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Abstract
Correlation and Chronology of the Miocene-Pliocene Bidahochi Formation, Navajo and
Hopi Nations, Northeastern Arizona

Todd A. Dallegge

The Mio-Pliocene Bidahochi Formation contains a record of geologic events for the evolution of
the southern C olorado Plateau. The deposits of this formation recorded the interaction of phreato magmatic
volcanism with lacustrine and fluvial sedimentation. The formation of the Bidaho chi depositional basin is
related to drainage blockage by elevation ofrift flanks from the Rio Grande Rift in New Mexico. Based on
“Ar-*Ar dating of interbedded, distally-derived felsic ash beds, onset of sedimentation occurred ~16 Ma .
Lacustrine sedimentation rates ranged from 0.3 to 10 cm/ka. The felsic ash beds were geochemically
correlated to ash beds and tuffs in the northern Basin and Range Province that have sources from the Snake
River Plain and southwestern Nevada volcanic fields. The Hopi Buttes volcanic field erupted into the
evolving lacustrine/fluvial system and the subsequent mafic phreatomagmatic activity produced abundant
maars, tuff rings, scoria cones, and lava flows. Volcanic activity occurred periodically from 8.5-4.2 Ma.
Erosion has since removed most sediments not capped by tuffand lava flows, creating abundant scattered
mesas and buttes across the landscape. The style of volcanism, in conjunction with erosion, have produced
complex stratigraphic relations. Using the interbedded felsic ash beds and lithogenetic packages, the
isolated outcrops are correlated and the basin parameters defined. B asin geometry and sedim entalogic
relations define a lake with a maximum surface area of 30,000 km? near the end of lacustrine de position. A
water budget was established by estimating paleoclimatic conditions and used to determine what drainage
area was necessary to maintain this large lake. These calculations determined that the area encompassed by
the Little Colorado River watershed could not have provided enough water to maintain the lake. Based on
the water budget calculations and other paleogeographic considerations, the ancestral C olorado River must
have flowed into this basin. Combining the available literature and the new evidence presented in this study,
new paleogeographic reconstructions of the southern Colorado Plateau are porposed for Miocene and

Pliocene time.
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Chapter 1 - Introduction

The purpose of this study is to analyze the Bidahochi Formation from a stratigraphic and
chronologic perspective. Many issues exist about this formation and include: (1) the viability of the
informal stratigraphic subdivisions; (2) the chronology of geologic events; (3)the Miocene basin
morphology, and (4) regional paleogeographic relations.

Study Area

The Miocene/Pliocene Bidaho chi Formation covers ~ 16,000 km? of the southern portion of the
Colorado Plateau (Love, 1989). The study area for this research occurs ~ 70 km north of Holbrook, Arizona
and ~ 185 km east of Flagstaff, Arizona (Figure 1.1). The study area is bounded on the north by R oberts
Mesa and extends east/southeast to the Greasewood area. It encompasses the Hopi B uttes volcanic field to
the west and south and occurs primarily on Navajo Nation lands, with a portion (northwestern corner)
occurring on Hopi Tribe lands. The area is characterized by high-desert plateau vegetation. Low-lying
topography is dominated by sagebrush and grasses while the mesas and buttes are sparsely covered by
pinyon-juniper woodlands. The area is used by the Navajo and Hopi people for residences and the grazing
of livestock.

Geologic Setting and Previous Studies

Regional geologic setting

The Bidahochi Formation occurs on the stable intercontinental region known as the Colorado
Plateau (Figure 1.2). The Colorado Plateau was affected by deformation from the Laramide and Basin and
Range orogenic events (Late Cretaceous to Miocene age). The plateau was elevated to its present altitude
sometime during middle Tertiary time(Nations et al., 1985; Elston and Young, 1991) to late Tertiary time
(McKee and McKee, 1972; Lucchitta, 1984). Much of the upper Mesozoic stratigraphy was removed from
the Plateau prior to unconformable deposition of the Bidahochi Formation on Triassic (Chinle, Wingate,
and Moenave Formations) through Early Cretaceous Formations (Dakota, and Toreva Formations [ Akers et
al., 1971]). The southern portion of the Colorado Plateau near the study area is drained by the Little

Colorado River (LCR), Rio Puerco River, Zuni River,and many minor ephemeral streams and washes

12
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Figure 1.1 Physiographic provinces of northeastern Arizona (from Kelley, 1958). The study area
is noted by the gray area around the Hopi Buttes. Dashed outline defines the inferred limit of
Hopi Lake (from Scarborough, 1989). Thick solid line is current location of Bidahochi
Formation deposits (from Repenning et al., 1958).
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Figure 1.2 Regional map of the Colorado Plateau area (solid thick line). Most physiographic
areas and communities are listed. Modified from Hunt (1956). Abbreviations: Mts - mountains,
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(Figure 1.3). Runoff from the southern Colorado Plateau reaches base level when the LCR joins the
Colorado River which eventually empties into the Gulf of California.
Previous studies

Tertiary de posits in this area were first recognized by Newberry (1861) and then described briefly
by Gregory (1917). The name Bidahochi Formation was first applied to these sediments by Reagan (1924,
1932) and a measured section at Bidahochi Butte was described. Williams (1936) recognized a large
paleolake which he termed Hopi Lake. The formation was described in detail and informally subdivided
into three members (Figure 1.3), lower, middle, and upper by Repenning and Irwin (1954). The lower
member consists of finegrained sedimentary rocks, primarily claystone, mudstone, siltstone, and minor
fine-grained sandstone and localized conglomerate. It was interpreted as lacustrine in origin (Williams,
1936; Repenning and Irwin, 1954; Repenning et al., 1958; Shoemaker et al., 1962; and Sutton, 1974b). The
middle member consists of mafic lava, tuff, and volcaniclastic material derived from the Hopi Buttes
volcanic field. The volcanic deposits are interbedd ed with claystone, sandstone, and mudstone. Volcanism
was characterized by phreatomagmatic eruptions that formed abundant maars, diatremes, and tuff rings
(Sutton, 1974b; Shafiqullah and Damon, 1986b; W hite, 1989, 1991; Ort et al., 1998). Eruptions are
interpreted to have occurred ina fluctuating lacustrine to playa environment (White, 1989). The upper
member consists of abundant cross-bedded sandstone and siltstone with minor claystone. It has been
interpreted as fluvial and eolian in origin (Repenning and Irwin, 1954; Repenning et al., 1958; Howell,
1959, Shoemaker et al., 1962). Twelve felsic ash beds that were derived from outside the Hopi Buttes
volcanic field have been reported interbedded within the formation (Shoemaker et al,, 1957). Shoemaker et
al. (1957, 1962) further subdivided the formation into six members. The lower four members of Shoemaker
et al. are roughly equivalent (see Chapter 2) to the lower memb er of Repenning and Irwin (1954). Howell
(1959) conducted a regional study of the Bidahochi and surrounding formations. Volcanic deposits and
vents ofthe Bidahochi Formation, produced by the Hopi Buttes volcanic field, were described in detail by
Williams (1936), Hack (1942), Shoemaker et al. (1962), Sutton (1974a,b), Shafiqullah and Damon
(1986b), Wenrich and Mascarenas (1982), Wenrich (1989), White and Fisher (1989), and White (1987,

