amount of contaminants also increases with decreasing grain 

size. In the type of imagery used here, such decreases in 

grain size would be seen in the CRC image as a shift toward
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bluer and brighter colors relative to more coarse grained 

counterparts. This is observed in the correlation of hue 

with grain size and total iron from samples at Site 3, and 

with grain size alone from samples at Sites 1 and 2, where 

the hue number decreases as the grain size decreases.

Landsat data

The correlations of grain size and total iron at Site 3 

to Landsat DN and the 4/5 band ratio are negative (-0.32 to 

-0.78, Table C-3, Appendix C) and positive for the 4/6 and 

6/7 band ratios (0.32 to 0.79, Table C-3, Appendix C). There 

are also positive correlations of goethite and ferrihydrite 

to band DN. However, XRD analysis has shown that there are 

no significant differences in the amount of goethite and 

ferrihydrite between the subsites, nor is there any reverse 

correlation with hematite (Table C-1, Appendix C).

The correlation of hue to grain size and iron is 

negative, that is, the calculated hue number is higher, 

green to yellow, for the sandy area. This is in 

oppositition to the models presented earlier for differences 

in total iron (p.34-35) and to the observations made at 

Sites 1 and 2. Field investigation at this site found 

approximately 15% more vegetation over the sand (35% over 

sand versus 20% over the siltstone) . There was also a change
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in species present; grasses were more common growing in the 

sandy areas (Figure 13» p.28). Table C-3, Appendix C , shows 

a significant positive correlation of amount of vegetation 

(Vgnd) and band DN, 4/5 ratio, and hue. The 4/6 and 6/7 

ratio correlations are negative. The correlation occurs with 

Band DN because the sands and possibly the vegetation is 

brighter than the siltstone, and with hue because the 

Munsell hue shifts to the red, or higher numbers, as 

increases in vegetation density cause increases in the 4/5 

ratio and decreases in the 4/6 and 6/7 ratios. This is seen 

in the heavily vegetated (red) areas in Figure 1 (p.2).

Raines (personal communication, 1980) has noted that the 5/6 

and 6/7 band ratios are inversely proportional to vegetation 

density. The 5/6 and 6/7 ratios for the sands are lower than 

those for the siltstones. The 5/6 and 6/7 ratios for the 

sand are 114 and 109 respectively, those for the siltstone 

154 and 168 respectively. The 4/5 ratio is directly 

proportional to vegetation density ; the 4/5 ratio for the 

sand is greater than the siltstone (60 versus 57, 

respectively). As the amount of vegetation increases, the 

sum of the ratios decrease and the color on the image 

becomes darker; the chroma and value decrease. Because the 

pixel colors are darker, it is difficult to visually 

determine the colors in the more vegetated area. Careful 

inspection of Figure 11 (p.22) shows several red and yellow
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pixels within the eolian sand subsite . Many more pixels 

with a red hue may also be present but cannot be 

distinguished because of the low chroma and value of the 

pixel color.

The difference in vegetation density between the sands 

and the siltstone is the cause for the color differences at 

Site 3. Variations in grain size, as seen in the radiance 

measurements from the regolith samples, are not a factor. If 

grain size was a factor, the Landsat Band DN for the 

siltstone would be higher than the DNs from the sands (Table 

4, p.45).

Total iron effects may be seen in the Landsat Band DNs 

and band ratios by the negative correlation of total iron to 

Band DN and the 4/5 and 4/6 ratios, and through the positive 

correlation to the 6/7 ratio (Table C-3, Appendix C). This 

is a function of the brightness of the sand relative to the 

siltstone. Although no vegetation reflectance measurements 

were taken, the assemblage of grasses, juniper and sand at 

Site 3 are brighter than the siltstone (table 4, p.45). As 

iron amount increases, the 4/6 ratio decreases with 

deepening of the iron absorption band around 0.55 pm (Band 

4) (Evans and Adams, 1980). If total iron were the cause for 

the color differences, the hue of the iron-poor sandy area
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should be bluer than the siltstone, as predicted by the 

models (Tables 2 and 3, p.35; Figures 16 and 17, p.38 and 

39) and as seen at Sites 1 and 2. However, the field 

evidence for differences in vegetation density, the band 

ratios, and the shift toward red in the Munsell color 

coordinates for the eolian sand all indicate that 

differences in vegetation density is the cause for the color 

differences at Site 3•
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Summary

At the start of the research, three factors were

thought to affect spectral reflectance and Landsat band DN

in limonitic materials:

1. Changes in vegetation density.

2. Differences in amount of oxidized iron.

3. Differences in iron mineralogy.

Changes in the amount of iron and density of vegetation

were significant factors in the radiance measured by

Land sat and the color imagery produced from those data. 

Difference in iron mineralogy was not a factor in this study 

because no significant difference in iron mineralogy was 

found .

