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ABSTRACT

The effects of iron chemistry dominate the visual landscape of southwestern Utah,
producing not only the well-known red rock scenery, but also a broad variety of other
colorful features. Diagenetic coloration is perhaps best displayed in the magnificent
cliffs of the Jurassic Navajo Sandstone, where selective chemical alteration by subsurface
fluids has enriched the rock with iron in some areas (iron oxide cement precipitation),
and locally depleted the rock of iron in others (chemical bleaching). This study examines
the complex interrelationships between these coloration facies in a regional context in
order to better understand the large-scale stratigraphic, hydrodynamic, and tectonic
mechanisms that produced them. Primary goals of the study are to map diagenetic
coloration facies, analyze geospatial relationships, establish the timing of major
diagenetic events, and evaluate the impact of iron oxide cementation on reservoir
architecture.

Results indicate that the Navajo Sandstone has a prolonged and complex
diagenetic historgl. At least four major events have occurred on a regional scale: 1)
precipitation of primary grain coats to produce primary red rock; 2) bleaching of the
upper Navajo Sandstone; 3) precipitation of dense concentrations of iron oxide (up to
30% by weight) in the lower formation; and 4) brightly colored secondary cementation
along joints in the upper formation. Hierarchal taxonomies are presented for classifying

and interpreting the major types of diagenetic features that are present.



Sandstone bleaching patterns are influenced by multiple factors including
variations in eolian bedform morphology, higher percent grainflow stratification in the
upper formation, and the localized superimposition of horizontally contiguous bleached
facies (loosely akin to sedimentary facies relationships of Walther’s law). Dense
concentrations of concretionary iron oxide cement occur primarily as discontinuous
subhorizontal horizons in the lower portion of the formation. The wide occurrence of
these horizons in southwestern Utah may indicate a relationship with regional tectonic
processes, with cementation resulting from fluctuating geochemical conditions. Iron
oxide precipitation locally follows previously high-permeability bedding features that,
upon cementation, become barriers to subsequent fluid flow (“permeability inversion”).

These relationships have application for both characterizing reservoir architecture and

understanding the diagenetic history of the region.
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CHAPTER 1

INTRODUCTION

Background and Objectives

Iron is the fourth most abundant element in the crust of the earth (~5.63% by
weight [Enghag, 2004]). Despite its abundance, natural iron is never found in its pure
state, but instead occurs chemically bound to oxygen or other elements (Stwertka, 2002).
A common result of this bonding is the formation of iron oxide and hydroxide minerals
(e.g., hematite, goethite, etc.), which are important ores of considerable economic and
cultural importance (about 90% of all refined metal is iron [Stwertka, 2002]). Iron oxide
minerals are widely distributed in sedimentary settings (including eolian deposits), often
imparting characteristic colors to rocks.

This study investigates regional-scale diagenetic processes that produced iron
oxide cementation within the Jurassic Navajo Sandstone of southwestern Utah, including
Zion National Park (Zion NP) and Snow Canyon State Park (Snow Canyon SP) (Fig.
1.1). It builds on the work of previous researchers who have explored the following
aspects of sandstone coloration: geochemistry and mineralogy of different coloration
units (Chan et. al., 2000; Parry et al., 2004; Bowen, 2005; Parry et al., 2009), spatial

extent of bleaching (Bowen, 2005), micro- and macro-scale iron oxide cementation
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features such as concretions (Chan et al., 2000, Bowen, 2005; Chan et al., 2007; Potter,
2009), relationships of cementation to local stratigraphic and structural features (Net,
2003; Eichhubl et al., 2004; Parry et al., 2004; Bowen, 2005), and similarities between
iron oxide features in the Navajo Sandstone and those on Mars (Chan et al., 2004;
Bowen, 2005; Chan et al., 2007; Potter, 2009).

The present study expands on this previous work by taking an integrative spatial
approach to understanding iron oxide cementation, comparing relationships between
coloration units on an outcrop, local area, and broad regional scale. The main objective of
this integrative approach is to provide a context for understanding the impact of
cementation on reservoir architecture. Specific goals of the study are to: 1) analyze and
describe the major diagenetic coloration units that are present in the SW Utah; 2) develop
a useful system for classifying bleached and iron enriched features; 3) examine spatial
relationships between coloration features using geospatial techniques; 4) establish the
timing of major diagenetic events; 5) investigate potential stratigraphic, hydrodynamic,
and tectonic controls on cementation; 6) evaluate the impact of iron oxide cementation on
reservoir architecture; 7) explore possible correlations with analogous iron oxide features
at other localities. The southwest Utah area (Fig. 1.1) is an ideal location for
investigating -large-scale diagenetic processes because excellent exposures of Navajo
Sandstone display a broad diversity of alteration features. Concentrated iron oxide
features such as iron oxide concretions and densely cemented “ironstone” layers (Fig.
1.2) are particularly abundant, and occur over a large geographic region. Large areas of

relatively undisturbed strata at Zion NP and elsewhere allow for detailed analysis of



Figure 1.2
Small iron oxide concretions form a lag deposit in the Sand Hollow Reservoir area.



spatial relationships between units, while local zones of structural deformation facilitate

temporal correlation.

Iron Oxide Geochemistry and Sandstone Color

Coloration and other characteristics of iron oxides in the Navajo Sandstone have
their foundation in the atomic structure of iron. Because of this, a few aspects of iron
oxide geochemistry that are relevant to understanding Navajo Sandstone coloration are
outlined here. As with other transition elements, elemental iron (electron configuration:
[Ar]3d®4s?) has a complete outer s energy sublevel (two valence electrons) and an
incomplete inner d sublevel that can gain or lose electrons. This structure helps
determine many properties of the iron oxide minerals, including their oxidation states,
solubility, and color.

Electrons in the outer d and s sublevel of elemental iron are loosely bound. Asa
result, iron commonly occurs in two oxidation states: “ferrous” iron (Fe2+) and “ferric”
iron (Fe*"). The ability of these cations to enter into solution varies considerably, with
Fe?* being somewhat soluble and Fe** being essentially “insoluble” under normal surface
conditions. Despite the relative insolubility of ferric oxides such as hematite, dissolution
and transport of iron can (and does) occur. Comell and Schwertmann (2003) observe:

In natural systems where most of the iron is in the form of Fe®* oxides, the

iron should therefore be in immobile form. As large amounts of iron

circulate in all parts of the ecosystem (biota, water and soil), however,

mobilization of iron (i.e. dissolution) from the oxide reserves must take

place (p. 297).

Within the Navajo Sandstone, mobilization of iron is facilitated by chemical and

biological reduction (Chan et al., 2000), protonation in acid solution, and complexation



with molecules or ions that weaken chemical the bonds (Cornell and Schwertmann,
2003). Dissolution is therefore favored under acidic conditions (low pH) with relatively
low reduction potential (or Eh; Tucker, 1991; Parry et al., 2004; Parry et al., 2009).

Iron has precipitated from solution in the Navajo Sandstone to form widespread
iron oxide cements (Fig. 1.3). Cementation occurs through either direct precipitation
from iron-bearing solution, or the transformation of an iron oxide precursor (Cornell and
Schwertmann, 2003). Both hematite and goethite are common cements that are stable at
pH and Eh conditions commonly associated with the near-surface. It is primarily the
abundance and distribution of these two minerals that gives the Navajo Sandstone its
variable coloration.

The uniform, reddish coloration that characterizes the Navajo Sandstone in many
areas (Fig. 1.4) is produced by low concentrations of evenly disseminated iron oxide
cement (Fig. 1.3A; Bowen, 2005). The reddish hue results from selective absorption of
energy (photons) in the blue-green part of the visible spectrum. This absorption occurs as
a result of both charge transfer (e.g., between oxygen and iron cations) and temporary
splitting of the d sublevel into multiple energy states (Clark, 1995; Schwertman and
Cornell, 2000). Other colors in the same area of the visible spectrum (e.g., orange,
yellow, brown) are also common (Fig. 1.5), typically resulting from differences in iron
oxide concentration, crystal size and shape, and the presence of trace minerals
(Schwertman and Cornell, 2000). The term “bleaching” refers to the removal of original
iron oxide pigment from a sandstone or other rock (Lindquist, 1988; Chan et al., 2000;
Parry, 2004; Beitler, 2005). Bleached white or pale-colored rock is common in many

areas of the Navajo Sandstone (Fig. 1.6; Bowen, 2005).
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Figure 1.3

Thin section micrographs show distribution of iron oxide for different diagenetic
coloration facies at Snow Canyon SP (crossed polarized light). A) Uniform red sandstone
has thin coats of hematite around grains. B) Bleached sandstone lacks hematite grain
rims. C) Dark colored ironstone with dense iron oxide cement between grains.
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Figure 1.4
Red-colored sandstone of Snow Canyon SP shows different types of interdune bounding
surfaces. Parallel, planar bounding surfaces (right of outcrop) have been scoured by a

trough-shaped bounding surface (upper left).
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Figure 1.5
Colorful Liesegang-type bands associated with concentrated iron oxide precipitation in

the Navajo Sandstone. The origin of these bands is described in Chapter 4. Unaltered
“primary” red rock is visible in the rear of the photo.
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Eolian Stratification Types

The spatial distribution of diagenetic coloration units in sandstone is commonly
related to primary permeability associated with different types of eolian deposition.
Kocurek (1996) provides an excellent overview of major eolian transport processes and
resulting bedforms. Deposition is controlled by prevailing wind systems and results in
three basic types of strata: grainflow, grainfall, and wind ripple. Brief descriptions of
each of these basic strata type are given below.

Grainflow strata (Fig. 1.7) are cm-scale, iligh-angle, lens-shaped deposits that are
produced by the avalanching of sand down the slipface of a dune (Hunter, 1977).
Individual beds are generally structureless, with contacts marked by thin “pinstripe
lamina” (Fryberger and Schenk, 1988; Kocurek and Dott, 1981). Grain size is somewhat
larger than that of other eolian deposits (typically fine- to medium- grained). As a result
of poor sorting and relatively large grain size, grainflow strata typically have higher
primary permeability than other eolian strata types.

Grainfall strata are mm-cm scale, intermediate-angle deposits that form as
relatively small particles settle out of wind suspension in front of a dune (Hunter, 1977).
Although grainfall deposition may blanket a large area, preservation potential for these
strata is relatively low in large dune systems because sediment is frequently reworked by
other processes (Lindquist, 1988). The reworking of fine sand by airflow in front of a
dune produces wind ripple laminae (Fig. 1.8). These are mm-scale, low to intermediate
angle deposits are typically fine- to very fine-grained (Kocurek and Dott, 1981; Hunter,

1977; Kocurek, 1996). Individual lamina are characterized by relatively sharp contacts
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Figure 1.7. Patches of darker-colored iron oxide forming in grainflow strata.
Finer-grained pinstripe laminae mark the boundary between successive grainflow
deposits.
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and possible inverse grading (Fig. 1.8; Schenk, 1983). Because wind ripple laminae are
typically finer-grained and better sorted than grainflow deposits, their permeability is

usually much lower (Net, 2003).

Chapter Summaries

Chapters in this paper focus on different aspects of diagenesis in the Navajo
Sandstone of southwestern Utah. Chapter 1 defines six diagenetic coloration facies
(including 12 subfacies) in the SW Utah area and characterizes the distribution of iron
oxide in each. The spatial distribution of coloration facies in the Zion NP area (Fig. 1.1)
is examined and compared with primary permeability patterns within the formation.
Processes that may concentrate bleaching within the upper formation are also explored.
Spatial relationships are used to estimate the relative timing of major diagenetic events in
the region.

Chapter 2 focuses on spatial relationships between different styles of bleaching in
the Snow Canyon SP area. Bleaching features are mapped and classified based upon
their scale, geometry, and relative distance from the main reaction front. Horizontal and
vertical successions of bleached features are compared and methods for spatial
correlation are discussed. The relationship of diagenetic features to joints and faults are
used to estimate the timing of bleaching. Comparisons are made between bleaching
styles in the Snow Canyon SP and Zion NP areas.

Chapter 3 focuses on concentrated iron oxide cementation in the lower Navajo
Sandstone. A hierarchal taxonomy is presented for classifying these features based upon

relative iron oxide concentration and cementation style. The geometry and spatial extent
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of large-scale iron oxide horizons are evaluated and potential structural and
hydrogeological controls on cementation are discussed. Timing of cementation is also
evaluated based upon relationships to structural features. The impact of secondary iron
oxide precipitation is evaluated and implications for reservoir architecture are explored.
Similarities with analogous cementation features on Mars are discussed.

The appendices of this paper provide full data sets and additional images related
to aspects of diagenetic alteration that are too specific to cover in the body of the paper.
Information on the mineralogy and bulk chemical composition of the Kayenta and
Temple Cap Formations (Fig. 1.1) is also provided. An accompanying 1:10,000 map

(Plate 1) shows detailed relationships between diagenetic coloration facies in the Snow

Canyon SP area.
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CHAPTER 2

DIAGENETIC COLORATION FACIES AND ALTERATION
HISTORY OF THE JURASSIC NAVAJO SANDSTONE,
ZION NATIONAL PARK AND VICINITY,
‘SOUTHWESTERN UTAH
Reprinted with permission from
Utah Geological Association, Publication 38,
Geology and Geological Resources and Issues of Western Utah, p. 67-96.
Gregory B. Nielsen, Marjorie A. Chan, and Erich U. Petersen
Abstract
Coloration patterns in the Jurassic Navajo Sandstone of Zion National Park and
vicinity are examined using a broad variety of geochemical, geospatial, petrographic, and
bedform analys:is techniques. Six diagenetic coloration facies (including 12 subfacies)
are defined and characterized. Results indicate a prolonged and complex diagenetic
history with variations in color resulting largely from changes in the concentration and
distribution of iron oxides. In the northern Kolob Plateau, the Navajo Sandstone has a
uniform red pigmentation (red primary facies) that formed during early diagenesis to
produce the “primary” sandstone color. In contrast, Navajo Sandstone of main Zion
Canyon displays “secondary” alteration features occurring in three distinct vertical

coloration facies: brown (lower), pink (middle), and white (upper).
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The white and pink facies in Zion Canyon are characterized by a combination of
prevalent bleaching, areas of remnant “primary” sandstone, and small concretionary iron-
enriched lenses. Bleaching is concentrated in the upper Navajo Sandstone where
alteration occurred during middle diagenesis (deep burial). Widespread bleaching and
alteration in Zion Canyon terminates abruptly in the central part of the park but narrow,
well-defined, white bleached bands locally follow high-permeability beds northward for
several kilometers into the red-colored Kolob Plateau (red/white facies). The brown
facies is characterized by widespread dark iron oxide cement concentrations precipitated
beneath a well-defined subhorizontal boundary. Isolated lenses of dense ironstone in
overlying facies represent possible ancient conﬂuits for transporting mobilized iron.
Later episodes of limited iron oxide precipitation produced brightly colored cementation
(multicolored facies) along some joints in the upper part of the formation.

The spatial distribution of alteration features at Zion National Park is related to
permeability variations corresponding to stratigraphic shifts in eolian bedform
morphology. Moving stratigraphically upward through the Navajo Sandstone, bedform
changes here include increased foreset dip (from 18 to 22 degrees), a clockwise rotation
of mean transport direction (from S to SW) and higher percent grainflow strata (from 17
to 25%). Increased prevalence of grainflow strata in the upper part of the formation
likely facilitated bleaching fluids in this zone. These examples show the importance of

primary textures in controlling fluid flow within an eolian reservoir system.
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Introduction

As the 19th-century American geologist Clarence Dutton conducted a pioneering
survey of the upper gorge of the Virgin River (now Zion National Park, Fig. 2.1), he
marveled at the diverse coloration patterns, “The slopes, the widening ledges, the bosses
of projecting rock, the naked, scanty soil, display colors which are truly
amazing. . .(The towers) are white above, and change to a strong, rich red below”
(Dutton, 1882, p. 57-59). Although these exposures have been the setting for decades of
geologic research, relatively little previous work has specifically explored the diverse
diagenetic coloration patterns in the Zion National Park (Zion NP) area. These coloration
patterns are significant both as records of fluid-related alteration events as well as
indicators of past and present permeability pathways within the sandstone. This study
examines the mineralogy and spatial distribution of coloration features in order to better
understand the nature and relative timing of events that produced them. It also correlates
key diagenetic features observed in Zion NP with similar patterns recognized elsewhere
in southwestern Utah.