1988, 1989, 19904, b, 1991, 1992). Fossil material from Bidahochi sediments was described by Reagan,
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(1929, 1932), Stirton (1936), Lance (1954), Taylor (1957), Uyeno and Miller (1965), Breed (1973), Sutton
(1974b), and Baskin (1975, 1979). Love (1989) completed a comprehensive literature review of the
Bidahochi Formation.

The lower and upper chronologic boundaries of the Bidahochi Formation are poorly constrained.
Most of the isotopic and fossil dates are from the middle and upper portions of the formation. Love (1989)
suggests that onset of Bidahochi sedimentation occurred about 9 Ma (or possibly 12 Ma) and then ceased
by 4 Ma. Most of the volcanic material within the formation apparently was emplaced between 8.5 and 6
Ma with a few eruptions between 4.4 and 4.2 Ma (Shafiqullah and Damon, 1986a, b). Shafiqullah and
Damon (1986b) suggested that the hiatus (6.0-4.4 Ma) may be due to sampling bias. Of the 300+ vents in
the Hopi Buttes volcanic field, only a few dates have been published (Table 1.1). Baskin (1975, 1979)
placed an age of late Hemphillian (~5 Ma) for mammalian fossil material from White Cone Peak (Figure
1.3). Vertebrate material from the Cheto Mine area east of Sanders, Arizona (Figure 1.3),is considered
Clarendonian (~ 9-12 Ma) or possibly Barstovian (~ 12-16 Ma) in age (Lance, 1954; Howell, 1959; Breed,
1973; Lindsay and Tessman, 1974). Howell (1959) believed the beds at the Cheto mine area are older than
the Bidahochi Formation, but other workers have placed them within the lower member of the Bidahochi
Formation (Love, 1989). The fauna from the Cheto M ine site have identified species that are not known to
have been extant at the same time interval (Love, 1989 citing a personnel communication with E. H.
Lindsay). These problems and the uncertainty whether this locality is within the Bidahochi Formation are
why Love (1989) suggested that the formation may be as old as 12 Ma.

Recent studies of sanidine from a felsic vitric ash bed (interpreted as coming from a distant large-
volume eruption) at Triplets Mesa in the lower section of the Bidahochi Formation yielded an DAr-¥Ar date
of 13.71 0.08 Ma (Dallegge et al., 1998) (Table 1.1). This tuff bed is 75 m above the base of the
formation implying that the underlying part of the formation is older than 13.71 Ma.

In addition to the study here, there are two other graduate students conducting research on the
Bidahochi Formation. Jorge Vazquez (199 8) has mapped W ood Chop Mesa (Figure 2.2), focusing on the

volcanic stratigraphy and volcaniclastic sedimentation. Jason Hooten (in progress) is mapping an area near
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west of Echo Spring Mountain (Figure 2.2) and focusing on lower diatreme facies and petrology of the
associated magmas.

Methods of Investigation

The various techniques and methods used in this investigation are described in Appendix A and in
the sections to follow.

Goals of the Research

The goals of this research are to analyze the Bidahochi Formation from a stratigraphic and
chronologic perspective. Emphasis is placed on gathering data that will: (1) resolve problems associated
with the informal subdivisions; (2) provide a chronology for the Bidahochi F ormation; (3) define the basin
morphology and (4) reconstruct the paleogeography ofnortheastern Arizona. This study does not focus on
detailed sedimentologic analyses. Observations made during field reconnaissance and measuring sections,
in addition to published reports, are used to identify shoreline facies and reconstruct the basin configuration.
The study is primarily focused on the pre-Hopi Buttes volcanism units of this form ation within the vicinity
of the Hopi Buttes volcanic field (Figure 1.3); only minor work was done on the Hopi Buttes volcanic units
and upper member of the Bidahochi Formation.

Informal subdivisions

The first goal of this research was to evaluate the usage of two informal stratigraphic subdivisions
of the Bidahochi Formation. The problem concerns locating boundaries between members and the use of
members in areas outside of the Hopi Buttes volcanic field. There is also a problem in the definition of the
middle member of Repenning and Irwin (1954) which they based on the occurrence of the volcanic material
from the Hopi Buttes volcanic field. Due to the eruptive style of the Hopi Buttes volcanic field, complex
stratigraphic relations occur.

Bidahochi Formation chronology

The second goal for this research is to provide a more thorough chronology for the Bidahochi
Formation. Very little age control exists on either the upper and lower boundaries of the formation or the
timing of events for the evolution of this basin. A more complete chronology will provide sedimentation

rates and a b etter understanding of the evolution of this system through time.
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Basin morphology

The third goal for this research is to define the basin thatprovided the accommodation space for
the Bidahochi Formation deposits. The mechanism for basin formation and the timing for this event has not
been resolved. The morphology of this basin has been briefly considered but not well documented.
Correlation of existing Bidahochi stratigraphy has been poorly documented. The goal was to establish a
correlation of the current deposits and to analyze the deposits in order to determine the morphology of the
basin.

Paleogeography of northeastern Arizona

Resolution of depositional and stratigraphic problems should clarify the paleogeographic relations
of northeastern Arizona during Miocene-Pliocene time. Various theories have been proposed for the flow
direction of the upper Colorado River prior to the dissection of the East Kaibab Monocline and the
development of the Grand Canyon. These previous studies have the ancestral Colorado River flowing in
four different compass directions; southeast (McKee et al., 1967), southwest (Hunt, 1969), northwest
(Lucchitta, 19 84), and northeast (Ranney, 199 38).