Change in vegetation density is the most important 

factor. At Site 3 there were differences in total iron and 

vegetation density, but the differences in total iron were 

not responsible for the color differences. The changes in 

Landsat Band DN relative to the siltstone could be caused by 

the greater brightness of the sands and/or the vegetation. 

Comparison of the 5/6 and 6/7 ratios between the sands and 

siltstone subsites at Site 3 indicate a difference in 

vegetation density. Field investigation substantiates this.
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Increases in the amount of vegetation caused an 

increase in the 4/5 ratio, a decrease in the 4/6 and 6/7

ratios, and a shift in the hue coordinate toward red. The

lowering of the value and chroma of the color caused by the 

decrease in the 4/6 and 6/7 ratios made the colors appear

dark on the image and difficult to discern. Some red and

yellow pixels were discernible on the image, and more are 

probably present.

Extremely fine-grained samples of siltstone at Site 3 

acted as a transparent (specular) reflector during

laboratory reflectance measurements. This caused the 

reflectance measurements and radiance values of the 

siltstone to be greater than the sands. If grain size were a 

factor in image color at Site 3, the Landsat Band DN for the 

siltstone subsite should also be greater than the sand 

subsite; they are not.

Variations in the amount of total iron in the surface 

materials were the cause for the color differences at Sites 

1 and 2. There were no differences in vegetation density 

between the subsites at Sites 1 and 2. Grain size was 

strongly correlated with total iron ; finer grained samples 

had more iron. No effects of grain size on the sample or
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Landsat radiance value were observed. As the amount of iron 

increased, the 4/6 (blue) ratio decreased more rapidly than 

the 4/5 (red) ratio. At high hematite reflectance 

contribution the 4/5 ratio is greater than the 4/6 ratio. 

This makes the color of the iron-rich siltstone areas 

appear more yellow on the image. Iron-poor sandstone areas 

appear blue-green on the CRC image because the 4/6 ratio is 

greater than the 4/5 ratio.

Models were developed using band ratios and Munsell 

color coordinates derived from laboratory and published 

spectral reflectance of hematite, goethite, quartz and green 

vegetation. These models were developed to predict how 

differences in iron mineralogy and total iron would be seen 

in Landsat CRC images. The models showed that a change in 

mineralogy from goethite to hematite or a change from an 

iron-poor to an iron-rich material cause similar changes in 

band ratios and color coordinates. This indicates that 

differences in iron mineralogy could not unambiguously be 

detected by Landsat, and that differences in total iron 

could not be resolved if differences in iron mineralogy were 

also present. Additional information regarding the amount of 

iron present or iron mineralogy would be required.

The model for vegetation density differences showed
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that like a change from goethite to hematite, or an increase 
in total iron, an increase in vegetation causes a shift in 
the hue toward yellow and then to red. The increase in the 
vegetation component of the Landsat-measured surface 
radiance also causes a decrease in the value and chroma of 
the CRC color, making it appear darker than a less densely 
vegetated area.

If no variations in iron mineralogy and vegetation 
density were present in a limonitic area, a change in color 
from blue-green to yellow-green would indicate increasing 
iron content. The reverse model for variations in iron 
mineralogy could be more important to the exploration 
community. If there were no variations in vegetation density 
and total iron in the area of interest, a change in color 
from blue-green to yellow-green would indicate a change in 
iron mineralogy from goethite to hematite. This could be 
used as an exploration guide.
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Appendix A

Munsell color coordinate transform.
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270

HUE

G E O M E T R Y

Figure A-1. Geometry of Munsell color space (after Raines, 

1977).
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Transformation of the additive primary colors to Munsell 

color coordinates.

B = blue ratio input 

G = green ratio input 

R = red ratio input

1 / 2 1 / 2 1 / 2  K2 = (2 )/2, K3 = (3 )/3, K6 = (6 )/6,

K7 = (61/2)/3

B 1 = (K7 x B) - (K6 x R) - (K6 x G)

XI = (K2 x G) - (K2 x R)

if B1 = 0, Hue is neutral, i.e., B = G = R

otherwise,

Hue = arctan X1/B1
2 2 1/2  Chroma = (B1 + XI )

Value = K 3 x ( B + G + R )

From Raines, 1977.
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Appendix B

Sample Preparation Technique
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The technique used was a modified clay film method. 

Approximately 1Og. of sample was ultrasonically washed in 

a calgon-deionized water solution for 15 minutes to 

separate and suspend the iron bearing coatings, silts and 

clays. Once the fines and coatings were in suspension, 

the mixture was allowed to settle for 10 minutes, 

following which the supernat, containing the remaining 

suspended fines, was drawn off and the fines in the 

supernat settled by adding MgCl. After settling, 2.5 ml 

of a slurry containing the fines were pipetted onto a 

coarse mil1ipore filter and vacuum aspirated to remove 

the remaining water. The filter was then affixed to a 

glass slide and left to air dry overnight before XRD 

analysis. The remaining sample was drawn off and stored 

in airtight vials. For x-ray fluorescence analysis a 2 g. 

split from the remaining dry sample was handground and 

pressed into a spec-cap for analysis, using standard 

preparation techniques .