A framework for investigating the diagenetic history of Zion NP has been
established by previous investigations. Gregory (1950) attributes the major colors in
Zion NP to dif:ferent iron-bearing minerals and suggests the white color of the upper
Navajo Sandstone indicates an absence of iron. In a widely used geologic map and
guidebook to the park, Hamilton (1978, 1992) subdivides the Navajo Sandstone into three
informal subunits: brown (lower), pink (middle), and white (upper). He attributes the

white color of the upper Navajo Sandstone to the removal of cement by flowing
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Figure 2.1
Map of Zion NP showing geographic zones and selected locations referred in this paper.

Navajo Sandstone mn each zone has a distinct appearance and 1s associated with different
diagenetic coloration facies.
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groundwater and brown color to a combination of hematite and limonite produced by the
re-precipitation of previously dissolved iron. Biek et al. (2003) also attribute the light
colors of the upper Navajo Sandstone to alterations in iron oxide mineralogy related to
changes in the oxidation state, with particular relation to the dense ironstone features
within the pink subunit of the park. Chapter 4 explores the origin of widespread
concentrated iron oxide cementation features in the lower Navajo Sandstone of SW Utah
(including Zion NP) and discuss the impact of this cementation on reservoir quality.
Similar coloration patterns to those in Zion NP have been studied elsewhere in the
Navajo Sandstone and other formations (e.g., Chan et al., 2000; Net, 2003; Eichhubl et
al., 2004; Beitler et al., 2005).  Variations in sandstone color result from differences in
mineralogy, cement distribution, crystal size, and other factors with iron oxide
concentrations having a dominant effect (Cornell and Schwertmann, 2003; Net, 2003).
Shortly after deposition, most of the Navajo Sandstone had an even reddish pigmentation
produced by thin coats of iron oxide surrounding grains (Walker, 1979). Present-day
variations in color (white, yellow, brown, etc.) result from later alteration by subsurface
fluids, including both the chemical reduction and removal of iron (“bleaching”) and the
secondary precipitation of additional iron oxide cement (“enrichment”). These changes
are often fabric selective (Fig. 2.2) and may be locally controlled by eolian stratification
patterns (Lindquist, 1988; Net, 2003; Beitler et al., 2005). Relatively coarse and poorly
sorted grainflow strata (Hunter, 1977; Kocurek and Dott, 1981) typically show the
broadest diversity of colors as a result of high primary permeability (Net, 2003). In
contrast, wind ripple strata (Hunter, 1977; Kocurek and Dott, 1981) and wet interdune

deposits (Lancaster and Teller, 1988) have lower permeability and are more likely to
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Figure 2.2.
Interdune bounding surface separating wind ripple and grainflow deposits. Note
preferential bleaching of the coarser-grained, more permeable grainflow strata (length of
ruler in lower left is 15 cm).
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retain original red pigmentation. Eolian bounding surfaces generally separate sandstones

of different permeabilities, and may be associated with sharp color contrasts (Fig. 2.2).

Geologic Setting

Jurassic Stratigraphy

The dominant cliff-forming unit in Zion NP area is the Navajo Sandstone (Fig.
2.3), which is a fine- to medium-grained sandstone with prominent, large-scale, eolian
cross-bed sets and variable coloration. During the Early Jurassic, the Navajo sand sea
produced deposits extending southward from Idaho and Wyoming to southern Arizona
(Marzolf, 1988; Peterson, 1988, Blakey, 1994). The resulting eolian Navajo Sandstone
unit attains its maximum thickness in the southwest Utah area where it locally exceeds
600 m (~2000 ft) (McKee, 1979; Biek et al., 2003). The Navajo Sandstone is underlain
conformably by reddish-brown fluvial units of the Lower Jurassic Kayenta and Moenave
Formations (Fig. 2.3). The top of the Navajo Sandstone is marked by the J-1
unconformity, a regionally extensive surface that marks a period of erosion that nearly
leveled the top of the Navajo Sandstone (Pipiringos and O’Sullivan, 1978). Above the J-
1 unconformity is the Middle Jurassic Temple Cap Formation that is divided into two
members: the lower, Sinawava Member consists of reddish-brown sandstone and the
upper, White Throne Member consists of multicolored, cross-bedded eolian sandstone
(Peterson and Pipiringos, 1979; Biek et al., 2003). The top of the Temple Cap Formation
is marked by the J-2 unconformity which represents a brief period of erosion preceding
the invasion of a shallow sea from the northeast that deposited the marine limestone of

the Carmel Formation (Brenner and Peterson, 2004).
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Generalized Jurassic stratigraphy of Zion NP in the main Zion Canyon area (Fig. 2.1:
Zone 1). Top photo shows the West Temple from near the Visitor’s Center looking west.
The distant cliffs are approximately 1 km (0.6 mi) in front of the outcrops in the right of
the photo. Stratigraphic column adapted from Biek et al. (2003) and Graham (2006).
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Regional Tectonics

Tectonic activity in the vicinity of Zion NP is associated with two major events:
the Sevier-Cordilleran orogeny and Basin and Range extension. Deformation began in
the Middle Jurassic (soon after deposition of the Navajo Sandstone) when a low-relief
back-bulge basin at the leading edge of the Sevier thrust system formed over much of
Utah, allowing a shallow epicontinental sea to move across the area from the northeast
(Stokes, 1986; Lawton, 1994; Willis, 1999; Biek et al., 2003). As the thrust system
continued to migrate across the region, folds and thrust faults formed, climaxing in the
Late Cretaceous (Willis, 1999). The Kanarra anticline and Taylor Creek thrust-fault
zones in the Kolob Canyons area of Zion NP likely formed about 75 to 55 million years
ago as part of this phase of deformation (Biek et al., 2003). The Kanarra anticline is co-
linear with the Virgin anticline approximately 30 km (18 mi) to the southwest in the St.
George, Utah area (Biek, 2003). Thrusting in southern Utah ended approximately 40
million years ago (Willis, 1999).

Major normal faults that cross-cut diagenetic features in the Zion NP area are
associated with late Tertiary Basin and Range extension. Most estimates place the onset
of movement along the Hurricane and Sevier faults (west and east of Zion NP) as
occurring during -the Miocene to early Pliocene (Biek et al., 2003; Lund et al., 2007;
Lund et al., 2008). North-northwest trending joints in the park are either related to Basin
and Range extension or to the earlier relaxation of compressional forces associated with

the Sevier orogeny (Hamilton, 1992; Biek et al., 2003; Rogers et al., 2004).
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Methods

Bulk Composition and Mineralogy

Rock colors were coded using the standardized Munsell rock color system (Rock-
Color Chart Committee, 1991) and facies relationships were documented during
extensive field reconnaissance. The mineralogy and diagenetic history of each facies was
characterized in the lab using a combination of spectral, x-ray diffraction, petrographic,
and mass spectrometer analysis. A portable analytical spectrometer was used to measure
visible to short wave infrared reflectance spectroscopy for samples from various locations
throughout Zion NP as well as other locations in the nearby St. George, Utah area (n=59).
All samples were evaluated under artificial light e;cross both visible and near infrared
wavelengths. X-ray diffraction was performed on 25 powdered samples to further
facilitate mineral identification (20 = 5-35° at 2°/minute). Powdered specimens were
mixed with water then agitated slightly to align the particles and improve the clay
detection threshold (clay extraction by centrifuging was not performed). The relative
abundance and distribution of kaolinite, illite, iron oxide, and other minerals was
characterized using point count analysis on 15 representative thin sections (n=15,000
total points at 1 mm spacings), as well as qualitative analysis of 9 additional sections.
Slides were partially stained with sodium cobalt nitrite to assist in feldspar identification.
Inductively coupled plasma mass spectrometry (ICP-MS) was performed in a commercial
laboratory on 30 samples (26 from the Navajo Sandstone, 2 from the Kayenta Formation
and 2 from the Temple Cap Formation) to measure the average weight percent for major

oxides and the abundance of selected trace elements (sample localities are listed in

Appendix B).



27

Eolian Bedform Analysis

Bedding orientation and dominant stratification type were measured at 635 points
within a variety of outcrops in the lower, middle, and upper Navajo Sandstone of Zion
NP, as well as at Snow Canyon State Park (Snow Canyon SP) to the west (Fig. 2.1).
Measurements were made at regularly spaced intervals in an oblique direction relative to
bedding in order to maximize the variety of stratification types coded (grainflow, wind
ripple, grainfall, etc. [Hunter, 1977]). Interdune data were excluded when calculating
percent grainflow. Average foreset dip and mean dip direction were calculated using the
GEOrient software of Holcombe (2009). In order to tentatively evaluate the potential of

units overlying the Navajo Sandstone as a stratigraphic trap, gas permeability

measurements were made on three surface plugs by a commercial laboratory.

Soxhlet Extraction and Fluid Inclusions Analyses

Soxhlet extraction isolates compounds from rock through repeated circulation of a
distilled solvent. Soxhelt extraction of organics using methylene chloride solvent was
performed by a commercial laboratory on eight Navajo Sandstone samples to determine
if detectable traces of hydrocarbon were present. Six of these samples were bleached or
otherwise diagenetically altered and the other two were samples with primary red
coloration. Two additional samples from with known properties were also analyzed to
serve as a control. Compounds extracted from the Navajo samples were analyzed using
gas chromatography to determine if the signatures were consistent with degraded
hydrocarbon. Hydrocarbon gas phase analysis (Wavrek et al., 2004) was performed by

Petroleum Systems International on 16 variably altered samples (80 total analyses) from
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the St. George, Utah area in order to determine the isotopic composition and hydrocarbon
signal strength of fluid inclusions. The location of petroleum inclusions within select

samples was evaluated by analyzing thin sections using UV light.

Preliminary Characterization of Diagenetic Coloration Facies

Coloration in the Navajo Sandstone is highly variable as a result of diagenetic
alteration. Navajo Sandstone of the Zion NP region (including the St. George, Utah area
to the west [Fig. 2.1]) is divided into six major diagenetic coloration facies and
subdivided into 12 subfacies based upon similarities in rock color and shared diagenetic
features (Table 2.1). Each facies group consists of regional-scale (km+) areas of rock
having similar visual and compositional characteristics, implying a distinct diagenetic
origin. Subfacies are used to differentiate localized variations within parent facies.
Symbols used to reference facies and subfacies in figures are listed in Table 2.1. These
symbols consist of the formation abbreviation (e.g., Jn) followed by one or more letters
that give the dominant color or colors of the facies (e.g., Jn-r for red primary facies, Jn-rw
for the red/white transition facies). Generalized color names were used when naming
facies and more precise Munsell color designations are given in Appendix A. This paper
provides a preliminary characterization of each diagenetic facies with emphasis on iron
oxides and other minerals that contribute to coloration. Diagenetic coloration facies and
subfacies are described moving north to south through the park (from Zones 1 to 3 on

Figs. 2.1 and 2.4). The petrographic and mineralogical characteristics of each coloration

facies are given in Figs. 2.5 to 2.7.



Major diagenetic coloration facies and subfacies of the Navajo Sandstone for Zion NP and vicinity.

Table 2.1.

. . Zion | Stratigraphic -~ =1z
Diagenetic | symbol | Zone | Position Subfacies Characteristic gl2%
(Fig. 1) | _(Thickness) i
P l.led Inr 1 Ennrg - Uniform reddish coloration with minimal alteration. | Y| Y
rimary Formation
Rele!ute Jn-rw 2 Variable ) Banded and interfingered zones of red and white vlv
Intermixed sandstone.
. Liescgang Brightly colored Liescgang-type bands, commonly
Multicolored Jn-m l\gddck;/ Banded near joints. Yy
Local PP Ycllow/Orange | Bright yellow to red coloration patches, commonly
(Localized) . Y
Patchy near joints.
Tan Zonc of tan alteration in upper blcached zone. Y
White o
White I (;%p;r/ Speckled White with abundant brown specks (~1mm). N
Bleached . White, bleached sandstone, usually near the top of
880 ft) White . Y
the formation.
Yellow Areas of yellowish alteration in white facies. Y
3 Midd Uncven Uneven pinkish coloration with arcas of Fe-oxide vl n
Pink 1ddic Red/Orange | enrichment and depletion.
Jn-p (165m/ - — v -
Altered Ferruginous | Narrow “Icnses” of dense brown to black ironstone
540 ft) . - . Y| N
Lens in lower part of pink facies.
Overprinted | White bleached sandstonc overprinted with darker Nty
White cementation features.
B Lower Overprinted | Reddish sandstone overprinted with darker vlvy
rown Jn-b (165m/ Red cementation features (spots, concretions, etc).
Ferruginous 540 ft) Green and
Brown Greenish sandstone with abundant brown spots. Y|N
Ironstonc Densc brown to black iron-cnriched sandstone. N|Y
Approximate unit thicknesses mecasured near the Great White Throne in main Zion Canyon. A list of

corresponding Munsell colors for each coloration facies are given in Appendix A.
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Figure 2.5

Thin section micrographs (plane light) for representative Navajo Sandstone samples from
different diagenetic facies at Zion NP (localities shown in Fig. 2.1). (A) Primary red
Jfacies. Thin, reddish-brown iron-oxide grain coats line individual grains to produce a
uniform orangish-red color. Grain coats are missing along some interpenetrating grain
contacts. Locality: Double Arch Alcove. (B) Red/white intermixed facies. Secondary
iron-oxide cementation and partially removed grain coats produce uneven orangish
coloration. Locality: Hop Valley. (C) Brown ferruginous facies. Iron oxide present as
well-developed primary grain coats and as secondary pore-filling cement. The pore fill
area corresponds to a dark cementation spot visible in outcrop. Locality: main Zion
Canyon. (D) Brown ferruginous facies (green and brown spotty subfacies). Both calcite
and green micaceous cement are locally abundant as secondary pore-filling cements. (E)
Pink altered facies. Uneven iron oxide precipitation and removal produces patchy
orangish-pink coloration. Locality: main Zion Canyon. (F) Pink altered facies
(ferruginous lens subfacies). Dense iron oxide cementation locally produces dark-
colored “ironstone.” Locality: main Zion Canyon. (G) White bleached facies (white
speckled subfacies). Missing iron oxide coats around grains result in a nearly white
sandstone. Small concentrations of iron oxide produces visible brown “speckles” in
outcrop. Locality: main Zion Canyon. (H) White bleached facies (yellow subfacies).
Faint yellowish coats around grains produce yellowish-orange sandstone. Locality: main
Zion Canyon. (I) Multicolored local facies. Secondary cementation in pore spaces and
alteration of grain coats produces a red and yellow Liesegang-banded sandstone.
Locality: main Zion Canyon.
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Figure 2.6

Artificial light spectral reflectance for representative Navajo Sandstone samples from
different diagenetic coloration facies at Zion NP. Strong absorption at near 0.9 pm in the
uniform red and grayish brown samples is indicative of iron oxide. Hematite has
narrower band at ~0.86 pm and goethite has wider band at ~0.93 pm (Cornell and
Schwertmann, 2003; Bowen et al., 2007; Chapter 4). The band at 2.2 pm occurs in clay
minerals with the doublet in uniform red sample indicating the mineral kaolinite.
Prominent bands near 1.4 pm and 1.9 pm are characteristics of clays and other minerals
that contain water or OH if only the 1.4 pm band is present (Clark, 1995). Absorption at
approximately 2.3 pm commonly represents carbonate (Clark et al., 2007). Additional
spectra available in Appendices E and F.
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Figure 2.7

X-ray diffraction (XRD) patterns for representative samples from different diagenetic
coloration facies at Zion NP. Intensity patterns have been artificially offset in 200-unit
increments in order to separate them visually. Strong two-theta peaks for selected
minerals are indicated for each zone (wavelength to compute theta = 1.54A[Cu]).
Mineral identifications were made in conjunction with petrographic and other analyses
and should be viewed as tentative where less than three matching peaks are present.
Because clay extraction by centrifuging was not performed, kaolinite and illite
concentration may fall below the detection threshold for this method (compare with point
count results in Table 2.3). Iron oxide occurring as grain coats also falls below the
detection threshold (but higher concentrations of iron oxide in pore spaces may be

detected).
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Red Primary Facies (Jn-r)

The term “primary” refers to sandstone interpreted as having retained its initial
coloration produced shortly after deposition (Chapter 4). Evenly colored sandstone
associated with the red primary facies occurs throughout the entire Navajo Sandstone
section in Zone 1 (Fig. 2.1). Pigmentation is fairly uniform (Fig. 2.8A) with the
exception of localized areas of minor discoloration. The red color is produced by evenly
distributed grain coats that are visible in thin section (Fig. 2.5A). The actual amount of
iron oxide present is small (~0.7%; Table 2.2) and commonly occurs in association with
illite (Table 2.3; see also Parry et al., 2004). Spectral analysis indicates that hematite is
the dominant iron oxide (Fig. 2.6A) and other cements are relatively uncommon (Table
2.3; Fig. 2.7A). The relatively low iron oxide concentration and dominance of hematite
in this facies is consistent with uniform red-colored sandstone at other locations

(Eichhubl et al., 2004; Beitler et al., 2005; Bowen et al., 2007).