The data and interpretations in the following chapters will provide some clarity to the problems
listed above. A secondary goal to those listed above is to renew interest in this area for further scientific
research. Many of the complexities of this part of the country may ultimately be deciphered within the

deposits of the Bidaho chi Formation and o ther regional features.
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Chapter 2 - Stratigraphy

Two informal stratigraphic subdivisions have been reported for the Bidahochi Formation. The
validity of both subdivision schemes has been questioned and several problems occur when app lying these
subdivisions across the entire regional extent of the formation. The purpose of this study was to evaluate the
two subdivisions and determine which one was more appropriate or, if necessary, propose a revision that
can be adequately used across the entire extent of the Bidahochi Formation. Volcanic material from the
Hopi Buttes volcanic field constitutes a significant portion of the Bidahochi Formation. The emplacement
of material from this volcanic field has created complex stratigraphic relations that hinders the placement of
this material into either of the two previous proposed informal stratigrap hic subdivisions. Based on field
observations, a system is proposed that explains the complexities of the relations ofthe Hopi Buttes
volcanic deposits with those of the surrounding systems. A revised stratigraphic nomenclature is proposed
herein that can be used across the entire extent of the formation.

Previous Subdivisions

The Bidahochi Formation was informally subdivided by Repenning and Irwin (1954) and
Shoemaker et al. (1957). The Repenning and Irwin (1954) subdivision splits the formation into three
members; a lower lacustrine member, a middle volcanic member, and an upper fluvial and eolian member.
Shoemaker et al. (1957) subdivided the Bidahochi Formation into six members for mapping purposes. The
lower four members of Shoemaker etal. are roughly equivalent to the lower member (Figure 2.1) of
Repenning and Irwin (1954). M embers 5 and 6 are roughly equivalent to the middle and upper me mbers,
respectively.

Member Descriptions

The Shoemaker etal. (1957) stratigraphic subdivision isused to describe the Bidahochi Formation
deposits. Table 2.1 lists the rock types and characteristics for each member described below. The
information in Table 2.1 is based primarily on the reference sections at Wood Chop Mesa (Location 16 on

Figure 2.2) and east of Greasewood (Location 12 on Figure 2.2) (see Appendix B for measured section
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Legend

Mafic lava: black, nephelinitic to
lamprophyric, typically olivine and
clinopyroxene - phyric

Tuff, brown to greenish-brown
interbedded nephelinitic to
lamprophyric fall, surge, and
reworked pyroclasts with epiclastic
sediments

Felsic vitric ash tuffs: white, gray, or
blue-gray, massive to wavy
laminated, extrabasinally derived,
bed thickness exaggerated

Cross-bedded eolian sandstone,
tannish-white, fine- to very fine-
grained, weakly calcareous, poorly
to moderately indurated

Trough cross-bedded sandstone,
tannish-white, fine- to coarse-
grained, calcareous, moderately
indurated

Conglomerate, red, pink,
calcareous, trough cross-bedded

Sandstone, white to orangish-tan,
very fine- to medium-grained, well
to moderately sorted, rounded,
calcareous, poorly to moderately
indurated

Siltstone, white, pink, tan, red,
calcareous, thick bedded to
structureless

Claystone, green, red, pink, yellow,
tan, calcareous, laminated to
structureless

Figure 2.1 Generalized stratigraphic section of
the Bidahochi Formation. Ash bed or lithologic
unit thicknesses are not to scale. Lithology
noted on column is roughly equivalent to
amount of that type of sediment present.
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descriptions). Variation between claystone and siltstone was field determined by tasting samples for clay
and silt content. The term mudstone is used for rocks with equal amounts of clay and silt.
Common characteristics among members

Sedimentary units within the Bidahochi Formation are commonly poorly consolidated. They are
partially to thoroughly cemented by calcite and/or clay. The units weather into brightly colored badlands-
style topography. Commonly the units display very little depositional structures or post-dep osition features.
Close visual inspection reveals potential microscopic details within the rocks, but this technique was not
employed for this study. Many individual units, including thin beds (e.g., 30 cm thickness) can be traced
laterally for several kilometers. The first four members are fine-grained with clay and silt dominating the
rock type present. Glass shard -rich felsic ash beds are noted within all memb ers.

member 1

Member 1 (Figure 2.3a) is composed o f red mudstone, siltstone, and claystone, interbedded with
minor thin lenticular sandstone. A basal pebble conglomerate occurs in several localities on the
unconformity between this member and the Mesozoic units. One ortwo felsic ash bedsare present in some
localities. Selenite nodules up to 2 cm in length occur locally in the upper units of this member. Mudstone
units contain matrix supported, sand-sized material that appears to have no apparent bedding orientation.
Thin lenticular sandstone units are rippled laminated and are 1 to 7 cm in thickness.

member 2

Member 2 (Figure 2.3a) is composed of varied colored, interbedded claystone, siltstone, marl, and
ash (Table 2.1). This member is very cyclic with the various colors (green, brown, red, pinkish-tan, yellow,
white) and rock types commonly repeating themselves in a systematic manner. Individual beds are
commonly thin, <30 cm and alternate between claystone and siltstone. Green claystone beds of this unitare
very calcareous and are commonly laminated. The laminations are composed of silt-sized material that
commonly is iron-oxide stained near the outcrop surface. This member also locally contains abundant
selenite nodules in the lower half of the member. The gypsum is not bedded or confined to one horizon and
occurs as clusters (roses) of large selenite crystals (up to 3 cm in length). Iron-oxide staining is common at

the base of this unit and within many of the green claystone (claystone/marl) units. The marl is white and
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13.71 Ma ash bed

Figure 2.3 a) Vertical cliff section (location 25 on Figure 2.2) showing members 1, 2, and 5.
Member 1 is 19.5 meters thick. b) Southeast corner of Red Clay Mesa (location number 14 on
Figure 2.2) showing members 3 through 5. The 13.71 Ma ash bed is 0.28 meters thick. The mesa
is capped by a thin layer of mafic lava.
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contains abundant silt- and sand-sized material. In some locations, small ostracods (<3 mm in diameter) are
noted within the marl. Several thin (commonly <12 cm) felsic to interm ediate ash beds are interbedded with
these units. These ash beds are generally altered and mixed with surrounding rock types.
member 3

