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ABSTRACT
	 The Cretaceous Baseline Sandstone of southern Nevada is an alluvial to fluvial continental siliciclas-
tic deposit formed in response to activity of the Summit-Willow Tank thrust. An integrated multi-scale 
and multi-method approach was used to characterize the diagenetic mineralogy of the formation, includ-
ing traditional field mapping and description; Landsat multispectral mineral mapping; in situ reflectance 
spectroscopy; thin section petrography; clay fraction x-ray diffraction, x-ray fluorescence, and inductively 
coupled plasma mass spectrometry; and (U-Th)/He geochronology. The formation contains a wide array of 
iron oxide-dominant diagenetic features grouped as coloration and cementation facies. Coloration varies 
in hue (stark white, white/tan/gray, yellow/yellow-brown to brown, red, and purple), expression (diffuse/
pastel, intense, variegated), and intensity (e.g., light to deep), which relate primarily to crystal size, min-
eralogy, and abundance of iron oxide grain coats (goethite vs hematite) and cement. Cementation facies 
vary in mineralogy with iron oxide generally prevalent, and carbonate abundant only in the upper red 
sandstone member. Rare silica-replaced fragments of the tree fern Tempskya(?) occur in the upper white 
sandstone to lower red sandstone members. Iron oxide cementation facies consist of ironstone horizon and 
concretionary types, which vary widely in size and morphology.  
	 Integration of data across spatial scales indicates that coloration and iron oxide cementation patterns 
formed within three diagenetic stages. The eogenetic stage was influenced by surface processes related to 
the depositional environment along with basin-scale fluid flow from the Sevier orogeny. The mesogenet-
ic stage followed by additional remobilization of iron during shallow to moderate burial. A late phase of 
telogenetic fluid flow, likely of meteoric infiltration origin, resulted in intense localized alteration along 
the Miocene-aged Baseline fault with latest-stage carbonate mineralization occurring along joints and as 
pendant cements.
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INTRODUCTION

Continental siliciclastic deposits provide opportu-
nities to examine diagenetic attributes indicative of past 
fluid flow episodes and determine controls on parage-
netic evolution, including their relation to sedimentary 

textures, fabrics, and structural features. To unravel such 
complex diagenetic tales, the integration of data sets 
across spatial scales is often required. Traditional field 
methods provide a ‘ground-truth’ view of the rocks, al-
though they can be time consuming and inadequate to 
objectively document diagenetic patterns due to inac-
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cessibility or ruggedness of the field area. Conversely, 
remote sensing methods, such as multispectral and hy-
perspectral imaging, are very useful for objectively map-
ping diagenetic mineral patterns but are limited by sur-
face rock exposure and input data constraints, among 
others. Laboratory analyses, while very powerful, also 
require full contextual information to be of most use. 
This study focuses on the distribution and relations of 
diagenetic attributes of the Cretaceous (Albian-Ceno-
manian) Baseline Sandstone (a well-exposed foreland 
basin deposit in southeastern Nevada), through the 
integration of traditional field methods with remote 
sensing data and laboratory analyses, to bridge the gaps 
in scale and uncertainties to decipher the formation’s 
complex diagenetic history.  This integrated research at-
tempts to answer the following questions: 

1.	 What diagenetic mineral products are preserved 
in the Baseline Sandstone and how are those 
products distributed spatially and stratigraphi-
cally?

2.	 To what extent did structural features and strati-
graphic architecture, along with the distribution 
of deposited lithologies/textural heterogeneities, 
influence fluid flow and diagenetic evolution?

3.	 What eogenetic, mesogenetic, and telogenetic 
stages are represented by the diagenetic prod-
ucts, and how can that paragenetic framework 
inform the timing and drivers of basin-scale flu-
id flow processes?

The large variety of diagenetic mineral products ob-
served within the Baseline Sandstone presents an op-
portunity to explore controls on diagenesis, and how 
the diagenetic evolution relates to the regional deposi-
tional and structural history.  

FIELD AREA AND GEOLOGIC SETTING
The Baseline Sandstone is exposed in southern Ne-

vada, U.S.A., about 70 km northeast of Las Vegas, Neva-
da, adjacent to and within Valley of Fire State Park and 
near the Overton Arm of Lake Mead (Figure 1A). Re-
gionally, the stratigraphy of the field area relates to the 

long evolution of the western margin of North America 
from breakup of Rodinia (Li et al., 2008), through pas-
sive continental margin sedimentation of the miogeo-
cline (Crafford, 2008), to exotic terrane accretion and 
formation of multiple fold and thrust belts and resultant 
foreland basins (Crafford, 2007, 2008), to sedimentation 
contemporaneous with large-magnitude extension in 
the Basin and Range Province (Bohannon, 1984; Lamb 
et al., 2018).  Locally, Upper Paleozoic to Mesozoic sed-
imentary rocks present in the autochthonous Sevier 
orogenic thrust sheets (Bohannon, 1992) were weath-
ered and eroded during uplift and unroofing (Aschoff 
and Schmitt, 2008; McNamara, 2010). These sedimen-
tary units include Upper Paleozoic carbonate to clastic 
units (Pennsylvanian Bird Spring Formation, Permian 
Pakoon Limestone, Permian red beds, and Permian 
Kaibab/Toroweap Formations) and Triassic to Lower 
Jurassic tidal, fluvial, to eolian clastic units (Moenko-
pi, Chinle, Moenave/Kayenta, and Aztec Formations; 
see stratigraphic column on Figure 1B; Bohannon, 
1992; Beard et al., 2007; Muntean, 2013). Cretaceous 
units comprise the foreland basin sediments deposited 
concomitant with Sevier thrusting (including the Wil-
low Tank Formation and Baseline Sandstone) and are 
capped along an unconformity by pre- and syn-exten-
sional deposits of the Upper Oligocene-Lower Miocene 
Rainbow Gardens Member of the Horse Spring For-
mation and younger deposits (Bohannon, 1983, 1984; 
Lamb et al., 2018). 

The Baseline Sandstone is a about 1-km-thick allu-
vial and fluvial fan to fluvial siliciclastic unit that was 
deposited along the easternmost edge of the Sevier fold 
and thrust belt contemporaneous with active thrusting 
along the Muddy Mountains and Summit-Willow Tank 
thrusts (Longwell, 1949; Bohannon, 1983; Carpenter, 
1989; Aschoff and Schmitt, 2008; McNamara, 2010). 
Locally, the Baseline Sandstone is composed of three 
informal members and one formal member. They are, 
in ascending stratigraphic order, the basal conglom-
erate, the white sandstone, and the coeval/interfinger-
ing red sandstone members, and the capping Overton 
Conglomerate Member (Bohannon, 1983; Beard et al., 
2007).The basal conglomerate is not present in the field 
area, and the Overton Conglomerate occurs only in 
the north side of the field area, therefore only the white 
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Figure 1. Regional and geological context of the Baseline Sandstone. (A) Satellite image with major structural features sur-
rounding Las Vegas, Nevada. Thrusts: WPT = Wheeler Pass thrust, LCT = Lee Canyon thrust, DCT = Deer Creek thrust, KT 
= Keystone thrust, BST = Bird Springs thrust, GPT = Gass Peak thrust, VT = Valley thrust and Valley anticline, DLT = Dry 
Lake thrust, MMT = Muddy Mountain thrust, WTT = Willow Tank thrust, LVVSZ = Las Vegas Valley Shear Zone, LMFS = 
Lake Mead fault system (data from Bohannon, 1992; Page et al., 2005; Aschoff and Schmitt, 2008; Felger and Beard, 2010); 
VofF = Valley of Fire State Park approximate area. Background image from Landsat 8 Scene LC08_L1TP_039035_2017052
6_20170615_01_T1_B3, courtesy of the U.S. Geological Survey. (B) Composite NAIP image of the field area and Valley of 
Fire State Park area, with the sample locations of powders subject to laboratory analyses and simplified regional stratigraphic 
column with data from Bohannon (1983, 1984), Bohannon et al. (1993), Beard et al. (2007), Dickinson et al. (2014), Lamb et 
al. (2015); abbreviations are same as in symbol key at top. (C) Simplified geologic map of the field area showing the locations 
of diagenetic pattern focus areas and key outcrops examined for this study, D = downdropped and U = upthrown blocks of 
the Baseline fault (data from Bohannon, 1983, 1992; Beard et al., 2007; Muntean, 2013).
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sandstone and red sandstone members were encoun-
tered in the focus areas A, B, and C within the field area 
(red dotted boxes in Figures 1B and 1C).

The Baseline Sandstone was deposited in the fore-
deep then wedge-top depozones (Bohannon, 1983; 
Roddaz et al., 2010; DeCelles, 2012) as the fold and 
thrust belt migrated eastward. The Willow Tank Forma-
tion lies unconformably atop the Jurassic Aztec Sand-
stone, a thick eolianite unit that is thought to be roughly 
correlative to the Navajo and Nugget Sandstones that 
extend eastward through Utah and into eastern Idaho/
western Wyoming (Fillmore, 2011). The striking color-
ation changes of the Aztec, and which give the Valley of 
Fire its characteristic multi-colored hues, were formed 
by basinal fluid flow contemporaneous with, and caus-
ally related to, thrust activity and thickening of the fold 
and thrust belt (Eichhubl et al., 2004).  

Deposition of the Baseline Sandstone ceased about 
90 Ma (Carpenter, 1989) and the area remained either 
a zone of sediment bypass, or non-deposition until the 
early Neogene Period (Eichhubl et al., 2004). Regional-
ly, Laramide orogenic activity folded and tilted the de-
posits in the area during the formation of the Kingman 
arch in the Tertiary (Lamb et al., 2015). The deposits of 
the Baseline in the field area may have been affected by 
this deformation, as evidenced by the change of strike 
of the formation toward the southeast, but large uncer-
tainties remain. Basin and Range extensional tectonics 
initiated about 18 to 15 Ma (Wernicke et al., 1988; Lamb 
et al., 2015) and resulted in further tilting/rotation of 
the foreland basin deposits along north-south-trending 
normal faults. These normal faults provided additional 
conduits for fluid flow, and in some cases resulted in 
solution collapse and dissolution of carbonate rocks 
such as in the nearby Mormon Mountains and Tule 
Springs Hills (Diehl et al., 2010). 

METHODS
The scale of the field area, the about 1 km strati-

graphic thickness of the Baseline Sandstone, and a wide 
diversity in observed diagenetic mineral products, ne-
cessitated a multi-scale and multi-method approach. 
A combination of field-, remote sensing-, and labora-
tory-based analyses were used to document the range 

in diagenetic product types and morphology, their 
geochemical attributes, overall distribution, and any 
crosscutting relations with structural and stratigraphic 
features. Generalized descriptions of methods are pro-
vided below, and additional details are provided in the 
Appendix. 

In situ field characterization of diagenetic mineral 
products involved categorization and characterization 
of diagenetic mineral types, morphologies, and geom-
etries. Characterization was focused in three areas, A, 
B, and C of Figure 1C, that each are roughly about 0.5 
to 1 km by about 1.5 to 2.5 km in width/length. The 
stratigraphic distribution of diagenetic minerals was 
described and interpreted from formation- to bed-
scales along stratigraphic transects in two focus areas 
(A and B of Figure 1C). Diagenetic mineral distribution 
was explored in association with Miocene normal faults 
in focus area C (Figure 1C). A portable reflectance 
spectrometer was used to measure reflectance spectra 
of samples throughout the field area in the 350 to 2500 
nm wavelength range to determine diagenetic miner-
alogy, principally to differentiate the iron oxide phases 
and identify clay minerals present, and further inform 
their stratigraphic and spatial distribution. Each spec-
troscopic measurement included location, lithofacies 
context, diagenetic coloration or cementation context, 
and photographs. 	

A Landsat 8 OLI/TIRS multispectral scene was pro-
cessed in ENVI and ArcGIS to visualize the diagenetic, 
mineral occurrence more objectively, and stratigraphic 
distribution through surface reflectance mapping (Sabins, 
1999; Knepper, 2010; Pour and Hashim, 2015; Ducart et 
al., 2016). Band ratios were calculated and thresholded 
using ENVI to map the distribution of specific diagenet-
ic mineralogy and identify the band ratios most useful 
for image compositing. We used the ratios 4/2 (red/blue), 
5/6 (near infrared/short-wave infrared 1), and 6/7 (short-
wave infrared 1/short-wave infrared 2) for subsequent 
compositing and classification (see Appendix, Table A2; 
see Roy et al. [2014] for Landsat band designations). 
Band ratio composite images were first masked for pixels 
containing vegetation, water, or shadows, then classified 
in ArcMap. Classification was done using a supervised 
classification based on nine principal training classes and 
unsupervised classification with twelve classes.
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We used six laboratory methods to further analyze 
representative field samples. First, transmitted- and re-
flected-light thin section petrography (general observa-
tions for 104 thin sections, detailed characterization of 
9 thin sections) to characterize grain/pore-scale attri-
butes of framework grains, authigenic grain coats and 
cements, and micro-crosscutting relations and geom-
etries. Second, reflectance spectroscopy on fresh and 
weathered rock surfaces allowed the identification of 
iron oxide, carbonate, and clay minerals (for a total of 
787 spectral profiles between field and laboratory sam-
ples). Third, scanning electron microscope (SEM) im-
aging of 21 samples for characterization of micron-scale 
mineralogical attributes. Fourth, we examined 23 
ground/powdered samples with x-ray fluorescence 
(XRF) analysis, 20 of which were analyzed using induc-
tively coupled plasma mass spectrometry (ICP-MS), all 
to explore bulk chemical attributes focusing on redox 
sensitive elements. Fifth, we identified clay minerals 
and clay-sized minerals using x-ray diffraction (XRD) 
in 11 of the powdered samples. Sixth, we analyzed five 
iron oxide-cemented samples for (U-Th)/He ratios to 
provide absolute age-dating of the iron oxide cements. 
Detailed sample preparation steps and instrument set-
tings are provided in the Appendix.

RESULTS AND INTERPRETATION

Diagenetic Features
Diagenetic mineral products can be grouped in two 

principal diagenetic feature categories: coloration facies 
and cementation facies (Figure 2). These are recognized 
by their general color (which relates to principal miner-
alogy), geometry, and relations to primary depositional 
structures and textures. The coloration facies (Appen-
dix, Table A1) are differentiated based on variation in 
overall color hue (e.g., red, yellow), expression (e.g., sol-
id, concentrated, variegated, diffuse, pastel), and inten-
sity (e.g., light to deep). This coloration categorization is 
based upon the Munsell color system (which uses hue, 
value, and chroma; see Deaton, 1987) but modified to 
capture the range of coloration facies observed in the 
field. Cementation facies (Appendix, Tables A2 through 
A4) form well-indurated sandstone and are further sub-

divided into ironstone horizon types (if laterally con-
tinuous and bedding-parallel), and concretionary types 
(if discrete mineral masses that crosscut depositional 
textures). Concretionary types occur in three principal 
mineralogical groups: iron oxides, carbonate, and sili-
ca. Both coloration and cementation facies are essen-
tially on a spectrum of diagenetic mineral concentra-
tion, with no clear, definable boundary between them. 
Therefore, whether there was sufficient concentration of 
the diagenetic mineral to produce differential erosion 
was used as a rule in the field to differentiate between 
the two facies. Key attributes of the diagenetic facies are 
summarized below and in Tables 1 through 4, with ad-
ditional detail available in the Appendix. 

Coloration Facies

Coloration facies range in generalized hues from 
stark white, white/tan/gray, yellow/yellow-brown to 
brown, red, and purple, with expression varying due 
to iron oxide mineral concentration as solid, pastel/
diffuse, or variegated/concentrated (Figures 3 through 
5; see Munsell color codes in Appendix, Table A1). 
These facies occur on the order of decimeters to hun-
dreds of meters vertically and laterally, depending on 
stratigraphic context (i.e., member, depositional envi-
ronment, sedimentary heterogeneities) and proximity 
to structures. Coloration intensity typically changes 
most dramatically near the upper surfaces of beds (e.g., 
Figure 3B). In general, the coloration facies range from 
white (bleached) corresponding with very little iron ox-
ide of about 0.05 weight percent (wt%), to deeper hues 
of reds reflecting more diagenetic iron oxide cement of 
about 0.5 wt%, with purple sandstone containing up to 
about 3.5 wt% based on ICP-MS results.

Reflectance spectroscopy, SEM, and thin section 
petrography reveal mineralogical attributes that deter-
mine coloration hue and intensity, as follows. The col-
oration of the yellow to yellow brown/brown facies is 
related to the presence of grain-coating platy goethite 
crystals up to about 1 μm across, with more intense col-
oration exhibiting isopachous grain coating goethite. 
Red coloration contains platy (up to about 1 μm across) 
to possibly rhombohedral (up to about 10 μm across) 
grain-coating to pore-filling hematite crystals. The 
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intensity of red coloration again relates to the overall 
concentration of the mineral, typically up to about 0.5 
wt%, with more intense coloration exhibiting a greater 
concentration of grain-coating hematite. Purple hues, 
including dusky gray to dark-gray purple hues, con-
tain hematite that occurs as spherules about 5 μm in 
diameter. The coloration intensity is again determined 
by overall concentration, with the deepest colors con-
taining the greatest concentration of the spheroids (up 
to about 3.5 wt% of the rock).

Cementation Facies 

Ironstone horizon types are those cementation 
facies that are parallel to and occur along bedding or 
bounding surfaces (Figure 6 and Appendix, Table 2). 
Generally, horizons extend laterally on the meter- to 
decameter-scale with thicknesses up to about 10 cm. 
Based on typical thickness, the ironstone horizons are 
divided into ‘thick’ (greater than 5 cm) and ‘thin’ (less 
than 5 cm) forms. These forms are further subdivided 
based on their textural characteristics and macroscale 
structures into five sub-forms. The thick forms comprise 
the massive, massive-digitate, and massive-concentric 
sub-forms, and the thin forms comprise the iron oxide 

layer and burrowed sub-forms. Ironstone horizons are 
typically associated with intense coloration hues, most 
commonly dark yellow-brown, dark red, and purple 
hues. Reflectance spectra and thin section petrography 
indicate that the horizons typically consist of a mix of 
pore-filling hematite and goethite with iron oxide crys-
tal size and morphology similar to those of the color-
ation facies. The iron oxide layer sub-form consists of a 
massive/structureless layer up to about 2 to 3 cm thick, 
composed almost entirely of hematite spherules (simi-
lar in size, morphology, and composition to the purple 
coloration facies) mixed with very few (less than 5%) 
sand grains.

Iron oxide concretionary forms are the most com-
mon cementation facies type throughout the field 
area. The range in morphology/texture includes the 
spherical/spheroidal, rod-like, pipe/pod, irregular, and 
iron-replaced fossil wood sub-forms (Figure 7 and Ta-
ble 3). Concretions vary in size from mm- to dm- scale 
(generally less than 20 cm, Figures 7A through 7C), 
but exceptional spherical concretions from the mid-
dle red sandstone member range up to about 1 m in 
diameter (Figure 7D), and irregular concretions range 
up to about 2 m in length (Figure 7H). Iron oxide con-
cretions generally exhibit dark brown-dark purple and 

Figure 2. Diagenetic feature categorization 
schema used to organize the wide variety of 
observed diagenetic attributes of the Baseline 
Sandstone.
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red-brown to red coloration on fresh (broken) internal 
rock faces. Reflectance spectra, thin section petrogra-
phy, and SEM results show that these colors are related 
to the dominant mineralogy of the concretion (see Fig-
ures 8A through 8E). Iron oxides consist of mixtures of 
pore-filling platy hematite and acicular to platy goethite 
(ferrihydrite) to hematite dominant. In most cases, the 
pore-filling iron oxides appear to support a wide grain 
spacing, indicating their formation occurred early after 
deposition, prior to compaction.  

Some iron oxide concretions from the white sand-
stone member preserve fossil wood grain texture or 
replace woody materials, possibly of unknown coni-
fer(?) or deciduous(?) trees (Mustoe, 2018; Figures 9A 

and 9B). Other small spherical/spheroidal concretions 
contain mineralized fossil wood fragments at their core 
and are surrounded by concentric layering with pyrite 
in the center and a mixture of hematite and goethite in 
the outer layer with a thin layer of jarosite in between 
(Figure 9C).  

Carbonate concretionary forms occur in various siz-
es and morphologies. They typically only occur in the 
upper parts of the red sandstone member, or the Aztec 
Sandstone in the footwall of the Baseline fault (Table 4). 
The morphology ranges from irregular/elongate sub-
forms that are up to about 30 m in length and 2 to 3 
m across found in the lower red sandstone in diagenetic 
focus area A (Figure 10A), pipe-like (Figure 10B), clus-

Table 1. Coloration facies attributes.
Hue Munsell 

Color 
Code(s)

Preferred 
Hue 

Associations

FeO Mineralogy (phase, 
crystal size, relative amount)a

Clay 
Mineralsb

Key Relative 
Bulk Elemental 

Abundancesc

Stark White N9 n/a Not present Interlayered 
illite/smectite, 
kaolinite

Generally lower 
abundances than 
other samples

White/Tan/
Gray

N9, N8, 5YR8/1, 
10YR8/2, 10R8/2

All other hues Not present Illite, kaolinite Generally lower 
abundances than 
other samples

Yellow 2.5Y(7 to 8)/
(4 to 8), 5Y6/4, 
10YR(5 to 8)/(4 
to 8)

White/tan/gray, 
yellow-brown/
brown, purple

Acicular to platy goethite, up to 1 
μm, low to moderate concentration 
as grain coats

Illite, kaolinite Depleted in Mg, Mn, 
Fe, relative to red 
coloration

Yellow-Brown/
Brown

5YR2/2, 5YR3/(3 
to 4), 5YR4/(4 to 
6), 10YR(4 to 6)/
(4 to 8)

White/tan/gray, 
yellow, purple

Acicular to platy goethite, up to 1 
μm, moderate concentration as iso-
pachous grain coats ~3 μm thick

Illite, kaolinite Depleted in Mg, Mn, 
Fe, relative to red 
coloration

Red 5R(3 to 6)/(4 
to 6), 10R(5 
to 6)/(4 to 6), 
10R4/6, 5YR6/4, 
10YR7/4

White/tan/gray, 
purple

Platy hematite, up to 1 μm, low to 
moderate concentration as grain 
coats

Illite, kaolinite; 
rare smectite

Enriched in Mn, Fe 
relative to yellow 
coloration

Purple 5P(6 to 2)/2, 
5R(2.5 to 5)/(2 to 
4), 10R3/4

All other hues Hematite spherules, ~5 μm max 
diameter, low concentration in 
purple-gray to high concentration in 
dark purple

Illite, kaolinite; 
rare chlorite 
and alunite

Greatest abundance 
of Fe (up to ~3.5 
wt%) of coloration

aMethod: Thin section petrography, SEM, VNIR spectroscopy
bMethod: Clay-fraction XRD, SEM, VNIR spectroscopy
cMethod: ICP-MS, XRF
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ters of spherical/spheroidal masses (individually up to 
about 5 cm in diameter) that commonly exhibit inter-
nal concentric brown coloration banding (Figure 10C) 
or, in the case of Aztec examples, occur as compound 
conjoined groupings of two to four spheres with small-
er spheres (less than about 1 cm in diameter) superim-
posed on their outer surface (Figure 10D), spheroidal to 
oblate sub-forms up to about 30 cm in diameter (Figure 
10E), and septarian nodules up to about 20 cm in di-
ameter (Figure 10F). Carbonate concretions commonly 
exhibit solid medium to light red coloration, with some 
pipe-like examples containing a red exterior with a red-
dish-yellow interior. Silica concretionary forms occur 
as silica-replaced/cemented plant fragments, tentative-
ly identified as false-trunk pieces of the tree-like fern 
Tempskya(?) (Tidwell and Hebbert, 1992), and bed-par-
allel nodules about 10 to 20 cm thick and up to about 2 m 
in lateral extent composed of silica-cemented sandstone. 