Red/White Transition Facies (Jn-rw)

Uneven, orangish-red coloration and well-defined white “bleached bands”
characterize the red/white intermixed facies (Fig. 2.8B). This is the dominant facies of
Zone 2 in northern to central Zion NP (Fig. 2.1) and is comparable to partially bleached
sandstones elsewhere in the region (Eichhubl et al., 2004; Seiler and Chan, 2007; Nielsen
and Chan, 2009). Bleached bands are apparent features produced when narrow, sheet-
like areas of bleached rock are exposed in cross-section within the 2-D plane of an
outcrop (Nielsen and Chan, 2009). They are typically less than a few meters high but

may extend laterally for kilometers. In the Hop Valley area of Zion NP (Fig. 2.1),
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Figure 2.8

Characteristic diagenetic features of northern and central Zion NP (Fig. 1: Zones 1 and
2). (A) Red primary facies. Uniform red sandstone cliffs with surficial white and black
streaks that extend downward from seeps (top is hidden in clouds). Locality: Kolob
Canyons. (B) Red/white intermixed facies. Linear bleached bands follow interdune
bounding surfaces in unevenly colored Navajo Sandstone to the middle right of image B.
Evenly colored primary red cliffs are visible to the rear (north). Locality: Hop Valley.
(C) Red/white intermixed facies (detail). Lobe and cusp structure (Eichhubl et al., 2004)
associated with white bleached bands indicates apparent paleofluid flow in a roughly
northward direction. Locality: Hop Valley.
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Table 2.2

Average abundance (ICP-MS weight % and standard error of the mean) of selected
oxides for representative samples from each diagenetic facies in
the Navajo Sandstone of Zion NP and vicinity.

Diagenetic Subfacies n Si0, | ALOs | Fe;O3 | MnO | MgO | CaO

Facies % % % % % %
Red Prima ] , | 9495 [ 203 [ 068 [ <001 | 007 | o004
ry ©.11) | 0.16) | 0.09) | ava) | ©01) | 002
9608 | 1.85 | 084 | 001 | 007 | 002
bl 2
Red/White | (Cnbleached) a.8) | 1.0y | ©0.13) | ©o1 | 0.02) | 0.00)
Intermixed 0399 | 154 | 123 | 001 | 004 | 012

(Bleached) 1 21 411y | 039) | 0.64) | (0.00) | 0.01) | (0.09)

. Liesegang | ) 1 9555 [ 177 | 14 | 001 | 006 | 0.2
Multicolored Banded

Local Patch 3 | 9269 [ 244 | 133 | 001 | 005 | 003
chy (1.06) | (0.32) |- (0.52) | 0.01) | (0.01) | (0.01)

Tan 1 [ 9388 278 | 088 | 0.01 008 | 0.04
White 19436 | 227 | 124 | o0.01 007 | 0.04
White Speckled
Bleached
cache White 1 | o413 | 310 | 020 | <001 | 006 | 002
Vell , | 9443 [ 195 | 057 | <001 | 005 | 002
cllow (0.65) | (0.25) | (0.12) | (0.00) | (0.05) | (0.01)
Uneven 2 93.00 2.57 0.95 0.01 0.04 0.04
_ Red/Orange 0.76) | (0.35) | (0.23) | (0.01) | 0.01) | (0.01)
Pink Altered = -
crrugmous | 1 e9s57 | 127 | 1322 | 005 | 009 | 0.04
Lens
Overprinted | | geus [ 150 | 439 | 260 | 010 | 072
White
Overprinted | o | 8824 | 323 | 132 | 007 | 010 | 232
Brown Red (3.8) | 047) | (0.17) | (0.04) | (0.02) | (22)
Ferruginous | Greenand | |t 9315 | 057 | 154 | 000 | 069 | 12.38
Brown

Ironstone 117328 | 1.21 19.32 0.10 0.09 0.79

90.75 | 2.23 2,36 0.13 0.09 1.01

COMBINED 26 | (1.41) | 018) | 0.84) | (0.10) | (0.02) | (063)
Values for the red/white intermixed facies include both unbleached and bleached
samples. Full ICP-MS results (including trace element abundance and data for the
Kayenta and Temple Cap Formations) are available in Appendix B.




Table 2.3

Mineral abundance (volume %) and porosity for representative samples from each diagenetic coloration facies.

Specimen Info Grains % Coats% Cement% Por.
Facies | Subfacies | Locality n | Qtz |Kfs |Oth| FeO | 11l [Oth | FeO [Kin | 11 [ Qtz | Cbn [Oth | %
P'.“d - Zion 1000 | 67713931 19 |10 06 | 05]06]| 0 1.1 ] 19.6
rimary
R/W | (unbleached) | Zion 1000 | 711 | 23 | 50 | 1.7 | 09 05 |01 001 0 | 183
;:‘:c’d (bleached) Zion 1000 | 68398281 05 |10l 0 o6 ] 0 |03|14] 0o [01]152
Multi- | Licscgang Zion | 1000 [ 6723105 38 |01 o |36 |osio03]o01| o |o1]207
colored Banded
Local Patchy Zion 1000 | 688 | 55| 19| 22 |01 0 | 1.0 |02[03]02] 0 | 0.1 197
Tan Snow Cny | 1000 | 69.0 | 3.2 | 1.4] 08 |1.7] 0 | 0 | 0 Jo3|41] 0 | 0 | 195
White Sx'c‘l‘(‘l‘; g zion | 1000 | 67.7 '31° 27| o o] o [o020s5]03]04] 0 |01]168
Bleached White Snow Cny | 1000 | 71.4 | 2.9 | 2.3 02| 0 | o [13]02[01] o | 0 [216
Yellow Zion 1000 | 68543 | 26] 0 |19] 0 |05 28] 0| 0 | 0 | 04190
Uneven .
pik | Rod/Orange Zion 1000 | 725 | 66|13 15 |os| o | 13 o6 0|01 ]| 0 |o01]155
Altered Fc“[“'cgl:‘gws Zion 1000 | 681091502 0] 0|28l 0lo0] o] o | ofeés
O"%;f}’]'i"'c‘wd Snow Cny | 1000 | 643 | 3.1 15] 02 {01] o [129]0.1 (03] 0 | 23 | 62| 90
Brown | Overprinted Zion 1000 | 658 | 15]09]| 31| 0] 0o |114]04|02| 0| 0 [0.1]166
Ferru- Red
ginous Ggf;‘w“:d Zion 1000 | 617106211 26 [12]01] 69| 0 |07]01/]184]30] 26
Tronstonc | Snow Cny | 1000 | 676 | - |21 ] 22 | 0] 0 |127]02]02] 0 | 1.5 | 0 | 135
Comb. - - 15000 | 68.0 | 4.2 | 2.1 | 1.4 [06] 0 | 50 | 05]02] 04 | 1.5 | 0.7 | 15.6

Mineral abundance from point count analysis.

Qtz = quartz; Kfs = potassium feldspar; FeO = iron oxide;

I11 = illite; KIn = kaolinite; Cbn = carbonate; oth = other; por. = porosity.
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bleached bands are closely spaced (~1 to 15 m [3 - 50 ft]) and occur within northward
tilted strata (Figs. 2.8B and 2.8C). Bands become progressively sparser and occur
stratigraphically lower moving northward (partial discoloration follows the same tend).
Only a few isolated bands are present near the northern boundary of Zone 2.

Uneven (mottled and patchy) coloration results from irregular distribution of iron
oxide around grains (Fig. 2.5B). Bulk geochemical analysis (ICP-MS) indicates that the
concentration of iron oxide in the orangish-red areas of this facies is similar to sandstone
of both the red primary and pink altered facies (Table 2.2). Paradoxically, iron oxide
concentrations within some white bleached bands in the Hop Valley area (Fig. 2.1) is
higher than surrounding unbleached rock (Table 2.2). This is a result of small, mm-scale
concentrations (“speckles”) of iron oxide cement that are similar to those in the white
speckled facies of main Zion Canyon (Table 2.1). In thin section, these iron oxide
speckles appear as localized areas of pore-filling cement in an otherwise bleached matrix
that lacks primary grain coats (similar to Fig. 2.5G). The spatial extent and cause of
speckled cementation in Zion NP has not been determined. Bleached areas at nearby
Snow Canyon SP (Fig. 2.1; Nielsen and Chan, 2009) lack these small speckles and have

an iron oxide concentration that is lower than surrounding red rock.

Brown Ferruginous Facies (Jn-b)

The brown ferruginous facies is the lower of three vertically superimposed
coloration belts in main Zion Canyon (Figs. 2.1 and 2.4 — Zone 3; Fig. 2.9A; Hamilton,
1978), as well as elsewhere in the southwest Utah region. Sandstone associated with this

facies has a darker overall appearance than the red primary facies and is characterized by
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Figure 2.9

Characteristic features of the brown ferruginous subfacies in main Zion Canyon (Fig. 1:
Zone 3). (A) Three superimposed diagenetic facies are present in main Zion Canyon:
brown ferriginous facies (Jn-b), pink altered facies (Jn-p) and white bleached facies (Jn-
w). A narrow band of concentrated bleaching occurs along the base of the lower
boundary of the pink altered facies. Surficial red streaking is visible over large areas of
the uppermost white bleached facies. (B) Detail of boundary between brown ferruginous
and pink altered facies showing spotty cementation below the boundary and an absence
of spots above. (C) Local geometry of the brown/pink facies boundary. Boundary lobe
(arrow) points in a roughly northward direction (apparent) and is flattened against the
base of an interdune bounding surface. White rock above boundary is the bleached zone
at the base of the pink altered facies.
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extensive spotty cementation along a well-defined subhorizontal boundary in the Zion
Canyon area (Figs. 2.9B-C). Grains commonly have remnant coats of reddish-brown
iron oxide similar to the primary red sandstone of the northern park (Zone 1). The darker
color is produced by secondary iron oxide which locally fills intergranular pores (Fig.
2.5C, Table 2.3) to give the sandstone a spotty appearance. Iron oxide concentration is
highly variable but is generally a few percent or less for red sandstones overprinted with
spotty cementation (Table 2.2). Calcite is locally abundant near the upper facies
boundary (Figs. 2.6B, 2.7B) and illite may also be present (Table 2.3).

The brown ferruginous facies is subdivided into four subfacies based upon iron
oxide concentration and the overall color of the rock. The overprinted white subfacies
occurs locally in areas such as Snow Canyon SP where white bleached sandstone is
recemented with secondary iron oxide, producing a white matrix with dark-colored spots
and patches. In addition to reddish-brown iron oxides, black manganese oxides and
carbonate cements occur locally in this facies (coded as “other cement” in Table 2.3).
The overprinted red subfacies is characterized by remnant grain coats beneath secondary
iron oxide cement (Fig. 2.5A). The green and brown subfacies is exposed in at least one
area of Zion NP and is typified by grayish green and spotty brown cementation (Table
2.1). The green mineral has a micaceous appearance in thin section (Fig. 2.5D),
moderate birefringence, and occurs in association with iron oxide, calcite, and illite
cements (Figs. 2.6B and 2.7B). Although this mineral has not yet been definitively
identified, the color, chemical composition, and reflectance spectroscopy suggest that it is
an iron-bearing clay mineral, possibly a member of the smectite group (compare with

McKinley et al., 2003; Net, 2003). The ironstone facies is characterized by dense, dark-
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colored sandstone with high concentrations of iron oxide cement (this facies occurs
primarily in the Snow Canyon SP area [Nielsen and Chan, 2009]). Illite is rare or absent

in this subfacies (Table 2.3).

Pink Altered Facies (Jn-p)

The pink altered facies is the middle of three vertically superimposed coloration
belts in main Zion Canyon (Figs. 2.4, 2.9A). Navajo Sandstone of this facies is
characterized by partial alteration of primary sandstone (both bleaching and secondary
iron enrichment) and an uneven, orangish-pink pigmentation (uneven red/orange
sufacies; Fig. 2.10A). The base of this facies is typicéllly marked by a narrow zone (~10
to 25 m [30 - 80 ft]; Figs. 2.9A, 2.9C, 2.10A) of concentrated bleaching while the upper
boundary is gradational in nature with intermixing of red and white coloration (Fig.
2.10B).

Several characteristics differentiate Navajo Sandstone of the pink alteration facies
from primary sandstones of Zone 1. Iron oxide is unevenly distributed and grain coats
are commonly partial or missing (Fig. 2.5E). Dolomite is common in some samples from
the alteration facies (Fig. 2.7C) but was not detected in samples from the red primary
facies. Preliminary data suggest that average iron oxide concentration in the uneven
reddish-orange areas of the pink facies (0.95%) is similar to that of unbleached sandstone
in the red/white intermixed facies (0.8%; Table 2.2). However, because of the diversity
within these facies, a much larger sample size is required to verify this relationship.

Isolated lenses of dark reddish- or grayish-brown ironstone (Fig. 2.10C) occur

locally in the pink middle facies, sometimes forming a protective cap over small buttes
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Figure 2.10

Characteristic features of the pink altered facies in main Zion Canyon (Fig. 1.1: Zone 3).
(A) Lower portion of the pink altered facies shows narrow zone of concentrated
bleaching and a dark-colored ironstone lens. (B) Boundary between the pink altered and
white bleached facies. Note the gradational nature of the transition with intermixed
whitish and pinkish sandstone. A thin lens of dense, black ironstone forms a protective
cap over narrow hoodoos (bedrock columns). (C) Detail of dense concretionary
ironstone lens in the lower portion of the pink altered facies.
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and hoodoos (ferruginous lens subfacies; Figs. 2.10A-B). The dark color is produced by
dense iron oxide (primarily goethite) cementation within pore spaces (Figs. 2.5F, 2.6C,
and 2.7C; Table 2.3). ICP-MS results indicate high iron oxide concentrations, as well as
relatively high concentrations of chromium and arsenic in some samples (Table 2.2).
Although spatial distribution of arsenic and other trace elements at Zion NP was not
evaluated, iron oxide cement has been suggested as a possible source for high arsenic
levels in several groundwater wells in the St. George, Utah area (Fig. 2.1; Langley,

2006).

White Bleached Facies (Jn-w)

Approximately the upper third to half of the Navajo Sandstone in the southern
part of Zion NP is nearly white in color (including areas of light yellow and tan). These
areas of bleached rock define the white bleached facies (Figs. 2.9A and 2.11A).. The
outer surface of this facies is locally stained by large red streaks that descend from the
overlying brownish-red Sinawava Member of the Temple Cap Formation (Fig. 2.9A).
Extensive (km-scale) areas of bleached sandstone are referred to as “zonal bleaching”
(Nielsen and Chan, 2009) and are widespread throughout southern Utah, where they are
commonly associated with structural uplifts (Beitler et al., 2003). The area of bleached
sandstone that includes Zion NP continues to the east (Fig. 2.11B) and south of the park
for 10s of km. The original westward extent of bleaching is unknown because erosion
along the Hurricane Fault has removed the Navajo Sandstone across an approximately 20
km (12 mi) wide area immediately west of the park. Although widespread bleaching of

the upper Navajo Sandstone does occur in the St. George, Utah area (Fig. 2.1; Utah and



Figure 2.11
Characteristic features of the white bleached facies, main Zion Canyon and vicinity

(Fig. 1: Zone 3). (A) Nearly white sandstone is shown with areas of yellowish-
orange alteration (yellow subfacies) and small (mm-scale) speckles that are common
in many areas of the upper bleached zone. Locality: Zion Canyon (B) Lobe and cusp
structures along the lower boundary of bleaching suggest paleoflow in a roughly
southward direction. Locality: Elkheart Cliffs ~30 km (19 mi) east of Zion NP.
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Chan, 2009), this zone of erosion prevents direct westward correlation. Bleaching tapers
out to the north of main Zion Canyon near Jobs Head in the central park area (Fig. 2.1;
Fig. 2.12). The nature of this exposed transition from bleached to unbleached rock is
examined later is this paper.