Member 3 (Figure 2.3b) is dominated by pinkish-tan siltstone with minor beds of green claystone,
pinkish-tan sandstone, and white or blue-gray ash (Table 2.1). Very little clay-sized material is present
within the siltstone units of this member. Several diagnostic ash beds occur interbedded with the siltstone.
The ash beds are wavy-laminated and commonly loosely consolidated. The ash beds form small to moderate
ledges against the slopes of the siltstone. The structure of these ash beds is undulatory with wavelengths up
to 1 meter and amplitudes up to 30 cm. Laminae within the ash beds in some locations are disturbed and
form U-shaped depressions and contortions. Thin ash beds (>10 cm) commonly pinch-out and are
discontinuous. Sandstone units with this member have poorly-defined, planar cross-stratification. The green
siltstone/claystone units of this member are laterally continuous and can be traced from butte to butte for
several kilometers in some areas. This unit pinches out to the west/southwest (see Chapter 4) and is not
distinguishable in the Sunflower Butte area (Figure 2.2). The units of this member weather to form smooth,
steep slopes and small cliffs.

member 4

Member 4 (Figure 2.3b) is composed of green and red claystone with minor interbedded siltstone
(Table 2.1). The lower portion of this member is red and the upper portion is green. The red units pinch out
to the west/southwest and is discontinuous in westem locations. This red unit is not present in the reference
section on the southwest corner of Wood Chop Mesa (location 16 on Figure 2.2) but occurs on the
northeastern side of the mesa (~ 5 km away). The red unit increases in thickness dramatically to the east
from ~3 m near Red Clay Mesa (location 14 on Figure 2.2) to 36 m southeast of Greasewood, Arizona
(location 19 on Figure 2.2). In the east it contains localized trough cross-bedded sandstone and
conglomerate. Clasts in this conglomerate are dominated by chert, petrified wood, and carbonate fragments.
At other nearby eastern localities, this member onlaps the Mesozoic Wingate Formation and defines the

eastern portion of the basin (see Chapter 4).
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member 5

Member 5 (Figures 2.3 and 2.4a) is composed of brown, green, black, lavender, and tan tuff, lava,
volcaniclastic sandstone, claystone, siltstone, and sandstone (Table 2.1). The volcanic deposits are
nephelinitic to lamprop hyric in comp osition and originated from the Hopi Buttes volcanic vents. This
member is dominated by the input from phreatomagmatic eruptions that formed abundant maars, diatremes,
and tuffrings (Shoemaker etal., 1957; Sutton, 1974b; Shafiqullah and Damon, 1986b; White, 1989, 1991;
Ort et al., 1998, Vazquez, 199 8). The tuff from this unit contains juvenile and accidental material. The tuff
is thin- to thick-bed ded and ranges from clast supported to matrix supported. The tuff commonly displays
antidunes, cross-stratification, bomb sags, and scour structures. Volcanic material dominates this member
with the vicinity of the H opi Buttes volcanic field. Outside the area occupied by the Hopi Buttes volcanic
field, the deposits are dominated by claystone, siltstone, and volcaniclastic sandstone. The volcaniclastic
sandstone is composed of subangular to subrounded volcanic clasts from the Hopi Buttes volcanic field.
The fine-grained units commonly contain beds of matrix-supported volcanic clasts. Shoemakeret al. (1957)
informally designated this member as the White Cone member. The units that make up the middle section
of White Cone Peak are within member five. The fossil locality from White Cone Peak has produced
material that Baskin (1975, 1979) assigned an age of late Hemphillian (~ 5 Ma). Mammal, fish, and
molluscan fauna have been collected from this locality. An asymmetrical lenticular bed of trough cross-
bedded sandstone occurs at the base of White Cone Peak. The volcanic units of this member are very
resistantand form the cap rock for most of the buttes and mesas of the area.

member 6

Member 6 (Figure 2.4) is composed o f white, tan, buff, and green sandstone and siltstone with
minor amounts of claystone (Table 2.1). This member contains abundant detrital material from the Hopi
Buttes volcanic field. Sandstone units are commonly trough cross-bedded and fine upwards. Planar-tabular
sandstone beds are common. Beds of this member are poorly to moderately indurated. Calcified concretions
occur as thin lenticular sandstone bodies. In some locations, sandstone units are very fine- to fine-grained,
rounded, well sorted, frosted, and high-angle, planar cross-bedded. Paleocurrent readings from channel axes

and foreset beds indicate south-flowing streams (Love, 1989; Appendices B-2, B-12). Several felsic ash
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Figure 2.4 a) Red Clay Mesa section (location 14 on Figure 2.2) showing members 3, 4, and 5.
Member 4 is approximately 12 meters thick. b) Roberts Mesa area showing member 6.
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beds occur within this member. Fish (Uyeno and Miller, 1965) and molluscan fossils occur locally in the
channel sandstone units. The majority of member six is currently exposed to the north and east of the Hopi
Buttes volcanic field (Figure 1.3). The deposits of this member occur farther to the north and east of the
study area than the lower 4 members have been noted. No evidence has been found to suggest that this
member once covered the lava capped plateaus of the Hopi Buttes volcanic field.

Memb er Contacts

Shoemaker et al. (1957, 1962) noted that all contacts between members were gradational. T hus,
determining contacts between members is difficult in many areas. This study has been able to determine
several of the contacts with some degree of certainty throughout the study area. The contacts between units
are listed in Table 2.2.

In addition, it should be emphasize d that the Ho pi Buttes volcanic field causes many stratigraphic
complications (see below). In this area, deposits from the maars (crater fill) and diatremes (volcanic necks,
emplaced magma, brecciated tuff and wall rock) cross-cut all members o f the Bidaho chi Formation as well
as Meso zoic and Q uaternary units. T hese cross-cutting relations m ake member boundaries difficult to
recognize (see stratigraphic subdivision discussion below).

Depositional Setting

Williams (1936) first described the depositional setting of the Bidahochi Formation as lacustrine
and named the paleolake Hopi Lake. Later workers also supported a lacustrine interpretation for me mbers 1
through 4 and parts of member 5 (Williams, 1936; Repenning and Irwin, 1954; Repenning et al., 1958;
Shoemaker etal., 1962;and Sutton, 1974b). Based on evidence from the eruption features from the Hopi
Buttes volcanic field, White (1989, 1990b) interpreted the environment in which the volcanic eruptions took
place as fluctuating from lacustrine to playa. M ember 6 was interpreted as fluvial and eolian in origin
(Repenning and Irwin, 1954; Repenning et al., 1958; Howell, 1959, Shoemaker et al., 1962). Observations
made during this study are consistent with those from previous interpretations. Other pertinent observations
and comparisons are presented in the following sections.