T-2641 92

Appendix C

Geochemical Analysis Statistics of Sub site Samples
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Table C-1 

Statistics of Geochemical Analysis

Site 1
Pco Pc c

Mean S.D. Me an S.D.
Fexrf 1 .87 0.44 1 .40 0.45
Gs z 2.96 1 . 42 2.46 0.99
Hemxr 13.46 3.13 12.38 1.76
Go ex r 1 .62 0.85 1 .00 0.88
Ferxr 7.77 1 . 54 5.67 4.42

Site 2
Pco Pcc

Me an S.D. Mean S.D.
Fexrf 2. 12 0.44 1.68 0.63
Gsz 3.97 0. 12 3.60 0.49
Hemxr 13.03 4.03 11.65 2.64
Goex r 2.03 0.96 2. 1 1 1.64
Ferxr 7.41 2.79 7.99 1 . 64

Site 3
Jc Qe

Mean S.D. Me an S.D.
Fexrf 1 .75 0.64 1.30 0.77
Gsz 4.00 0.00 2.46 0.88
Hemxr 8.00 3.57 8.12 1.33
Goex r 1.50 0.80 1.96 0.78
Ferxr 4.67 2.85 6.19 1.20

Fexrf = total iron in equivalent weight percent hematite. 
Gsz = grain size in phi units. Hemxr, goexr and ferxr is 
hematite, goethite and ferrihydrite from XRD in
counts-per-second. N = 24 for Site 1, 45 for Site 2, and 
29 for Site 3.
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Table C-2. Correlation matrix for Sites 1 and 2.
B4me = mean Land sat DN; R45me = mean Landsat ratio;
Hme,Sme,Vme=mean hue,chroma,and value respectively; 
B4sit=Sample radiance value; R45s=sample radiance ratio; 
Hsite,Ssite,Vsite=hue,chroma and value for sample
radiance measurements; Gszrgrain size; Fexrf=total iron;
Hemxrrhematite amount in counts per second (cps) from
XRD; Goexr=goethite in cps; Ferxr=ferrihydrite in cps. N= 
69, r = 0.302 at 99%.
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Table C-3. Correlation matrix for Site 3. B4me=mean 
Landsat DN; R45me=mean Landsat ratio; Hme,Sme,Vme=mean 
hue,chroma,and value respectively; B4sit=Sample radiance 
value; R45s=sample radiance ratio;
Hsite,Ssite,Vsite=hue,chroma and value for sample
radiance measurements ; Gsz=grain size; Fexrf=total iron; 
Hemxr=hematite amount in counts per second (cps) from 
XRD; Goexr=goethite in cps; Ferxr=ferrihydrite in cps. N= 
29, r= 0.449 at 99%.
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Appendix D 

Source of the Iron
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Van Houten (1968) reported a general increase in the 

amount of iron as grain size decreased in redheds. The 

areas examined in this study show a 0.5 correlation of 

grain size (in phi units) to total iron. F-tests also 

showed the same relationship of iron to grain size.

Walker (1967), in his work determining the source of 

iron in red bed s , has shown that modern iron-bearing 

silicates and oxides diagenetically alter to hematite in 

alluvial fans on the Colorado River Delta. As an analogy, 

present iron-rich silicate sediments shed from the 

Colorado Rockies should resemble the

Pennsylvanian-Permian redbeds deposited along the

Ancestral Rockies. Few iron silicates are found in the 

redbeds today and Walker (1967) postulates that the 

missing iron silicates have altered to more stable 

silicates and hematite coatings. Van Houten (1968) points 

to diagenetic alteration, and other sources, for the 

iron. He includes iron in solution during aqueous 

transportation of sediments, and redeposition of 

laterites as the sources for the iron in redbeds.

In this thesis the abundant iron present in the 

s iltstones could be derived from all the sources 

mentioned above. The Organ Rock tongue si It stones are
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coastal stream channel facies while the Carmel Si 1tstone 

was deposited in a shallow marine environment (Baars and 

Molenaar, 1971). Abundant iron bearing minerals and

solutions would have been available during deposition for 

hematite precipitation in the siltstones.

The Cedar Mesa and Entrada sandstones were deposited 

in nearshore and eolian environments (Baars and Molenaar, 

1971). The reworking of the littoral and eolian sands 

would have left few iron-bearing minerals available for 

iron staining. I believe that the iron coatings found in 

the sandstones are secondary in origin, and was deposited 

by groundwater during and after diagenesis, although the 

actual timing of iron precipitation in the sandstones is 

unknown.