Thin section micrographs of bleached Navajo Sandstone show that primary
reddish iron oxide grain coats are largely missing (Fig. 2.5G). Despite these missing
coats, the weight percentage of iron oxide is higher in some bleached samples (~1.2%)
than in the primary red facies (~0.7% - Table 2.2) as a result of small, mm-size brownish
speckles (speckled white subfacies; Figs. 2.5G, 2.11A) similar to those previously
described in the Hop Valley' area (Fig. 2.1: Zone 2). Concentration of iron oxide into
these small specks has minimal visual impact on the overall white color of the rock.
Because of the rugged terrain and limited access to most outcrops at Zion NP, the spatial
extent of these speckles within the upper formation remains to be determined (they have
not been observed in the white bleached zone of the upper Navajo Sandstone in the St.
George, Utah area).

Detrital grains in the yellow subfacies (Table 2.1) of the white bleached facies
’have thin coats of a pale yellowish mineral (Fig. 2.5H) that has a high birefringence.
These coats arc; petrographically and spectrally similar in illite (Fig. 2.6D), but may be
colored by goethite (Cornell and Schwertmann, 2003) or other impurities. Barite
(BaSOy) is also present as indicated by strong XRD two-theta values (Fig. 2.7D) and a
spike in the relative concentration of barium in ICP-MS data (Table 2.2). In addition,
kaolinite cement and small specks of iron oxide occur within this subfacies (Table 2.3).

Grains of the tan subfacies (present primarily in the Snow Canyon SP area) also have
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Fxgure 2. 12

Composite panoramic image of Zion NP from Hurricane Mesa ~20 km (12 mi) west of
main Zion Canyon. The top of the Navajo Sandstone is bleached in the southern end of
the park until the Jobs Head transition (asterisk). Reference points: 1) Jobs Head, 2)
Pocket Mesa, 3) Pine Valley Peak, 4) North Guardian Angel, 5) South Guardian Angel,
6) Cougar Mountain, and 7) The West Temple. Note that the depth of the bleached zone
gradually increases moving south.
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illite grain coats (sometimes partial or missing) as well as microcrystalline quartz cement
(Table 2.3).

The identity of fluids that bleached the Navajo Sandstone is undetermined.
Dissolved organic yields from solvent extraction on eight bleached and unbleached
samples from the Navajo Sandstone are very low (avg. 0.012 mg/g), making it difficult to
distinguish n-alkane peaks potentially produced by thermogenic hydrocarbon from that
produced by environmental and/or human organic contaminants. Fluid inclusion and
hydrocarbon gas phase analysis performed on 16 samples produced low to very low
hydrocarbon signals (well below what would be expected within a hydrocarbon migration
pathway; Appendix C). The strongest signals across samples were produced by methane
gas. Where present, liquid hydrocarbon inclusions occur primarily within detrital quartz

grains and not in surrounding cements (Fig. 2.13).

Multicolored Local Facies (Jn-m)

The multicolored local facies is characterized by brightly colored patches of
yellow, orange, and red coloration (patchy subfacies) as well as millimeter-scale
Liesegang-type coloration bands (Liesegang banded subfacies). This facies occurs
locally in the upper Navajo Sandstone at Zion NP, commonly in association with closely-
spaced, high-angle, N-NW-trending joints (Fig. 2.14). Similar localized coloration
features are in the upper Navajo Sandstone of the Snow Canyon SP area (Nielsen and
Chan, 2009) as well as in the Aztec Sandstone (a correlative equivalent of the Navajo
Sandstone) at Valley of Fire State Park in Nevada (Eichhubl et al., 2004). Petrographic

analysis indicates uneven distribution of iron oxide with secondary alteration of grain



Petroleum inclusions

Figure 2.13. Fluid inclusion microscopy for Navajo Sandstone
from the Snow Canyon SP area showing bright fluorescent
liquid hydrocarbon inclusions within detrital quartz grains.
Surrounding cements largely lack these inclusions. Image
courtesy of David A.Wavrek, Petroleum Systems Inter-
national, Inc.
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Figure 2.14.

Characteristic features of the multicolored local facies in main Zion Canyon
(Fig. 1: Zone 3). (A) Closely spaced joints (j) have well-developed oxidation
surfaces. Mean trend of joints in the immediate area is ~310°. Note that yellow
coloration (y) appears to follow the joint in the foreground with sandstone
becoming white (w) to the left. (B) Detail of well-developed Liesegang-type
banding adjacent to a joint surface (j). Close examination shows band deflection
around a small concretion (insert), likely indicating solute transport to the NE
and toward the joint (see Eichhubl, 2004).
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coats and localized pore-fill cementation (Fig. 2.51). Joints in these areas typically have
well-developed, brownish-black iron oxidation surfaces. Only a small amount of illite

occurs in this facies.

Transition Between Bleached and Unbleached Sandstone

The transition between bleached Navajo Sandstone of southern Zion NP and
reddish Navajo Sandstone of the northern park occurs between Pine Valley Peak and Jobs
Head (Fig. 2.1, boundary between Zones 1 and 2; Fig. 2.12; Appendix D). Bedrock in
this area is mostly hidden by basalts of the Lava Point flow (Biek et al., 2003) but
available exposures show a remarkably subtle transition with bleached rock gradually
darkening to an uneven reddish orange moving northward (Figs. 2.15 and 2.16). No
other exposures of this transition were located in the park. The short distance (~ 2 km
[1.2 mi]) over which the transition occurs suggests possible association with a fault or
joint near Little Creek Valley (Fig. 2.16). However, evidence for structural control is
lacking: the trend of the valley (NE) differs from that of the dominant joint system in the

park (NNW) and the rim of the Navajo Sandstone displays minimal offset in the area.

Correlation Between Stratification Patterns and Bleaching
To test the hypothesis that alteration of the Navajo Sandstone may be related to
primary sedimentary texture (Chan et al., 2000; Beitler et al., 2005), both bedding
orientation and eolian stratification type (grainflow, wind-ripple, etc.) were measured at
635 points within various diagenetic coloration facies at Zion NP and Snow Canyon SP.

Results indicate a change in both stratification type and cross-bed dip angle moving



Figure 2.15

Split panorama showing the lateral transition zone between bleached white Navajo Sandstone in the southern
park (Zone 3: white bleached facies) and unevenly colored reddish-orange sandstone in the central park (Zone 2:
red/white intermixed facies). Marked locations: 1-Pine Valley Peak (bleached), 2-Pocket Mesa (bleached),
3-unnamed transitional outcrop (pale pink to white), and 4-Jobs Head (uneven reddish-orange). Asterisk
indicates the location where Fig. 16 was taken. See also Appendix D.
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Figure 2.16

View looking south from on top of the transition outcrop in Fig. 15. Picture taken from
point marked by asterisk looking south). White sandstone cliffs in the rear occur on the
north side of Pocket Mesa and Little Creek Valley (Fig. 1) is directly in front of these
cliffs.
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upward through the formation as well as a shift in the dominant transport direction (Figs.
2.17 and 2.18). Bedforms in all three facies were likely oriented perpendicular to the
dominant wind direction, as plotted foreset dip orientations (Fig. 2.17) have unimodal
distributions that are bilaterally symmetrical (McKee, 1979, Rubin, 1987; Kocurek, 1991;
Rubin, 2006). The broad range of dip directions throughout the formation (and tabular
appearance of cross strata sets when viewed parallel to the mean orientation of foreset dip
[SW]) implies a sinuous dune crest morphology, consistent with a southwestward
migrating crescentic-ridge type dune system (McKee, 1979, Ahlbrandt and Fryberger,
1982; Kocurek, 1996). The brown ferruginous facies in the lower Navajo Sandstone of
main Zion Canyon is charac.terized by moderate angle (average=18°) cross-bedding and a
dominance of wind ripple/grainfall stratification (Fig. 2.17A). In contrast, the upper
white facies is characterized by higher angle (average=22°) cross-bedding and a
dominance of grainflow stratification. Dip angle and stratification type for the middle
pink facies is intermediate between the other two. Differences in average dip between
the pink and white facies are statistically significant (Table 2.4; <.05 level) whereas
differences between the brown and pink facies are not (the smaller sample size makes
statistical significance less likely). Differences between the brown and white facies show
a very high level of significance. A similar pattern is observed at Snow Canyon SP
between vertically superimposed red, white, and tan facies (Fig. 2.17B). These changes
reflect an evolution in dune morphology over time, likely related to a transition from the
margins to the center of an erg (Porter, 1986; Cox et al., 1994; Morse, 1994).

In addition to changes in stratification type and dip angle, a clockwise (or

westward) shift in the dominant direction of sand transport (as indicated by the mean
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Figure 2.17
Relationship between eolian bedform morphology and large-scale bleaching patterns in

the Navajo Sandstone of Zion NP (A) and Snow Canyon SP (B). Foresets plotted as lines
parallel to dip of the plane with the mean direction indicated by a red square and %
grainflow based upon field classification of lithofacies. Prior to performing calculations
the data were rotated to adjust for the tilt of the Navajo Sandstone in each area (Chapter
4; Nielsen and Chan, 2009). Rose diagram (C) shows combined foreset dip directions for

both parks.
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Dip (Degrees)

Grainflow Wind Ripple / Grainfall

Figure 2.18. Average dip of eolian foresets by stratification type
in the Navajo Sandstone (n=499).

Table 2.4

Combined sample size and statistical significance (2-tailed t test) for differences
in eolian foreset dip between different diagenetic coloration facies.

Location Facies 1 Facies 2 Sg::::zgge Slgm(!l';;ance <0.05
Brown (lower) | Pink (middle) 167 2.1x 10" N
Zion Brown (lower) White (upper) 122 22x 10" Y
Pink (middle) | White (upper) 185 1.5x 107 Y
Red (lower) | White (middle) 287 1.6x10™ Y
Ci’:;‘:n Red (lower) Tan (upper) 271 8.2x 10" Y
White (middle) |  Tan (upper) 236 6.2x 10 N

) All Lower All Upper 7

Combined (not blcached) (blcacll)\lc):d) 635 4.1x10 Y

Brown = brown ferruginous facies; red = red primary facies; pink = pink altered facies;
white = white bleached facies; tan = tan subfacies.
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foreset orientation) is also observed moving stratigraphically upward through the Navajo
Sandstone (Fig. 2.17). The trend may reflect a larger pattern of clockwise rotation in
crossbedding resultants for other sandstone members of the Glen Canyon Group: the
Lower Jurassic Kayenta Formation, Lower Jurassic Navajo Sandstone, and Middle
Jurassic Page Sandstone (Peterson, 1988 — his figure 14; Parrish and Peterson, 1988). A
strong relationship exists between stratification type and foreset dip angle (Fig. 2.18).
This reflects the dynamics of dune systems with flows typically originating near the dune
brink to blanket the relatively steep slipface, whereas wind ripples are most commonly
preserved at the base of a dune where the dip angle is shallow (Hunter, 1977). Corey et
al. (2005) report an average foreset dip angle of 24° for grainflow stratification in the
Navajo Sandstone (compare with the 23.9° average dip calculated here) and show that
this is consistent with the angle of repose for sand after accounting for vertical

compaction.

Discussion
Concentration of Bleaching in the Upper Navajo Sandstone
Bleaching in Zion NP and vicinity is commonly concentrated within broad zones
at the top of thé Navajo Sandstone (white bleached facies). The position of this
widespread bleaching in the upper formation can potentially be explained by either

permeability relationships or fluid buoyancy.
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Permeability Relationships

Bleaching in the Navajo Sandstone preferentially follows high permeability strata
(e.g., grainflow deposits) and tends to concentrate along boundaries between high and
low permeability zones such as interdune bounding surfaces (Lindquist, 1988; Net, 2003;
Beitler et al., 2005; Nielsen and Chan, 2009). The impact of local permeability variations
on bleaching is observed in the boundary area between the white bleached and pink
altered facies where intermixed colors correspond to variations in primary sedimentary
texture (Fig. 2.10B). In a similar manner, large-scale bleaching patterns in Zion NP and
vicinity may also be controlled by primary stratification. Grainflow strata typically have
a larger average grain size and higher primary porosity/permeability than grainfall or
wind ripple strata (Lindquist, 1988; Net, 2003). Because of this, an upward trend of
increasing grainflow stratification in the Navajo Sandstone (Fig. 2.17) implies an upward
increase in primary permeability. Although spatial correlation between bleaching and
sedimentary texture does not necessitate a causal connection, it is reasonable to assume
that migrating fluids would tend to concentrate within higher permeability zones in the

upper part of the formation.

The inclination of eolian interdune bounding surfaces (i.e. first-order surfaces
[Kocurek, 1988; Kocurek, 1996]) may also influence fluid migration. The accumulation
of sand in an eolian system implies that these surfaces must climb in the direction of net
sand transport (Kocurek, 1996). Because these inclined interdune surfaces are often
high-contrast permeability boundaries, fluids moving laterally in the direction of surface
climb (southwest in Zion NP; Fig. 2.17) would tend to follow a path upward along these

boundaries toward the top of the formation (e.g., Nielsen and Chan, 2009). In contrast,



67

fluids moving in the opposite direction (SE in Zion NP; Fig. 2.8B-C) would be focused
downward toward lower permeability strata and flow may be inhibited. More research is
needed to evaluate the potential impact of these inclined bounding surfaces on large-scale
fluid migration.

Concentration of bleached rock within the upper Navajo Sandstone may also be
related to permeability barriers that overlie the formation. In the Zion NP area these
include the lower, Sinawava Member of the Temple Cap Formation and overlying
limestone of the Carmel Formation (Fig. 2.3; Appendix E). Although bleaching patterns
in the upper, White Throne Member of the Temple Cap Formation are similar to those of
the Navajo Sandstone (Fig. 2.19), measured permeability of the underlying Sinawava
Member is relatively low (11;: mD), suggesting that the lower boundary of the Temple
Cap Formation acts as a barrier to fluid transmission. Attempts to directly measure the
permeability of the Carmel Formation were unsuccessful due to fracturing produced by
the plug cutting process; however, measured porosity is low (3.9%) and the micritic
composition and uniform structure of this formation indicate it is likely an effective
hydraulic cap in areas where it is unfractured. This tentative result is consistent with
studies that characterize the Carmel Formation as a hydraulic barrier at other locations
(e.g., Allis et gl., 2001; Truini and Macy, 2005; Parry et al., 2007). Just as bleaching
patterns on an outcrop scale indicate preferential permeability pathways (Fig. 2.2), on a
regional scale the high-contrast permeability boundary between the upper Navajo

Sandstone and overlying formations represents a probable pathway for fluid migration.



Figure 2.19

Bleaching of the Temple Cap Formation in Zion NP. (A) Temple Cap
Formation in main Zion Canyon near the Great White Throne (Fig. 1:
Zone 3). Jn = Jurassic Navajo Sandstone, Jts = Temple Cap Sinawava
Member; Jtw = Temple Cap White Throne Member. Note the red streaks
descending downward over the Navajo Sandstone from the Sinawava
Member and the light orangish color of the White Throne Member. (B)
Reddish brown rocks of the White Throne Member of the Temple Cap
Formation (Jtw) in the Jobs Head area of central Zion NP (Fig. 1: Zone 2).
Note the eolian bounding surface on the outcrop to the right. The pink
altered facies and white bleached facies of main Zion Canyon are visible in
the distance.
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Fluid Buoyancy

Buoyancy of a fluid increases as its density decreases relative to surrounding
fluids. Fluid density is influenced by several factors including fluid type (hydrocarbon is
more buoyant than water), concentration of dissolved solids (e.g., fresh water is more
buoyant than saline water), and temperature (warmer formation waters may be buoyant).
The accumulation of buoyant reducing fluids beneath the lower permeability rocks that
cap the Navajo Sandstone has been suggested as a possible explanation for the
concentration of bleaching near the top of the formation. For example, Garden et al.
(2001) attribute bleaching along the crest of the Moab anticline in southeastern Utah to
the concentration of hydrocarbons that migrated upward through fractures and faults in
the higher density, water-saturated sandstone. Identification of the bleaching fluid as a
hydrocarbon is based upon bitumen-filled fractures as well a close correspondence with
the established timing for hydrocarbon maturation and migration in the Moab area.
Beitler et al. (2003) show that the spatial patterns of bleached Navajo Sandstone in Utah
correlate with Laramide uplifts in the region, and also suggest fluid buoyancy as a
possible control. Although concentration of bleached rock beneath low-permeability
units in the upper Navajo Sandstone at Zion NP suggests that the fluids may have been
buoyant, the identity of these fluids has not been determined, and the relative importance
of fluid properties and sedimentary textures in controlling the location of alteration

warrants further study.
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Diagenetic History of the Navajo Sandstone
in the Zion National Park Area
Multiple episodes of subsurface fluid movement on both regional and local scales
contributed to the distinctive color variations at Zion NP. These are discussed in
approximate relative time order and grouped according to three diagenetic stages: early

diagenesis, middle diagenesis, and late diagenesis (Table 2.5).