The lenticular, ripple cross-bedded sandstone beds and the abundance of mudstone and siltstone of

member 1 were deposited during the early stages of basin filling. There may be some question as to the

31



‘uonewWwIo 1yooyeplg dYj ojul 3no
S[OUUBYD [ BUOISOId P[] oeq AR S}un AI1euiajen ) oy} ‘seale 9wos U ({ "sounp pazifiqels L[ erouss are
sjun Areuroyend) 2y ‘saynq pue sesow Jo doy uQ (¢ "10709 ur a3uero JYII| A[uow Wod A1 syun Areurerend)
oy (g 'suun Areurojen() oyj Jo [9ARIS pue puUBS PAIEPI[OSUOIUN OY} PUL 9 JOQUIdW JO dUOISPULS PIjeINpul

K1100d 210709 JYSI[ ) USOMIDQ J1ILIU 0D J[qBUIIOJUOIUN J0 IN0IS A Je pase[d s1joeuo0d siyL (]

Aj1uojuodun pue
IN0JS-[BUOISOId

sjiun Areusdjen()
/9 Joquuiowl

Y
I9QUIdW JO QUO3ISAR]O JUB]SISAI $SO] 91 SUISUBYISAO SIJI[O SULIO} QUOISPUBS PAPPIQ-SS0Id Y] (7 "duoispues
pappag-sso1o reue[d pue y3nox jo souonbas yomny) 151 9y Jo aseq Yy} 3e paose[d st 3oe3u0d sy L ([

dreys
0} [euorjepeId

9 JOqUIAW/G JOqUUA

‘[ BLI9JBW PINIOMII POPPAQ SB SINOJ0 SNILIJOP JIJewW AU ‘P[o1J dIued[0A sann g IdoH 9y} wolj punoginQ
‘sure1d poyioddns X1ew paid)eIS SB SINJJ0 SMILIAP JdJew Y] ‘PoI) O1ued[0A sayng 1d o 2y} JeoN

(¢ "yord s1y) owwid)op 03 A1essaoou st doioino oyl Jo uoroddsur 9so1) (7 (2961 ‘LS61 1€ 1 Ioyewaoys)
pIo1y o1ued[oA sonng 1doy oY) WoIJ [BLI0)eW SNILIIOP JO 90U IIINOD0 ISI1J dY) J& paoe[d s13ovju 00 SiyL (]

[euonyepeld

G Joquiaul/4, JoquIaW

‘$ JI0QUIOW JO JUN OUOISAR[O PAIISIL)
oyl m0[9q paoe[d s1108IU00 oYy} UdY) JudsaId jou SI ou0lsAe[d U213 oy} JT (€ “PoUIL)S OPIXO-UOII A[UOWWOD
ST 31UN QUO03ISAR[O U913 oy (7 " Joquow Jo auolsAe[o uda13 ay) Jo aseq dy} e pooe[d st 3083U00 oY [ (]

dreys A[[eoo|
0} [euonjepeld

 Joquuiowl/¢ JoquIow

‘(W] 03 WOQ)g~) SSOUNOIY} 91BIOPOW JO SIIUN QUOISAB[O USAIT ¢-] WOIJ SUIBIUOD € JOqUIDIA

(¢ spy11o 10 odo[s ur YBAIQ © SWIOJ pue AB[D [BIINSIAUI S[NRI] AIOA SUIBUOD ¢ JOQWIW JO dU0ISYIS YL (g
‘ouq)siyIs uel-ysuid jo (wo(pg < A[ensn) paq yo1y3 Isily 9y} Jo aseq ay3je paoe[d oq A[jensn ued }08JUOD
O L QUO0ISI[IS/QU0}SA.[O JI[9AD 10A0 JueUIWOPAId SOW009q 9U0ISI[IS 219ym paoe[d s13083U00 YT (]

[euonyepeid

€ Joquiaul/g Joquuiaw

‘paure)s 9 pIXo-uoJl A[UO WIWOD ST JIUN [Je W )M /dU0IsA.[d U215 oy I (7 "Jun [1ewl 9}1YMm/dU0)sAe[d
U223 YOIy} ISNJ AU} MO[oq PUBIIUN dUOISPNU Pal Jofeurise] oY) aA0qe paseld s130Iu0d oY [ (]

dreys Ajjeoo
0) [euoTIEpLI

7 Joquuowy/| Joquuotl

(wq ejoxeq) uel o “(wg ouiy))

ordand ‘(wg 91e3urp ) 2 3urIO IR SJ0BIUOD I10Z OSAIA Y} S[IYM PAI ST | I qUOW UOT) BULIO] IYd oyeprg

9y} JO 10100 oY [, ({ "PoI9)[ SB JOU oI UOIIRWLIO,] IYOOYepIg U Ul SOUO Y} S[IYM PaIdj[e A[peq oq 0} pud)
S}IUN 910 ZOSOA 9} ul Judsaxd s[erourw oijew Ay [ (¢ "pajeinpul A11ood 03 9[qeLI} dI8 SI9QUWIOW UOIJBULIO|

Yooy epIg Y} 9[IYM SYJ0[q JB[NPOU PIPUNOI WLIO] O} SULIdYIBIM 9JBTUIA\ YU} YIIM PIJeINpul [[om AI9A 9q [ Toquuatt

0} puo} sjun 10z 0S| Y [ (Z "Poom payyrniad pue ‘931[0AYT ‘OUO0IS O[OP ‘SISB[O OTUBI[0ABIdW ‘Z}aenb ‘1010 Ayrwiojuooun uoneuLoJ poyepryg

Surpnpour so13o[oy3y JueISIsaI Jo 3unsisuod aseq dy3 Je juasard Ajuowrwos s1 [9AeI3 Jey 91qqod [rews v ([ Ie[ngue /OTOZOSIN
U0 EBIAJIIUIP] 0] SIPSLIdIIBIRYD adL] 1083U0) 1983U0)

‘UOTIBWLIO] IYO0YePI 91} JO SIOqQUIOW UJIIMIDQq S}OBJUO0D

oy} SuIUIULId)OP 10] SOIISLIAIORIRYD 7T 9]qBL

[43



existence of Hopi Lake at this time. The rippled sandstone units and scattered sand-sized grains within the
claystone units may be related to a fluvial setting rather than alacustrine setting as previously proposed . By
late member 1 time, the basin had probably began to fill with water. This is noted by the thick claystone
beds and occurrence (in some localities) of silty marl at the transition between members 1 and 2. The
gypsum in the upper portions of this member is probably related to the early stages of lake formation and
resulted from periodic drying of small water-filled depressions.