Analyses of representative powdered samples (ICP-
MS, XRF, and XRD; see Table A4) reveal distinct or 
overlapping patterns in bulk chemical and mineralog-
ical attributes of cementation, coloration, and Baseline 
fault transects (BFT) sample groups. Samples exhibit 
the most significant enrichment of redox-sensitive el-
ements in cementation facies and intense coloration 
facies (Table 5), with relative enrichment dependent 
on overall mineralogy and group to which the sample 
belongs (Figure 11). When U/Th, V/Cr, and Fe/Mn are 
plotted, the three sample groups plot in consistent re-
gions within the plot area, with overlap between color-
ation/BFT and coloration/cementation but no overlap 
between BFT/cementation (Figures 11A through 11C), 
even when normalized to the iron abundance to ac-
count for concentration effects (Figures 11D through 
11F). This likely suggests differing composition of the 
fluids responsible for formation of the stratigraphy-re-

Table 2. Ironstone horizon attributes.
Type Field Attributes FeO Mineralogy (phase, 

crystal size, relative 
amount)a

Clay 
MineralsbLateral Extent Thickness Key Structures

Thick Form
Massive ~75 m, possibly 

up to ~250 m
Up to ~10 cm Structureless internal 

textures
Mixed hematite + goethite, 
large amount, occludes pore 
spaces

Kaolinite

Massive-Concentric Up to ~25 m Up to ~5-15 cm Concentric interal 
texture

Goethite(?) No data

Massive-Digitate Up to ~5 m Up to ~10 cm Upward oriented dig-
itate structures on top 
surface, ~1-5 cm tall

Pore-filling goethite in digi-
tate structure, narrow bands 
of hematite in horizon

Kaolinite

Thin Form
Iron Oxide Layer Up to ~20 m Iron oxide 

layer up to ~3 
cm, dark color 
below layer 
typically 1-5 
cm

Progressively darker 
red/purple coloration 
and cementation 
towards layer, capped 
by distinct layer of iron 
oxide with no sand 
content

Hematite spherules, ~5 μm 
diameter, makes up nearly 
the entire volume of the layer

Kaolinite

Burrowed Up to ~20-25 m Up to ~3-5 cm Iron-cemented hor-
izontal, single-shaft, 
straight to low sinuosi-
ty burrows with simple 
fill

Platy hematite (possible 
mixture with goethite)

Vermiform 
kaolinite

aMethod: Thin section petrography, SEM, VNIR spectroscopy
bMethod: SEM, VNIR spectroscopy
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lated cementation facies versus the fault-related cemen-
tation facies. XRD shows that the most common clay 
minerals are kaolinite and illite (Table 6), with chlorite 
and alunite present in stratigraphically lowest samples 
(PS-9) or smectite in the uppermost red sandstone 
member (PS-14). 

Diagenetic Mineral Distribution
The distribution of coloration and cementation fa-

cies throughout the Baseline Sandstone is not random 
and the bulk of the patterns are parallel to stratigraphy, 

particularly contributing to the namesake coloration of 
the white sandstone and red sandstone members. Strati-
graphic patterns show preferential relations of diagenet-
ic mineral combinations and primary textures imparted 
from the original depositional environment. Coloration 
and cementation facies distributed stratigraphically 
through the hanging wall block of the Baseline fault 
near Tearfault Mesa (diagenetic focus area A of Figures 
1B and 1C) are similar in categories observed, but dis-
tinctly different, than those in the footwall block of the 
Baseline fault near Florence mine (diagenetic focus area 

Table 3. Iron oxide concretion attributes.
Type Field Attributes FeO Mineralogy (phase, 

crystal size, relative amount)b
Clay 

MineralscMorphology and Texture Sizea

Spherical/ 
Spheroidal

Spherical - approximately equal 
x-, y-, z-axis lengths; spheroidal 
- one axis longer than the other 
two, typically parallel to bed-
ding; surface textures variable 
from smooth to knobbly 

Commonly less than ~20 
cm diameter, limited exam-
ples up to ~1 m diameter 
(spherical) and 2 m max 
axis length (spheroidal)

Mixture of pore-filling platy hema-
tite and goethite (rare rhombohe-
dral(?)), hematite most common 
with goethite dominant in concre-
tions associate with wood fragments

Kaolinite, 
Illite

Iron-Replaced 
Wood

Exhibits woody surface texture 
and morphology of wood 
fragments; irregular where 
FeO extends into surrounding 
sandstone

Variable: 2-3 cm up to ~30 
cm length, wood fragments 
up to ~5-10 cm width, 
growth into surrounding 
sandstone ~5 cm

Primarily acicular goethite (0.5-1 
μm length, 0.05-0.1 μm width), 
pyrite-replaced in some spheroidal 
masses that is oxidized to hematite/
goethite (with other oxyhydroxides?) 
with intermediate jarosite(?), minor/
rare rhombohedral hematite(?)

No data

Rod Like Cylindrical (circular to slightly 
oval in cross section), straight 
to slightly tapered, smooth-sid-
ed, occasional bulbous external 
growths

Broken lengths typically 
~10-20 cm, diameters up to 
2-3 cm

Goethite, with other oxyhydroxides Illite

Pipe/Pod Spheroidal to elongate/pipe-
like shell that surrounds poorly 
cemented interior; digitate 
structures on interior surface 
oriented radially inward

Typically ~10 to ~20 cm 
long-axis length

Mixed oxyhydroxides, goethite, thin 
concentric layers of hematite; digi-
tate structures primarilly goethite

Kaolinite(?), 
Illite(?)

Irregular Irregular, nodular, all axes of 
unequal lengths; smooth sur-
faces typical

Highly variable: cm-scale 
where multiple smaller con-
cretions have merged, up to 
~2 m length for individual 
irregular nodules 

Mixed oxyhydroxides(?) and 
goethite(?)

No data

aSize range/generalized scale of concretion size, not specific measurements
bMethod: Thin section petrography, SEM, VNIR spectroscopy
cMethod: Clay-fraction XRD, SEM, VNIR spectroscopy
dMethod: ICP-MS, XRF
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B of Figure 1C). Diagenetic mineral distribution seems 
to depart from stratigraphic control along the trace of the 
Baseline fault in the middle to southern part of the field 
area, where distribution is in close relation to the fault 
trace (diagenetic focus area C of Figures 1B and 1C). 

Stratigraphic Distribution 

Diagenetic mineral product distribution in focus 
area A (Figure 1C) along a stratigraphic transect from 

the base of the white sandstone member to the lower-
most red sandstone member (including attributes ob-
served laterally from the transect) shows a close relation 
to the lithologies and depositional environment record-
ed in each member (Figure 12). The stratigraphic attri-
butes of this focus area were only generally described, 
but overall lithologies and depositional environments 
are consistent with nearby measured sections of Aschoff 
and Schmitt (2008). In general, the finer-grained inter-

Table 4. Non-iron oxide concretion attributes.
Type               Field Attributes Mineralogy 

(phase, crystal 
size, relative 

amount)b

Clay 
MineralscMorphology and Texture Sizea

Carbonate
Irregular/Pil-
low-Like/Elongate

Elongate (high length to diameter ratio), 
lenticular; internal structure typically 
contains amlgamated masses of spherical 
carbonate concretions

Up to ~10-20 m length, 2-3 
m across

Calcite(?) Kaolinite, 
illite

Pipe-Like Elongate, pipe-like of uniform cross-sec-
tional dimension; massive/structureless 
internal texture

Up to ~20-30 cm across, 
unknown length

Calcite(?), hematite 
grain coats around 
pipe wall, goethite 
grain coats in interior

Illite

Spherical/ Sphe-
roidal Cluster 
Mass

Amalgamated mass of spherical/spheroidal 
(x-, y-, z-axes or equal length or one axis of 
unequal length); masses typically parallel 
bedding

Individual concretions 
~3-5 cm in diameter, mass-
es up to ~2-3 m thick and 
laterally continuous for up 
to ~5 m

Calcite(?) Kaolinite(?), 
illite(?)

Spheroidal to 
Oblate

Individual mass with one axis of unequal 
length to the other two (x-, y-, z-axes)

Up to ~50 cm in diameter/
longest dimension

Calcite No data

Septarian Nodules Oblate spheroid along one axis (typically 
parallel to bedding); polygonal ridges ~1 
cm tall on outside surface; mineral-filled 
cracking to massive/structureless interior

Up to ~20-30 cm in longest 
dimension, up to ~15-20 in 
shortest dimension

Calcite(?) No data

Silica
Silica-Replaced 
Plant Fragments 
with Overgrowths

Silica-replaced fragments in float occur as 
pieces of various shapes, but largely paral-
lel curvature/texture  of false-trunk of the 
original plant; in situ irregular to nodular 
with long axis parallel to bedding

Plant fragments in float up 
to ~1-2 m in length, ~10 
cm across; in situ nodules 
~10-20 cm thick, ~1-2 m 
lateral extent

Quartz(?) Illite

aSize range/generalized scale of concretion size, not specific measurements
bMethod: Thin section petrography, SEM, VNIR spectroscopy
cMethod: Clay-fraction XRD, SEM, VNIR spectroscopy
dMethod: ICP-MS, XRF
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vals likely represent sheetflood-dominated alluvial fan 
deposits, and the coarser-grained parts that contain 
abundant conglomerate and cobble to boulder conglom-
erate likely represent debris flow-dominated alluvial fan 
deposits (Aschoff and Schmitt 2008; McNamara, 2010). 

The white sandstone member in focus area A (Fig-
ure 12) is predominantly white to tan in color with mul-
tiple overprinting hues. Distinct patterns in coloration 
observed through the stratigraphic section define four 
distinct stratigraphic intervals of note. The lowermost 
few tens of meters, as well as the interval from about 175 
m through to the top of the white sandstone member, 

are characterized by the predominant co-occurrence of 
red and yellow hues superimposed on white coloration. 
Coloration patterns are more complex from about 30 m 
above base to about 100 m above base. Red, yellow, and 
purple hues occur in this interval superimposed on the 
white coloration. Commonly, red and yellow coloration 
are not directly adjacent to one another except through 
an intermediate of purple or white coloration. This in-
terval coincides with an overall finer-grained lithology 
that appears to be part of a sheetflood-dominated allu-
vial fan depositional environment. The coarser-grained 
interval between about 100 to 175 m stratigraphic 

Figure 3. Coloration facies of the 
white sandstone member (Kbw): 
(A) Most common is white to 
tan coloration. (B) Red to brick-
red coloration. (C) Stark white 
siltstone/sandstone grades up-
ward through purple coloration 
to capping brick red cementation 
horizons. (D) Dark yellow/yel-
low-brown sandstone and purple 
coloration. (E) Outcrop panora-
ma from a location about 200 m 
south-southwest of key outcrop 1 
showing the range in coloration 
of the white sandstone member 
and its typical diffuse expressions 
(scale bar indicates stratigraphic 
thicknesses of lowest beds).



64

Structural and Stratigraphic Controls on the Diagenetic Evolution of the Cretaceous Baseline Sandstone, Southern Nevada, U.S.A.
Casey J. Duncan and Marjorie A. Chan

Geology of the Intermountain West 2026 Volume 13

height exhibits much less variability in hue, instead ex-
hibiting either white or red coloration. The coloration 
at the white–red sandstone boundary changes to a pre-
dominant medium red coloration.

Cementation facies occur in similar zonation to the 
coloration facies and overall seem to be more abun-
dant where the member is finer-grained as part of the 
sheetflood-dominated alluvial fan (Figure 12). Concre-
tion forms vary in morphology and size along with a 
variety of ironstone horizon types throughout the low-
ermost 100 m of the white sandstone member. Where 
the formation is coarser-grained and red coloration is 
more prevalent about 100 to 175 m above base, there 

is a dearth of cementation facies, but with a transition 
to finer-grained sediments irregular and iron-replaced 
fossil wood with overgrowths, and the reoccurrence 
of concretionary forms. Southeast about 2 km later-
ally along strike from the stratigraphic transect, small 
(less than 1 cm in diameter) spherical concretions and 
iron-replaced fossil wood fragments/spheroidal concre-
tions, with wood fragments at their center, occur at the 
about the 350 to 400 m stratigraphic interval, but only 
minor amounts occur along the transect at diagenetic 
pattern focus area A (they are more common southward 
approaching the Baseline fault). The dominant concre-
tionary mineralogy changes from iron oxide throughout 

Figure 4. Coloration facies of the lower 
red sandstone member (Kbr). (A) Red 
and purple coloration, with increased 
concentration at cross-stratification sur-
faces. (B) Range of red and purple to 
white/tan coloration characteristic of the 
member (Jacob’s staff near image cen-
ter 1.5 m tall with each red/white bar = 
25 cm). (C) Purple coloration patterns 
found along soft-sediment deformation 
surfaces. (D) Intensely concentrated red 
and purple coloration. (E) Perspective 
view of the lower red sandstone member 
in the study area (about 75 m of section), 
showing the range of colors and general 
bedding-parallel concentration of colors.
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the white sandstone member to carbonate in the upper-
most white sandstone and the lowermost red sandstone 
members. Digitate surface ironstone horizons coincide 
with this switch in dominant mineralogy. 

Diagenetic mineral product distribution in focus 
area B (Figure 1C), documented along the continuous 
stratigraphic section through the entirety of the Base-
line Sandstone (Figures 13 and 14) also reveal associa-
tions between diagenetic mineralogy and depositional 
environment. The white sandstone member is predom-
inantly white in color with a mix of other hues exhibit-
ing a diffuse and pastel (less concentrated) expression 
similar those exposed in diagenetic pattern focus area 
A (Figure 12). The lower-most white sandstone mem-
ber shows greater color variability (including red, yel-
low, purple, and white hues), with a transition to few-
er hues throughout the middle part. The uppermost 

white sandstone exhibits a gradational change up sec-
tion from white coloration to predominantly yellow/
yellow-brown coloration. Overall, the lower-most red 
sandstone member is red in color with other colors 
(purple, yellow, and white hues) that occur in a much 
more variegated and concentrated expression than in 
the white sandstone member. Intense color variability 
extends through the lower red sandstone member un-
til about 750 m above the base, corresponding to the 
transition from a fluvial fan to the finer-grained fluvial 
plain-dominated part of the section. The upper half of 
the red sandstone is predominately solid red-colored 
with minor color variation of yellow and white in a 
diffuse/pastel expression. The lenticular conglomeratic 
bodies exhibit a brown to yellow-brown coloration. 

Concretionary forms occur throughout the Base-
line Sandstone, but iron oxide concretion forms are 

Figure 5. Coloration facies of the 
upper red sandstone member (Kbr). 
(A) Predominately solid brick red 
characteristic of the upper part of 
the member. (B) White to light red 
coloration of the uppermost part of 
the member (about 3 m below the 
contact with the Rainbow Gardens 
Member of the Horse Spring Forma-
tion). (C) Range of coloration vari-
ability expressed in the upper red  
sandstone member (1.5-m Jacob’s 
staff at right). (D) Brown-colored 
conglomeratic lens. (E) Panorama of 
the uppermost red sandstone mem-
ber (Kbr) and contact with the over-
lying Rainbow Gardens Member 
(Thr, prominent cliff band at ridge 
top), showing brown coloration of 
the conglomeratic lenses (white ar-
rows) and red siltstone/sandstone 
of the surrounding floodplain sedi-
ments.
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Figure 6. Examples of ironstone horizon types of the cementation facies, with photographs of examples (left column), ideal-
ized schematic showing distribution of iron oxide minerals in relation to the alluvial-fluvial sandstone matrix (center), and 
general description (right column).
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Figure 7. Examples of iron oxide concretionary forms of the cementation facies. (A) Small spherical concretions. (B) Spheroi-
dal to irregular iron oxide masses that commonly contain wood fragments. (C) Spheroidal concretions that exhibit a rinded 
morphology and loosely cemented stark white center. (D) Large spherical concretion. (E) Cylindrical forms likely of rhizo-
cretion or iron-replaced burrow origin. (F) Pod-like form with digitate structures oriented radially towards the center and 
concentric Liesegang banding. (G) Small irregular masses and iron-replaced wood fragments. (H) Large irregular masses.
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Figure 8. SEM images of representative coloration (A through F) and cementation (G through L) facies. (A) Yellow/yel-
low-brown sandstone contains acicular to platy goethite crystals. (B through D) Red-colored sandstone commonly con-
tain platy or rhombohedral hematite. (E) Purple-colored sandstone contains hematite spherules of the pore-fill cement. 
(F) White-colored sandstone contains possible chlorite rims around a precursor(?) grain. (G) Hematite rosettes from metal 
oxides precipitated along the Baseline fault plane (Figures 15B and A4D). (H) Pore-filling iron oxides and kaolinite in a bur-
rowed ironstone horizon. (I) Hematite spherules that comprise the iron oxide layer ironstone horizon type. (J) Pore-filling 
carbonate cements and circumgranular cracking. (K) A wood fragment replaced by acicular hematite. (L) Euhedral quartz 
crystals that replaced a fragment of Tempskya(?).
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most abundant through the white sandstone member 
and lower half of the red sandstone member and car-
bonate concretion forms predominately occur in the 
upper red sandstone member. Concretions throughout 
the white sandstone occur most commonly as small 
(less than 5 cm in diameter) spheroidal forms, with 
some that contain fossil wood fragments, and iron ox-
ide-replaced fossil wood fragments. Pipe/pod-like iron 
oxide concretion forms occur in the uppermost about 

50 m of the white sandstone coincident with brown to 
yellow-brown coloration and digitate surface ironstone 
horizons. Irregular concretions are more common up 
section and iron oxide-replaced burrows and rhizocre-
tions, plus iron oxide-replaced fossil wood fragments 
are in the lower-middle red sandstone member. Coinci-
dent with the change in coloration to a primarily mono-
tone red at about 750 m above base is a distinct end to 
abundant iron oxide concretion occurrence. 

Figure 9. White sandstone member iron oxide concretionary forms that are associated with biological material and bur-
rowing. (A) Assorted concretions from the mid to upper white sandstone member: 1, 4, 5, 7 are concretions that have pre-
served wood material and wood grain textures by iron oxides having cementation continued into the surrounding sandstone 
matrix. Concretion 2 is a rod-shaped form that represents either a rhizocretion or iron-replaced burrow. Concretion 3 is a 
spherical/spheroidal form, and 6 is a spheroidal form with smaller spheroidal forms superimposed, forming a “knobbly” 
external texture. (B) Iron-replaced wood fragment with iron oxide cements extends slightly (about 1 to 2 cm) from the 
original wood surface into the surrounding sandstone matrix. (C) Spherical/spheroidal concretions that exhibit concentric 
zonation from core outward: poorly cemented sandstone (left) or dark gray pyrite-cemented sandstone (right), bright orange 
jarosite, bright red hematite, dark purple/gray is a mix of hematite and goethite, and their exterior is a thin (about 2 to 3 mm) 
reduced/bleached rim.
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Ironstone horizons are restricted to the white sand-
stone and lower red sandstone members, coinciding 
with the occurrence of concretionary forms and the 
prevalence of the multivariate coloration. The massive 
horizon sub-form is the most common, and known ex-
amples of the other horizon types occur at limited loca-
tions. The massive-concentric sub-form only occurs at 
a few locations in the lower white sandstone, commonly 
co-occurring with the massive and burrowed sub-forms. 
The lower white sandstone is the only known location 
of the iron oxide layer sub-form ironstone horizon type, 
the best examples of which are about 600 to 700 m lat-
erally southeastward at the same stratigraphic interval 
from their known occurrence along the stratigraphic 
section (Figure 13). Massive-digitate ironstone hori-
zons occur primarily along scour surfaces in the up-

permost white sandstone (about 500 m above the base) 
with an additional known occurrence in the middle red 
sandstone (about 725 m above the base). Carbonate 
concretions are restricted to the middle to upper red 
sandstone member along the stratigraphic section, and 
the only observed in situ example of silica concretions 
occurs at the white-red sandstone boundary.