Early Diagenesis

Early diagenesis involves the compaction of sediment shortly after deposition and
initial cementation of grains. During this stage elevated pressure and temperature
associated with overlying sediment are not yet significant factors in producing
mineralogical changes and pore water chemistry is similar to the depositional
environment in which it originated (Tucker, 1991). Diagenetic events likely associated
with this stage of alteration include precipitation of thin, iron oxide grain coatings and
precipitation of initial pore cements.

Iron oxide grain coats. Thin iron oxide grain coats (Fig. 2.5A) that characterize
sandstone in Zone 1 represent a very early diagenetic episode, the remnants of which can
be observed in the other alteration zones and facies in the Zion NP area. This diagenetic
episode was dominated by oxidation-reduction reactions and established the primary
reddish-orange color of the rock (Dapples, 1979; Walker, 1979; Tucker, 1991; Eichhubl
et al., 2004; Beitler et al., 2005). Hematite and its precursor ferrihydrates typically form

under oxidizing (moderate to high Eh) conditions with potential sources of iron being



Table 2.5

Correlation and estimated timing of major diagenetic events in the SW Utah area.
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Diagenetic Estimated
Stage Timing Major Alteration Events
Early . . . .
o Early to Middle(?) | ® Formation of oxide grain coats that
(deposition to Jurassi haracterize the red pri facies
carly burial) rassic characterize the red primary facies.
e Widespread bleaching of the upper
Navajo Sandstone. to form the white
e | Loty | biactadlicks miubie memicd
(deep burial) carly Tertiary(?)
e Precipitation of spotty Fe oxide cements
to form the brown ferruginous facies.
Late Middle Tertiary e $ccondary qucrallzatlon along joints
(uplift and cxhumation) to Quaternary(?) in upper Navajo Sandstone to form the
multicolored local facies.
o Surficial streaking of the upper Navajo
Sandstone.
Quaternary to
Recent Recent e Formation of thin jron/manganese oxide

films (“desert varnish”) on exposed
sandstone surfaces.
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detrital clay particles or the in situ breakdown of iron-bearing silicate minerals such as
homblende and biotite (Kessler, 1978; Walker, 1979; Tucker, 1991). A relative lack of
hematite along some interpenetrating grain contacts in sandstone from the primary red
facies suggests that precipitation of hematite occurred within buried sediment (perhaps
through the impregnation of preexisting clay grain coats [Tucker, 1991; Willis, 1992;
Net, 2003]). The uniform color and even distribution of grain coats suggests an early
burial origin, before the original permeability of the formation was substantially reduced
by compaction and precipitation of other cements. These conditions are consistent with
an Early to Middle Jurassic setting (Table 2.5).

Pore cements. The precipitation of cement in pore spaces within the Navajo
Sandstone occurred during multiple diagenetic stages, but cementation likely began
during early diagenesis (Larsen and Chilingar, 1983; Tucker, 1991). Though relatively
rare, quartz overgrowths may occur below secondary iron oxide cement, suggesting a
relatively early diagenetic origin. Calcite can also be an early diagenetic mineral
(Tucker, 1991; Beitler et al., 2005), but appears to be most commonly associated with
secondary cementation of the brown ferruginous facies in the Zion NP region (Table 2.3).
Kaolinite forms in neutral to low pH fluids with low ratios of K* from products generally
contributed through the weathering of feldspar and other relatively unstable aluminum
silicates (Tucker, 1991). Although kaolinite can precipitate in different diagenetic stages
including early burial (Baker and Golding, 1992), its association with bleached facies at
Zion NP suggests a later diagenetic origin (compare with Beitler et al., 2005). Mlite
generally forms under more alkaline conditions through the alteration of precursor

minerals (feldspar, kaolinite, etc.) and is typically favored by higher temperature and
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greater burial depth (Tucker, 1991; Net, 2003; Parry et al., 2004; Beitler et al., 2005).
Although illite at Zion NP is commonly associated with early hematite grain coats (red
primary facies), it is typically absent where precipitation of dense iron oxide cement has
occurred (ferruginous lens and ironstone subfacies; Table 2.3). Pore cement relationships
at Zion NP are complex and further study using larger sample sizes is warranted to fully
characterize each diagenetic coloration facies.

Deformation bands. Davis (1999) interprets noncataclastic deformation bands
(mm- to cm-scale bands of crushed and altered rock) in the uppermost 10 to 15 m (33 to
50 ft) of the Navajo SS in the Zion NP area as an early diagenetic feature produced by
volume reduction during e;lrly compaction of the formation (Middle Jurassic). Although
the present study did not evaluate the relative timing of deformation band formation,
variations in band color between diagenetic facies provides a possible future avenue for

better understanding when and how they formed (see Parry et al., 2004).

Middle Diagenesis

Middle diagenesis involves deeper burial, increasing pressure and temperature,
and the modification of pore water chemistry to the point that it is no longer similar to its
original environment (Tucker, 1991). In addition to the continued development of pore
cements, at least two important alteration episodes are assigned to this diagenetic stage at
Zion NP: widespread bleaching and secondary iron oxide cementation.

Chemical bleaching. The dissolution of iron oxide grain coats in the white facies
implies chemically reducing conditions. This is because iron, in hematite, occurs in its

Fe* state which is relatively insoluble in pure water and typically must be reduced to its
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more soluble ferrous Fe?* state before transport can occur (Chan et al., 2000). Although
the identity of bleaching fluids in the southwest Utah area remains to be determined,
compounds such as hydrocarbons, methane, organic acids, and hydrogen sulfide have
been suggested as natural reactants that, in combination with water, could act as effective
reduction and transport agents (Shebl and Surdam, 1996; Chan et al., 2000). Dissolution
and transport may also be facilitated by complexation and biotically-mediated processes
(Cornell and Shwertmann, 2003). Chemical reactions that produce bleaching progress
toward a state of local equilibrium with time and it is the exchange of components
through advective transport and diffusion that allows the alteration process to continue
(Lake et al, 2002). Mass balance calculations using ICP-MS data for a first
approximation indicate that transforming 1 m® (1.3 yd®) of red primary sandstone to white
bleached sandstone requires that 9.34 kg (20.59 lbs) of iron oxide be mobilized and
removed in a reaction that consumes 472 g (1.04 1bs) of H" from solution. Bleaching of
the upper formation therefore required sustained migration of fluid and would be unlikely
to occur within a static reservoir (see Parry et al., 2004). Chemical conditions within
bleached zones of the Navajo Sandstone have likely also changed with time. The
presence of barite in yellowish areas of the white bleached facies as well small iron oxide
specks within bleached zones indicate subsequent cementation under oxidizing
conditions after bleaching (reduced conditions) had removed most or all of the original
iron oxide grain coats from the rock.

The white bleached facies of main Zion Canyon (Figs. 2.11 and 2.12) represents
chemical reduction within the middle of a large fluid alteration zone where flow paths

converge beneath the Temple Cap and Carmel Formations to produce a high-probability
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migration pathway. Because permeability is related to the rate of fluid flow through a
material (Selley, 1998), the mobilization and removal of most iron oxide from even the
lowest permeability bedforms of this facies implies large-scale sustained fluid transport
over a long time period. In contrast, bleached bands and areas of partial discoloration in
the red/white and pink altered facies (Figs. 2.8 and 2.9A) represent areas where laterally
migrating bleaching fluids have locally infiltrated into unaltered rock along high
permeability bedsets (see Nielsen and Chan, 2009). Bleaching dominates the upper part
of the Navajo Sandstone in the southern park area (Zone 3), and is restricted to localized
bands in the middle part of the park (Zone 2), but is rarely present in the northern part of
the park (Zone 1). Despite the apparent simplicity of this trend, actual field relationships
are complex and may indicate multiple episodes of alteration. For example, bleaching in
southern part of the park (Zone 3) occurs primarily in the upper formation whereas well-
defined bleaching bands in Zone 2 occur primarily in the lower to middle formation with
no noticeable correlation between these features in the Jobs Head area.

The gradational nature of the transition between bleached and unbleached rock at
Jobs Head (Fig. 2.15) and lack of obvious structural or stratigraphic control along this
boundary suggest it represents a lateral geochemical gradient, possibly controlled by the
availability of reactants. Sandstone of the red/white intermixed facies in the central park
is similar in appearance and composition (Table 2.2) to that of the pink altered facies in
main Zion Canyon. This suggests these two facies may represent a continuation of the
same diagenetic zone with pigmentation becoming progressively more even moving

northward toward the Kolob Canyons area (Figs. 2.4 and 2.8B).
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The timing of widespread bleaching of the upper Navajo Sandstone in the Zion
NP region is uncertain. Bleached rock is offset by the Sevier fault (Fig. 2.11B), which is
likely Miocene to early Pliocene in age (Lund et al., 2008), and which provides an upper
limit for when bleaching could have occurred. Boundaries between bleached and
unbleached Navajo Sandstone in the Snow Canyon SP area to the west are cross-cut by
large-scale lineaments postulated to correspond to Sevier-age thrusting (Willis and
Higgins, 1996), suggesting that bleaching preceded the development of these features
during the Late Cretaceous to early Tertiary (see Nielsen and Chan, 2009).

Spatial relationships between bleaching and iron oxide enrichment may further
constrain timing. The red/white intermixed facies in the middle Navajo Sandstone and the
brown ferruginous facies in the lower formation locally overlap in areas of Snow Canyon
SP to produce white sandstone that has been overprinted with brown and black
cementation features (overprinted white subfacies). This overprinting suggests that large-
scale bleaching either preceded or was coincident with the concentrated iron oxide
cementation phase in these areas (Chapter 4), but it is unknown whether this relationship
also applies to Zion NP. At least some localized bleaching at Zion NP seems to have
occurred after secondary iron oxide cementation, as indicated by the narrow zone of
concentrated bleaching at the base of the pink middle facies which follows the top of the
lower-permeability iron enrichment zone. In Fig. 2.5C, note that grain coats remain
intact below the enrichment boundary, suggesting that concentrated iron oxide
cementation impeded the subsequent migration of bleaching fluids.

Iron oxide enrichment. Concentrated iron oxide cementation features associated

with multiple generations of iron oxide cement (Fig. 2.5C) are common in the lower
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Navajo Sandstone of southwestern Utah. Two distinctive iron oxide enrichment facies
are present in Zion NP. The brown ferruginous facies in the lower Navajo Sandstone has
many features in common with iron oxide precipitation features in outcrops of the St.
George, Utah area to the west (Fig. 2.1), and may share a similar genetic origin (see
detailed discussion in Chapter 4). In contrast, the ferruginous lens subfacies (pink altered
facies) was only noted in main Zion Canyon where narrow “lenses” of dense ironstone
occur a short distance (10’s of m) above the main iron oxide enrichment zone in the
lower formation. It is possible that these lenses may serve as conduits for transporting
mobilized iron that has concentrated in the lower formation. However, the iron oxide
mineralogy of these facies differs (Fig. 2.6) and a direct spatial connection has not been
observed.

All three diagenetic facies in main Zion Canyon are cut by deep N-NW trending
vertical joints that are likely middle to late Tertiary in age (Bick et al., 2003). Thus,
widespread iron oxide cementation must have occurred prior to this period. Although
timing is poorly constrained, relationships between the geometry of the upper
cementation boundary and structural folding in the Snow Canyon SP area tentatively
suggest that, like bleaching, concentrated iron oxide precipitation in that area preceded
(or perhaps was coincident with) Sevier-age deformation (Table 2.5; Chapter 4). The

applicability of this timing relationship to Zion NP remains to be determined.

Late Diagenesis
Late diagenesis involves alteration that is associated with uplift and exhumation.

At Zion NP, many joints in the upper Navajo Sandstone have heavily mineralized
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surfaces, providing evidence of localized fluid migration that is likely middle Tertiary in
age or younger (Hamilton, 1992; Biek et al., 2003; Rogers et al., 2004). In places these
fluids appear to have diffused outward from joints to form brightly colored "haloes"
associated with the multicolored local facies (Fig. 2.14; compare with Eichhubl et al.,
2004). Because some of these joints cut downward through underlying bleached and iron
oxide-enriched facies, the brightly colored mineralization must be the more recent event.
Surficial red streaks on canyon walls near the top of the Navajo Sandstone are very late
diagenetic features that form as iron is transported downward from the overlying
Sinawava Member of the Temple Cap Formation. (Fig. 2.17; Hamilton, 1992). These
streaks are also a reminder that diagenetic processes are ongoing in the Zion NP area. As

noted by Fillmore (2000): “Zion is, and will always be a masterwork in process.”

Conclusions

Distinctive coloration patterns in the Jurassic Navajo Sandstone of Zion National
Park and the surrounding area record a complex diagenetic history involving multiple
episodes of alteration. Six diagenetic coloration facies (including 12 subfacies) are
defined and characterized in order to better understand the nature and relative timing of
diagenetic events in the region. Detailed geochemical, geospatial, petrographic, and

bedform analysis indicates that:
I. Color variations in the Navajo Sandstone at Zion NP are produced by a complex
diagenetic history involving multiple episodes of fluid-related alteration with

distinctive diagenetic events occurring during early, middle, and late diagenesis.
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2. Each of three zones at Zion NP displays a different style of diagenetic alteration.
The northern part of the park (Zone 1) is characterized by evenly colored reddish
sandstone (red primary facies). The central part of the park (Zone 2) is
characterized by reddish sandstone with localized white bleached bands
(red/white intermixed facies). The southern part of the park (Zone 3), including
main Zion Canyon, is subdivided into three vertically superimposed diagenetic
facies: brown ferruginous (lower), pink altered (middle), and white bleached
(upper). Brightly colored alteration occurs locally near joints in the middle to
upper formation (multicolored local facies).

3. Bleaching (removal of iron cement from sandstone) preferentially follows high
permeability strata (e.g., grainflow deposits), tends to concentrate along
boundaries between high and low permeability zones, and is most prevalent along
the top of the Navajo Sandstone. Mass balance relationships indicate that
exchange of components during bleaching requires large volumes of fluid and
therefore a sustained advective transport process is implied.

4. Eolian bedform analysis indicates that foreset dip becomes steeper, grainflow
strata become more common, and mean transport direction shifts in a clockwise
direction (from 196° to 233°) moving upward through the Navajo Sandstone.
This increase in grainflow stratification implies an upward increase in primary
permeability that may partially explain the concentration of bleaching in the upper
formation. Other factors that may play a role include upward migration of fluids

along inclined interdune bounding surfaces, fluid buoyancy, and relatively
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impermeable rocks that overlie the Navajo Sandstone (the Temple Cap and
Carmel Formations).

5. A narrow (~10 to 25 m [35 - 80 ft]) zone of concentrated bleaching at the base of
the pink altered facies indicates that reduction of permeability related to formation
of the brown ferruginous facies was sufficient to impede the subsequent migration
of bleaching fluids.

In summary, diverse coloration patterns at Zion NP provide a history of changing
geochemical conditions and allow the relative timing of major Mesozoic to Recent
diagenetic events to be reconstructed. Relationships between primary sedimentary
texture and fluid flow have important implications for analyzing the migration of

groundwater, hydrocarbons, and other fluids in similar eolian reservoirs worldwide.
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CHAPTER 3

MAPPING AND CORRRELATION OF DIAGENETIC COLORATION
FACIES, JURASSIC NAVAJO SANDSTONE, SNOW CANYON
STATE PARK, SOUTHWESTERN UTAH
Reprinted with permission from
Utah Geological Association, 2009, Publication 38,

Geology and Geological Resources and Issues of Western Utah, p. 97-123.
Gregory B. Nielsen and Marjorie A. Chan

Abstract

Exceptional exposures of diagenetic alteration at Snow Canyon State Park, Utah
are valuable analogs for characterizing the Navajo Sandstone and other subsurface
reservoirs worldwide. Mapping of six diagenetic coloration facies/subfacies was
completed at a 1:10,000 scale and covers a total area of ~60 km?. Measured stratigraphic
sections further define the spatial relationships between facies. A compiled taxonomy
relates bleaching type to the duration of alteration and relative distance from the main
bleached zone.