Repenning and Irwin (1954) and Shoemaker et al. (1962) used the regional uniformity of the
stratigraphy, fine-grained character, and rarity of cross-stratified units to infer a lacustrine setting for
member 2. These similar features were noted at many localities in this study. In addition, the fine-grained
units throughout this formation are commonly structureless or thinly laminated. Other studies have also used
thin and parallel laminations as well as structureless clayey muds to infer lacustrine environments (Picard
and High, 1972; Sly, 1978). The thin beds, alternating colors, and cyclic nature ofthe member 2 units may
be related to climatic effects on Hopi Lake. The gypsum in this member is probably secondary, similar to
member 1, and was deposited either in the subsurface layers immediately after burial or from later
diagenetic events. The iron-oxide staining within this member is developing from ferroma gnesian minerals
occurring within the silt partings of the laminated clays. It also occurs at the base of members two and three,
possibly suggesting minor soil development or exposure resulting from changes within the lacustrine
environment.

Member 3 was also interpreted as lacustrine in origin (Williams, 1936; Repenning et al., 1958; and
Shoemaker et al., 1962). The ash beds within this unit display signs of standing water deposition (see
Chapter 3). The interbedded green siltstone and claystone beds are similar to those in member 2 and suggest
a similar setting. The dominance of siltstone as the main rock type suggests that changes o ccurred within
this environment that did not exist during me mber 2 deposition. T he siltstone units o f this member contain
very little interstitial clay-sized material (determined by XRD analyses and field tasting). The dominance of
siltstone and lack of clay-sized material may suggest several things: (1) a shortage of clay-sized material
transported to the basin, (2) the clay-sized material was post-depositional remo ved by diagenetic processes,

or (3) energy levels were too high to settle out clay-sized material. Member 3 is pre dominately located in
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the eastern half of the field area and can be traced to the edges of the lake basin. These onlapping relations
and coarser nature would suggest that energy levels were higher due to shallow near-shore processes and/or
migration of the shoreline.

Shoemaker et al. (1958) interpreted the red trough cross-bedded conglomerate, sandstone, and
mudstone units of member 4 as delta lobes. Shoemaker et al. suggested that this member formed as two
deltas prograded out into the lacustrine system. The pinching-out of this member to the west and the large
sediment wedge located near the margin of the basin supports Shoemaker et al. s interpretation of a deltaic
system. The abundance of petrified wood and carbonate fragments suggests a fluvial system was eroding
this material from the Chinle Formation and transporting it to the eastern margin of Hopi Lake. The fining
westward nature of the red units represents progressively greater distance from shore and from the source
area that was providing clastic material. The green claystone units that occur above the red units (more
common in the west) suggest that a similar environment to the lower members was occurring at this time.
The characteristics of these green claystone units would still imply the existence ofa lacustrine environment
that had a prograding deltaic system along the eastern margin of the lake.

Member 5 is composed of eruptive material from the Hopi Buttes volcanic field and sedimentary
deposits similar to the members below. The paleoenvironment for this unit is covered below in the
discussion of the Hopi Buttes volcanic field.

This study agrees with the fluvial and eolian setting for member 6 presented by previous studies
(Repenning and Irwin, 1954; Repenning et al., 1958; Howell, 1959, Shoemaker et al., 1962). The trough
cross-bedded sandstones, fish fossils, and thin interbedded siltstone and mudstone units are all indicative of
a fluvial environment. In areas where the fine-grained, well sorted, frosted, high-angle planar cross-bedded
sandstones occur, they represent eolian dune activity, probably located on the flood plain ofthe fluvial
system during times of aridity or low flow. These environments would be similar to the current conditions
occurring in the Little Colorado River valley.

Hopi B uttes Volcanic Field

Material from the Hopi Buttes volcanic field makes up a portion of the rock types that form the
Bidahochi Formation. Approximately 300 volcanic vents and their associated erupted material from the
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Hopi Buttes volcanic field cover 800 km? of the outcrop distribution of the Bidahochi Formation (Williams,
1936; Hack, 1942; Shoemaker et al,, 1962; Ort et al., 1998). Clastic sediment from the volcanic field was
incorporated into the ongoing depositional system that was forming the fine-grained siliciclastic sedim ents
in the basin. In other areas, tuff and lava flows covered some of these fine-grained siliciclastic deposits.
Erosion has since removed the sediments not capped by tuff and lava flows, creating abundant scattered
mesas and buttes across the landscape (Figure 2.5). The style of volcanism, in conjunction with erosion,
have produced complex stratigraphic relations within the Bidahochi Formation.
Style of Hopi Bu ttes volcanism

Hopi Buttes volcanism produced abundant landforms including maars, tuff rings, diatremes,
agglomerate domes, small shields, lava flows, and scoria cones (Ort etal., 1998). Many of these landforms
were produced by the interaction of magma and water, termed phreatomagmatism. This process is very
important to this study because this system tends to create complex relations within the surrounding
stratigraphy.

Phreatomagm atism in the Hopi Buttes volcanic field produced maars, tuff rings, and diatremes.
Maar volcanoes are downward-projecting cone-shaped craters cut below previous ground level that are
wide relative to rim height (Fisher and Schmincke, 1984) (Figure 2.6). A tuffring is composed of phreatic,
phreatom agmatic, and magmatic debris (Ort et al., 1998) that forms a ring around the eruptive vent.
Diatremes occur below the maars and form cone-shaped areas thatcan extend for several kilometers below
the surface. The diatremes consist of several levels of juvenile material that are mixed with the surrounding
country rock (Ortet al., 1998). Maars, tuffrings, and diatremes form when rising magma comes in contact
with aquifers, shallow-water lakes, or water saturated sediments. If confining pressure exists (usually due to
overlying strata), then the pressure build-up from the water/magma interaction can cause an explosion that
blasts the overlying rock away. These holes are further enlarged by continuation of the eruptive processes
and build-up of pressures and then are comm only filled in with material from the eruption (in this case
mafic tuff and scoria and reworked sedimentary rocks) or by late stage emplacement of lava. Lava fills the

crater and/or flows out across the surface when water, the driving mechanism of this type of eruptive
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Figure 2.5 Photo showing the buttes and mesas formed by erosional events. Photo taken
from the southwest side of Wood Chop Mesa, view to the south.
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process, is prevented from interacting with the uprising magma. If the maar is not filled by lava, it can be
filled with material from sedimentation processes occurring nearby (e.g., lacustrine, fluvial, eolian).
Paleoenvironment of volcanism