Fault-Related Distribution 

Striking diagenetic patterns with multiple over-
printing patterns occur along the fault trace in focus 
area C (Figures 1B and 1C) where rocks adjacent to the 
fault trace exhibit significant color alteration and/or 
mineralization (Figure 15). In the hanging wall, rocks 
of the white sandstone member are intensely bleached 

Figure 10. Examples of carbonate (A through F) 
and silica (G through H) concretionary forms of 
the cementation facies. (A) Large (about 30 to 50 
m length, 2 to 3 m in diameter) elongate carbon-
ate forms. (B) Pipe-like form. (C and D) Clusters of 
spherical forms in the red sandstone member (C), 
and the Aztec Sandstone (D). (E) Spheroidal to ob-
late form. (F) Septarian nodules of the upper red 
sandstone member. (G) Silica-replaced tree trunk 
in float, exhibits textures similar to Tempskya(?). 
(H) Bedding-parallel, laterally restricted (about 3 m 
extent), silica-cemented mass with associated sili-
ca-replaced Tempskya(?).
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and exhibit striking coloration overprint patterns with-
in about 50 m of the fault trace. Rocks of the white 
sandstone adjacent to the fault trace exhibit coloration 

overprinting consisting of a light red base coloration 
with thin (up to about 5 mm) darker red to purple par-
allel color bands. In a few examples, red pinstriping is 

Table 5. Bulk ICP-MS results for key redox-sensitive elements, grouped by sample suite to which each sample belongs. Note 
the degree of error for each element varies as determined by comparison to known standard values..
Sample 
number

Be 
(ppm)

Mg 
(ppm)

Ca 
(ppm)

Sr 
(ppm)

Ba 
(ppm)

Ti 
(ppm)

V 
(ppm)

Cr 
(ppm)

Mn 
(ppm)

Fe 
(ppm)

Th 
(ppm)

U 
(ppm)

Baseline Fault Transects
PS-1 0.3 701.3 672.8 25.3 223.9 104.0 9.2 0.5 13.6 2645.0 0.1 0.1
PS-2 0.3 232.5 326.6 11.0 21.0 94.3 10.3 0.4 8.8 1553.3 <0.07 0.2
PS-3 0.2 224.9 500.3 5.2 27.2 78.4 6.0 <0.2 3.9 538.3 <0.06 0.0
PS-4 0.3 442.3 582.8 22.8 91.6 88.0 8.5 1.3 11.2 1491.4 0.1 0.0
PS-5 0.4 564.4 465.5 30.0 115.4 89.1 9.9 0.7 13.6 1449.9 <0.06 0.1
PS-6 0.4 266.1 486.2 24.0 208.7 272.5 8.2 0.2 10.4 950.4 0.1 0.2
PS-7 0.2 255.9 669.8 6.6 23.1 84.5 6.1 0.6 2.8 487.3 <0.07 0.1
PS-8 0.2 167.8 265.3 4.9 14.0 98.1 3.2 0.3 2.6 286.1 0.2 0.2
Coloration Facies
PS-9 0.2 83.5 266.7 14.4 28.0 77.5 8.7 172.3 20.8 3966.8 0.2 0.2
PS-10 0.2 141.1 437.7 6.6 27.1 81.9 8.3 <0.2 3.7 292.2 0.1 0.1
PS-11 0.4 512.1 443.7 16.2 48.2 119.8 15.4 0.9 22.2 5445.5 0.3 0.3
PS-12 - - - - - - - - - - - -
PS-13 0.4 2444.0 7105.7 32.2 110.2 295.0 23.0 79.2 92.1 5488.8 0.9 0.6
PS-14 - - - - - - - - - - - -
PS-15 0.2 207.5 1177.2 9.9 45.0 87.5 5.6 0.2 3.8 986.4 0.1 0.1
PS-16 0.2 448.6 345.5 10.6 53.1 138.0 4.7 0.2 8.5 612.2 0.1 0.1
PS-17 0.6 440.2 2532.8 33.8 119.7 521.3 85.3 425.1 48.4 34690.2 1.5 0.9
Cementation Facies
PS-18 0.3 1644.4 89230.7 40.1 60.3 170.0 12.0 1.3 165.0 5399.1 1.0 0.7
PS-19 0.9 2081.2 6213.3 48.9 201.7 140.9 80.1 42.4 1048.3 28817.4 1.0 2.3
PS-20 0.7 1637.6 5736.3 34.2 122.2 354.9 81.5 410.5 933.5 53743.6 1.4 3.6
PS-21 2.4 261.7 1088.5 22.2 73.9 118.8 202.1 13.2 134.4 99546.7 1.1 3.2
PS-22 - - - - - - - - - - - -
PS-23 4.5 1851.4 2742.3 16.7 59.7 273.9 18.6 2.2 138.6 157516.4 1.0 3.9
Measurement Standards
BLK1 0.0 0.2 <2 0.0 0.0 0.6 0.1 0.1 0.0 0.9 <0.0006 <0.0001
BLK2 0.0 0.2 <2 0.0 0.0 0.6 0.1 0.0 <0.002 <0.1 <0.0006 <0.0001
AGV1-1 1.9 7132.3 30541.1 616.6 1003.8 3871.5 107.9 5.3 642.9 34690.0 4.1 1.7
AGV1-2 1.9 6710.1 29295.5 588.5 965.9 3375.5 104.3 5.9 622.4 33118.9 3.9 1.6
Error Magnitude
AGV-1-1 -8% -23% -14% -7% -18% -39% -10% -47% -10% -27% -37% -13%
AGV-1-2 -11% -27% -17% -11% -22% -46% -13% -41% -12% -30% -40% -17%



72

Structural and Stratigraphic Controls on the Diagenetic Evolution of the Cretaceous Baseline Sandstone, Southern Nevada, U.S.A.
Casey J. Duncan and Marjorie A. Chan

Geology of the Intermountain West 2026 Volume 13

also overprinted by purple parallel color bands. Color-
ation patterns nearer to the fault commonly exhibit an 
orientation parallel to the fault plane, crosscutting bed 
boundaries. white sandstone member rocks immediate-
ly adjacent to the fault are most commonly stark white 
and friable. In some locations immediately abutting the 
fault, the white sandstone exhibits a dusky purple to 
purple-gray coloration. Reflectance spectroscopy (Fig-
ures 15E and 15F) shows that the stark white coloration 
coincides with the occurrence of kaolinite clay (absorp-
tion couplet about 2200 nm), red and purple colors in-
dicate hematite (absorption features near 600 and 850 
nm), and yellow coloration indicates goethite (absorp-

tion feature at about 1000 nm). 
The fault plane itself commonly exhibits dense iron 

oxide mineralization either as cement in between grains 
and cataclastic intergranular spaces, or as crystalline 
iron oxide coating along the fault plane surface (Figure 
8G). Intense mineralization commonly penetrates only 
up to about 10 cm into the Aztec Sandstone rocks of the 
fault footwall (Figure 15B). Fault deformation is typi-
cally very localized with cataclasis and the damage zone 
only about 30 cm thick. Minor coloration changes in 
the Aztec Sandstone are typically darkening adjacent to 
heavy mineral precipitation along the fault plane, light-
er color within a few meters of the fault plane, then a 

Figure 11. Cross-plots of elemental concentrations for key redox-sensitive elements as measured using ICP-MS. The A 
through C simple cross-plots show that the Baseline Fault Transects samples (BFT) and the cementation facies overlap with 
coloration but do not overlap each other. In D through F, elemental ratios are plotted against iron concentration to normalize 
for concentration effects; note that the distinct plotting areas of the BFT and cementation facies samples remain.
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Table 6. Summary of minerals identified in samples analyzed using clay-fraction XRD (Q = quartz, Ksp = potassium feldspar, 
K = kaolinite, I = illite, Ch = chlorite, S = smectite, I/S = interlayered illite/smectite, G = goethite, A = alunite, U = unknown).
Powdered 

Sample
Sample Context Facies Minerals Identified in Sample

Q Ksp K I Ch S I/S G A U
PS-1 Ja upper red unit Red coloration x x x x x
PS-4 Baseline fault, altered Ja White-light yellow coloration x x x x
PS-6 Baseline fault, Kbw Stark white x x x x
PS-8 Baseline fault, Kbw Stark white x x
PS-9 Lower Kbw Purple coloration x x x x x
PS-10 Middle Kbw White coloration x x x
PS-11 Kbw-Kbr transition Red coloration x x x x x
PS-14 Uppermost Kbr Light red coloration x x x x x
PS-15 Lower Kbw Yellow coloration x x x x ?
PS-16 Upper Kbw White coloration x x x
PS-19 Middle Kbr Giant concretion center x x x x

Figure 12. Generalized lithologic and diagenetic patterns of diagenetic pattern focus area A near Tearfault Mesa (Figure 1C). 
See Figures 3 through 5 for examples of coloration facies and Figures 6, 7, 9, and 10 for examples of cementation facies. Grain 
size abbreviations: C = clay, vfsi = very fine silt, fsi = fine silt, msi = medium silt, csi = coarse silt, vfs = very fine sand, fs = 
fine sand, ms = medium sand, cs = coarse sand, vcs = very coarse sand, gran = granule, peb = pebble, cob = cobble, bou = 
boulder. See Figure 14 for symbol key. 
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return to normal red-orange coloration characteristic of 
the rest of the formation. Small spheroidal to spherical 
carbonate concretions commonly occur in patches up to 
30 m away from the fault trace. Reflection spectrosco-
py shows that the dominant iron oxide both accounting 
for the general red coloration of the formation and the 
heavy iron oxide mineralization along the fault plane is 
composed of hematite. Concretion mineralogies (Fig-
ure 15F) that occur in the Aztec also exhibit a carbonate 

composition (absorption features at 2350 and 2500 nm) 
and dominantly kaolinite, with minor amounts of illite 
(absorption feature about 2200 to 2210 nm).

Observed alteration patterns are not persistent 
along the entire trace of the fault. Intense coloration and 
mineralization patterns associated with the Baseline 
fault seem to be restricted to within and up to about 100 
m north of focus area C (Figures 1B and 1C). Toward 
the north end of the field area, secondary alteration pat-

Figure 13. Generalized lithologic 
and diagenetic patterns of diagenetic 
pattern focus area B along the strati-
graphic section (Figure 1C). See Fig-
ures 3 through 5 for examples of col-
oration facies and Figures 6, 7, 9, and 
10 for examples of cementation facies. 
Grain size abbreviations: C = clay, vfsi 
= very fine silt, fsi = fine silt, msi = 
medium silt, csi = coarse silt, vfs = 
very fine sand, fs = fine sand, ms = 
medium sand, cs = coarse sand, vcs = 
very coarse sand, gran = granule, peb 
= pebble, cob = cobble, bou = boul-
der. See Figure 14 for symbol key.
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terns are not apparent and the fault crosscuts the pre-
dominant iron oxide diagenetic coloration patterns that 
parallel the stratigraphy. 

The Landsat mineral mapping workflow resulted in 
threshold and classified maps that validate the field ob-
servations of stratigraphic and fault-related distribution 
(Figure 16; also see Results section in the Appendix). 
The threshold 4/2 ratio map identifies diagenetic color-
ation patterns associated with hematite mineralogy (red 
color on Figure 16B), the threshold (4+6)/5 ratio map 
indicates areas where iron oxide concretions are com-
mon (green color on Figure 16B), the threshold 6/7 ra-
tio map reflects ground-based patterns of bleached/al-
tered zones (light blue color on Figure 16B), and finally, 
the threshold 5/6 ratio map highlights known clay-rich 
areas (teal color on Figure 16B). An image composite of 
these band ratios (red channel = 6/7 ratio, green channel 
= 5/6 ratio, and blue channel = 4/2 ratio) was classified 
using supervised and unsupervised methods resulting 
in a more objective visualization of diagenetic mineral 

distribution, showing they broadly parallel stratigraph-
ic trends and fault-related distribution described above 
(Figures 16C and 16D). 

Distribution Interpretation 

The distribution of diagenetic mineral features 
throughout the field area, in relation to depositional 
environment, stratigraphic architecture, and structural 
features (the Baseline fault most importantly), provides 
clues to the controls on fluid flow through the duration 
of diagenetic alteration of the formation. In particular, 
the relations are best developed in chosen focus areas A, 
B, and C, and overall, the stratigraphic distribution of 
diagenetic mineral features corresponds with particular 
depositional environments as described below. 

In focus area A, the relations of the diagenetic min-
eral features to depositional environment and the re-
sultant depositional texture is evident where the white 
sandstone member is finer-grained overall correspond-

Figure 14. Key for symbology contained within the generalized lithologic and diagenetic patterns (see Figures 12 and 13).
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Figure 15. Generalized diagenetic patterns associated with the Baseline fault (diagenetic pattern focus area C of Figure 1C). 
(A) White sandstone member (Kbw) away from the fault exhibits light, bed-parallel colors. (B) Intensely bleached Baseline 
Sandstone in the hanging wall is in faulted contact with the red Aztec Sandstone (Ja) in the footwall, with heavy metal pre-
cipitation along the fault plane. (C) Unaltered Ja away from the fault is an even red color. (D) Schematic representation of 
diagenetic mineral patterns adjacent to the fault relate to the representative spectra E and F from the Kbw and Ja, respectively, 
where dashed lines indicate absorption features of key minerals.
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ing with a sheetflood-dominated fluvial fan environ-
ment (depositional environment D of Figure 12). Here, 
abundant concretionary facies exhibit greater variability 
of forms, and higher intensity in coloration. Where the 
white sandstone is coarser-grained overall correspond-
ing with a debris flow-dominated/channel-reworked al-
luvial fan environment (depositional environment E of 
Figure 12), concretionary facies are typically less abun-
dant, and coloration facies are less varied. The deposi-
tional environment remains the same with the transi-
tion to the lower red sandstone member, with a change 
to more abundant carbonate concretionary forms, sug-
gesting that the change in concretion mineralogy is not 
strictly tied to depositional environment. 

In focus area B, there appears to be another rela-
tion between depositional environment and diagenetic 
mineral features. In the lower white sandstone member 
where the depositional environment is that of a sandy 
braided alluvial plain, ironstone horizons are common 
along with various small iron oxide concretions in this 

fine- to medium-grained sandstone lithology. This part 
of the member is also where the iron oxide layer and 
massive concentric ironstone horizon sub-forms oc-
cur. The formation coarsens upward overall with the 
transition to the alluvial fan depositional environments 
(environments C, D, and E on the generalized strati-
graphic column of Figure 13), and concretionary forms 
and ironstone horizons are less abundant. Up section 
(across the member boundary) there is an overall de-
crease in grain size and an increase in the amount of 
silt and mud-sized grains shed from unroofing of the 
Triassic rocks contained within the hanging wall of the 
Willow Tank thrust (McNamara, 2010). This is coinci-
dent with variability and variegation/concentration of 
colors, along with an increase in concretion abundance, 
suggesting that pore-scale anisotropies may have influ-
enced fluid-flow pathways leading to concentration of 
coloration along sedimentary bounding surfaces (Davis 
et al., 1997). The lower to upper red sandstone mem-
ber changes in coloration expression from variegated to 

Figure 16. Multispectral remote sensing-derived 
diagenetic mineral maps: (A) RGB composite to 
show visible coloration of the Baseline Sandstone, 
(B) band ratio threshold map, (C) supervised 
classification, and (D) unsupervised classification 
with superimposed outlines of the diagenetic fo-
cus areas (white boxes). All maps are of the same 
general area of Figure 1B and derived from Land-
sat 8 scene LC08_L1TP_039035_20170526_01_
T1 acquired May 26, 2017, downloaded from 
the U.S. Geological Survey EarthExplorer data 
browser.
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even (Figures 4 and 5), with a decrease in abundance 
of concretionary forms (Figure 13). These stratigraphic 
changes likely represent a stratigraphic upper-bound on 
fluid-flow alteration, with possible influence from res-
ervoir partitioning by finer grained floodplain materials 
that increase in abundance (depositional environment 
F of Figure 13). The carbonate cements/concretions of 
the upper red sandstone member show a preferred re-
lation to lithology with spheroidal/bulbous concretion 
forms occurring in the sandier sediments whereas the 
septarian concretions occur in mud/silt-sized sedi-
ments, suggesting they formed from early diagenetic 
processes within the fluvial depositional environment. 

Both the intense alteration/bleaching in the hanging 
wall, and the iron oxide mineralization along the fault 
plane indicate that the Baseline fault acted as a local 
conduit for fluid flow. The proximity of stark white col-
oration and other coloration hues that parallel the fault 
trace indicate a key relation between coloration and the 
fault. Overprinting of coloration pinstriping on early 
or initial coloration and even other pinstripes indicates 
multiple episodes of chemical reaction fronts through 
episodic fluid-flow events. Furthermore, the abundant 
kaolinite identified in the stark white sandstone in close 
proximity to the fault indicate that intense alteration 
has occurred along the fault. This is likely due to me-
teoric fluid infiltration that altered feldspar grains and 
unstable lithic fragments to produce kaolinite. The crys-
talline iron oxide rosettes along the fault plane, simi-
lar to those observed by Ault (2020), represent mineral 
precipitation and open space for mineral growth along 
the fault plane. 

Relations and Timing
The determination of the paragenetic sequence of 

a formation relies in part on understanding the types 
and distribution of authigenic minerals along with pre-
ferred associations between diagenetic mineralogy and 
lithology (as outlined above). Integration of crosscut-
ting relations observed at formation- to bed-scales be-
tween diagenetic mineral products, structural features, 
and lithology, along with grain- to pore-scale relations 
observed in thin section elucidate the diagenetic evolu-
tion and inform the relative paragenetic sequence of the 

Baseline Sandstone. Absolute (U-Th)/He dates of select 
iron oxide samples provide additional constraints on 
timing of alteration. Results and interpretations from 
these scaled relations are outlined below.

Relations Between Diagenetic Mineral Products and 
Structures 

The crosscutting of the diagenetic mineral prod-
ucts and structural features are used here to interpret 
the relative timing of formation of the diagenetic min-
erals. Extensional and contractional structural features 
throughout the map area crosscut or overprint the var-
ious cementation and coloration facies. Crosscutting 
relations of diagenetic mineral products and contrac-
tional structures differ from those in the adjacent Aztec 
Sandstone. First, observed diagenetic patterns of both 
the Baseline and Aztec Sandstones are offset by Mio-
cene-aged normal faults related to Basin and Range 
extension (Figures 17A and 17B, respectively). In ad-
dition, joint sets in this area are likely related to the 
normal faulting and also cut across diagenetic patterns. 
These patterns suggest that the main stratigraphic dia-
genetic patterns in both the Baseline and the Aztec are 
from an alteration episode that must have occurred pri-
or to Basin and Range extension (pre-18 Ma). 

Timing can be further constrained by the relation 
between coloration and cementation facies and defor-
mation bands. Deformation bands likely formed as a 
result of Sevier orogeny thrust faulting/shortening and 
the co-occurrence of deformation bands and coloration 
have opposite expressions in the Baseline Sandstone ver-
sus the Aztec Sandstone. Coloration and cementation 
facies appear to be overprinted by deformation bands in 
the lower Baseline (Figures 3B and 17C), expressed by 
continuity in coloration/cementation across the defor-
mation bands, suggesting deformation bands formed 
after the coloration. The deformation bands were not 
observed in higher (i.e., younger) stratigraphic intervals 
of the Baseline. The opposite case is true for the Aztec, 
where coloration is not continuous across deformation 
bands (e.g., Figure 17D), suggesting that the deforma-
tion bands formed before the coloration. Since the col-
oration patterns are the result of fluid flow (Eichhubl et 
al., 2004), it seems likely that the porosity-permeability 
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of the deformation bands exerted an influence on flu-
id-flow paths, and thus the distribution of coloration in 
the sandstone beds. 

 The restriction of deformation bands to the lower-
most Baseline Sandstone likely indicate that coloration 
and cementation facies were formed after thrust faulting 
initiated, and shortly after deposition of the white sand-
stone member began, during the early diagenetic stage, 
prior to any sufficient compaction and lithification need-
ed in order for deformation bands to form (Issen and 
Rudnicki, 2000; Fossen et al., 2007, 2017). Conversely, 
the adjacent Aztec Sandstone was already lithified/ce-

mented at this time, meaning that the complex relations 
and differences between formations might be a function 
of the different formation stress responses, where the Az-
tec (a lithologically more homogeneous eolian unit) was 
capable of formation of deformation bands. Therefore, 
crosscutting relations between diagenetic mineral prod-
ucts and structural features bracket the timing of an epi-
sode of iron oxide coloration and cementation to shortly 
following deposition, but prior to the formation of de-
formation bands within the Baseline. Further character-
ization of the type of deformation bands and determina-
tion of their likely formation mechanism (e.g., granular 

Figure 17. Cross-cutting relationships between coloration and structural features of the Baseline Sandstone and the adjacent 
Aztec Sandstone. (A) Coloration patterns of the Baseline Sandstone, lower red sandstone member, offset by the Miocene 
Baseline fault in the north end of the field area (white arrows indicate top of equivalent white/bleached bed); note the red 
unit above the arrows are also equivalent but display lateral changes in thickness/expression. (B) NAIP aerial image of the 
Silica Dome area in Valley of Fire State Park, shows the offset of the coloration boundary (indicated by white arrows) by 
Miocene normal faults. (C) Coloration facies of the white sandstone member increase in intensity toward the bed top, and is 
overprinted by deformation bands. (D) Coloration of the Aztec Sandstone in the adjacent Valley of Fire State Park exhibits 
coloration differences on either side of deformation bands.
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flow vs. cataclasis, after Fossen et al., 2017) may also help 
to constrain timing of deformation band formation and 
thus relative timing of diagenetic mineral formation.

Relations Between Diagenetic Mineral Features and 
Lithologies

Examination of the broad focus areas and key out-
crops show the close relation between diagenetic min-
eral features and lithology/sedimentary structures. 
Generally, diagenetic mineral features that are away 
(greater than 50 m) from the Baseline fault are parallel 
to bedding and stratigraphy. The degree to which sed-
imentary structures and bedding controls the distri-
bution of diagenetic coloration and cementation differ 
in each member. In the white sandstone member, col-
oration patterns are typically diffuse, bed parallel, and 
commonly crosscut 1st- to 2nd-order surfaces and follow 
3rd-order surfaces (Figures 3B, 3D, and 3E; surface hi-
erarchy after terminology of Miall, 1996; Allen, 1983; 
Davis et al., 1997). Ironstone horizons are typically at 
bed boundaries (2nd-order surfaces; Figure 6) along the 
upper parts of the host beds (Figure 6). The digitate sur-
face horizon type when in situ typically occurs at scour 
surfaces (2nd- to 3rd-order surfaces). It is unclear if the 
cemented horizon is in the underlying lithology or di-
rectly along/above the scour surface, but the digitate 
structures are oriented upward from this surface.  