The various diagenetic coloration facies at Snow Canyon were produced along or
near a spatially extensive chemical reaction front boundary (or “redox transition zone™).
These facies document the complex lateral transition between red-colored “primary” rock

in the southern park (enriched in iron oxide) and yellow to white colored “bleached” rock
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in the northern park (depleted in iron oxide). Subsequent precipitation of dense iron
oxide produced brown to black coloration that “overprints” other facies in the lower
Navajo Sandstone. Geospatial relationships indicate a complex diagenetic history with
distinct episodes of bleaching and iron oxide precipitation influenced by local eolian
stratification features. Paleofluid migration associated with bleaching was likely toward
the south or southwest. Structural relationships tentatively suggest that bleaching
preceded the development of Sevier-age (Late Cretaceous to early Tertiary) deformation
features.

Spatial correlation of diagenetic facies involves both horizontal and vertical
components. Horizontal migration of bleaching fluids within higher permeability eolian
strata produces well-defined bands of white, bleaciled sandstone that extend for several
kilometers into unbleached red sandstone. A variety of bleaching geometries may be
roughly indicative of relative distance from the main bleached zone. The order of
succession for bleaching features in vertical section often mirrors lateral transitions
observed in the field. For example, the upper bleached zone at Snow Canyon typically
overlies an intermixed red/white zone with bleaching becoming less prevalent moving
stratigraphically downward. Factors that may contribute to this pattern include changes
in primary bedding fabric and the vertical superimposition of horizontally contiguous
coloration facies (loosely akin to sedimentary facies relationships of Walther’s law).
Repetition and complexity in the architecture of diagenetic facies along the reaction front

boundary result from multifaceted interaction between sedimentary, structural, and

diagenetic processes.
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Introduction

The purpose of this study is to analyze exceptional exposures of diagenetic
alteration in the Jurassic Navajo Sandstone of southwestern Utah in order to gain a better
understanding of how iron is mobilized, transported, and precipitated in the subsurface.
Primary goals of the study are to map diagenetic coloration facies, show geospatial
relationships, and establish the relative timing of major diagenetic events. The Navajo
Sandstone and its correlative equivalent the Nugget Sandstone of northemn Utah are
important hydrocarbon reservoirs being actively studied in an effort to locate new
reserves. An important application of this study is to better characterize this reservoir
system with applications to e(;lian reservoirs worldwide.

Snow Canyon State Park (Snow Canyon SP) in southwestern Utah (Fig. 3.1) was
named after Erastus Snow, a prominent Utah settler of the 1800s (Alder and Brooks,
1996). It could have just as easily been named for the bright white sandstone cliffs that
dominate the northern end of the park. These bleached sandstones cut southward into the
native red rock like advancing fingers of frost, producing a dramatic color contrast (Fig.
3.2). The visual effect is heightened by the common presence of brown and black iron-
cemented sandstone (ironstone) that caps local knobs and litters the ground as large
blocks. Sandstone color is commonly related to the composition and distribution of iron
oxide cement, with increased concentration resulting in progressively darker-colored
sandstone (Chapter 4; Comnell and Schwertmann, 2003). Bleaching occurs as primary
(early) iron oxide that is commonly present as sand grain coatings is mobilized and

removed from sandstone by secondary processes such as interaction with reducing fluids

(Chan et al., 2000; Beitler et al., 2003; Parry et al., 2004). Abrupt changes in color (like
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approximately 8 km (5 mi) north of St. George, Utah. The study
area is indicated with a red boundary.
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Figure 3.2.

Composite panoramic image looking west toward Red Mountain from the Snow Canyon Overlook (Fig. 4). With the exception of
dark-colored basalts in the foreground, all outcrops in the image are Navajo Sandstone. The interfingered red/white zone is a reaction
front boundary separating red, relatively unaltered sandstone to the south (upper image) and white, bleached sandstone to the north
(lower image).
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those at Snow Canyon SP) reflect changing diagenetic conditions and provide a record of
paleo-fluid movement within the reservoir system (e.g., Eichhubl et al., 2004; Parry et al.,
2004; and Beitler et al., 2005).

White-colored Navajo Sandstone at Snow Canyon SP is part of a much larger
expanse of bleached rock that extends across much of southern Utah (Beitler et al., 2003).
Snow Canyon SP and the surrounding Red Cliffs Desert Reserve (Fig. 3.1) comprise a
unique locality where extensive exposures of the transition between primary red and
beached white sandstone are clearly visible and a broad variety of facies relationships are
observed. Previous chemical and petrographic analyses of diagenetic facies in the
Navajo Sandstone of southern Utah indicate a comp{ex diagenetic history with multiple
stages of fluid alteration (Beitler et al.,, 2005; Nielsen et al., 2009). Mapping of
diagenetic units in the Jurassic Aztec Sandstone of southern Nevada (a correlative
equivalent of the Navajo Sandstone) shows a close relationship between diagenetic
alteration patterns and local structural deformation features (Eichhubl et al., 2004).
Nielsen et al. (2009) document the diagenetic history of the Navajo Sandstone in the St.
George, Utah area (including both Zion National Park [Zion NP, Fig. 3.1] and Snow
Canyon SP) and define six major diagenetic coloration facies (subdivided into 12
subfacies) within the local formation. The diversity of diagenetic and structural features
at Snow Canyon SP provides an opportunity to characterize spatial relationships between
these facies and evaluate the complex fluid-rock interactions that occur along the margin

of a subsurface (now exhumed) bleached zone.
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Geologic Setting
Basin History

With the exception of relatively young Quaternary basalts, all of the rocks within
the study area are Early to Middle Jurassic in age. These Mesozoic sedimentary units
were deposited in the Utah/Idaho trough, a large flexural subsidence basin that occupied
the western interior of the United States during the middle Mesozoic (Blakey et al., 1988;
Lawton, 1994; Peterson, 1994; Bjerrum and Dorsey, 1995). During the Early Jurassic,
the southwest Utah area was occupied by streams that flowed roughly westward from the
Uncompahgre Uplift area of. the Ancestral Rocky Mountains (Stokes, 1986; Luttrell,
1993; Riggs and Blakey, 1993). Channels, floodplain, distal playa, and short-lived lake
deposits from this river system produced the Kayenta Formation that is exposed in the
southern end of Snow Canyon SP (Peterson, 1994; Higgins, 2003).

As plate tectonic motions carried the region northward into a drier latitudinal zone
and volcanic highlands developed to the west (likely producing a rain shadow), the area
transitioned first into sandy salt flats (a sabkha environment) and later into a broad,
vyindswept desert (Kocurek and Dott, 1983; Marzolf, 1988; Parrish, 1993; Peterson,
1994; Biek et al., 2003). Large, southward-migrating coastal and inland dunes blanketed
the region with thick sand to form the Navajo Sandstone (e.g., McKee, 1979; Blakey et
al., 1988; Sansom, 1992; Blakey, 1994). Deposition of the Navajo was followed during
the Middle Jurassic by transitional sabka/evaporite and eolian conditions (Temple Cap
Formation) and later by the invasion of an epicontinental sea from the northeast,
producing the marine deposits of the Carmel Formation (Blakey et al., 1983; Blakey et

al., 1988; Lawton, 1994; Peterson, 1994).
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Regional Tectonics

Subsequent to deposition, rocks of the Snow Canyon SP area have undergone
multiple episodes of tectonism beginning with compressional deformation and followed
by extensional fracturing. Compressional deformation in the Navajo Sandstone during
the late Mesozoic to early Tertiary is evidenced by linear zones of crushing and shear
offset (deformation band shear zones) as well as regional folding and tilting of strata
(Cook, 1960; Lageson and Schmitt, 1994; Willis and Higgins, 1996; Hurlow, 1998;
Davis, 1999). Structural tilt of the Snow Canyon SP area is associated with the northeast-
dipping limb of the St. George syncline (Higgins and Willis, 1995; Hurlow, 1998;
Higgins, 2003). Both the St. George syncline and the Virgin anticline immediately to the
southeast are postulated to have formed during the Sevier orogeny as a result of minor
thrust detachment in underlying strata (Biek, 2003; Higgins, 2003). Sevier-age
deformation climaxed in the Late Cretaceous and ended in the early Tertiary [Willis,
19997)

Extensional deformation in the Navajo Sandstone is evidenced by numerous
closely-spaced, high-angle joints and local normal faults. Most joints in the region are
associated with either the relaxation of compressional forces at the end of the Sevier
orogeny (Early Tertiary) or the subsequent development of extensional forces in the
eastern Basin and Range Physiographic Province (Miocene to Holocene) (Biek et al.,
2003a; Rogers et al., 2004). Joint formation may also be influenced by a reduction in
confining pressure associated with the erosion of overlying strata (Willis and Higgins,
1996). Large normal faults in the area (e.g., Hurricane fault) are associated with Basin

and Range extension (Davis, 1999; Lund et al., 2007).
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Tertiary and Quaternary Volcanism

A number of intrusive and extrusive volcanic events have occurred in conjunction
with Basin and Range extension in the Snow Canyon area. During the middle to late
Tertiary, several large laccoliths were emplaced in the southern Utah region. The Pine
Valley Mountains approximately 24 km (15 mi) northeast of Snow Canyon are part of
this system of intrusions and have been dated to ~20 to 22 Ma (McKee et al., 1995;
Hintze, 2005). Recent Quaternary basalt flows occur as cap ridges to the east of Snow
Canyon SP and down-canyon flows within the park. Three flow events are documented
in Snow Canyon: the Lava Ridge flow (1.41 £ 0.01 Ma), the Snow Canyon Overlook
flow (1.16 = 0.03 Ma), and th? Santa Clara flow (20,000 to 10,000 years ago) (Higgins,

2003).

Methods
Study Area
The study area for this project (Fig. 3.1) includes most of Snow Canyon SP as
well as parts of the surrounding Red Cliffs Desert Reserve. Mapping builds on the
general geologic map of Willis and Higgins (1996), with detailed focus on diagenetic
facies, and structural features related to fluid alteration patterns. Mapped units correspond

to the diagenetic coloration facies and subfacies defined by Nielsen et al. (2009).

Mapping and Field Reconnaissance
Diagenetic coloration facies were mapped at a 1:10,000 scale using orthorectified,

one-meter (three-ft) color aerial photography from the National Agricultural Imagery
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Program (NAIP). A digital base map was generated using 10-m- (33-ft-) resolution
values from the National Elevation Dataset (NED) and key points were georeferenced
using a survey-grade global positioning satellite (GPS) receiver. Outcrops were mapped
in the field as well as from aerial photos and spatial relationships were analyzed using
geographic information system (GIS) software. The map was then refined using 2000+
digital photographs taken at locations throughout the study area. Finally, the map was
extensively field checked and the location of key features and outcrops were indexed
using a GPS receiver. A combination of field measurements and plotted GIS points were

used to calculate the average orientation and thickness of major stratigraphic units and

diagenetic facies.

Stratigraphic Sections

Stratigraphic sections were measured approximately 2 km (1.2 mi) apart at the
southern, middle, and northern ends of the study area. The locations of these sections
were chosen to illustrate both lateral and vertical relationships between diagenetic facies.
In areas where the terrain was steep or impassible, apparent thickness measurements were

made at oblique angles to strike and then converted trigonometrically to true thickness

utilizing distance measurements.

Results
The area mapped for this project is dominated by the Navajo Sandstone but also
includes parts of the underlying Kayenta Formation as well as the overlying Temple Cap

and Carmel Formations. A simplified stratigraphic column showing Jurassic units in the
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Snow Canyon SP area is shown in Fig. 3.3. Diagenetic coloration facies were mapped

only for the Navajo Sandstone.

Mapped Stratigraphic and Structural Features

The overall structure of the Snow Canyon area is fairly uniform with beds dipping
gently to the northeast. Calculations in this paper use the mean dip of the Kayenta and
Carmel Formations (strike 328° dip 06° NE) as an estimate for the local dip of the
Navajo Sandstone because it does not have a consistent internal surface that can be used
as an orientation datum and. the upper part of the formation is missing in much of the
southern field area. This dip value is consistent with other estimates of regional dip for

the west limb of the St. George syncline (Higgins, 2003).

Navajo Sandstone

The Navajo Sandstone is the primary cliff-forming unit in the Snow Canyon SP
area (Fig. 3.3). It is a fine- to medium-grained sandstone characterized by large-scale
eolian bedsets with laterally extensive bounding surfaces and high-density jointing. The
base of the Navajo Sandstone is an approximately 55-m- (180-ft-) thick, planar-bedded
sandstone with small-scale deformation structures and evaporite clasts that are interpreted
as sabka deposits (Sansom, 1992). Calculations from field data indicate total unit
thickness in the study area is ~ 670 m (2200 ft), making it one of the thickest documented
Navajo Sandstone localities. The color of the Navajo Sandstone varies widely from reds,
yellows, and whites to dark browns and blacks depending upon the diagenetic history of a

particular location. For the purposes of this paper, general color names are used for the
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sandstone coloration, but the specific Munsell rock color chart names are summarized in
Nielsen et al. (2009). The morphology and average orientation of foresets indicates
deposition by a southwestward-migrating eolian dune system (see Kocurek and Dott,
1983; Peterson, 1988; Nielsen et al., 2009). Well-defined bands of white, bleached
sandstone locally follow interdune bounding surfaces (Kocurek, 1988; Kocurek, 1996)
that are laterally traceable for large distances and climb gradually in the direction of

foreset dip (SW).

Kayenta Formation

The Navajo Sandstone is underlain conformably by the upper member of the
Lower Jurassic Kayenta Formation (Figs. 3.3 and 3.4). This formation consists of
reddish-brown siltstones and mudstones with localized areas of bleaching, including pale
greenish-yellow iron reduction spots (Appendix E). Narrow, light-colored mudstone
beds near the base of the unit have been interpreted as short-lived lake deposits (Hintze,
2005). The unit gradually coarsens upward and two prominent sandstone ledges occur
near the top. Following the work of Willis and Higgins (1996), the Kayenta-Navajo

boundary is placed on top of the highest mudstone and at the base of the massive, cliff-

forming sandstones. The measured dip of this formation is approximately 7° NE.

Temple Cap Formation
The Middle Jurassic Temple Cap Formation disconformably overlies the Navajo
Sandstone (Fig. 3.3). It is mostly covered by alluvium but a few small exposures in the

northeast comner of the study area (just north of the mapped area) are characterized by
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Figure 3.4

Simplified geologic map of Jurassic stratigraphic units and corresponding diagenetic
facies in the Snow Canyon SP area. A full-scale 1:10,000 version of this map is available
in Nielsen and Chan (2010) and as Color Plate A. Numbers refer to locations referenced

in this paper.
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brown mudstones with lenses of yellowish brown evaporite minerals. Thickness of this
unit was estimated at ~30 to 50 m (100-150 ft). The base of the Temple Cap Formation
is marked by the J-1 regional unconformity and the top is marked by the J-2 regional
unconformity (Pipiringos and O’Sullivan, 1978). Analysis of associated volcanic ash
beds places the age of the J-2 unconformity between 169 and 168 Ma (Kowallis et al.,

2001).

Carmel Formation

The Carmel Formation overlies the J-2 regional unconformity and is exposed in
the NE corner of the study z;rea (Figs. 3.3 and 3.4). This formation is a thin-bedded,
oolitic, and shaly limestone with a pale yellowish-gray color. Prominent white to

orangish pink evaporite beds occur near the base of the unit and are locally deformed.

The measured dip of beds in this formation is approximately 6° NE.

Quaternary Basalts

Quaternary basalt flows in the Snow Canyon SP area are mapped and described
by other author:c, (Willis and Higgins, 1996; Higgins, 2003). As part of this project the
extent of these flows is mapped (and symbolized with a darker gray to distinguish them

from other Quaternary deposits) but they are not differentiated (Fig. 3.4).

Joints and Deformation Bands
Previous researchers mapped and described two sets of prominent linear features

visible in aerial photographs of the Snow Canyon SP area (Willis and Higgins, 1996;
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Hurlow, 1998). Because these features are important to interpreting diagenetic facies
relationships, they were also partly mapped and examined as part of this study.
Consistent with Willis and Higgins’ (1996) earlier work, the larger, more widely spaced
linear features were mapped using lineament symbols whereas the smaller, more densely
spaced local joints were mapped using joint symbols. The largest set of lineaments at
Snow Canyon SP has a dominantly N-NW trend and relatively wide spacing (Fig. 3.4).
Snow Canyon formed along one of these major lineaments and both Padre Canyon and
West Canyon formed along another to the west (Figs. 3.4 and 3.5). Some lineaments are
locally associated with deformation band shear zones (Mollema and Antonellini, 1996;
Davis, 1999; Eichhubl et al., 2004; Myers and Aydin, 2004; Parry et al., 2004) that
weather differentially out of the surrounding rock to .form narrow (meter-scale) ridges
(Fig. 3.6). The second set of prominent linear features at Snow Canyon SP is closely
spaced joints that trend roughly to the northeast (Fig. 3.7; Hurlow 1998). Because of the
close spacing, only the overall trend of these joints was mapped, with the frequency of

symbols roughly reflecting the relative density of fracturing.