Various hypotheses have been suggested to explain the products produced by the interaction of
Hopi Buttes volcanic field with the coeval depositional environments that produced the fine-grained units of
the Bidahochi Formation. Previous workers have applied their interpretations to the entire duration of the
eruptive phase of the Hopi Buttes volcanic field. Although this may be applicable in many areas, various
conflicts occur throughout the lateral and vertical extent of the volcanically produced deposits.

previous interpretations

Hopi Buttes volcanism is characterized by mafic units consisting of interbedded volcanogenic
sediments, primary volcanic deposits, mudrocks, maar crater sediments, and lavas (Repenning et al., 1958;
Shoemaker et al., 1962; White, 1989, 1990a; Ort et al., 1998). The volcanic units were first interpreted as
having interacted with Hopi Lake and the sedimentation processes occurring in the lake (Williams, 1936;
Sutton, 1974b). Hack (1942) and Shoemaker et al. (1962) suggested thatthis environment was dominated
by a swampy fluvial plain. White (1990a, 199 0b, 1991) describes features such as dessication structures,
eolian dune deposits, paleosols, and stream channels. White interpreted these features as the result of
deposition ina playa setting with localized ephemeral lakes occurring during the period of volcanism.
Vazquez (199 8) has noted localized evidence for eruptions into water such as hyaloclastite and possibly
wave-reworked tuff, but reports a predominance of subaerial features (e.g. surge flow tuff, subaerial lava
flows).

new observations

Several contact and physical relations between sed imentary and volcanic rocks are used to
interpret the paleoenvironment of deposition during the erup tions of the Hopi Buttes volcanic field. These
relations are: (1) gradational and hyaloclastite contacts between volcanic and nonvolcanic deposits, (2)
relations of lacustrine deposits with early stage volcanic units, (3) lateral stratigraphic relations away from

the Hopi Buttes volcanic field, and (4) relative elevations of the pre-eruptive surfaces for individual maars.
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(A) Pre-eruptive surface

(C) Continued excavation

Tuff Ring

(E) Post-eruptive erosion

Lava
Capped
Mesa

Exposed
Diatreme

(B) Initial stages of maar formation

Figure 2.6 Diagrammatic illustration of maar style
volcanic processes. Panel (A) is the pre-eruptive
surface after lower member Bidahochi Fm deposition.
Panel (B) is early maar crater formation with ejecta
forming small maar rim around crater and back-filling a
portion of the crater. Panel (C) is continued maar
eruptions with excavation down into pre-Bidahochi
deposits (Mz). Continued buildup of fallout tuff to form
tuff ring. Panel (D) mafic lava emplacement after the
cessation of the phreatic process. Lava pools up in
crater and may flow out over previous tuff material
and/or lower member Bidahochi Fm. Panel (E) is post-
eruptive erosion that has removed much of the softer
Bidahochi sediments. The lava flow serves to cap the
soft sediments in some areas and allow preservation
of section. Note: volcanic material can be in contact
with any of the older units due to this type of eruptive
process. Toreva blocks are also common.
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(1) At several localities the base of the lava flow, in contact with the claystone units below,
displays a hyaloclastic texture (fragmental volcanic rock derived by the quenching oflava). In localized
areas, the carapace of lava flows and dikes have a peperitic texture (Vazquez, 1998). The base of some lava
flows is rubbley. In several localities, the contact between the pyroclastic volcanic material and the lower
fine-grained sedimentary units is gradational. At these gradational contacts, mafic tuff and mafic aphanitic
clasts are matrix-supported within the fine-grained lacustrine units. These matrix-supported clast units are
interbedded with layers of fallout tuff, surge-emplaced tuff, claystone, and volcanic sandstone (Figure 2.7).
These interbedded contacts are cyclic and occur vertically over several 10s of cm. Commonly, the contact
between the lava (or tuff) and sedimentary units is very sharp and abrupt. In some locations, the lava fills
scour-like channels cutinto the easily eroded sedimentary units below.

(2) In several localities, discrete sequences of volcanic activity are separated by a thick
interbedded sedimentary sections. These relations are best exhibited at the north end of Hauke Mesa and
White C one Peak areas.

The Hauke Mesa (Figure 2.2) area contains vast expanses of volcanic deposits from the Hopi
Buttes volcanic field. The majority of the mesa is composed primarily of fallout tuff, tuff sandstone, bombs,
and lava flows with subordinate siltstone, claystone, and sandstone. Two discrete sequences of volcanism,
separated by the sedimentary deposits (Figure 2.8), are well exposed at flat tire mesa (Figure?2.2,
Appendices B-9e and B-9w). W ithin the lower sequence of volcanic units, several beds of claystone and
siltstone are interbedded with tuffand volcanic sandstone (Figure 2.8). At the top of this volcanic sequence,
rounded, planar cross-bedded, reverse-graded volcanic sandstone lies above a tuff layer with large (up to 1
meter in length) mafic bombs. Directly above these volcanic sandstone units, alternating beds of claystone
and siltstone onlap these deposits. An ash bed within one ofthe siltstone layers is 6.5 m above the lower
volcanic sequence and 10.6 m below the contact with the upper volcanic sequence maar rim d eposits
(Figure 2.8, Appendix B-9w). This ash layer can be traced around the mesa to the east where it occurs only
3 m above the same cross-bedded volcanic sandstone thatis above the tuffbed with the mafic bombs

(Figure 2.9, Appendix B-9e).
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Figure 2.7 Photo at the vertical cliff section (location 25 on Figure 2.2) showing the
gradational nature of the contact between members 2 and 5. Matrix supported volcanic
material varies throughout units with very little occurring in the upper green claystone unit.
Jacob staff is 1.5 meters in height.
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At White Cone Peak (location 5 on Figure 2.2), a thin interval of mafic tuff is interbedded with
siltstone and claystone. This tuff forms a discrete ledge around the base of the peak. The tuff is overlain by
siltstone and claystone (Appendix B-5). The sedimentary units contain matrix-supported clasts from the
Hopi Buttes volcanic field. North of White Cone Peak, tuffand lava from the White Cone maar are exposed
above correlatable siltstone and claystone units at the cone as well as the thin ledge of tuff.