The lower red sandstone member coloration pat-
terns are typically more variegated/concentrated and 
exhibit a closer relation with lithologies. Coloration 
appears to be concentrated along 1st- to 2nd-order sur-
faces (Figure 4A), even following surfaces distorted 
by soft-sediment deformation (Figure 4C). Massive 
sandstone and weakly stratified sandstone exhibit col-
oration expression that crosscut bounding surfaces 
similar to coloration patterns of the white sandstone 
member (Figure 4D). Coloration patterns of the upper 
red sandstone member appear to be somewhat similar 
in crosscutting relations to the white sandstone where 
they typically crosscut 1st-order bounding surfaces and 
commonly follow 2nd- to 3rd-order surfaces. Lenticular 
conglomerate bodies commonly exhibit brown color-
ation in contrast with the surrounding red sandstone 
and mudstone. Ironstone horizons of the red sandstone 

member exhibit similar crosscutting relations to bound-
ing surfaces as the white sandstone.

The differences in the white and red sandstone mem-
bers between coloration and bounding surface likely re-
late to original depositional porosity and permeability, 
and their influences on diffusive formation of the iron 
coloration and cementation facies (Davis et al., 1997). 
These differences in permeability may be controlled by 
increased proportion of fine-grained materials and pos-
sibly clay minerals concomitant with the unroofing of 
Triassic rocks in the hanging wall of the Willow Tank 
thrust along with changes in depositional environment 
in lower red sandstone member stratigraphy. Alterna-
tively, the unroofing of the Triassic section in the hang-
ing wall of the Willow Tank thrust may have resulted in 
deposition of clay minerals or other materials that acted 
as preferential nucleation sites of iron oxides, resulting 
in the variegated coloration. 

Thin Section Relations 

Thin sections exhibit similar characteristics across 
all samples, as well as unique attributes that relate to 
diagenetic mineral context (Figure 18). Generally, thin 
section samples of the Baseline Sandstone are com-
posed of quartz arenite to sublitharenite (after Folk 
et al., 1970). Samples are typically moderately to very 
well-sorted, and framework grains are sub-rounded 
to well-rounded in white sandstone member samples, 
with sub-angular to rounded in red sandstone member 
samples. Intergranular primary porosity is most com-
mon, with minor additional secondary porosity from 
quartz grain fracturing and unstable lithic and/or feld-
spar grain dissolution (Schmidt and McDonald, 1979). 
Samples of the white and lower red sandstone members 
typically exhibit an open pore network with connected 
pore spaces that are wide, but still smaller than adja-
cent individual grains. Point and long contacts between 
grains are most common, however, some samples seem 
to exhibit incipient (i.e., not well-developed) conca-
vo-convex grain contacts. The grain contact type seems 
to correlate with stratigraphic position, with samples 
from stratigraphically lower positions exhibiting lon-
ger and concavo-convex grain contacts, and those from 
stratigraphically higher positions exhibiting point and 
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long contacts. Most samples contain lithic fragments 
and/or feldspar grains that exhibit a low to moderate 
degree of dissolution and replacement by minerals with 
low birefringence. Meniscus cements are most common 
among all samples and occur at point and long grain 
contacts. The cements of white and lower red sandstone 
samples commonly exhibit low birefringence and uni-

form texture, with some examples in optical continu-
ity with one of the adjacent quartz grains. Upper red 
sandstone member samples contain cements with very 
high birefringence (up to 3rd order) that occlude the 
pore space and exhibit a poikilotopic fabric with indi-
vidual crystal domains enveloping up to two to three 
framework grains. Circumgranular cracking (open 

Figure 18. Photomicrographs of representative thin sections selected for detailed analysis (see Tables F.1A through F.1C) 
showing (A) white coloration, (B) purple coloration, (C) yellow-brown coloration, (D) red coloration, (E) red plus white 
coloration, (F) red coloration with carbonate cement, (G)  massive digitate ironstone horizon type (note reflected light im-
age [top]) overlain on plane-polarized transmitted light image (bottom) with continuous field of view in the frame to show 
change in iron oxide (G = goethite, He = hematite), (H) silica-replaced plant fragment (Tempskya(?) and quartz overgrowths 
in the surrounding sandstone matrix, and (I) center of spherical concretion with iron-replaced wood (iron-bearing, miner-
al-replaced wood [lower right]) with surrounding pyrite-cemented sandstone). Scale bars = 0.5 mm.
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spaces surrounding grains) provided open pore space, 
occupied by a second-generation grain coating mineral 
(possibly carbonate). 

Grain contact and lithic deformation observations 
in thin section can be used to characterize the degree 
of compaction experienced by the Baseline Sandstone. 
Overall, sandstone beds of the Baseline have experi-
enced light to moderate compaction, as indicated by 
the prevalence of point and long contacts. Samples that 
come from lower stratigraphic horizons with predom-
inately long contacts and incipient concavo-convex 
contacts suggest a higher degree of compaction. The 
prevalence of “floating” grains within cementation fa-
cies indicates that cementation occurred early, prior to 
significant compaction and lithification.  

The thin section observations lead to an interpreta-
tion of a general sequence of eogenetic (early), mesoge-
netic (middle), and telogenetic (late) post-depositional 
changes (Choquette and Pray, 1970; Worden and Bur-
ley, 2003) that can be integrated with timing observa-
tions made at the larger field scales to produce a gen-
eralized paragenetic sequence (Figure 19). Crosscutting 
relations between quartz(?) meniscus cements and 
grain-coating minerals indicate that purple coloration 
likely formed prior to any significant cementation and 
compaction. Other coloration facies probably formed 
after the generation of meniscus cements and likely 
from remobilization of iron minerals (detrital or other 
early iron oxide grain coats) that formed earlier. From 
the thin section observations, it is unclear if the white 
coloration is a result of later bleaching of the sandstone 
or if grain coats just did not form in those sandstone 
units. However, given the red-colored Jurassic-Triassic 
source rocks for the Baseline Sandstone, and that the 
transport distance was less than 10 km (see Figure 1C), 
the post-depositional bleaching origin is most likely. 
The floating grains in the cementation facies indicate 
that cementation occurred prior to compaction, possi-
bly during eogenesis. 

For the bulk of the cementation facies of the Baseline 
Sandstone, it is possible that iron oxide was the origi-
nal phase precipitated; however, for some samples (e.g., 
pyrite-cored concretions of Figures 9C and 18I) pyrite 
was likely the original phase precipitated with later ox-
idation to hematite plus goethite/other oxyhydroxides. 

Given the open pore network in many of the coloration 
facies, it is possible that an early cement phase (e.g., car-
bonate, see Loope et al., 2012) maintained the frame-
work grain spacing through compaction but was later 
removed through bleaching during later alteration. The 
carbonate cements of the upper red sandstone mem-
ber host-lithology likely formed during eogenesis from 
Cretaceous soil-forming processes superimposed on 
the isolated-channel sandy alluvial plain strata (Figure 
13). The source of constituent ions was either from deg-
radation of carbonate lithic fragments, which are more 
abundant in this stratigraphic interval (see point-count 
results in Duncan, 2022) or from soil-forming process-
es as part of the alluvial plain environment (Worden 
and Burley, 2003). 

(U-Th)/He Dating of Iron Oxides 

Ages for ironstone horizon and concretionary type 
iron oxides returned ages ranging from 26.68 to 19.35 ± 
0.52 Ma (Figure 4A). The apparent young absolute ages 
of the samples, aside from the Baseline fault sample, are 
inconsistent with crosscutting field relations. The broad-
scale patterns in diagenetic minerals, crosscutting relations 
between diagenetic features and structural features, and the 
apparent close affinity between iron oxide concretionary 
forms and fossil wood fragments collectively indicate that 
the main phase of iron oxide diagenetic alteration must 
have occurred very soon after deposition (within up to 20 
to 10 Ma, the likely upper time limit that non-mineralized 
fossil wood fragments might remain; see Mustoe, 2018). 
Thus, the young absolute-ages measured here suggest 
issues of open-system behavior of the (U-Th)/He system, 
sensitivity to alteration and low closure temperatures 
of the small crystals of iron oxides, or the sample ages 
indicate a common oxidation/alteration age or closure age 
(see Fox and Shuster, 2014; Reiners et al., 2014; Ault et al., 
2020). The sample from the crystalline iron oxides found 
along the Baseline fault returned ages of 5.26 to 5.05 ± 
0.22 Ma that possibly reflect the formation age of the fault 
plane-coating oxides about 7 to 5 Ma, but at least provides 
a lower bound (i.e., youngest) age constraint on the fluid-
flow alteration along the Baseline fault. More samples and 
analyses would be required to further resolve the absolute 
authigenic mineral ages.  
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DISCUSSION
The observed diagenetic mineral occurrences and 

their relations reveal distinct episodes of fluid flow-driven 
alteration, controlled by stratigraphic and structural at-
tributes, on the syn- and post-depositional history of the 
Baseline Sandstone. 

Paragenesis
Stratigraphic characterization of the Baseline Sand-

stone records the inception, advance, retreat, and de-
mise of an alluvial to fluvial fan shed from the uplifted 
block of the Willow Tank thrust (Duncan, 2022). This 
foreland basin history and resulting change in depo-
sitional environments, along with the great thickness 
about 1 km) of the Baseline Sandstone and structural 
overprints (particularly the hanging wall vs. footwall 
of the Baseline fault) within the foreland basin history, 
means that discussion of the diagenetic stages requires 
consideration of results from multi-method and multi-
scale workflows. This discussion outlines eogenetic 
(early), mesogenetic (middle), and telogenetic (late) 

stages reflected in the diagenetic evolution of the Base-
line Sandstone deposits and summarized in the parage-
netic timeline of Figure 20. 

Eogenesis 

The early diagenetic realm is defined by those pro-
cesses that occur at the sediment surface or at shallow 
depths and are driven largely by pore-fluid chemistry 
controlled by the depositional setting and meteoric 
fluid input (Worden and Burley, 2003). Eogenetic fea-
tures relate to the broad depositional phases and spatial 
trends of the Baseline Sandstone as determined by the 
stratigraphic analysis and documentation of diagenetic 
mineral distribution (Duncan, 2022; Figures 12 and 13). 
Concretionary forms (e.g., pyrite nodules, possible car-
bonate(?) cements that maintained open grain spacing) 
throughout the formation seem to indicate overall re-
dox conditions involved in eogenetic processes related 
to the depositional environment. These diagenetic min-
eral products set the stage for later alteration through 
burial and uplift, since the distribution of depositional 

Figure 19. Paragenetic timeline for 
the Baseline Sandstone. Observa-
tions pertinent to the formation as 
a whole are shown at the top, and 
observations related to diagenetic 
attributes of specific stratigraphic 
intervals (organized by stratigraph-
ic position) are shown in the lower 
half of the diagram.



84

Structural and Stratigraphic Controls on the Diagenetic Evolution of the Cretaceous Baseline Sandstone, Southern Nevada, U.S.A.
Casey J. Duncan and Marjorie A. Chan

Geology of the Intermountain West 2026 Volume 13

facies influences the type and distribution of diagenetic 
alteration (Morad et al., 2010). 

The principal stratigraphic parts of the Baseline 
Sandstone showing distinctive characteristics related to 
the diagenetic processes are the lower white sandstone 
member, the middle white sandstone member to mid-
dle red sandstone member, and the upper red sandstone 
member (Figure 19). The lower white sandstone was 
likely deposited in an alluvial plain environment, with 
alluvial fan processes dominant proximal to the Willow 
Tank thrust trace (Figures 12 and 13). The occurrence 

of pyrite-cemented spheroidal concretions suggests that 
the environment was reducing overall, possibly because 
of rapid burial or oxidation of organic material (fos-
sil wood and plant fragments) in the floodplain sedi-
ments (Worden and Burley, 2003). The iron oxide layer 
ironstone horizons might have been areas of localized 
ponds within the alluvial plain environment, where 
iron oxide (or precursor mineral) spherules precipitat-
ed and accumulated at the pond bottom. The middle 
white sandstone to middle red sandstone include de-
posits of a fluvial fan environment (Moscariello, 2018), 

Figure 20. Stratigraphic column from Overton Ridge (data from Muntean, 2013), and the Mobil Virgin River No. 1A well 
at Mormon Mesa (data from Bohannon et al., 1993). Temperature ranges for the Baseline Sandstone are shown on the left 
for the section at Overton Ridge (shaded red wedge) and Mormon Mesa (shaded green wedge) calculated with depth and 
assuming a geothermal gradient range of 20° to 30°C. Stratigraphic units (also see Figure 1C): Ja = Jurassic Aztec Sandstone, 
Kwt = Cretaceous Willow Tank Formation, Kbw = Cretaceous Baseline Sandstone, white sandstone member, Kbr = Cre-
taceous Baseline Sandstone, red sandstone member, Trg = Tertiary Horse Spring Formation, Rainbow Gardens Member, 
Ja-Kb = Jurassic Aztec and Cretaceous Baseline undivided, Thl = Tertiary Horse Spring Formation, Lovell Wash Member, 
Trs = Tertiary red sandstone unit, Tmcg = Tertiary Muddy Creek Formation, gypsiferous part, Tmc = Tertiary Muddy Creek 
Formation.
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where sheetfloods and stream flow acted as the domi-
nant depositional processes. It is likely that this deposi-
tional environment was oxidizing overall, with meteor-
ic infiltration through unsaturated sediments above the 
water table. The upper red sandstone member records a 
return to a fluvial depositional environment as activity 
ceased on the Willow Tank thrust and the fan retreated 
as weathering of the relict topographic high proceeded. 
This environment likely involved a greater amount of 
microbial activity within the sediment profile, pedogen-
ic processes within floodplain sediments, and overall 
lower availability of oxygen due to oxidation of organic 
material in the sediment (Worden and Burley, 2003). 

Deposition of the Baseline Sandstone occurred 
during the highest atmospheric partial pressure of car-
bon dioxide (pCO2) concentrations of the Cretaceous 
Period, up to about 1500 ppm, which led to a peak in 
temperatures in the Cenomanian-Turonian (Hong and 
Lee, 2012) in the overall greenhouse climate of the Cre-
taceous Thermal Maximum (Huber et al., 2018). Due 
to this sub-tropical to tropical climate in North Amer-
ica, precipitation rates were much higher than they 
are today, with mid-latitude areas receiving about 3.6 
times present rates (Ufnar et al., 2008). However, due 
to atmospheric and Western Interior seaway circu-
lation patterns, it is likely that the eastern margin of 
the seaway received more precipitation than the west-
ern margin (White et al., 2001) at the location of the 
field area. Therefore, the climate of the Cretaceous in 
the field area during deposition of the Baseline would 
have been much warmer and wetter than the current 
arid conditions. The increased temperature, humidity, 
and pCO2 conditions are important to consider for the 
eogenetic processes active within the sediment. These 
conditions may have led to increased chemical weath-
ering rates through lower pH of rainwater (Bogan et al., 
2009) and/or increased meteoric infiltration. These pro-
cesses could possibly even include the formation of lat-
erites and ferricretes or features characteristic of oxisols 
(U.S. Soil Survey, 1999). However, we identified very 
few clear soil profiles in this study of the Baseline (with-
in the upper red sandstone member), so usage of soil 
profile names here are only for the purpose of commu-
nicating the likely processes and results brought about 
by the paleoclimate in the eogenetic realm. 

Mesogenesis 

The mesogenetic realm includes those processes 
that occur upon burial and isolation of the sediment 
from surface processes and meteoric fluid infiltration, 
or at burial depths of 1 to 2 km (Worden and Burley, 
2003). Due to the relatively coarse-grained nature of the 
Baseline Sandstone, and the relatively shallow to mod-
erate burial (less than about 400 m for the formation 
top, up to about 1460 m for the formation base; Figure 
20), it is possible that meteoric/surface water infiltration 
continued through burial. As a result, only the lower-
most part of the Baseline had possibly reached sufficient 
depths to be considered within the typical mesogenetic 
burial. Therefore, the mesogenetic realm of the Baseline 
is marked by the onset of progressive deposition by the 
stratigraphically higher parts of the Baseline itself, and 
structural deformation and tilting from the Laramide 
deformation from the formation of the Kingman arch. 

Progressive deposition and burial of the Baseline 
Sandstone resulted in compaction and cementation 
that reduced overall porosity and permeability for 
stratigraphically lower parts of the formation. Compac-
tion effects indicated by dominant grain contact types 
from base to top: concavo-convex contacts with de-
formed lithic grains, long contacts and point contacts 
indicate only a moderate degree of compaction of the 
stratigraphically lowest part of the formation. A gener-
al porosity degradation trend of about 5% per km for 
the lower white sandstone member through middle red 
sandstone member is likely due to these compaction 
effects (as determined through porosity characteriza-
tion; see Duncan, 2022). In contrast, the overall lower 
porosity in the upper red sandstone is due to the great-
er abundance of early carbonate cement and carbonate 
concretions. 

Processes related to burial, most notably compac-
tion and cementation, are governed by the maximum 
burial depth of the formation and the resultant in-
creased temperature and pressure conditions. The illite 
clay minerals identified in XRD analysis likely formed 
within the mesogenetic realm (Worden and Burley, 
2003). It is unclear if the Baseline Sandstone was buried 
by any Cretaceous-Oligocene aged sediments given the 
nearly 70 Ma unconformity between the red sandstone 
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member and the Miocene Rainbow Gardens Member of 
the Horse Spring Formation. The area either remained a 
zone of sediment bypass for that time as the relict Sevier 
highlands eroded, or additional sediments were depos-
ited atop the formation and were subsequently stripped 
away before the onset of Miocene deposition. 

As an alternative scenario, the later backward shift 
in thrust fault activity to the Muddy Mountains thrust 
may have resulted in the emplacement of the Muddy 
Mountain thrust allochthon over the Baseline Sand-
stone, covering/shielding the deposits from erosion 
and increasing the overall burial depth. The thickness 
of the allochthon is likely about 2 km (Beard et al., 
2007), meaning that if the thrust overrode the foreland 
basin deposits (Willow Tank and Baseline Formations) 
the effective burial would have been up to 2 km more 
than the present estimate. Observations of the degree 
of compaction obtained from thin sections do not seem 
to indicate a high degree of compaction, but over pres-
surization of the Baseline Sandstone following thrust 
allochthon cover may account for the (apparent) lack 
of compaction (e.g., Wilkinson and Haszeldine, 2011; 
Ulmer-Scholle et al., 2016).  

The Baseline Sandstone at the field area was tilted 
prior to deposition of Miocene-aged sediments, and 
progressive tilting increased the structural tilt of the 
formation throughout deposition during the Miocene 
(discussed below). Therefore, it is unclear what the true 
maximum vertical burial thickness of the Baseline is at 
this location. Correlation with Baseline deposits in the 
Mobil Virgin River No. 1A well drilled about 20 km to 
the east of the field area (Bohannon et al., 1993) show 
significant thickness changes. Tertiary units thicken 
from about 400 m thick at Overton Ridge in the field 
area to greater than 2000 m thick, whereas the Creta-
ceous Baseline and Willow Tank and the Jurassic Aztec 
strata thin drastically, likely due to structural thinning 
along Basin and Range detachment faults. Nevertheless, 
the stratigraphic thicknesses of younger formations al-
low for estimating what can be considered a maximum 
burial depth. Taking the maximum local thickness of 
the Tertiary Horse Spring and Muddy Creek Forma-
tions (together comprising about 400 m of lithified sed-
imentary rock) the top of the Baseline Sandstone at the 
location of the field area was likely buried about 400 m 

with the basal part of the Baseline then buried up to 
about 1460 m depth, corresponding to a temperature 
gradient of 28° to 65°C from top to bottom (Figure 20; 
assuming a geothermal gradient of 20° to 30°C/km). 
This temperature range seems consistent with the ob-
served quartz cements and clay mineral cements (pres-
ence of kaolinite, absence of dickite), and that inferred 
for the top of the nearby/stratigraphically lower Aztec 
Sandstone (Eichhubl et al., 2004). However, it is possible 
that the geothermal gradient was elevated due to the ba-
sinal fluid flow (Bjørlykke, 1994) during the deposition 
of at least the lower white sandstone member through 
the middle red sandstone member.  

The geothermal gradient could also vary spatially 
due to the high geothermal gradient of the Basin and 
Range Province, where locally, the geothermal gradi-
ent is as high as 80° to 120°C/km (Coolbaugh et al., 
2005). The thermal history of the sediments could also 
have been influenced by local volcanic history and the 
magma systems that fed nearby volcanoes that erupt-
ed during the middle Cenozoic ignimbrite flareup 
(Best et al., 2009). These volcanic systems include the 
Eocene-Miocene (36 to 18 Ma) Indian Peak-Caliente 
Caldera complex and ignimbrite deposits (Best et al., 
2013) presently about 100 km to the north or the Mio-
cene (about 14 to 11 Ma) Hamblin-Cleopatra Volcano 
(Barker et al., 2012) about 25 km to the south along the 
north side of Lake Mead.  

The Baseline Sandstone was likely subjected to a 
horizontal/basin ward temperature gradient as well as a 
vertical geothermal gradient. It is unclear if the Baseline 
in the field area was overridden/covered by the Willow 
Tank thrust allochthon, except for the part of the for-
mation immediately adjacent to the thrust trace, which 
exhibits growth structures and progressive unconformi-
ties (Aschoff and Schmitt, 2008). Therefore, sediments 
of the white sandstone member proximal to the Wil-
low Tank thrust trace may have experienced increased 
temperature and pressure conditions related to the em-
placement of the thrust sheet in contrast to thrust-dis-
tal sediments. The eastward thickening of Tertiary stra-
ta means that the Baseline at Mormon Mesa (Figure 
20) likely was subjected to temperatures about 60° to 
90°C (at 20° to 30°C/km). However, it is possible that 
the temperatures were even higher related to increased 
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local geothermal gradients and increased fluid flow 
heat transfer since the formation is structurally thinned 
from extensive structural thinning and dissection from 
Basin and Range faults (Bohannon et al., 1993). 