Mapped Diagenetic Coloration Facies (Navajo Sandstone)

Key characteristics of mapped diagenetic coloration facies within the Snow
Canyon SP area are shown in Fig. 3.8 and summarized in Table 3.1 (the multicolored
local facies is described but not mapped because of its limited spatial extent). The white
bleached facies is subdivided into three subfacies: yellow, white, and tan. For brevity,
facies are sometimes referred to using only their unique color name. Symbols used to

reference each coloration facies includes an abbreviation of the formation age and name



Figure 3.5
Composite panoramic image of the Padre Canyon lineament where it intersects the lower boundary of the main bleached

zone northwest of Three Ponds (Fig. 4, location 1). The lineament appears to crosscut the main bleached boundary as
well as bleached bands in the lower formation without visible offset offset of these features (insert). In aerial photos, the
composite bleached band in the lower left of the image (labeled) continues northeastward until it appears to intersect with

the main bleached zone (intersection point not shown).

Sol
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Deformation band shear zones at Snow Canyon SP. (A) Protruding outcrop produced by
differential weathering of a deformation band shear zone at the head of main Snow
Canyon (Fig. 4, location 2 [tan subunit]). Image looks south toward the main canyon.
(B) Detail of deformation bands just northeast of image A. (C) Detail of slickenside
surfaces visible in image A. Polished and striated surfaces are indicative of movement
along a fault plane. Strike of the surface is 320° (parallel to the main canyon). The
slickenlines are roughly horizontal and dip gently to the south.
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Figure 3.7

Aerial photograph shows closely-spaced, northeast-trending joints to the northeast of
Padre Canyon (Fig. 3.4, location 3). The red/white intermixed facies dominates the
image. Note that joints cross-cut bleached boundaries in the Navajo Sandstone. Image
source: National Agricultural Imagery Program (NAIP).
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Figure 3.8
Panoramic image of central Snow Canyon SP from location 4 (Fig. 3.4) looking east.

Vertical superposition of each of the six mapped Navajo diagenetic facies/subfacies
(table 1) is shown. Both the contrast and saturation of the images have been increased to
make subtle variations in color visible. Units shown from bottom to top: brown
ferruginous facies (Jn-b), red primary facies (Jn-r), red/white intermixed facies (Jn-rw),
and three subfacies of the white bleached facies (yellow [Jn-wy], white [Jn-wy], and tan

[Jn-y:]).
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Table 3.1.

Visual characteristics of major diagenetic facies and subfacies of the
Navajo Sandstone at Snow Canyon SP and the surrounding area.
Facies names and symbols from Nielsen and others (2009).

Stratigraphic Characteristic
Facles Subfacies | Symbol Position Features
. o Brightly colored Liesegang-type bands and
Multicolored Local Jn-m Middle/Upper coloration patches (not mapped),
e Blocky, weathered appearance.
Tan Jn-w; Uppermost e Silica-cemented deformation band shear
zones.
White ; o Uniform white coloration.
Bleached | White Jdn-wy | Middle to Upper | § gpajiow polygonal fracturing.
. e Irregular areas of intermixed yellow and
Yellow Jdn-wy Middle white coloration.
¢ Banded and interfingered zones of red and
Red/White Jn-rw Middle white sandstone.
intermixed o Mottled appearance {(uneven coloration).
Red Primary Jn-r Lower to Middle | e Even and pervasive reddish coloration.
o Dark-colored iron oxide cementation that
overprints other facies (concentrated along
Jnb L upper boundary of facies).
Brown Ferruginous n- ower e Concretions, ironstone slabs, etc.
¢ Liesegang-type bands in area immediately
below boundary.
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(e.g., “Jn” for the Jurassic Navajo Sandstone) followed by a dash and an abbreviation of
the facies name (e.g., “IJn-w” for the white bleached facies). Abbreviations for subfacies
are designated using subscripts (e.g., “Jn-wy” for the yellow subfacies of the white
bleached facies). The visual characteristics and spatial occurrence of each facies are
briefly described below (a detailed analysis of the mineralogic and geochemical

characteristics of these facies is presented in Nielsen et al., 2009 and Appendix F).

Red Primary Facies (Jn-r)

This facies is characterized by sandstone with an even and pervasive red
pigmentation that does not have features associated with secondary alteration by fluids
(Fig. 3.9). This uniform red color is typically produced by thin hematite grain coats on
the detrital grains that are visible in thin section (see Walker, 1979; Beitler et al., 2005;
Nielsen et al,, 2009). In the southern areas of the park this facies is commonly

overprinted by the brown ferruginous facies.

Red/White Intermixed Facies (Jn-rw)

The red/white intermixed facies occurs where sandstone of the red primary facies
has been partially altered by reducing fluids (Fig. 3.9). It is distinguished from the red
primary facies by uneven reddish coloration and partial bleaching in well-defined bands.
The red-white intermixed facies occurs directly above the red primary zone (Fig. 3.9) as
well as within a broad lateral transition zone in central Snow Canyon SP (Fig. 3.2). The
lower boundary of the facies is defined as the first occurrence of bleached rock and the

upper facies boundary is defined by the last occurrence of red rock. Boundaries of
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mapped areas of isolated bleaching within the red/white facies (Fig. 3.4) are approximate

due to complex gradational transitions between bleached and unbleached rock.

White Bleached Facies (Jn-w)

The white bleached facies is a large zone of light colored rock in which primary
grain coats have been almost entirely removed (compare with Chan et al., 2000; Beitler et
al., 2005; Nielsen et al., 2009). This facies is restricted to the upper part of the Navajo
Sandstone in the northern park (Figs. 3.2 and 3.4). Although rare, small “erratic patches”
of remnant red rock may occur in the lower unit. The white bleached facies is subdivided
into three vertically superiml;osed units: the yellow, white, and tan subfacies (boundaries
between these subfacies are commonly gradational or poorly defined).

Yellow subfacies (Jn-wy): The yellow subfacies is a zone of intermixed pale
yellow and white rock that occurs in the lower part of the white facies in some areas of
the park (Fig. 3.9). Where present at Snow Canyon, this facies typically occurs adjacent
to the boundary with the red/white intermixed facies.

White subfacies (Jn-wy): The white subfacies is a zone in the middle of the
white bleached facies at Snow Canyon that lacks pigmentation and is characterized by an
absence of iron oxide grain coats in thin section (Fig. 3.10). Shallow polygonal cracking
is common in some areas of this subfacies, producing a checkerboard appearance.

Tan subfacies (Jn-w,): The tan subfacies in the upper white bleached facies at

Snow Canyon has a blocky, fractured appearance and frequently produces colluvium

slopes (Fig. 3.10). The boundary between the white and tan subfacies is typically well
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Figure 3.10
Diagenetic facies of the upper Navajo Sandstone in northern Snow Canyon SP.
(A) Boundary between the white subfacies (lower) and tan subfacies (upper) in the
White Rocks area (Fig. 3.4, location 5). The white subfacies (Jn-wy) has clearly
defined eolian bedforms and well-developed bounding surfaces. In contrast, the tan
subfacies (Jn-w;) has a blocky, fractured appearance and eolian strata are poorly
defined. Brightly colored cementation of the multicolored local facies (Jn-m) occurs
near the base of the tan subfacies (white box). (B and C) Detail of brightly colored,
patchy, red and yellow cementation associated with the multicolored local facies.
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defined, approximating a homoclinal surface (dip 290/04-05N from GIS measurements).

This boundary corresponds to a regional, eolian bounding surface in some areas.

Multicolored Local Facies (Jn-m)

Bright secondary yellow to orange coloration occurs near joints in localized areas
of the upper Navajo Sandstone (Figs. 3.10 and 3.11). At Snow Canyon this alteration
commonly occurs within the tan subfacies and is most pronounced along the lower
subfacies boundary (Fig. 3.10A). The occurrence of the tan and multicolored facies in
areas of Snow Canyon SP appears to be related to prevalent vertical joints as well as
larger-scale cross-bedding i;l the upper formation (Fig. 3.11; Nielsen et al., 2009).

Because of its localized occurrence, this facies is described but was not mapped.

Brown Ferruginous Facies (Jn-b)

The brown ferruginous facies is discussed last because it lacks a unique spatial
zone and instead overlaps with other facies in the lower portions of the formation
(stratigraphically in the lower third, Fig. 3.4). It is characterized by areas of concentrated
iron oxide cementation that apparently “overprint” other diagenetic facies (see discussion
of subfacies prc;duced by overprinting in Nielsen et al., 2009). The upper boundary of the
brown ferruginous facies is locally well-defined and characterized by a broad variety of
unique cementation features including oxidations spots, concretions, Liesegang-type
bands (millimeters-scale), and ironstone slabs (Fig. 3.12; Chapter 4). On a regional

(km+) scale, this upper boundary forms a subhorizontal, gently undulating surface that

dips at an oblique angle to the base of the red/white intermixed facies (Figs. 3.13 and
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Figure 3.12

Dark-colored ironstone slabs occur along the upper boundary of the brown ferruginous
facies (Hidden Pinyon area, Fig. 3.4). The continuation of this boundary is visible as a
dark-colored boundary that overprints the red/white intermixed facies in cliffs to the west
(background of the photo). Distance to the cliffs is approximately 0.5 km (0.3 mi).
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Figure 3.13

Perspective-corrected panoramic image of Snow Canyon looking southeast from location 4 (Fig. 3.4). The subhorizontal upper
boundary of the brown ferruginous facies is traced in white.

811



119

3.14). Because of this, the brown ferruginous facies overprints the red/white facies in the
southern park (Fig. 3.12) and occurs below this facies in the central park (Fig. 3.8). The
calculated trend for the upper boundary of the brown ferruginous facies (n = 67 reference
points) is strike 334°, dip 6° northeast, very similar to the estimated trend for structural
tilt of the Navajo Sandstone (strike 328° dip 06° NE). For a detailed geochemical and

geospatial analysis of the brown ferruginous facies see Chapter 4.

Transition Between Bleached and Unbleached Sandstone

The transition from unbleached to bleached sandstone at Snow Canyon SP
generally follows the same sequential pattern in both horizontal and vertical section. In
horizontal transitions, unbleached red sandstone in the southern park (red primary facies)
transitions to partially bleached sandstone in the middle park (red/white intermixed
facies) and completely bleached sandstone in the northern park (white bleached facies)
(see Figs. 3.2 and 3.14). Vertical transitions typically mirror this sequence, with the red
primary facies in the lowest stratigraphic position, red/white intermixed facies in the
middle, and white bleached facies in the highest stratigraphic position (see Figs. 3.9 and
15). The lower boundary of the white bleached facies in the northern park dips non-
uniformly to the northeast and has a calculated trend (strike 324°, dip 08° northeast) that
is also similar to the overall structural tilt of the Navajo Sandstone (strike 328°, dip 06°
northeast), although the boundary locally deviates substantially from its trend surface.
The significance of these spatial relationships to estimating the timing and direction of

bleaching fluid migration are discussed below.
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Figure 3.14
Spatial distribution of the mapped diagenetic facies/subfacies in the Snow Canyon area.

Image created by draping mapped unit boundaries (Fig. 3.4) onto a computer-generated
oblique view of the area. Grayish zone on top of Red Mountain represents soil cover
where bleaching patterns are not visible. A larger, undivided version of this figure is
available in Nielsen and Chan (2010).
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Figure 3.15

Measured stratigraphic sections show vertical relationships between diagenetic facies at
locations in the southern, central, and northern areas of Snow Canyon SP (Fig. 3.4,
locations 7, 4, and 5). Secondary iron oxide cement (brown ferruginous facies) locally
overprints other facies in the southern park while bleached sandstone (white bleached
facies) dominates the northern park.
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Discussion

Horizontal Facies Relationships

The dominance of white bleached rock in the northern area of Snow Canyon SP,
and its relative absence in the southern park, is attributed to a combination of three
factors: structural tilt, slope of the canyon floor, and a horizontal shift in bleaching styles
related to the lateral migration of fluids. Structural tilt along the St. George syncline
rotated Navajo Sandstone of the southwestern park upward relative to Navajo Sandstone
in the northeastern park and much of the upper formation (more than 400 m [1300 ft] in
some areas) has been removed by erosion in the southwestern park area. A close
correspondence between the regional dip of the Navajo Sandstone and the dip of the
lower boundary of the whitc; bleached facies suggests that bleaching may have preceded
structural deformation, with bleached areas also tilted northeastward along the syncline.
If this interpretation is correct, then the relative lack of bleached rock in the southwestern
park may be principally attributed to removal of the uppermost formation where
bleaching is typically most prevalent (see Fig. 3.15). The slope of the canyon floor
accentuates this visual (exposed) transition, dropping more than 150 m feet [500 ft] from
the northern park (where only the upper, bleached Navajo Sandstone is exposed) to the
south park entrance (dominated by red coloration of the lower formation).

Another factor that likely contributes to the color transition at Snow Canyon SP is
a horizontal change in bleaching styles related to the lateral migration of paleofluids. The
lower boundary of the white bleached facies deviates locally from its trend surface (Fig.

3.16) and is steeply inclined along its southwestern margin, with local dip of the

boundary exceeding 50° in some areas (e.g., location 10 in Fig. 3.4). Some bleached
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Figure 3.16
Composite panoramic image shows the lower boundary of the white bleached facies (A)

which dips nonuniformly to the northeast. Photo taken from Fig. 3.4, location 8.
Numbers refer to figures that detail bleaching relationships adjacent to the main boundary
(1 =Fig. 3.5; 2 ="Fig. 3.17). (B) Calculated trend surface for the lower boundary of the
white bleached facies (strike 324°, dip 08° NE). Plotted elevation points are shown in red
(n=238). Maximum positive deviation from the trend surface is 115 m, maximum
negative deviation is 118 m, and the standard error of the estimate is 56 m. Eastward dip
of the boundary locally exceeds 50° in some areas near location 1.
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bands (Fig. 3.5) in the southern park can be traced northward to where they interconnect
with the white bleached facies along steeply dipping areas of the boundary (Fig. 3.17A).
In other cases, interconnection of bleached bands to the main bleached zone can only be
inferred, as the point of potential convergence commonly occurs above or below the
present topographic surface (e.g., Fig. 3.5). Assuming that most bleached bands do
interconnect with the main bleached zone, a regular horizontal succession of bleaching
types can be demarcated (Fig. 3.18), with “zonal bleaching” (a regional [km-scale] area
of completely bleached rock) in the northern park transitioning southward into
“interfingered bleaching” (a broad [m- to km-scale] area of interpenetrating bleached and
unbleached rock that locally cut across permeability boundaries) and “bleached bands”
(narrow [m-scale] zones of bleached rock that follow high permeability eolian bedsets
and may extend laterally for kilometers [Fig. 3.2]). Although individual bleached bands
can be difficult to trace in two-dimensional outcrop, the broad lateral extent of these
features implies sustained horizontal migration of chemically reducing fluids (see

discussion of bleaching processes in Parry et al., 2004; Beitler et al., 2005; Nielsen et al.,

2009).

Vertical Facies Relationships

The vertical succession of bleaching types in the Navajo Sandstone at Snow
Canyon SP commonly mirrors the horizontal transition described above. Unbleached red
rock in the lowermost Navajo Sandstone typically transitions upward into an area of
localized bleaching (interfingered or bleached bands) and then into completely bleached

sandstone (Figs. 3.9 and 3.19). Preliminary observations suggest at least two factors that
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Figure 3.17

Bleaching relationships within the red/white intermixed facies (Fig. 3.4, location 9). (A)
Bleached bands from the red/white intermixed facies appear to connect to the white
bleached facies in some areas (arrow). (B) Brightly colored alteration in the central park
may have been produced by a combination of partial bleaching (red/white intermixed
facies) and subsequent secondary cementation (multicolored local facies). Arrow points
to bright yellowish coloration (note person for scale).
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Figure 3.18
Typical horizontal relationships and associated bleaching styles for major diagenetic facies at Snow Canyon SP.
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Figure 3.19

Vertically superimposed bleached features at Snow Canyon SP. (A) Upward succession
of bleached bands near Three Ponds (Fig. 3.4): Isolated bleaching (1), bleached bands
(2), network bleached bands (3), and zonal bleaching (4). The upper boundary of the
brown ferruginous facies cross-cuts the red/white transition facies at this location (arrow).
(B) Upward succession of interfingered bleaching features in the central part of the park
(Fig. 3.4, location 11): red primary sandstone (5), bleached fingers (6), remnant red
sandstone (7), and completely bleached rock (8). The upper boundary of the brown
ferruginous facies occurs below the red/white facies (arrow) at this location. (C) Step-
like succession of stacked, trough-shaped bleached features (9-11) in the central park
(Fig. 3.4, location 10). (D) Large, red-colored “erratic patch” in the bleached zone at
Winchester Hills (Fig. 3.4) appears isolated but likely represents a three-dimensional
finger of primary rock that has been truncated and exposed by erosion.
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may contribute to this pattern: changes in primary bedding fabric and the vertical
superimposition of laterally contiguous facies.

Changes in primary bedding fabric may influence bleaching when they are
associated with variations in permeability. Grainflow strata typically have higher
permeability than other eolian bedding types (Lindquist, 1988; Net, 2003), and bleaching
fluids may preferentially follow these high permeability zones (see Nielsen et al., 2009,
their Fig. 3.2). Nielsen et al. (2009) show that the prevalence of grainflow stratification
in the Navajo Sandstone at Snow Canyon SP (as well as Zion NP) increases moving
stratigraphically upward within the formation. This upward trend, perhaps in combination
with other factors such as fiuid buoyancy and the relative impermeability of strata that
overly the Navajo Sandstone, may contribute to the preferential concentration of bleached
rock in the upper part of the formation and localization of bleaching in the middle part of
the formation (see discussion in Nielsen et al., 2009).

Assuming that most bands and fingers of bleached rock within the red/white
intermixed facies of the central park are interconnected with the main bleached zone in
the northern park, the common presence of similar bleaching features immediately below
the main bleached boundary (Fig. 3.19) suggests the possibility that laterally adjacent
diagenetic facies at Snow Canyon SP can be superimposed in vertical section. This is
loosely akin to the spatial relationships of Walther’s Law, where sedimentary facies that
lie conformably on top of one another in vertical section are implied to have been
produced by the oblique climb of laterally adjacent depositional environments (Fig.

3.20A; Middleton, 1973). In a similar manner, bands of bleached rock that occur beneath

the main bleached zone in vertical section at Snow Canyon SP may represent alteration
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Figure 3.20
Diagrams compare the superimposition of laterally adjacent facies in both sedimentary

and diagenetic settings. (A) Progradation of marginal marine sediments causes
sedimentary facies to occur on top of one another in vertical section (this relationship is
referred to as Walther’s Law). (B) Proposed model for the superimposition of diagenetic
facies along an inclined diagenetic reaction front boundary. Note the similar sequence of
facies and bleaching features that occurs in both horizontal and vertical section (red
primary facies, red/white intermixed facies, and then white bleached facies). Vertical
transitions in bleaching style can also result from other processes (e.g., changes in

primary bedding fabric, etc.).



135

that occurred some horizontal distance (10’s of m to km) away from the main reaction
front (Fig. 3.20B). This relationship is exemplified where the lower boundary of the
bleached white facies climbs steeply and completely bleached rock from above the
boundary overlies bleached bands that likely interconnect horizontally with the same
boundary at a point farther to the north (e.g., Fig., 3.5). Although some parallels with
Walther’s Law may exist (Fig. 20), there are clearly fundamental differences between
diagenetic and sedimentary facies.  Whereas sedimentary facies are deposited
sequentially from bottom to top, diagenetic facies may overlap in both time (bleaching
may occur at different stratigraphic positions simultaneously) and space (bleached
features can represent the -cumulative product of multiple episodes of alteration).
Because of these complexities, the relative importance of sedimentary and diagenetic
processes in producing the apparent repetition of facies at Snow Canyon SP still warrants

further study.

Direction of Bleaching Fluid Migration

Areas of white rock in the Navajo Sandstone of Snow Canyon SP are interpreted
as primary red rock that has subsequently been “bleached” by geochemical processes.
The interpretation of red as the primary or earliest sandstone color is based mainly on the
spatial distribution of bleaching within the formation. White sandstone in the southern
park occurs mostly within high-permeability pathways such as bedsets dominated by
grainflow strata (medium-grained sandstone), whereas lower permeability wind ripple
strata (fine- to very fine-grained sandstone) are commonly red (see example in Nielsen et

al., 2009, Fig. 3.2). It is unlikely that iron-bearing fluids would precipitate iron oxide
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within these low-permeability strata without cementation also occurring within the higher
permeability zones. In fact, concentrated cementation within the brown ferruginous
facies commonly follows such high permeability features (Chapter 4). It is therefore most
probable that the iron oxide grain coats that produce reddish coloration were originally
ubiquitous throughout the Navajo Sandstone at Snow Canyon SP and areas of white rock
were produced during a later diagenetic stage, probably through contact with chemically
reducing fluids (Chan et al., 2000; Parry et al., 2004; Eichhubl et al., 2004; Beitler et al.,
2005). Thus, the red/white intermixed facies at Snow Canyon SP likely represents a
complex and extensive reaction front between chemically oxidizing and reducing zones
in the subsurface (Beitler et al., 2005). The origin and nature of paleofluids that produced
bleaching at Snow Canyon SP is presently unknown (only one location has been found
thus far where bleaching fluids may have locally migrated upward along a joint or fault at
Snow Canyon SP and the vertical extent of migration is unknown).

Although the primary direction of bleaching fluid migration has not been
precisely determined, several observations suggest it was toward the south or southwest,
likely migrating upward along gently inclined eolian interdune bounding surfaces. First,
most bleached bands appear to originate near the boundary of the main bleached zone in
the central park and extend southward (Fig. 3.17A). Local areas of bleached rock that
cannot be traced directly northward to the main bleached zone may have originated more
to the northeast where the Navajo Sandstone has been removed by the down-cutting of
main Snow Canyon. Second, bleached bands most commonly terminate in a roughly
southward direction (Fig. 3.21A). Although apparent bleaching band terminations are

not always a reliable indicator of the extent of bleaching when viewed in two dimensions,
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Figure 3.21

Apparent bleached band termination (A) near West Canyon (Fig. 3.4). The main
bleached zone is to the right. (B) Narrow “infiltration rim” (width ~20 to 30 cm [8 to 12
in]) of transitional orange rock (boxed) occurs along the boundary between bleached and
unbleached sandstone (Fig. 3.4, location 11; Fig. 3.17B). The main bleached zone is to
the left.
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preliminary three-dimensional analysis of these features using GIS software and field

examination of outcrops also suggests that fluids generally penetrated to the southwest.
Third, “reaction rims” (light-colored transitional boundaries between bleached and
unbleached rock) are typically best developed along the south-facing edges of bleached
fingers of rock at Snow Canyon (Fig. 3.21B). The use of reaction rims as a paleofluid
flow direction indicators should be viewed as tentative because they were not
systematically studied and it is unknown whether they are produced at the time of

original bleaching or by subsequent fluid alteration events.

Relative Timing of Bleaching

Spatial relationships between structural features and bleached rock provide clues
about the possible timing of bleaching in the Snow Canyon SP area. Bands of bleached
rock are cross-cut by high-density vertical joints (Fig. 3.7), indicating that bleaching
occurred prior to Basin and Range extension (middle Tertiary). In addition, the boundary
between bleached rock in the upper Navajo Sandstone and primary red rock in the lower
Navajo Sandstone is cross-cut by the Padre Canyon lineament (Figs. 3.4 and 3.5). This
lineament parallels the Snow Canyon lincament (Fig. 3.4) which is observed to be
associated with shear (or cataclastic) deformation bands (Mollema and Antonellini, 1996;
Davis, 1999) and striated slickenside surfaces that indicate lateral, subhorizontal offset
(Fig. 3.6C). Because the formation of shear bands reduces sandstone permeability by up
to several orders of magnitude once they have progressed past their initial dilation stage
(Antonellini and Aydin, 1994; Davis, 1999; Parry et al., 2004), deformation band shear

zones that have not been breached by joints generally act as barriers to fluid
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transmission (Hurlow, 1998; Eichhubl et al.,, 2004; Tindall, 2006). It is presently
unknown whether the Padre Canyon lineament is an impedance boundary or a fluid
conduit. However, in either case, the lack of noticeable change in bleaching patterns
moving across this feature (Fig. 3.5) implies that bleaching preceded development of the
lineament.

The similarity in trend between the lower boundary of bleaching and the regional
tilt of strata at Snow Canyon SP suggests that bleaching also preceded formation of the
St. George syncline. Both the lineament and syncline are postulated to be Sevier-age
features (Willis and Higgins, 1996), implying that bleaching preceded the development of
deformation features in the region, likely during the Late Cretaceous to early Tertiary.
This is consistent with timiny estimates for the precipitation of concentrated iron oxide
cement (brown ferruginous facies), which appears to locally overprint bleached rock
(e.g., Fig. 3.22), and may have also preceded structural deformation (see Chapter 4). The
estimated timing of bleaching at Snow Canyon SP is somewhat earlier than timing
estimates for other bleached areas in the surrounding region (Beitler et al., 2003;
Eichhubl et al.,, 2004). Variations in the timing and nature of diagenetic alteration
between these localities (see discussion below) may be a function of local tectonics,
different fluids, reservoir partitions, and other factors. The proposed timing of
widespread bleaching at Snow Canyon SP remains tentative because the ages of
structural features are poorly constrained and good exposures of cross-cutting

relationships are rare.



Flgure 3. 22

Apparent overprinting of the red/white intermixed facies by the upper boundary of the brown ferruginous
facies (left arrow) near Three Ponds (Fig. 4.4). Concentrated iron oxide cementation along the upper
boundary of the brown ferruginous facies appears to have slightly darkened the underlying red and white

sandstone. The boundary dips to the northeast and also occurs below the base of bleaching in the central
part of the park (right arrow).

ovl
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Diagenetic Architecture of the “Redox Transition Zone”

The red/white facies in the central park forms a laterally extensive transition zone
between bleached and unbleached facies. This zone includes a variety of bleached
features that provide information on the duration of the bleaching process and relative
distance from the main reaction front boundary. These features are described in order of
size from subtle variations visible only in outcrop to larger-scale features visible in aerial
photographs. Minor alteration by fluids typically results in sandstone with a mottled
appearance (Fig. 3.23A). In cases where fluids preferentially follow mm-scale laminae,
pin-striped alteration can occur (Fig. 3.23B). As chemical reduction continues, local
areas of sandstone may be bleached white whereas surrounding rock remains relatively
unaltered. These bleached areas typically correspond to high permeability zones related
to primary sandstone fabric. In the Navajo Sandstone, the highest permeability is
typically within laterally extensive cross-bed sets that are dominated by grainflow
stratification. These bedsets have a sheet-like geometry, and when bleached they have a
banded appearance in outcrop (Fig. 3.24). Because bands in a given outcrop are viewed
in two dimensions only, apparent terminations (Fig. 3.21A) may not indicate the actual
extent of bleaching, but instead typically occur where the margin of a bleached rock
moves out of the plane of view in an outcrop.

It is postillated that with continued chemical reduction, progressively lower
permeability sandstone is altered, producing an increasingly complex network of
interconnected bleaching features, with the final result being light-colored sandstone in
which nearly all of the previously precipitated iron oxide grain coats were removed

(white bleached facies). Because fluid flow rates through low permeability laminae such
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Figure 3.23
Small-scale features produced by minor alteration of primary sandstone. (A) “Mottled
discoloration.” (B) “Pinstripe alteration.”
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ie .
Bleached band geometries in eolian sandstone reflect permeability patterns within the
cross-bed sets as well as the direction of fluid flow relative to foreset dip. (A) “basal

bleached band,” (B) “apical bleached band,” (C) “zigzag bleached band,” and (D)
“constricted bleached band.”
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as wind ripple strata are low, and the reduction and removal of iron oxide requires large
volumes of fluid (Parry et al., 2004; Nielsen et al., 2009), the complete bleaching of both
high and low permeability strata over an entire km-scale zone implies a sustained
chemical reduction process (Nielsen et al., 2009). Although evidence of previous
bleaching stages is erased within large bleached zones, horizontal and vertical bleaching
patterns along the margins provide clues about the earlier alteration processes that likely
occurred. It is the presence of these marginal bleaching patterns at Snow Canyon that
make it an excellent outcrop analog for understanding how sedimentary fabric impacts

the early migration of hydrocarbons or other fluids through carrier beds in a reservoir

system.

Regional Comparisons of Bleached Facies

Bleaching of the upper Navajo Sandstone in Snow Canyon .SP and the
surrounding area marks the westernmost extent of exposed zonal bleaching in the state of
Utah mapped by Beitler et al. (2003, Fig. 3.4). However, outcrops of the white bleached
facies do extend eastward for about 30 km (18 mi) through the Red Cliffs Desert Reserve
to near the Hurricane fault and may correlate with bleaching in the Zion NP area (erosion
associated with the fault prevents direct correlation). In comparison with the sharply
defined boundaries between bleached and unbleached rock at Snow Canyon SP,
boundaries at Zion NP tend to be more gradational in nature and nearly horizontal
(Nielsen et al., 2009, Fig. 3.9A). Well-defined bleached bands like those that dominate
the southern part of Snow Canyon SP are uncommon in the main canyon area of Zion NP

but do occur locally in the northern park. One possible explanation for these differences
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is that Snow Canyon SP may represent the margin of a regional bleached zone (where
bleaching fluids penetrate laterally outward into unbleached rock), whereas main Zion
Canyon may represent the interior of a bleached zone (where iron oxide has been
completely removed from both high and low permeability facies by sustained fluid
alteration).

Comparisons can also be made between bleached units at Snow Canyon SP and
those mapped by Eichhubl et al. (2004) in the Jurassic Aztec Sandstone of Valley of Fire
SP (110 km [70 mi] to the southwest). Similar to Snow Canyon, the horizontal color
transition at Valley of Fire SP results largely from the regional dip of bedding (~22 NE),
with red-colored sandstone occupying the lowest stratigraphic position. However, white,
completely bleached rock is co;nparatively rare at Valley of Fire SP, being restricted to
narrow (< 50 m [164 ft]), subhorizontal zones that are typically surrounded by other
facies (Eichhubl et al., 2004, their Fig. 3.6). Uniform, red-colored sandstone near the top
of the formation at Valley of Fire SP lacks a parallel in the Snow Canyon area.
Coloration units at Valley of Fire SP are commonly offset by faults and other features
(Eichhubl et al., 2004, Fig. 3.5) and the influence of structural controls is more
pronounced than at Snow Canyon SP. These comparisons underscore the complex nature

of diagenetic processes and show the importance of mapping and other spatial analysis

techniques in accurately interpreting diagenetic features.

Conclusions
Detailed mapping and analysis of diagenetic alteration patterns in the Navajo

Sandstone in the Snow Canyon SP area indicate complex interactions between
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sedimentary, structural, and diagenetic processes. Specific conclusions of this study

include the following:

1.

Diagenetic coloration facies and subfacies at Snow Canyon SP are spatially
extensive, mappable, and represent at least four distinct episodes of alteration:
formation of primary grain coats (primary red facies), localized bleaching and
removal of primary grain coats (white bleached facies), precipitation of dark-
colored iron oxides in the lower formation (brown ferruginous facies), and
precipitation of brightly colored secondary iron oxide near joints in the upper
formation (multicolored local facies).

The dominance of bleached rock in the northern area of Snow Canyon SP, and its
relative absence in the southern park, is attributed to a combination of three
factors: structural tilt, slope of the canyon floor, and a horizontal shift in
bleaching types produced by the lateral migration of fluids. Diagenetic facies
successions in vertical outcrop parallel those that occur horizontally.

Overprinting of partially bleached rock by the upper boundary of the brown
ferruginous facies indicates that bleaching either preceded or was coincident with
concentrated iron oxide cementation.

Spatial relationships with structural features (joints, deformation band shear
zones, folds, etc.) tentatively suggest that bleaching preceded the development of

deformation features during the Late Cretaceous to early Tertiary (Sevier

orogeny).

In summary, well-exposed diagenetic coloration patterns and facies of the Navajo

Sandstone have significant geologic implications for understanding the processes of iron



147

oxide bleaching and transport in the subsurface. The Navajo Sandstone is both an
important reservoir and aquifer unit and comprises a valuable diagenetic model for other

porous sandstones units of the Western Interior.
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