Telogenesis 
The telogenetic realm includes the processes upon 

structural modification and uplift, subjecting sedimen-
tary units to meteoric water infiltration unrelated to 
the host rock/sediment’s original depositional environ-
ment/climate (Worden and Burley, 2003). For the Base-
line Sandstone, the telogenetic realm includes three 
principal phases: Laramide folding and erosion, Basin 
and Range tilting and erosive beveling, and climate 
change during the Late Pliocene, as discussed below. 

Laramide shortening resulted in the formation of 
the Kingman uplift south of the field area (Lamb et al., 
2018), causing erosional stripping of about 4.5 km of 
Paleozoic-Mesozoic sedimentary rocks and exposing 
the Proterozoic core of the uplift (Herrington, 2000; 
Faulds et al., 2001). Crosscutting relations indicate the 
uplift formed at least partly contemporaneous with 73 
to 64 Ma granitic intrusions and Paleocene-Eocene 
deposits of the west-southwestern Colorado Plateau 
margin (Faulds et al., 2001, and sources therein). It is 
possible that uplift deformation caused tilting and ro-
tation of the rocks and structures along the flank of the 
structure, including the Baseline Sandstone, which may 
account for the change in strike toward the southwest-
ern part of the field area (Figure 1C; Beard et al., 2007). 
However, it is unclear if the surrounding thrust faults 
(pre-Laramide structures) exhibit similar deformation 
(Bohannon, 1984), so it must remain only a possibili-
ty. However, the timing of the Kingman uplift and large 
magnitude erosion can be used to estimate the age of 
maximum burial depth of the Baseline bracketed to 
about 64 to 56 Ma, before potential uplift. 

Basin and Range extension initiated in this area 
about 17 to 15 Ma (Wernicke et al., 1988; Lamb et al., 
2018), producing large-magnitude extension and tilt-
ing of rocks, crosscutting the Sevier-Laramide struc-
tures, and foreland basin fill. Regionally, extension is on 
the order of about 60 km, as evidenced by the lateral 
translation of the Frenchman Mountain block on the 

eastern side of Las Vegas (Fryxell and Duebendorfer, 
2005). Westward translation along half-graben Basin 
and Range normal faults in the northern block of the 
Lake Mead fault system (Beard et al., 2007), resulted in 
progressive tilting of the Baseline Sandstone and form-
ing an about 25° dip disparity between the Baseline 
Sandstone plus the overlying Horse Spring and Mud-
dy Creek Formations (Lamb et al., 2018). Concomitant 
erosive beveling produced the horizontal surface cut-
ting at an angle through the formation (see the cross 
section from Muntean, 2013) upon which Quaternary 
sediments were deposited. During this period, meteor-
ic fluids likely used the Baseline fault as a flow conduit 
to produce the observed bleaching and kaolinite within 
the fault hanging wall and crystalline hematite precipi-
tation along the fault plane. The age of the most recent 
episode of this fluid flow can be constrained using (U-
Th)/He age dating of the crystalline hematite to about 7 
to 5 Ma (youngest possible age), contemporaneous with 
Muddy Creek Formation deposition (Dickinson et al., 
2014). 

The last observed mineralization to occur in the 
field area relates to regional climatic variability over late 
Miocene to Pleistocene time, contemporaneous with 
and subsequent to deposition of the Muddy Creek For-
mation (Brock and Buck, 2009; Dickinson et al., 2014). 
Carbonate minerals along joints and as pendant ce-
ments along the bases of some beds formed from me-
teoric fluids related to the “Savannah-like” environment 
(arid to semi-arid) conditions during deposition of the 
Muddy Creek Formation (Kowallis and Everett, 1986; 
Brock and Buck, 2009), or during more recent shifts 
in paleoclimate over the last about 2.8 million years 
(Brock and Buck, 2009). Further erosion and downcut-
ting once again exposed the Baseline Sandstone at the 
surface, exposing it to direct meteoric fluid influx per-
colating through the rock and along joints and faults.

Sevier Orogeny Fluid Flow vs. Basin and 
Range Fluid Flow

Our work reveals two distinct episodes of fluid 
flow-driven diagenetic alteration: the first from Creta-
ceous Sevier orogeny related basinal fluids, and the sec-
ond from Miocene meteoric infiltration that used the 
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Basin and Range-related Baseline fault as a flow con-
duit. The fluids likely had distinct chemistries, resulting 
in distinct mineralogical signatures. Broad fluid flow 
alteration patterns in the Baseline Sandstone relate to 
mineralization in the adjacent Aztec Sandstone exposed 
in Valley of Fire State Park, which exhibits striking and 
varied coloration that resulted from basinal fluids that 
flowed outward from underneath the fold and thrust 
belt (Eichhubl et al., 2004). The timing relations outlined 
for the Baseline Sandstone indicate that the iron oxide 
coloration and cementation patterns overlap in age with 
the alteration of the Aztec Sandstone, suggesting that 
they formed through the same fluid flow episode. 

The large amount of iron-derived coloration and 
iron oxide cementation present in the Baseline Sand-
stone requires advective transport and mobilization of 
iron through the diagenetic evolution of the formation. 
However, advective flow for iron mineralization requires 
internal and external iron sources. Internal sources for 
the iron likely relate primarily to the sediment shed into 
the foreland basin as thrusting occurred, and, as petro-
graphic analysis reveals (Duncan, 2022), sediment prov-
enance shifted as the Willow Tank thrust fault evolved 
and progressively older sediments were eroded into 
in the hanging wall anticline producing an unroofing 
sequence (McNamara, 2010). In the white sandstone 
member, sediments were dominated by those derived 
from the Aztec Sandstone, a fairly quartz-rich unit with 
abundant iron oxide grain coats. Sediments presently 
eroded from the Aztec exhibit a red coloration, suggest-
ing that the white sandstone member would have likely 
exhibited a similar original red coloration prior to later 
bleaching and mobilization/concentration or reprecipi-
tation of iron within the member. 

As progressive erosion exposed the lower Juras-
sic-Triassic rocks within the hanging wall anticline of 
the Willow Tank thrust (including continental red bed 
deposits of the Moenave/Kayenta, Chinle, and Moen-
kopi Formations; Beard et al., 2007), sediments derived 
from these formations contributed a greater share of 
those shed into the foreland basin. This shift in sedi-
ment proportion likely resulted in the overall red color-
ation of the red sandstone member, with the additional 
possibility that these formations contributed a great-
er amount of iron for later remobilization within the 

member. This shift in provenance may account for the 
observed disparity in iron oxide coloration and cemen-
tation abundance between the white sandstone and red 
sandstone members, indicating that, at least in part, the 
authigenic iron oxide coloration and cementation were 
originally derived from detrital components or iron ox-
ide grain coats within the red sandstone. 

External sources of iron related to the fluid chemis-
try that drove the alteration of the Baseline Sandstone. 
First, the iron may have been supplied simply by iron 
contained within the fluids, acquired from sources far-
ther from the field area than those nearby. Second, the 
fluids may have flowed through the nearby iron-bearing 
Aztec Sandstone (or other Jurassic-Triassic units) re-
sulting in iron enrichment before reaching the Baseline 
Sandstone where it precipitated. These two scenarios 
are not mutually exclusive and could have led to a se-
quential enrichment of iron in the fluids as they flowed 
outward from the thrust belt until they were either: 
(1) saturated with respect to hematite/goethite, or (2) 
undersaturated in iron but encountered localized oxi-
dizing conditions in the Baseline. Indeed, a mixture of 
internal and external sources of iron, and multiple pre-
cipitation mechanisms likely operated on the precipita-
tion of patterns of Baseline iron oxide minerals. 

Alteration patterns along the trace of the Baseline 
fault suggest a separate, recent (about 7 to 5 Ma) episode 
of fluid flow-driven alteration. These patterns are possi-
bly similar in origin to alteration observed along nor-
mal faults and detachment faults in the region (about 50 
km to the north-northeast of the field area) that exhibit 
isotopic and trace element characteristics suggesting 
that meteoric fluids and hydrothermal fluids exploited 
the faults as flow conduits (Diehl et al., 2010). There, 
the rocks involved in faulting are primarily composed 
of Paleozoic carbonate deposits, resulting in focused 
dissolution and solution collapse of the carbonate rocks 
along the faults. The observed bleaching, kaolinite con-
centration, and hematite precipitation adjacent to and 
along the Baseline fault (focus area C on Figures 1B and 
1C) primarily concentrated in the Baseline Sandstone 
in the hanging wall is likely of similar origin to this car-
bonate alteration as an expression of the same type of 
fault-conduit fluid flow that contributed to dissolution 
and solution collapse. However, instead of dissolution 
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of carbonate rocks, alteration from large volumes of 
CO2-rich meteoric infiltration (see Diehl et al., 2010) 
resulted in alteration of sediments, precipitation of the 
crystalline hematite rosettes along the fault plane, and 
concentration of kaolinite within the hanging wall ad-
jacent to the fault. This kaolinite concentration may be 
similar to kaolinite formation that can occur from sub-
aerial exposure and meteoric/freshwater leaching (e.g., 
the reservoir sandstone of the Magnus oil field in the 
North Sea [Emery et al., 1990]).

CONCLUSIONS
The Cretaceous Baseline Sandstone provides an ex-

ceptional opportunity to examine mineralogically and 
morphologically diverse, well-exposed diagenetic min-
eral products across scales to reveal a complex history 
of fluid flow in continental alluvial/fluvial fan to fluvial 
foreland basin deposits. Through the combination of 
multi-scale field characterization, remote sensing vali-
dation, and analytical results, this study documents the 
occurrence and attributes of five broad coloration fa-
cies, five ironstone horizon types, and numerous varied 
iron oxide, carbonate, and silica concretionary forms. 
The diagenetic feature formation was controlled by 
aspects that relate to depositional structures and lith-
ologic textures, geochemical evolution (influenced by 
organic material oxidation and reaction biomediation), 
and/or structural pathways for fluid flow (e.g., the Base-
line fault). The diagenetic history with relative timing is 
summarized below and on Figure 19.

1.	 The alluvial/fluvial setting and weathering and 
erosion of Triassic-Jurassic source rocks in the 
Willow Tank thrust hanging wall anticline pro-
vided sediments that contained early iron oxide 
grain coats. After rapid deposition and burial, 
the bulk of diagenetic iron oxide-related alter-
ation formed coloration facies during the eoge-
netic (early) realm, likely driven by fluid flow 
related to porous lithologies and crustal thick-
ening of the Sevier orogeny.

2.	 During the mesogenetic stage of burial of up to 
about 1460 m at the base of the formation, mod-

erate compaction effects and quartz cements 
formed followed by secondary remobilization of 
iron oxide grain-coating minerals causing addi-
tional coloration. 

 
3.	 During the telogenetic realm, a secondary flu-

id-flow-driven alteration period, with fluids 
likely from meteoric infiltration, resulted in 
bleaching and kaolinite concentration in the 
white sandstone member and crystalline iron 
oxides in proximity to and along the Mio-
cene-aged (Basin and Range) Baseline fault. 

4.	 Latest carbonate mineralization (along joints 
and along bottom surfaces of some features) in 
the field area formed, were likely related to re-
gional climatic changes since about 2.8 Ma.

The Baseline Sandstone records important diage-
netic archives that provide insight into the basin-scale 
fluid flow during the Sevier orogeny and meteoric fluid 
influx along faults during Basin and Range extension. 
Diagenetic alteration of the Baseline occurred related to 
its complex structural and depositional history. 
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INTRODUCTION
This supplemental Appendix includes additional 

details related to the methods employed in this work, 
and further details on the field, laboratory, and remote 
sensing results of the work. In addition, this file includes 
data tables and figures that expand on the methods and 
results. In particular, this supplement provides many of 
the important details for the remote sensing workflow 
and results. Methods are described first, followed by re-
sults, with supplemental figures provided at the end of 
the document.

METHODS
This section of the supplemental Appendix expands 

on the multi-scale research methods used in this study 
to characterize the diagenetic attributes of the Baseline 
Sandstone. The data was integrated across orbital- to 
pore-scales as detailed below in the basic order of ap-
proaches: 

1.	 “Ground truth” fieldwork and reconnais-
sance-level mapping to provide general context 
for sampling.

2.		 Remote sensing evaluation of Landsat satellite 
multispectral scene (processed in ENVI and 
Esri Arc Map) that provided a larger-scale per-
spective.

3.		 Multiple laboratory analyses to constrain min-
eralogical and geochemical attributes of the dia-
genetic products.

Field-Based Methods
Facies Characterization 

Field-based methods focused on categorization/
mineralogy, characterization of relationships to struc-
tures and sedimentary structures, and documentation 

of overall stratigraphic and spatial distribution. This 
work was focused in three key focus areas (about 0.5 
to 1 km by about 1.5 to 2.5 km) chosen to show repre-
sentative features and relationships to stratigraphic and 
structural attributes of the formation (see Figure 1C): 

1.		 A stratigraphic transect through the white sand-
stone member into the lowermost red sandstone 
member of the Baseline Sandstone exposed 
within the hanging wall block of the Baseline 
fault (diagenetic pattern focus area A).

2.		 A full-formation stratigraphic transect through 
the Baseline Sandstone exposed in the footwall 
block of the Baseline fault (diagenetic pattern 
focus area B).

3.		 A part of the trace of the Baseline fault (diage-
netic pattern focus area C).

The focus areas were also described, generally, at out-
crop scale to document diagenetic facies and lithofa-
cies, and explore the relationships between the two 
facies and included documentation of facies cross-cut-
ting relationships, co-occurrence, and preferred asso-
ciations.  

Eleven key outcrops were selected for outcrop- to 
bed-scale characterization to document more detailed 
contextual information, especially for samples collect-
ed for further analysis (Table A1). These key outcrops 
are mostly aligned with the focus areas but also include 
outcrops from key stratigraphic positions and locations 
throughout the study area. The diagenetic facies asso-
ciated with the Baseline fault (diagenetic pattern focus 
area C of Figure 1C) were described along three tran-
sects, including sample collection and reflectance spec-
tral profile measurement. Each key outcrop was charac-
terized through the following workflow: 

1.		 The outcrop was imaged with a digital camera 
and/or with a Gigapan mount to produce an 

APPENDIX

Supplemental Information to Structural and Stratigraphic Controls on Clastic Diagenesis of 
the Cretaceous Baseline Sandstone, Southern Nevada, U.S.A.
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outcrop panorama. Imagery was collected from 
a select vantage point that provided the best per-
spective (e.g., downdip view direction to reduce 
distortion of contacts and thicknesses).

2.		 The outcrop panorama was used to map out and 
annotate general lithofacies and diagenetic fa-
cies visible at a distance, and to plan out a sam-
ple collection strategy and measured section 
pathway.

3.		 A measured section was described through the 
key outcrop, at a resolution appropriate for the 
specific outcrop, but generally about 10 to 25 
cm with key outcrop 6 measured at about 1 m 
resolution. Lithologic attributes, bed thickness-
es, sedimentary structures, and diagenetic attri-
butes were described. 

4.		 Representative samples of each principal diage-
netic facies (sandstone coloration and concre-
tionary forms) were collected from along the 
measured section pathway, or from elsewhere in 
the outcrop with location recorded on the out-
crop panorama.

Key outcrops 4 and 9 were also imaged using an 
Unmanned/Uncrewed Aircraft System (UAS, aka 
drone) to produce a high-resolution aerial imag-
ery and three-dimensional digital outcrop models. 

Description and documentation of diagenetic facies 
associated with the Baseline fault near Baseline Mesa 
(diagenetic focus area C of Figure 1C) were performed 
at formation to outcrop scales in order to understand 
coloration and concretionary occurrences in associa-
tion with the fault. Qualitative field descriptions were 
made of diagenetic facies along the fault and their ex-
tent into the hanging wall and footwall blocks (up to 
about 100 m away from the fault trace). Three transects 

Table A1. Key outcrop context summary. Kbw = white sandstone member of the Baseline Sandstone and Kbr = 
red sandstone member of the Baseline. See Figure 1C for key outcrop locations.
Outcrop Location Significance
KO-1 Basal Kbw, Tearfault Mesa area Within concretion-dominated zone within the hanging wall of Baseline 

fault
KO-2 Basal Kbw, Baseline Mesa area Within concretion-dominated zone within the hanging wall of Baseline 

fault
KO-3 Basal Kbw, Tearfault Mesa area Red coloration zone, associated with change to debris flow-dominated 

interval
KO-4 Middle Kbr Iron oxide and silica concretion-bearing interval, just stratigraphically 

below alteration boundary
KO-5 Upper Kbw, Florence Wash area Pipe/pod-like concretion forms and digitate concretion forms on  ce-

mented horizons/blocks, intense color
KO-6 Basal Kbr, Tearfault Mesa area Lowermost Kbr of of the hanging wall of the Baseline fault, contains 

carbonate concretions of various forms
KO-7 Basal Kbr, Florence Wash area Lowermost Kbr of the footwall of the Baseline fault, coloration mostly 

variegated, abundant rinded concretions
KO-8 Middle Kbr, Kaolin Wash Section above the altered-unaltered transition, likely represents transi-

tion to different depositional regime (sandy meandering fluvial)
KO-9 Upper Kbr, below Overton Ridge Uppermost Kbr of footwall of Baseline fault below Overton Ridge, goes 

through a cluster of isolated channel bodies
KO-10 Middle Kbw, Tearfault Mesa area Middle Kbw along flank of Tearfault Mesa, intense yellow to yellow- 

brown coloration
KO-11 Upper Kbw(?), next to highway Most distal (depositionally) exposure of Baseline Sandstone
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were established along which samples were collected 
at four locations: fault distal footwall, fault proximal 
(within 1 to 2 m from the fault plane) footwall, fault 
proximal hanging wall, and fault distal hanging wall. A 
portable reflectance spectrometer was used to measure 
visible-near infrared reflectance (VNIR) spectra at each 
transect location and from representative coloration 
and concretionary facies along the fault and within 
the hanging wall and footwall blocks up to about 100 
m away from the fault trace. In total, 197 spectra were 
measured at 92 different locations along the fault trace.

VNIR Reflectance Spectra 

A Terraspec 4 portable VNIR spectrometer was 
used to measure reflectance spectral profiles of color-
ation and concretionary facies in situ and samples in 
the laboratory. Generally, multiple measurements were 
collected in four areas (two of which coincide with 
diagenetic pattern focus areas A and B of Figure 1C), 
with photographs and facies/sedimentologic context 
recorded for each measurement. The spectrometer was 
regularly calibrated using a Spectralon white reference 
calibration plate throughout the about 2 hours work 
time each day. A handheld Trimble differential GPS was 
used to document the location of each measurement 
within decimeter accuracy. Reflectance spectra were 
spline-corrected in post-processing and plotted to iden-
tify preferential spectral absorption features.

Measurements were collected in four key loca-
tions: (1) the diagenetic facies of the Aztec Sandstone 
in the adjacent Valley of Fire; (2) the stratigraphic path 
through the white sandstone member and lowermost 
red sandstone member near Tearfault Mesa (diagenetic 
pattern focus area A of Figure 1C); (3) the Baseline fault 
trace towards the southern part of field area (diagenetic 
pattern focus area C of Figure 1C); and (4) the alter-
ation boundary in upper red sandstone.

Remote Sensing Methods
Qualitative patterns in diagenetic mineral occur-

rence and stratigraphic distribution from field studies 
were tested/validated through objective multispectral 
satellite mineral mapping (e.g., Sabins, 1999; Knepper, 

2010; Pour and Hashim, 2015; Ducart et al., 2016). A 
Landsat 8 Operational Land Imager/Thermal Infra-
red Sensor (OLI/TIRS) scene was selected for lack of 
cloud cover over the study area and an acquisition date 
closely coincident with field reflectance spectral profile 
acquisition. The scene was processed in Environment 
for Visualizing Images software (ENVI) with correc-
tion for atmospheric absorption effects to gain surface 
reflectance, then clipped to a smaller region of interest 
around the Valley of Fire/Baseline Sandstone for easier 
processing and classification (see Figure A1).  

Band Ratios and Compositing 

A series of band ratios and threshold values were 
created to determine which bands and band ratios iden-
tified mineral occurrences consistent with field map-
ping (Table A2). Due to the possibility of absorption 
features from key diagenetic minerals, bands 2, 4, 5, 6, 
and 7 (corresponding to blue, red, near infrared, and 
two shortwave infrared wavelengths, respectively) were 
used to create band ratio maps and composites (Roy et 
al., 2014). Specific band ratios employed were based on 
other published work that worked well for the observed 
field mineralogies (e.g., Pour and Hashim, 2015). These 
ratios were calculated in ENVI through either simple 
band ratios (e.g., red divided by blue, i.e., bands 4/2) or 
through compound ratios (e.g., red plus shortwave-in-
frared 1 divided by near-infrared (or bands (4+6)/5)). 
Threshold values for specific ratios helped determine 
how well a specific band ratio identified a known dia-
genetic pattern.

Various band combinations and band ratio combi-
nations were composited in ENVI to create map prod-
ucts: Red, Green, and Blue (RGB), and Color Infrared 
(CIR) custom band ratio composites, and composites 
following the methods of Abrams et al. (1983), Sabins 
(1999), Knepper (2010), and Pour and Hashim (2015). 
An iterative process helped refine which band ratios 
best highlight known diagenetic mineral patterns.

Classification 

The band composite images were classified via su-
pervised and unsupervised classification tools available 
in ArcMap. Before classification, the composites were 
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masked to eliminate water, vegetation through Normal 
Difference Vegetation Index (NDVI), and shadows, to 
exclude the pixels containing those items in the clas-
sified maps and reduce subsequent computational re-
quirements. Qualitative ground-truth observations 
from field characterizations were incorporated for the 
supervised classification through the use of nine main 
training classes, including soil types, bleached Aztec 
Sandstone, bleached Baseline Sandstone, clay-rich in-
terval of the middle Willow Tank Formation, iron ox-
ide with calcite, iron oxide rich, and anthropogenic 
influences as part of the adjacent Simplot Mine (see 
Figure A2 for map of areas that define training class-
es). Bleached Aztec and Baseline classes are those ar-
eas where iron oxide minerals have been mobilized and 
removed through redox processes. Through trial and 
error, it was determined that an unsupervised classifi-
cation with 12 classes worked best, based on composite 
maps using band ratios after Abrams et al. (1983) with 
6/7, 5/6, and 4/2 in the R, G, B channels, respectively.

Analytical Methods
Many representative samples (about 150 total) were 

collected of each diagenetic coloration and cementation 

facies for the diagenetic pattern focus areas, key out-
crops, and Baseline fault characterization. Select sam-
ples were subjected to laboratory analysis to determine 
mineralogy of coloration and cementation facies min-
eralogy, bulk geochemical attributes, absolute age of the 
iron oxide cements, and crosscutting relationships be-
tween diagenetic minerals to determine the overall par-
agenetic sequence. For each analytical method, specific 
instrument, and processing details are provided below.
 
Thin Section Petrography 

Standard dimension thin sections of 104 samples 
were prepared for transmitted-light petrographic mi-
croscopy. Several select samples were polished for re-
flected light studies and Scanning Electron Microsco-
py (SEM) or Quantitative Evaluation of Materials by 
Scanning Electron Microscopy (QEMSCAN) analyses. 
A portable reflectance spectrometer was used in the 
laboratory to measure reflectance spectral profiles for 
most of these thin section samples. Measured spectra 
were spline corrected and plotted to identify absorption 
features characteristic of the authigenic clay minerals 
and cements present. General observations for the bulk 
of the thin sections were collected, with nine key sam-

Figure A1. Summary remote sensing workflow schematic to produce derivative mineral maps.
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ples selected for detailed characterization (Tables A3A 
through A3C).  This subset selection was chosen based 
on (1) representation of diagenetic facies, (2) overlap 
with other sample sets, if available (e.g., thin section 
MSS-L-4 is of the same sample of the white sandstone 
facies as powdered sample PS-10), and (3) data availabil-
ity including images/mosaics, porosity estimates, etc. 
 
Scanning Electron Microscopy 

Representative samples of most diagenetic facies 

(21 total) were cut into an about 1-cm cube using a rock 
saw, and cut dry (no water for lubrication) to avoid any 
aqueous alteration. Each cube was then analyzed using 
an FEI Nova NanoSEM SEM equipped with an X-ray 
Energy Dispersive Spectrometer (EDS) to identify and 
characterize pore-filling cement mineral morphologies 
and their elemental abundances.  

Powdered Sample Analyses: ICP-MS, XRD, and XRF 

A total of 23 representative samples of coloration 
and cementation facies from the focus areas and key 
outcrops were analyzed using various geochemical tools 
(Table A4). Samples were chosen to (1) ensure represen-
tation of all coloration facies and cementation facies and 
(2) ensure spatial coverage throughout the formation. 
The samples were disaggregated by hand with a rock 
hammer, then lightly ground to a powder with a small 
quartz pestle and mortar. If possible, weakly cement-
ed sandstone samples were ground until the rock was 
disaggregated, leaving the sand grains intact. Well-ce-
mented concretion samples were ground until the sam-
ple was reduced to a fine powder. The bulk elemental 
concentration of 18 powdered samples was analyzed us-
ing a Thermo-Fisher Scientific Neptune Multicollector 
Inductively Coupled Plasma Mass Spectrometry (MC-
ICP-MS). The identity of the clay-sized mineral fraction 
of 11 powdered samples was determined through glyco-
lated and non-glycolated clay fraction X-ray diffraction 
(XRD) analysis. All powdered samples were analyzed 
with a Bruker hand-held X-ray fluorescence (XRF) 
spectrometer yielding qualitative elemental abundance 
results as a basis for comparison between the various 
diagenetic facies. 

Table A2. Summary of band ratios, their purpose in the remote sensing workflow, and threshold values used in 
the mapping.

Band Ratio Purpose Threshold Values
Min Max

(4/2) Redness index- ferric iron oxide charge transfer absorption 1.015 2.000
(6/7) Clays/carbonates, absorption features near 2.5 μm 1.070 2.000
(5/6) Ferric iron oxide absorption feature 1.010 5.000
(4+6)/5 Ferric iron oxide crystal field absorption in band 5 2.080 2.000
(4/2)+((4+6)/5) Iron oxide mapping 3.020 4.000

Figure A2. Training classes used for supervised classification 
as indicated by yellow polygons.
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ICP-MS: Small (about 0.25 g) aliquots of each sam-
ple were placed in a lithium capsule and digested in 
hydrofluoric acid, then introduced to the mass spec-
trometer. Samples were analyzed along with a standard 
material Standard Reference Material 1643f (SRM-
1643f) for calibration and determination of error. 

XRD: Analysis was performed at the XRD Laboratory 
at the Energy and Geoscience Institute at the University 

of Utah using a Bruker D8 Advance X-ray diffractom-
eter. The clay-sized fraction was extracted from a small 
aliquot of the powdered sample by immersion in deion-
ized water and pipetted from the upper part of the test 
tube following setline. The fine particles were removed 
from this water sample by centrifuging for 30 minutes 
at 3000 RPM. The water was decanted and the sample 
was thoroughly mixed using an ultra-sonic homogeniz-
er. The slurry was applied to a glass slide and allowed 

Table A4. Summary of powdered sample context and analyses performed for each sample.
Sample 
Number

Powdered Sample Name Thin 
Section

SEM ICP-MS XRD XRF Context

PS-1 BFT1-1 x x x x Fault distal Aztec Sandstone, upper red zone
PS-2 BFT1-3 x x x x Fault proximal Kbw, stark white with gray-pur-

ple coloration
PS-3 BFT1-4 x x x Fault distal Kbw, diffuse multicolored (white, 

red)
PS-4 BFT2-1 x x x x Fault distal Ja, middle alteration zone
PS-5 BFT2-2 x x x Fault proximal Ja, white/orange, middle alter-

ation zone
PS-6 BFT2-3 x x x x Fault proximal Kbw, stark white
PS-7 BFT2-4 x x x Fault distal Kbw, diffuse multicolored (white, 

purple, yellow, red)
PS-8 BF20150703-2 x x x x Stark white Kbw adjacent to Baseline fault
PS-9 MSS-20180122-2 x x x x x Kbw lithology, purple to white-tan coloration, 

96.1 m stratigraphic height
PS-10 MSS-20180123-7 x x x x x Kbw lithology, white with red-orange color-

ation, 221.7 m stratigraphic height
PS-11 MSS-20180125-12 x x x x x Kbw-Kbr boundary, red-purple banded, 558.4 

m stratigraphic height
PS-12 MSS-20180126-15 x x Middle Kbr lithology, red coloration, 769.9 m 

stratigraphic height
PS-13 MSS-20180126-18 x x x x Upper Kbr Lithology, red to yellow coloration, 

~990 m stratigraphic height
PS-14 MSS-20180126-19 x x x Uppermost Kbr lithology, red to white color-

ation, 1102.2 m stratigraphic height
PS-15 KO1Co3-20150802 x x x x Key outcrop 1 yellow coloration
PS-16 KO5KbwCo1-20150805 x x x Key outcrop 5 white coloration
PS-17 KO1-Co5 x x x x Key outcrop 1 purple coloration
PS-18 Kbr-L-3 x x x x Upper Kbr carbonate pipe-like concretion
PS-19 Kbr-C-1A x x x x x Large spherical concretion center
PS-20 Kbr-C-1B x x x x Large spherical concretion edge
PS-21 TMA20150725-01 x x Spherical, zoned concretion near Tearfault Mesa
PS-22 KO5-Ce1 x x Pod/pipe-like concretion with digitate structures 

on inner surface
PS-23 KO5-Ce2 x x x Blocky, cemented horizons with digitate struc-

tures on upper surface
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to settle to obtain an oriented sample and once dried, 
an ‘air-dried’ XRD pattern was obtained. The sample 
was then exposed to ethylene glycol vapors for about 
48 hours at 65°C, then a ‘glycolated’ XRD pattern was 
obtained. Nine samples were then also heated at 375°C 
for 1 hour and an additional XRD pattern obtained.   

XRF: A handheld Bruker XRF spectrometer was used 
to measure relative elemental abundances in select sam-
ples, using the following settings: 15 kV high voltage, 25 
μA current, 2 minutes per sample, under an ambient air 
atmosphere. The raw counts were deconvolved using a 
Bayes method and plotted as relative elemental abundanc-
es, since a full calibration curve was not incorporated.

(U-Th)/He Dating 

Five small samples (about 1- to 3-cm-long pieces) of 
select concretion forms were submitted to the Arizona 
Radiogenic Helium Dating Laboratory (ARHDL) at the 
University of Arizona for (U-Th)/He dating of iron ox-
ide cements. The samples were selected based on their 
unique morphologies (large sphere, massive with dig-
itate structures on top surface, pod/pipe with digitate 
structures on interior surface) or for their relationship 
to stratigraphic surfaces (bedding-parallel cemented 
horizon) or structures (Baseline fault-coating oxides). 
Three aliquots of each sample were measured using an 
Element2 ICP-MS and compared to a zircon standard.

RESULTS
This section of the supplemental Appendix focus-

es on results of the diagenetic facies characterization, 
including their attributes, distribution determined 
through fieldwork and remote sensing-based diagenet-
ic mineral mapping, and the specific interpretations of 
data that support the paragenetic timeline interpreta-
tion and insight into fluid-flow pathways and controls. 
This section is organized into four subsections.

1.		 Detailed results are presented for the coloration 
and cementation facies from both field and ana-
lytical results, followed by their interpretation. 

 
2.		 Geochemical and mineralogical attributes of 

the diagenetic facies and other samples, are de-
scribed and then interpreted.

3.		 Additional notes address stratigraphic distribu-
tion of the diagenetic facies. 

4.		 Remote sensing mapping, workflows, and re-
sults include additional derived mineral maps 
that support the laboratory analyses. 

Diagenetic Facies Characterization
Coloration Facies 

Field characterization: Coloration facies were doc-
umented/described and include a wide range of hues 
and expressions. Sandstone hues are predominately 
of stark white, white/tan/gray, yellow, yellow-brown/
brown, red, and purple, and coloration expression is 
solid, pastel/diffuse, or variegated/concentrated. The 
specific characteristics of the coloration facies and 
mineral characteristics are summarized in Table 1.     

Many of these colors co-occur, however, there 
seems to be a preferred co-occurrence between yellows, 
browns, and purples (mostly goethite related with the 
purple hematite spherules), and a preferred co-occur-
rence between purples and reds (mostly hematite re-
lated). All of these hues overprint primary sedimenta-
ry structures yet mostly follow bed-scale stratigraphic 
architecture. Intensity and scale of continuity of color-
ation patterns varies throughout the field area, but col-
oration is typically more diffuse and pastel in the white 
sandstone member, more intense and concentrated/
variegated through the lower red sandstone member, 
and much less varied and more-or-less monotonous 
brick red throughout the upper red sandstone member. 
Further discussion of stratigraphic coloration patterns, 
with respect to the stratigraphy, in particular on either 
side of the Baseline fault trace, is included below.

Coloration of stratigraphic uniit: As its name im-
plies, the white sandstone member consists mostly of 
white/tan/gray sandstone (e.g., Figure A3) but with 
a wide range of other hues present that overprint the 
white coloration and that occur in distinct stratigraphic 
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zones. Coloration throughout this member is typically 
diffuse and pastel in its expression, and comprises red 
to red-purple, purple, yellow, yellow-brown, and brown 
hues (Figures 3A through 3E). Colors typically increase 
in intensity towards bed tops (Figure 3B), and in prox-
imity to cementation facies, especially ironstone hori-
zons (Figure 3C). Most hues co-occur in parts of the 
member, but red hues typically do not directly contact 
yellow, yellow-brown, or brown coloration. A common 
co-occurrence exists between purple and yellow-brown 
(mustard yellow) facies in this member as well as the low-
er red sandstone member (Figure 3D). Where all hues 
are present there is usually a purple color intermediate 
between the red and yellow/brown hues (Figure 3E).  

The lower red sandstone member is dominated by 
red hues, but exhibits similar variability in the range of 
hues contained as the white sandstone member (Figure 
4). Coloration in this part of the formation is typically 
more concentrated and variegated, especially along bed 
boundaries and sedimentary structure boundaries (Fig-

ures 4A and 4B). Intense variegated coloration often fol-
lows lamina of sedimentary structures (Figure 4A) and 
even those distorted by soft-sediment deformation and 
convolute bedding (Figure 4C). Yellow/yellow-brown 
and purple hues again show a preferred association, and 
red hues do not typically come into contact with yellow/
yellow brown hues and only through an intermediary 
purple or white/light red hue (Figure 4D).  

The upper red sandstone member, beginning at 
about 750 m above base, is primarily an even “solid” 
red with very little variability in coloration (Figure 
5A). Where coloration does vary, including white, yel-
low, and purple hues (Figures 5B and 5C), it is typically 
localized and is not as laterally or stratigraphically ex-
tensive as the white or lower red sandstone. Again, a 
preferred association between purple and yellow hues 
seems to exist in this member (Figure 5C). Conglom-
eratic lenses typically exhibit a red-brown coloration, 
darker than the surrounding sandstone, and the cement 
of the matrix material reacts with dilute HCl (Figure 

Figure A3. Summary reflectance spectral profiles of diagenetic facies. Dashed lines indicate characteristic absorption features 
of key mineral species: H = hematite, G = goethite, K = kaolinite, I = illite (K/I simply denotes the similar absorption feature 
for the two minerals and not any grouping/interlayering), C = calcite. Other abbreviations: PS = powdered sample, Frag. = 
fragment, FeO = iron oxide.
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5D). This color difference between the conglomeratic 
channel forms isolated within sandy overbank deposits 
is apparent when viewing this part of the member as 
red-brown conglomerate lenses isolated within the red 
color of the sandstone (Figure 5E). 

Analytical results: SEM images of coloration facies 
samples show the morphology of goethite in yellow/
yellow-brown-colored sandstone as acicular to platy 
crystals less than 1 μm across (Figure 8A) and hematite 
in red-colored sandstone as platy crystals less than 1 μm 
across (Figure 8B) and rare rhombohedral crystals up 
to about 10 μm across (Figure 8C). Kaolinite clays are 
also visible in red-colored sandstone of the upper red 
sandstone member (Figure 8D). The hematite spherules 
observed in the purple coloration facies are clearly iden-
tified in SEM (Figure 8E) and their smooth surface tex-
ture is clearly visible. Chlorite(?) rims that are arranged 
in rhombohedral to hexagonal arrangement, possibly 
formed around a later dissolved crystal (Figure 8F).  

Reflectance spectroscopy of hand samples and in 
situ diagenetic facies throughout the field area provides 
insight into the general mineralogy that leads to color-
ation and concretionary types (Figures 15E, 15F, and 
A3). Generally, most samples exhibit narrow and strong 
absorption features centered at about 1414 nm, 1909 
nm, and an absorption “doublet” with a minor absorp-
tion feature at 2165 to 2170 nm and a deeper absorption 
at 2207 nm. In some samples, the 2207 nm feature is 
not accompanied by the 2165 nm absorption (e.g., PS-9 
of Figure A4). Red-, orange-, to purple-colored sand-
stone of both the Baseline and Aztec Sandstones exhib-
it a strong and relatively narrow absorption feature at 
about 850 to 855 nm, with purple colors exhibiting a 
stronger absorption than red/orange colors. In yellow 
to yellow-brown samples the same absorption feature is 
broadened and stretched to longer wavelengths (about 
940 nm). Red-colored sandstone of the lower red sand-
stone member in diagenetic pattern focus area A and 
of the upper red sandstone in diagenetic pattern focus 
area B (Figure 1C) exhibit similar absorption features 
of other red-colored sandstone but with the addition of 
an absorption feature at 2340 nm. White-colored sand-
stone lack absorption features observed in the afore-
mentioned spectral ranges of the colored sandstone.

Thin section attributes of samples from coloration 
facies share several common characteristics, but also 
display mineralogical attributes that contribute to the 
various coloration hues and intensities (while general-
ized observations of attributes were made in the 104 thin 
sections prepared for this study, a summary of detailed 
observations made in 9 key thin sections are provid-
ed in Tables A3A through A3C). Generally, coloration 
correlates with the presence/abundance and mineral-
ogy of grain-coating iron oxide minerals. White-col-
ored sandstone lacks substantial grain coating minerals 
(Figure 18A), whereas purple sandstone contains about 
5-μm-diameter opaque mineral spherules (Figure 18B), 
and yellow/yellow-brown and red-colored sandstone 
contain dark-colored to opaque minerals of a size too 
small to resolve in thin section (Figures 18C and 18D). 
Yellow-colored samples with greater intensity con-
tain nearly isopachous grain coats up to about 3 μm 
thick,, which increase in concentration in smaller pore 
spaces to occlude the pore space (Figure 18C). Purple 
sandstone contains 5-μm-diameter opaque mineral 
spherules, but when cut by the plane of the thin sec-
tion exhibit a brick red coloration and exhibit white to 
gray-white color with red internal reflections in reflect-
ed light microscopy. The spherules exhibit a smooth ex-
ternal and internal texture and spherical morphology, 
and lack surface roughness or blocky internal texture 
characteristic of pyrite framboids. These characteristics 
are consistent with the mineral hematite. Red-colored 
sandstone also contains opaque grain-coating minerals 
that exhibit a patchy distribution and increase in con-
centration within smaller pore spaces to occlude the 
pore space (Figures 18D and 18E).     

Coloration facies all commonly contain very little 
pore-filling cements, and indeed many maintain an 
open pore network. Cementation is typically composed 
of minerals with low birefringence and occurs as me-
niscus cements (likely quartz or feldspar) at point and 
long contacts between grains. In purple, yellow/yel-
low-brown, and red coloration facies, it is common for 
iron oxide grain coats to occur in high enough concen-
tration within smaller pore spaces so as to occlude the 
pore space. Iron-bearing authigenic cements are pri-
marily iron oxides throughout the Baseline Sandstone, 
and secondarily as iron sulfides in rare occurrences re-
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stricted to the lower to middle white sandstone mem-
ber. The opaque grain-coating minerals, typically iron 
oxides (goethite or hematite), do not commonly occur 
between the grains and meniscus cements but com-
monly occur within grain fracture spaces. The hematite 
spherules of the purple-colored sandstone commonly 
occur along grain contacts and within some fractured 
grains, however, other grain contacts including those 
that contain cement do not contain the spherules. Dis-
solved lithics and/or feldspar contain iron oxide grain 
coats along their outer surface and within the dissolved 
grain. In contrast, the purple sandstone contains dis-
solved grains with hematite spherules along its outer 
surface but not within the dissolved grain. 

Coloration interpretation: Overall, the coloration of 
sandstone throughout the Baseline Sandstone indicates 
that the bleached and light colors lack or are low in iron 
oxide grain-coating minerals. Yellow/yellow-brown to 
brown hues and the red to purple hues indicate high-
er concentrations of iron oxides, as verified by the 
field, spectral, and analytical methods. The hues repre-
sent coloration changes by broad diagenetic fluid flow 
through the formation with low to moderate degrees of 
cementation, controlled by basic depositional textures 
to burial porosity and permeability, particularly where 
the hues cut across depositional texture. The hue inten-
sity increase towards tops of beds likely indicates bed-
scale heterogeneity and permeability differences at bed 

Figure A4. (U-Th)/He age summary with images of samples, and bold numbers indicate reliable age measurements. (A) Iron-
stone horizon with a digitate surface, the two unusable ages are due to a high Th/U ratio and low U. (B) Pod-like structures 
with digitate interiors from key outcrop 5. (C) Burrowed ironstone horizon from diagenetic pattern focus area A. (D) Metal 
oxides precipitated along the plane of the Baseline fault in diagenetic pattern focus area C.
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boundaries, leading to increased precipitation at the 
tops of beds. In reflectance spectra, the about 850 nm 
absorption feature in red-, orange-, and purple-colored 
sandstone, along with most iron oxide concretions, 
and the red-colored horizons indicates that they con-
tain hematite as the predominant iron oxide phase. The 
broadened absorption feature centered at about 940 nm 
exhibited by yellow- to yellow-brown coloration facies 
and associated concretion forms and horizons indicates 
the presence of goethite. The white-colored sandstone 
lacks the absorption features characteristic of iron ox-
ides, indicating that they lack iron oxide minerals. Thin 
section characterization suggests that coloration facies 
hue is determined by iron oxide crystal size/shape and 
mineralogy, whereas intensity is determined by over-
all concentration of iron oxide in the sample. Purple 
and red coloration facies contain hematite, with the 
purple coloration derived from the occurrence of the 
5 μm spherules (Figure18B) and red-coloration de-
rived from various concentrations of the sub-micron 
size platy(?) hematite grain coats (Figures 18D and 
18E). Yellow and yellow-brown coloration facies both 
appear to contain goethite, and their relative concen-
tration determines the hue and intensity (Figure 18C).  

Cementation Facies 

Field characterization: Cementation facies occur 
in a very wide array of geometries, morphologies, 
and mineralogies, and can be subdivided into iron-
stone horizon types and concretionary types (Fig-
ures 6, 7, and 9). Ironstone horizon types are those 
cementation facies that exhibit largely bed-parallel or 
bounding surface-parallel geometry of relatively long 
lateral extent. This cementation type is further subdi-
vided into “thick” form (greater than about 5 cm) and 
“thin” form (less than about 5 cm), based on the over-
all thickness observed of the various horizon types.

For the ironstone horizon types, the thick form oc-
curs in three principal sub-forms (Figure 6). First, the 
massive sub-form is an up to an about 10-cm-thick 
massive/structureless cementation layer that occurs at 
the tops of beds. This sub-form is the most laterally ex-
tensive of the thick ironstone horizons, with maximum 
lateral extent directly observed up to about 75 m, with 

some horizons possibly extending up to about 250 m (as 
observed in aerial imagery). Coloration again darkens 
approaching the top of the horizon and is commonly 
dark brown with some beds dark red in color. This style 
is most common in the footwall part of the Baseline 
Sandstone. Second, the massive-digitate sub-form, is 
composed of an up to an about 10-cm-thick cementa-
tion layer that is capped by about 1- to 5-cm-tall digitate 
forms that are oriented perpendicular to the bed and 
in an upward direction (i.e., on top surfaces of cement-
ed horizons). Where in situ, this horizon style occurs at 
bounding surfaces of cross-bedded/scoured sandstone. 
This cement is typically dark brown in color and is as-
sociated with yellow/yellow-brown, and brown-colored 
sandstone. Third, the massive-concentric sub-form 
consists of internal concentrically layered textures with-
in the well-cemented part. This sub-form has the same 
overall attributes of the massive (first) sub-form, with 
greatly reduced lateral extent of about 25 m directly ob-
served in the field.  

The thin form ironstone horizon type is composed 
of two principal sub-forms. First, the iron oxide layer 
is a thin (up to about 3 cm) layer of brick red to pur-
ple iron oxide that surprisingly contains very few sand 
grains. This layer typically occurs at the tops of beds 
that also exhibit a gradual increase in purple color in-
tensity approaching the layer. Lateral continuity of this 
sub-form is moderate, with observed lateral extent in 
the field up to about 20 m. Second, the burrowed sub-
form is composed of a thin (up to about 3 to 5 cm) layer 
of ironstone that contains horizontal burrows. The bur-
rows appear to be single shaft, straight to low sinuosity 
with simple fill and lacking any obvious lining. However, 
due to the degree of cementation, fill and lining details 
are unclear. These burrowed horizons also commonly 
exhibit a coloration intensity change approaching the 
top of the cemented horizon, but most commonly the 
coloration associated with the horizon is thin (e.g., bur-
rowed horizon on Figure 6). The cements that make up 
this sub-form are typically brick red to purple. The sub-
form is found throughout the white sandstone member, 
but examples with the highest lateral continuity occur 
near Tearfault Mesa.  

Concretionary types: The Baseline Sandstone concre-
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tionary cementation facies are composed of localized 
concentrations of authigenic cements that result in 
differential erosion, and exhibit laterally/vertically re-
stricted extent. Here the concretions are defined to be 
localized, discrete individual cemented forms, as op-
posed to the previously described horizons that are typ-
ically laterally extensive at larger scales. Concretions are 
highly varied in composition, sizes, and morphologies. 
Concretions fall into three main compositional catego-
ries, ordered in relative abundance from most abun-
dant to least abundant: iron oxide, carbonate, and silica.    

Iron oxide concretions occur in many different 
morphologies and sizes throughout the area and are 
broadly categorized into spheroidal/spherical, iron-re-
placed wood, rod-like, pipe/pod, and irregular forms. 
The spheroidal forms occur in size from less than a mm, 
to over 2 m in longest dimension, whereas spherical 
forms, those with nearly equal x, y, and z axes, occur up 
to 1 m in diameter. The size distribution of the spheroi-
dal and spherical concretions is skewed towards smaller 
sizes; typically, maximum size is up to about 20 cm in 
diameter, with only up to about 30 known examples of 
concretions that exceed this size within the study area. 
These spheroidal and spherical concretions commonly 
exhibit red, red-brown, and dark brown hues on their 
exterior surfaces. Internally, broken small (less than 10 
cm) spheroidal and spherical concretions commonly 
exhibit an internal rinded structure with purple and 
red-colored iron oxide in what commonly appears to 
be iron-replaced wood at the core, a medium gray core, 
stark white poorly cemented core, or a brick red core 
(Figures 9A and 9C). Typically, if the core is medium 
gray sandstone, the concretion also contains a bright 
orange ring between the red/purple in the outer lay-
ers, and the gray of the core. Surface textures are most 
commonly smooth, but some spheroidal forms include 
smaller spheroids superimposed on the surface pro-
ducing a bumpy, “knobby” texture (Figure 9A, number 
6). Iron-replaced wood concretionary forms preserve 
a wood-grain texture (Figure 9B), and include up to 
about 5 cm overgrowths that extend into the surround-
ing sandstone, overlapping with the irregular concre-
tionary morphology. The large spheroidal/spherical 
concretions (greater than 20 cm) typically do not exhib-
it significant variation throughout the interior.

The rod-like concretionary forms commonly occur 
as straight, smooth cylindrical forms with some also 
exhibiting bulbous/irregular growths along the length 
of the rod (Figure 7E). These forms range up to 2 to 3 
cm in diameter and up to about 15 cm in length. These 
concretion forms commonly exhibit dark brown exte-
rior surfaces, purple to purple-brown interiors. Pipe/
pod concretionary forms are those that exhibit densely 
cemented rinds that define an irregularly shaped do-
main, and enclose a very poor cement interior (Figure 
7F). The pods commonly exhibit digitate structures 
up to about 2 to 3 cm in length oriented towards the 
pod center (similar to geode growth). These concretion 
forms are associated with the digitate surface ironstone 
horizon, and are surrounded by Liesegang banding of 
yellow-brown to brown coloration. The interiors, along 
with being less well-cemented, also exhibit a coloration 
difference with the surrounding sandstone as a light red 
color. Irregularly shaped concretion forms of various 
sizes comprise the last category of iron oxide concre-
tion cementation facies, ranging from cm-scale up to 
irregular/pillow-shaped forms several meters in length 
(Figures 7G and 7H). Small-scale forms are common-
ly associated with iron-replaced wood fragments, and 
some irregularly shaped concretions contain iron-re-
placed wood, with additional over-cementation growth 
into the surrounding sandstone. Large-scale irregular 
forms commonly exhibit a range of internal textures, 
from solid masses with roughly concentric layering 
(Figure 7H), to 2- to 3-cm-thick rinds and poorly ce-
mented interiors. 

Carbonate concretion forms occur in a variety of 
sizes and morphologies, and are typically only in the red 
sandstone member or the Aztec Sandstone adjacent to 
the Baseline fault. Morphology of these carbonate con-
cretion forms includes irregular/pillow-like/elongate 
forms up to 10 to 20 m in length and 2 to 3 m across 
(Figure 10A), pipe-like (Figure 10B), clusters of spher-
ical/spheroidal masses up to about 5 cm in diameter 
(Figures 10C and 10D), spheroidal to oblate individu-
al concretions up to about 30 cm in diameter (Figure 
10E), and oblate septarian nodules up to about 15 to 20 
cm in diameter (Figure 10F). The large elongate forms 
commonly contain clusters of spheroidal masses at their 
centers. Coloration of these forms is typically medium 
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to light red, with some pipe-like forms in the upper red 
sandstone exhibiting a yellow center and redder rim 
(Figure 10B).  

Silica concretionary forms occur principally in float 
as silica-replaced plant fragments (Figure 10G), or in 
situ as silica cements surrounding replaced plant frag-
ments (Figure 10H), and occur in the middle white sand-
stone member to lower-middle red sandstone member 
interval. Plant fragments exhibit textures similar to the 
tree fern Tempskya (Tidwell and Hebbert, 1992; other 
wood fragments with conifer[?] textures are replaced 
with iron oxide, as described above). In situ examples 
are localized cement in irregularly shaped nodules up 
to about 10 to 20 cm thick, and 1 to 2 m lateral extent. 
Cementation appears to have initiated at the wood frag-
ment and grew into the surrounding sandstone. The 
only known example of in situ silica concretions occurs 
in the uppermost white sandstone member very near 
the boundary with the red sandstone.

Analytical results: Concretionary forms and ironstone 
horizons exhibit similar VNIR spectra absorption fea-
tures to the coloration facies. The iron oxide concretions 
most commonly exhibit the same absorption features 
of the purple-colored sandstone (e.g., PS-18 and PS-10 
of Figure A3). Concretions that occur in association 
with yellow- to yellow-brown coloration, or that exhib-
it a deep purple-gray coloration (as opposed to a red-
dish-purple) exhibit absorption features similar to the 
yellow- to yellow-brown colored sandstone (e.g., PS-22 
of Figure A3). Some concretions, especially zoned con-
cretions, exhibit an absorption feature intermediate of 
the red vs. yellow-colored sandstone where the absorp-
tion feature minimum is shifted to about 900 nm (e.g., 
PS-21 of Figure A3) consistent with a mixture of hema-
tite and goethite (with possible other iron oxyhydrox-
ides). Ironstone horizons exhibit similar absorption fea-
tures to the coloration facies and concretionary forms. 
The brick-red iron oxide layer sub-form exhibits the 
strong and narrow absorption feature at about 850 to 855 
nm (consistent with hematite), the massive with digitate 
structures sub-form exhibits a strong broadened feature 
centered at about 940 nm (consistent with goethite), 
and the massive sub-form exhibits a strong absorption 
intermediate to massive and massive with digitate struc-

tures having the minimum at about 900 nm. Carbonate 
concretions exhibit similar absorption features to the 
red-colored sandstone with the addition of an absorp-
tion couple at 2340 nm and about 2500 nm (consistent 
with carbonate minerals). Silicified wood fragments and 
silica overgrowths exhibit an absorption pattern similar 
to the white-colored sandstone but with a difference 
in the 2207 nm absorption broadened to longer wave-
lengths (broadly consistent with quartz with kaolinite). 

Iron oxide cementation facies exhibit key petro-
graphic characteristics (Tables A3A through A3C). 
Pore-filling cements in these samples are typically com-
pletely opaque in thin sections that are normally about 
30 μm thick.  In reflected light microscopy the iron ox-
ide cements exhibit a medium-gray to gray-white with 
brown internal reflections (goethite) or gray-white to 
white with red internal reflections (hematite, Figure 
18G). In spherical concretions that exhibit zonation 
in color (e.g., Figure 9C) or contain wood fragments 
at their core (Figure 18I), reflected light microsco-
py reveals pyrite in the gray-colored core, hematite in 
the purple-red-colored outer zone, and jarosite at the 
boundary between pyrite and hematite. The pore-fill-
ing hematite of Figure 18I also contains some goethite 
in the pore throats. The pore-filling iron oxides of the 
cementation facies commonly maintain wide spacing 
between the framework grains (Figures 18G and 18I). 

Silica-replaced plant fragments (Figure 18H) con-
tain multiple generations of iron oxide grain-coating 
minerals (Kbw-W-3 of Tables A3A through A3C): (1) 
along surfaces of framework quartz grains beneath 
quartz overgrowths, (2) within radiating quartz crys-
tals surrounding possible stems characteristic of the 
tree fern Tempskya(?) false trunk structure (Tidwell and 
Hebbert, 1992), and (3) along the external boundary 
of both the quartz overgrowths surrounding detrital 
grains and the crystal faces of the radiating crystals. It is 
unclear if the 1st and 2nd generation grain coats formed 
contemporaneously or subsequently, but the 3rd gener-
ation is clearly the youngest. Since the pore-filling ce-
ments obscure and corrode grain edges, grain coating 
minerals are unresolved in many samples cemented 
by carbonate (Figure 18F), iron oxide (Figure 18G), 
or pyrite (Figure 18I) cements. Host-rock lithology of 
the upper red sandstone member (Figure 18F) contains 
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abundant carbonate cement that exhibits a poikilotopic 
fabric with individual crystal domains encompassing 
up to two to three sand grains. The carbonate cement 
also exhibits circumgranular cracking that common-
ly forms in soil environments and/or caliche layers as 
a result of thermal effects (Ulmer-Scholle et al., 2016). 
A second generation of carbonate crystals occur in the 
circumgranular crack space and appear to nucleate on 
the framework grains. Silica-replaced plant fragments 
commonly exhibit a radiating pattern of quartz crystals 
with the Tempskya(?) stems at the center, and quartz 
overgrowths around the quartz grains adjacent to the 
wood (Figure 18H). Quartz overgrowths become pro-
gressively less well formed (smaller crystal faces) with 
distance away from the wood area. These quartz over-
growths are the only known true overgrowths (in op-
tical continuity with the quartz grains), with limited/
minor amounts of meniscus quartz cement throughout 
the rest of the formation. 

The SEM images reveal key pore-scale morphologi-
cal attributes of diagenetic minerals. The metallic min-
eral oxides that occur along the Baseline fault (Figure 
15) are revealed to consist of hematite rosettes about 10 
μm across and made up of platy hematite crystals up to 
about 0.8 μm thick (Figure 8G). The iron oxide-cement-
ed burrowed sandstone (Figure 8H) displays pore-fill-
ing platy hematite along with vermiform kaolinite in 
contact with the grain. The iron oxide layer sub-form of 
ironstone horizon cements is composed of amalgamat-
ed spherules (Figure 8I), the same spherules that occur 
in purple-colored sandstone. Carbonate cements from 
the upper red sandstone member also exhibit the cir-
cumgranular cracking with visible clay minerals in the 
SEM images, and secondary, small carbonate crystals in 
the open space (Figure 8J). Morphologies of iron ox-
ide crystals that replaced the wood texture range from 
a granular/globular(?) to acicular morphology (Figure 
8K). The silica-replaced plant fragments and quartz 
overgrowths exhibit euhedral crystal faces and are coat-
ed with a platy submicron-sized mineral (Figure 8L). 

Cementation interpretation: The intermediate absorp-
tion feature centered at about 900 nm exhibited by some 
concretion forms and horizons (e.g., PS-21 of Figure 
A3) likely indicates a mix of hematite and goethite, with 

other possible iron oxyhydroxide phases (e.g., lepido-
crocite, ferrihydrite). The white-colored sandstone and 
the silicified wood and silica overgrowths lack the ab-
sorption features characteristic of iron oxides, indicating 
that they lack iron oxide minerals. Thin section charac-
terization reveals that the cementation facies also exhib-
it a general relationship between color and mineralogy. 
Brown- to gray-purple-colored parts of cementation fa-
cies are composed of goethite cements, whereas red- to 
reddish-purple-colored parts are composed of hematite 
cements. Bright reflection with a gold tinge indicates 
that dark gray cements at the cores of spheroidal con-
cretionary forms in the lower to middle white sandstone 
member are composed of pyrite (Figures 9C and 18I).

Diagenetic Facies Geochemical and 
Mineralogical Attributes

Compositional attributes of the diagenetic facies are 
largely deduced from bulk geochemical and pore-scale 
mineralogical analyses of field samples and represen-
tative diagenetic facies. These analyses include VNIR, 
ICP-MS, XRF, and clay-fraction XRD. 

General VNIR Reflectance Spectroscopy and 
Interpretations

Specific spectroscopic observations related to the 
iron oxide, carbonate, and/or clay minerals present in 
each diagenetic facies is outlined above (Figure A3), but 
other more general observations provide additional in-
sight into depositional and diagenetic processes as dis-
cussed here. Key absorption features common through-
out most of the measured spectra include absorptions 
at 1410 nm and 1909 nm and a paired feature at 2207 
nm and 2165 to 2170 nm (deeper and wider absorp-
tion in the longer wavelength). Samples that occur in 
intervals with known occurrence of carbonate minerals 
(in carbonate framework grains, authigenic cements, or 
later carbonate fracture/joint fill and caliche) exhibit an 
absorption at about 2340 nm and likely the beginning of 
another at 2500 nm. It is unclear if the 2500 nm feature 
is a true absorption since the spectral limit of the ASD 
spectrometer is 2500 nm. 

When compared to representative spectra of likely 
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mineral occurrences (dashed lines of Figure A3; after 
Kokaly et al., 2017) the measured spectra indicate the 
presence or absence of characteristic diagenetic miner-
als. Iron oxide mineralogies largely give the diagenetic 
facies color along with the specific concretion mineral-
ogy, the type of clay minerals present, and the presence/
absence of calcite phases in the lithology and carbonate 
concretion forms. This mineralogical difference possi-
bly relates to the diagenetic evolution of the formation. 

The absorption features at 1410 nm and 1909 nm 
common to most samples likely indicates the presence 
of hydrated minerals (clays, oxyhydroxides) throughout 
the formation. Likewise, the absorption feature at 2207 
nm indicates the presence of illite (Simpson and Rae, 
2018), or when paired with the minor absorption fea-
ture at 2165 to 2170 nm is indicative of kaolinite (Bish-
op et al., 2008), which is present in most samples. The 
variable depth in the 2165 to 2170 nm feature indicates 
a variable proportion of kaolinite possibly mixed with 
other clay minerals such as illite or montmorillonite, 
with a deeper absorption indicating a higher kaolinite 
proportion and a lower absorption indicating a higher 
proportion of montmorillonite (e.g., McKeown et al., 
2011). The absorption feature at about 2340 nm is con-
sistent with an absorption feature found in carbonate 
rocks, and in the mineral calcite (Gaffey, 1986). 

(U-Th)/He Dating of Iron Oxide Minerals

Five analyzed samples of cementation facies (two 
ironstone horizons, two concretionary, and one from 
the plane of the Baseline fault), were chosen for a pre-
liminary pilot (U-Th)/He dating (Figure A4). Of the five 
samples analyzed, three returned consistent ages across 
all three aliquots per sample, one returned only a single 
usable age due to a high Th/U ratio and low U, and the 
fifth (from a large spherical concretion) did not return 
any usable dates due to a high Th/U ratio and low U (see 
Figure A4). The single date usable from the digitate sur-
face ironstone horizon type sample is 20.63 ± 0.89 Ma, 
consistent with the age of the pipe/pod-like concretion 
sample from the same key outcrop (KO-5; see Figure 
1C) at 26.68 to 19.35 ± 0.52 Ma. The sample of the bur-
rowed sub-form ironstone horizon type sample showed 
an age of 5.26 to 5.05 ± 0.22 Ma, and the sample of the 

Baseline fault plane-coating oxides sample returned an 
age of 7.40 to 5.75 ± 0.13 Ma (Figure A4).

ICP-MS Observations and Interpretations

Bulk elemental concentration for powdered sam-
ples shows some general patterns in variation within 
the broad subdivision of the samples as Baseline fault 
transect (BFT), coloration facies, or cementation facies 
(Figure 11 and Table 5). BFT samples exhibit wide vari-
ability in alkali earth metals, U and Th, and select first 
row transition metals. Only a few elements out of those 
analyzed display any discernible pattern, with main 
differences arising from relationship to the formation 
to which the sample belongs (Aztec Sandstone [Ja] vs. 
the Baseline Sandstone [Kb]; see Table 5) or proximity 
to the fault trace. Ja samples contain higher concentra-
tions of Mg, and generally contain elevated amounts of 
Ba, Sr, Mn, Fe, relative to the rest of the BFT suite ex-
cept for PS-6. Fault-proximal Kb samples that exhibit 
a white/stark white coloration generally contain higher 
amounts of U, Th, and Ti. PS-6 is greatly enriched rel-
ative to other BFT samples in many elements making 
identification of patterns difficult.  

Coloration facies generally exhibit relative enrich-
ment/depletion determined by coloration hue and in-
tensity; however, a possible stratigraphic pattern in 
these elemental abundances may also exist (Table 5). 
The representative yellow (PS-15) and white (PS-16) 
samples generally contain the least absolute amount of 
the elements analyzed with the yellow sample common-
ly containing the least, and the white sample containing 
the least of Ca, V, and Fe. Red and purple coloration 
are typically enriched more than white/yellow color-
ation samples in the elemental groups listed above, with 
more intensely colored samples enriched further. Inter-
estingly, the intense purple coloration sample (PS-17) is 
enriched over the cementation facies samples in Sr, Ba, 
Th, Ti, V (except PS-21), and Cr, and it contains equal 
amounts of Fe as the center of the large spherical con-
cretion (PS-19). 

Cementation facies samples are generally enriched 
in most elements analyzed in comparison to the BFT 
suite and the coloration facies samples (Table 5); how-
ever, for Sr and Ba the difference is not as large and may 
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even, generally, be reversed. The carbonate concretion 
sample (PS-18) is enriched relative to the other ce-
mentation samples in Ca and Sr, but generally contains 
the lowest concentrations of the other elements from 
among the cementation samples. Samples PS-19 and 
PS-20 come from the same large spherical concretion 
(from near the center and edge, respectively) but they 
typically exhibit a distinct difference in concentration 
for most elements measured, in conjunction with ob-
served zonation of coloration and changes in dominant 
iron oxide phase (hematite vs. goethite). The concretion 
center sample typically is relatively enriched in alkali 
earth metals but depleted in U and Th, and the select 
first row transition metals except for Mn. The zoned 
concretion (PS-21) exhibits similar magnitude of en-
richment relative to the other cementation facies sam-
ples, but exhibits marked relative depletion of Mg and 
Ti, and marked enrichment in V. The ironstone horizon 
sample (PS-23) exhibits marked relative enrichment in 
Be, U, and Ti, and also exhibits a marked relative deple-
tion in Cr and V.    

Plotting elemental concentrations against one an-
other for various redox-sensitive elements show vary-
ing concentration of U-Th, V-Cr, and Fe-Mn in pop-
ulations of coloration facies, cementation facies, and 
samples collected along the Baseline fault. When U 
and Th (Figure 11A), V and Cr (Figure 11B), and Fe 
and Mn (Figure 11C) are cross-plotted, the three main 
groupings of powdered samples (BFT, coloration facies, 
and cementation facies) occur in fairly distinct groups. 
In general, the BFT and coloration facies overlap in 
the plot space, but the BFT and cementation facies do 
not overlap. The slopes of long-axes of ellipses drawn 
around the points vary in the plots: all three groups dif-
fer in U/Th, all three groups are similar (with possibly a 
slightly different slope in the cementation facies) in V/
Cr, and have similarities between the BFT samples and 
coloration facies but different from cementation facies 
in Fe/Mn. When plotting the ratios of U/Th, V/Cr, and 
Fe/Mn against Fe concentration (to account for iron 
concentration between coloration and cementation fa-
cies), each group exhibits distinct slopes of enclosing 
ellipse long axes except the BFT and coloration facies 
groups in the Fe/Mn plot. 

The bulk geochemical attributes of diagenetic fa-

cies samples provide key insights into relative enrich-
ment/depletion of elements of authigenic minerals and 
redox-sensitive elements. The concentration of alkali 
earth metals likely reflects the composition of authi-
genic clay minerals and cements in the samples. Those 
samples that are relatively enriched in Mg likely con-
tain smectite clays; however, the distinct enrichment 
of PS-13 and of PS-18 likely is the result of proximity 
to the Horse Spring Formation, which contains abun-
dant magnesite (MgCO3). The enrichment of U and Th 
in the intensely colored and cementation samples likely 
reflects either incorporation of these elements into the 
crystal structure of the hematite mineral, which gives 
the red and purple colors, which is found in the iron 
oxide cements or possibly adsorption of uranium onto 
the surface of the iron oxide minerals. The first-row 
transition metals likely relate to redox conditions under 
which the authigenic iron oxide cements formed. The 
relative enrichment in Fe and depletion in Mn of the 
large spherical concretion (corresponding to a change 
from goethite at the center and hematite at the edge) in-
dicates that redox conditions fluctuated, either through 
changes in diagenetic fluid pH or redox potential, 
during the growth of the concretion.  

XRF Observations and Interpretations

Similar to the ICP-MS results, XRF analyses of 
powdered samples provide qualitative insight into their 
bulk chemical attributes (Figure A5). Relative elemental 
abundances of powdered samples of two Baseline fault 
transects show generally a relatively higher amount of 
Al and lower amount of K in the hanging wall (white 
sandstone member rocks) vs. the footwall (Aztec Sand-
stone) of the fault. The amount of iron present seems to 
correlate with color, having the purple- and red-colored 
rocks containing a higher amount vs. the white and 
stark white rocks containing less. All samples exhibit 
varying amounts of sulfur; however, the purple-colored 
sandstone and the zoned spherical concretion contain 
relatively larger amounts. 

Coloration and cementation facies samples exhibit 
similar relative elemental abundances to the Baseline 
fault transect samples. Iron abundance correlates with 
coloration, with white sandstone containing lower rel-
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ative amounts whereas red- and purple-colored sand-
stone containing more and, as would be expected, the 
iron oxide concretion samples are dominated by iron. 
White-colored sandstone again exhibits a relative in-
creased abundance in Al and, in contrast to the Baseline 
fault samples, an inverse correlation between Al and K 
does not appear to exist in these samples. Samples from 
the upper red sandstone member in diagenetic pattern 
focus area B (PS-13, PS-14, and PS-18) exhibit a relative 
increase in Ca, coincident with known occurrences of 
carbonate cements. Surprisingly, a yellow-colored sand-
stone from the lower white sandstone member (PS-15) 
also exhibits a relative increase in Ca.

The relative elemental abundance of Baseline fault 
powdered samples likely indicates the degree of weath-
ering/alteration experienced by the rock and possibly 
relates to the characteristics of the fluids involved. The 
higher proportion of aluminum and lower proportion of 
potassium in the hanging wall samples likely indicates 
a higher degree of chemical alteration in the hanging 
wall rocks, possibly as a result of alteration of potassi-
um feldspars into kaolinite from fluids flowing along the 

fault. The lower iron abundance in stark white sandstone 
along the fault is also consistent with a fluid flow-driven 
alteration hypothesis, since acidic and/or reductive fluids 
could lead to dissolution and mobilization of iron. The 
relatively higher occurrence of sulfur in the purple-col-
ored sandstone and the zoned spherical concretion (both 
from similar stratigraphic position) likely indicates the 
presence of iron sulfides (pyrite) or sulfate minerals (al-
unite or jarosite), consistent with thin section petrogra-
phy and clay fraction XRD results (see below). 

The iron abundances in the coloration and cemen-
tation facies likely relate to the diagenetic history of the 
sandstone, in particular with the dissolution, mobili-
zation, and recrystallization of iron oxides in the vari-
ous coloration and cementation facies. The low relative 
abundance of iron in the white-colored sandstone likely 
indicates that any pre-existing iron was stripped away 
during fluid-flow alteration of the formation, leading to 
progressively increasing concentration in the other col-
oration facies and cementation facies. Since no inverse 
correlation is apparent between aluminum and potassi-
um in these samples, their presence and concentration 

Figure A5. Deconvoluted XRF results showing the qualitative relative concentration of some redox-sensitive elements. Sam-
ples are grouped by the suite to which the samples belong.
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are likely due to the presence of kaolinite and illite/po-
tassium feldspar, respectively. 

XRD Observations and Interpretations

XRD analysis of sample clay fraction identified min-
erals related to the diagenetic facies of which they repre-
sent. Quartz and kaolinite were identified in all samples 
(Table 6), with coarse-grained kaolinite the dominant 
clay mineral. Most samples contain illite, and samples 
from near the Baseline fault (PS-6) and from near the 
white and red sandstone members transition (PS-11) 
contain trace amounts of interlayered illite/smectite. 
The powder sample PS-9 collected along the strati-
graphic transect from the lower white contains chlorite 
and alunite. Sample PS-14 from the uppermost part of 
the red contains smectite.  

The clay minerals identified in the powdered sam-
ples likely relate to Cretaceous paleosol processes and 
weathering on various timescales depending on the 
stratigraphic position, shallow burial of the formation, 
and possibly secondary alteration from fluid flow along 
the Baseline fault. The occurrence of kaolinite and il-
lite in most samples suggests the possibility of surface 
weathering of muscovite mica and/or feldspar following 
deposition. It is possible that the occurrence of feldspar 
within the formation is related to weathering and very 
short transport distance of sediments derived from the 
Aztec Sandstone. Additionally, felspar may have been 
derived from air-fall tuff from eruptions from the Sierra 
Nevada Arc.  

The occurrence of alunite, KAl3(SO4)2(OH)6, af-
ter mindat.org) and chlorite (likely either clinochlore, 
Mg5Al(AlSi3O10)(OH)8, or chamosite, (Fe2+,Mg,Al,Fe3+)6
(Si,Al)4O10(OH,O)8, after mindat.org) in the lower white 
sandstone member (sample PS-9) possibly suggest 
long-term weathering as part of the long-lived exposure 
of amalgamated channel, sandy alluvial plain environ-
ments within the fluvial system along the leading edge 
of the Sevier highlands (Reese, 1989; McNamara, 2010).

The occurrence of kaolinite along with the absence 
of dickite suggests that the formation was not buried 
deeply enough to transform the kaolinite to dickite, 
which typically occurs at about 110°C to 130°C (Ehren-
berg et al., 1993). In the field area, the top of the Base-

line Sandstone was likely buried to a minimum depth 
of about 400 m by the overlying Tertiary Rainbow Gar-
dens Member of the Horse Spring Formation, Muddy 
Creek Formation, and Quaternary deposits (Muntean, 
2013). Assuming a geothermal gradient range of 20° to 
30°C and a total thickness of about 1100 m, the Base-
line was likely exposed to temperatures between 28° to 
65°C, well below the known temperature transforma-
tion (Figure 20). This is consistent with the estimated 
maximum burial depth of the underlying Aztec Sand-
stone as indicated by clay mineralogy (Eichhubl et al., 
2004). The Tertiary deposits thicken from about 400 m 
at the Overton Ridge area to greater than 2000 m to the 
east of to the east of the Mobil Virgin River No. 1A well 
at Mormon Mesa (Bohannon et al., 1993), so maximum 
temperatures experienced by the Baseline were about 
61° to 90°C (assuming about 2 km burial depth), still 
below the known temperature transformation (Figure 
20). This temperature range is also below that of the 
typical thermal transformation temperature of FeOOH 
and ferrihydrite to hematite, and that of goethite to he-
matite (140° to 500°C, and 260° to 320°C, respectively; 
Cornell and Schwertmann, 2003).

Diagenetic Facies Distribution
This section includes additional observations of di-

agenetic facies occurrence and patterns in focus areas A 
and B (Figure 1C).  

Focus Area A Diagenetic Patterns

Diagenetic patterns near Tearfault Mesa show a 
general relationship between diagenetic facies and 
depositional environment where the white sandstone 
member is finer-grained overall corresponding with a 
sheetflood-dominated alluvial fan environment (EOD 
D of Figure 12), with abundant concretionary facies 
exhibiting greater variability of forms, and higher in-
tensity in coloration. Where the white sandstone is 
coarser-grained overall corresponding with a debris 
flow-dominated/channel-reworked alluvial fan envi-
ronment (EOD E of Figure 12), concretionary facies 
are typically rarer and coloration facies are less varied 
and less concentrated (i.e., more diffuse in expression). 
The depositional environment remains the same with 
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the transition to the lower red sandstone member, with 
a slight change to more abundant carbonate concre-
tionary forms, suggesting that the change in concretion 
mineralogy is not strictly tied to depositional environ-
ment. 

Focus Area B Diagenetic Patterns 

Carbonate concretions are restricted to the middle 
to upper red sandstone member along the stratigraph-
ic transect. Small carbonate “grapestone” masses along 
joints occur near the large concretions (about 700 m 
above base) along with other crystalline calcite masses 
that appears to replace wood fragments. Large spheroi-
dal/bulbous concretions occur in sandstone, whereas 
septarian concretions occur in the mudstone/siltstone. 
The only known occurrence of pipe-like concretions 
was identified in the uppermost about 25 m of the red.  

Generally, there appears to be a relationship be-
tween depositional environment and diagenetic facies. 
In the lower white sandstone member where the dep-
ositional environment is that of a sandy braided allu-
vial plain, ironstone horizons are common along with 
various small iron oxide concretions. This part of the 
member is also where the iron oxide layer and massive 
with concentric ironstone horizon sub-forms occur. As 
the formation becomes coarser grained overall with the 
transition to the fluvial fan depositional environments 
(environments C, D, and E on the generalized strati-
graphic column of Figure 13), concretionary forms and 
ironstone horizons are less abundant. Although the 
depositional environment remains largely the same at 
the white and red sandstone members boundary (Dun-
can, 2022), there is an overall decrease in grain size and 
an increase in the amount of silt and mud-sized grains 
shed from unroofing of the Triassic rocks contained 
within the hanging wall of the Willow Tank thrust. This 
is coincident with variability, variegation, and concen-
tration of colors, along with an increase in concretion 
abundance. The somewhat abrupt change to monotone 
coloration and the cessation of iron oxide cementation 
facies does coincide with the shift in depositional envi-
ronment back to a fluvial-dominated environment and 
overall decrease in grain size and change in overall ar-
chitecture. However, the change seems to occur strati-

graphically above the shift in depositional environment. 
The carbonate cementation coincides with the sandy 
isolated channel, alluvial plain depositional environ-
ment, where concretions show a preferred relationship 
to lithology with spheroidal/bulbous concretion forms 
occurring in the sandier sediments whereas the septari-
an concretions occur in mud/silt-sized sediments. 
 

Satellite Mineral Mapping
Landsat multispectral satellite imagery is a tool to 

objectively evaluate mineral patterns and assess the 
validity of the observed qualitative patterns through 
field characterization, while showing continuity of larg-
er-scale patterns. Landsat 8 Operational Land Imager 
(OLI) imagery covers spectral bands useful for identi-
fying diagenetic minerals observed in the field (Figure 
A6). Simple threshold values applied to band-ratio ras-
ter images allow for the identification of various min-
eral products. Since these band ratios identify known 
mineral patterns (Figure 16B), they can be composit-
ed to derive mineral maps. Composite raster images 
were created using various combinations of band ratios 
(summarized in Table A2), with the best results ob-
tained using the ratios after Abrams et al. (1983) having 
the 6/7, 5/6, and 4/2 ratio in the Red, Green, and Blue 
channels, respectively (Figure 16B).  

Supervised and unsupervised classification of the 
composite raster validates the workflow and objectively 
reveals the distribution of diagenetic minerals, respec-
tively. Each result is discussed further below. Supervised 
classification of the field area (Figure 16C) provides an 
intermediate check on the remote sensing workflow 
since the classification should classify similar pixels in 
the Landsat scene in similar groups if similarities exist. 
Unsupervised classification of the field area resulted in 
objective documentation of diagenetic patterns of the 
Baseline Sandstone and their relationships to the broad-
scale stratigraphy and structures (Figure 16D). 

Band Thresholding and Compositing

The threshold 4/2 ratio map identifies diagenetic 
mineral patterns associated with red coloration zones of 
the Aztec Sandstone and lower red sandstone member of 
the hanging wall block of the Baseline fault (red color on 
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Figure 16A), resulting from the absorption feature in the 
long-visible/short-wave infrared. Some minor red color-
ation is also identified with this ratio in the red sand-
stone of the footwall block of the Baseline fault, although 
it is unclear whether the ratio is missing red-colored 
sandstone in that area due to soil cover. This threshold 
map also conforms to coloration patterns in the upper 
white sandstone member observed at the location of key 
outcrop 5 (Figure 1C) indicating goethite composition as 
revealed by reflectance spectroscopy, with lesser hema-
tite coloration and concretionary forms at this location. 

The threshold (4+6)/5 ratio map conforms more 
directly to ground-based observations. In particular, 
this band ratio highlights areas where iron oxide con-
cretions (green color on Figure 16A) and bedding-par-
allel mineral cemented zones are present in the white 
sandstone member (focus areas A and B of Figures 1C 
and 16D). The close relationship between the threshold 
map and ground-based observations indicates that this 
threshold map can be used for identifying and mapping 
iron oxide concretion occurrences remotely, at least to 
a first order.  

The threshold 6/7 ratio map reflects ground-based 

patterns of bleached/altered zones in the Aztec Sand-
stone, and color patterns of the white sandstone mem-
ber (light blue color on Figure 16A). The threshold 5/6 
ratio map highlights known clay-rich areas both in the 
middle stratigraphic part of the Willow Tank Formation 
and in soils/Quaternary alluvium around Baseline Mesa 
and the Simplot Mine/Kaolin Wash (teal coloration on 
Figure 16A).  

  To a first-order, the threshold maps identify known 
patterns in diagenetic iron oxide and clay minerals, in-
dicating that combinations of these band ratios can be 
used in image composites to more accurately differen-
tiate between coloration and concretion patterns (Fig-
ure A7). In the end, the band ratio combination after 
Abrams et al. (1983) was selected (Figure 16B) as the 
best representation of known diagenetic patterns and 
were successfully used for further classified mineral 
maps through supervised and unsupervised classifica-
tion schemes (Figures 16C and 16D). 

Classified Mineral Maps

Supervised classification: Supervised classification of 
the field area (Figures 16C and A8) provides an inter-

Figure A6. Visible-Near Infrared (VNIR) reflectance spectral profiles of rocks measured in the field area compared to repre-
sentative reference spectra as measured in the lab. Numbered vertical bars indicate the band number and spectral range of 
Landsat 8 bands.
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mediate check on the remote sensing workflow since the 
classification should classify similar pixels in the Landsat 
scene in similar groups if similarities exist. However, this 
classification might not work best for objective pattern 
identification for three main reasons. First, this method 
is greatly dependent on the training samples selected 
and the number of samples used. Second, this method 
does not utilize masking, meaning that shaded pixels or 
pixels of vegetation/water are included in the resultant 
classification. Third, due to the moderate spatial resolu-
tion of the Landsat imagery, each pixel in the Landsat 
scene represents a mix of various spectral signatures (at 
30 m/pixel resolution). Several observations from the 
classified image are interesting and validate this point. 

Areas designated as training classes for this clas-
sification are shown in Figure A2. Similarities in the 

white sandstone member on either side of the Base-
line fault, classified as “Bleached” (Baseline), align 
with field-based observations that indicate similarities 
in the white sandstone member throughout the field 
area. This classification also shows a difference between 
the red sandstone member on either side of the Base-
line fault with that in the hanging wall classified as a 
combination of “Bleached Aztec,” “FeO+Calcite,” “FeO-
Rich,” “Anthropogenic,” and “Soil 2”, and that in the 
footwall classified as “FeO-Rich,” minor “FeO+Calcite,” 
and predominance of “Soil 1” and “Soil 2” in the upper 
red sandstone. In addition, the “Anthropogenic” class 
matches the active Simplot Mine (where silica-rich sand 
is being exposed) as well as the abandoned Florence 
Mine. However, this class occurs in other areas that are 
more accurately classified as intensely altered/bleached 

Figure A7. Composite images derived from 
various bands and band ratios. Diagram in 
upper right of each image indicates the band 
or band ratio used in each Red, Green, or Blue 
channels (RGB, as indicated by the corre-
sponding Red, Green, or Blue circles). Color 
of each pixel then indicates relative strength 
of the particular band/band-ratio, or mix-
es of bands/band-ratios. (A) Standard RGB 
composite. (B) Color-infrared composite. (C 
through F) Composites of band ratios and 
compound band ratios.
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(e.g., the rocks in proximity to the Baseline fault) or as 
soil cover (e.g., patches throughout the white sandstone 
member).  

Unsupervised classification: Unsupervised classifica-
tion of the field area resulted in objective documenta-
tion of diagenetic patterns of the Baseline Sandstone 
and their relationships to the broad-scale stratigraphy 
and structures (Figures 16D and A9). Patterns in classes 
derived through this classification align with the known 
diagenetic mineral patterns in the diagenetic pattern fo-
cus areas, thus validating this approach and providing 
additional observations of the pattern distribution and 
orientation away from the field-characterized area. Since 
this classification was unguided/uninfluenced from 
training samples and used masking, the results are de-
termined through the relative strength of spectra reflect-
ed in each combined pixel and are therefore objective.  

The white sandstone member patterns appear to 
align with the ground-based observations since clear 
stratigraphic patterns in diagenetic mineralogies 

emerge. The lowermost white sandstone member in 
both the hanging wall and footwall of the Baseline fault 
display a mix of class 2 and 4 that parallel the stratigra-
phy and coincide with known occurrences of concre-
tionary forms and ironstone horizons (Figure A9). In 
the hanging wall block, the red coloration-dominated 
zone coincides with class 11, which does not continue 
laterally through to the footwall block and instead tran-
sitions to predominately class 2 (Figure A10). The upper 
white patterns match known diagenetic attributes and 
exhibit similar relationships throughout the rest of the 
white sandstone member. Coloration facies-dominated 
parts seem to coincide with class 2 and class 3, and the 
occurrence of concretionary forms coincides with the 
addition of class 4. 

The uppermost white sandstone member to lower-
most red sandstone member change to dominance of 
class 4 with addition of class 7. The hanging wall block 
part of the uppermost white and lowermost red exhib-
its a dominance of class 6, where known cementation 
facies are composed of red-colored carbonate concre-

Figure A8. Supervised classification images using both the Abrams (A) and custom band combination (B).



A-26

Structural and Stratigraphic Controls on the Diagenetic Evolution of the Cretaceous Baseline Sandstone, Southern Nevada, U.S.A.
Casey J. Duncan and Marjorie A. Chan

Geology of the Intermountain West 2026 Volume 13

tion forms. In contrast, the lower half of the red in the 
footwall block is dominated by class 4 with increasing 
amounts of class 6 up section in an area where concre-
tionary forms are predominately iron oxide with minor 
carbonate concretions and later joint mineralization. 
The upper half of the red in the footwall block is dom-
inated by classes 5, 8, and 9, with minor amounts of 
class 4 (Figure A11). This pattern is consistent with the 
relatively higher amount of Quaternary soil cover and 
increased amount of carbonate concretionary forms 
mixed along with the higher amount of floodplain pre-
served in this part of the stratigraphy. Overton Ridge, 
which is made up of the resistant limestone clast-dom-

inated conglomerate of the Rainbow Gardens Member 
of the Horse Spring Formation (Figure 1C), curiously is 
classified mainly as class 3, similar to the fine-grained 
interval of the Willow Tank Formation. 

Patterns adjacent to the Baseline fault are not as clearly 
relatable to ground-based observations as other areas (Fig-
ure A12). White pixels of class 12 seem to coincide with 
the stark white and bleached sandstone of the white sand-
stone member adjacent to the calcite concretion-bearing 
Aztec Sandstone, which is placed in class 6, similar to oth-
er calcite-cemented materials. The spectral mapping of 
class 12 coincides with the incision block from the white 
and other areas of altered white sandstone member north-

Figure A9. Unsupervised 
classification derived from 
the (A) Abrams, or (B) cus-
tom band ratios.

Figure A10. Detailed view of 
the unsupervised classifica-
tion of the white sandstone 
through lower red sandstone 
members of diagenetic pat-
tern focus area A.
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ward along the trace of the fault. However, aside from the 
incised block, the rest of the pixels classified as class 12 
may coincide with other examples of class 12 in the upper 
white and may be a repetition of the same stratigraphic in-
terval from faulting. Another inaccuracy of this mapping 
is shown by the similar grouping of different units of the 
Aztec (the upper red and banded red and white unit, along 
with the lower red unit of Eichubbl et al., 2004). However, 

there is a slight difference between the two, as the upper 
red unit is a mix of classes 6, 7, and 9, and the lower red 
unit is predominately class 6 with minor class 4.   

Similar to the band threshold images, iron oxide con-
cretion forms seem to be highlighted by class 4. With the 
increasing abundance of carbonate concretion forms, the 
pixels appear to mix increasingly with those classified as 
class 6. 

Figure A11. Detailed view of 
the unsupervised classifica-
tion (A) of the red sandstone 
member in (B) a part of dia-
genetic pattern focus area B.

Figure A12. Detailed view of 
the unsupervised classifica-
tion map (A) of the Baseline 
fault in the southern part of 
the field area (B).
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It is important to note that each class represents the 
relative dominance of particular spectral signatures re-
lated to the prevailing surface material in any given pix-
el of the Landsat scene. An opportunity exists for future 
characterization of each pixel through Principal Com-
ponent Analysis (PCA) to further refine methodologies 
and extract additional information. However, sufficient 
conclusions to support the present research questions 
can be gained from qualitative exploration of the unsu-
pervised classified map.

Satellite mapping interpretation: From the unsuper-
vised classification map (Figure 16D), several significant 
observations about the spectral signatures of the ground 
surface materials, as well as the relative timing of their 
formation, can be inferred. The change in classes from 
the white to the red sandstone member likely relates to 
the stratigraphic patterns and change in depositional 
environment to one that includes a higher proportion of 
fine-grained overbank material and change to calcite ce-
ment. The coloration patterns observed on the ground in 
proximity to the Baseline fault seem to parallel the fault 
and are likely related to a Miocene-aged (or younger) 
timing. This remote-sensing mapping shows, objective-
ly, that the patterns of diagenetic coloration or cementa-
tion facies parallel stratigraphy and are deformed/cross-
cut in the same way from later folding (Laramide-aged 
Kingman arch) and faulting (Baseline fault and other 
Miocene-aged normal faults). These cross-cutting rela-
tionships indicate that the primary coloration and ce-
mentation facies formed before at least Laramide time. 
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