(3) A thick section of lacustrine deposits located to the north and east of the Hopi Buttes volcanic
field is noted at the same stratigraphic interval as the tuffs and lava flows within the Hopi Buttes volcanic
field. This relation is observed at Roberts Mesa and east of Greasewood, Arizona. At Roberts Mesa
(location 2 on Figure 2.2, Appendix B-2), only a thin layer (1.4 m) of mafic tuff is easily recognizable
(Figure 2.10). Above this ledge of tff is athick sequence (18.7 m) of lacustrine claystone and siltstone that
contains varying amounts of matrix-supp orted and reworked mafic clasts from the Hopi Buttes volcanic
field. Above the claystone and siltstone interval, the contact with the upper member is observed (Figure
2.10).

Similar observations are noted near Greasewood, Arizona (locations 6-8, 12 on Figure 2.2,
Appendices B-6,B-7,B-8, and B-12). At these locations, siltstone, claystone, and sandstone of member 5
contains mafic volcanic material from the Hopi Buttes volcanic field. This Hopi Buttes material is rounded,
well sorted, and chemically altered (pyroxene and olivine phenocrysts are altered). Com monly the mafic
volcanic material occurs as individual beds of clast-supported tuff sandstone. T he beds of member 5 are thin
to thick bedded with graded (normal and reverse) and massive beds present. Scour marks and rip-up clasts
are common. Abovethese units of member 5, a thick ledge-forming ash bed occurs just below the base of
member 6 (Appendices B-6, B-12).

(4) The relative elevations of the pre-eruptive surfaces of individual maars vary considerably.
Since maar eruptions occur at the surface and extend into the subsurface, the relative elevations of
individual maar lava flows can be used to determine the last known pre-eruptive surface prior to coverage
by lava. Erosion may have contributed to some changes in elevation prior to lava flowing across the surface

and preserving it, but in the case of gradational, hyaloclastic, and peperitic contacts, the pre-eruptive surface
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lacustrine ash bed
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bomb layer

lower volcanic
sequence

Figure 2.8 Photo of 'Flat Tire Mesa' west outcrop location. Two volcanic
sequences are separated by lacustrine units. The lower sequence consists of
surge-deposited tuff, reworked tuff, and fallout tuff with minor beds of nonvolcanic
claystone and siltstone. A mafic bomb layer occurs near the top of lower
sequence just below a unit of cross-bedded reworked tuff. A 1.5 m Jacob staff is
to the right of the bomb layer label. See text for further description.
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can be easily recognized. Plates 1 and 2 graphically illustrate the variation in relative elevations of
individual maar lava flows.
paleoenvironment interpretation

This study contends that White s (1990a, 1990b, 1991) playa interpretation for the setting the
Hopi Buttes volcanic field erupted into is agreeable. T he features he observed on and around Hauke M esa
support only minor water/magma interaction most likely from interactions of groundwater and/or water-
saturated sediment. Vazquez (1998) reports at Wood Chop Mesa are also indicative of lava flowing across
dry to slightly wet sediments. Evidence presented above is also suggestive of a volcanic/playa interaction.
The hyaloclastic and peperitic textures suggest that the lava or dikes came in contact with standing water or
water-saturated sediments. The rubbley bases of some lava flows suggests that the they flowed over
relatively dry ground. Previous observations, particularly White s, have been used to characterize the entire
environment for the Bidahochi Formation across the basin during the eruptive phases of the Hopi Buttes
volcanic field. This application of environment across the basin and throughout time is in error. Several
relations presented above imply that coeval fine-grained sedimentation was occurring nearby during the
eruptive phase of the Hopi Buttes volcanic field.

The gradational contacts between sedimentary units and volcanic units and the matrix-supported
volcanic clasts within claystone and siltstone units implies that eruptive material from the Hopi Buttes
volcanic field was incorporated into these lacustrine units as they were being deposited. The cyclic nature of
these gradational contacts and the vertical distance over which they occur (Figure 2.7) suggests that
lacustrine deposition was occurring during and between eruptions of the volcanic field. The sharp and
conformable contacts between volcanic and sedimentary units may indicate that no prolonged soil
development (paleosols) or erosional unconformities occurred between eruptions. This implies that
volcanism was coeval with fine-grained sedimentation and thatno basin-wide hiatus in sedimentation
occurred prior to volcanism. Some of these sharp contacts may have developed due to the phreato magmatic
emplacement of lava or tuff.

The upper beds of the lower volcanic sequence at flat tire mesa with the rounded clasts, planar x-

bedding, and reversed grading may represent wave reworking of previously deposited tuff. The tracing of
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mafic fallout tuff
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Figure 2.10 Outcrop photo of Roberts Mesa section (location 2 on Figure 2.2). Note the
ledge of fallout tuff and the volcaniclastic lacustrine units above ledge. Person is holding a
1.5 m Jacob staff.

Figure 2.11 Photo to the west from the top of Echo Spring Mountain. San Francisco
Mountains are in background. Erosion has exposed the necks and lower diatremes of the
maars in this area.
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the ash bed, claystone, and siltstone units along the mesa shows that the lacustrine units onlap the slightly
dipping (measured 2-7 degrees) lower volcanic sequence and the reworked tuff. The eruption of the upper
sequence of volcanic deposits implies that a significant amount of lacustrine sedimentation (~17 m)
occurred in between these two eruptive periods. A similar observation to this one is noted at White Cone
Peak and White Cone maar. The fine-grained units occurring above the thin layer of tuffare below the pre-
eruptive surface for W hite Cone maar and sep arate two different periods of volcanic activity.

Sedimentary deposits and the tuff layer at W hite Cone P eak are correlatable to those at Roberts
Mesa (Plate 2). Baskin (1975, 1979) reported a late Hemphillian age (~6-5 Ma) for vertebrate fauna from
beds directly above these tuff and sedimentary units. This would chronologically place these lacustrine
deposits at Roberts Mesa and White Cone P eak within the time-frame (8.5 - 4.2 Ma) of the eruptions of the
Hopi Buttes volcanic field. The matrix-supported volcanic clasts within the lacustrine units and the time
interval abo ve suggests that lacustrine dep osition was o ccurring coeval with volcanism.

The sedimentary units near Greasewood, Arizona, suggest that lacustrine deposition was occurring
throughout the eruptive history of the Ho pi Buttes volcanic field. The rounded, well sorted, and chemically
altered individual beds of clast-supported mafic volcanic material suggest thatthis material was transported
to the site of deposition. Bedding, scour, and rip-up characteristics at this location may suggest deposition
by turbidity currents. Such a process implies transport of the volcanic material from the distant Hopi Buttes
volcanic field area to this location. The boundary between member 5 and 6 can be recognized at this
location and suggests, stratigraphically, that these beds are within the eruptive interval of the Hopi Buttes
volcanic field.

The relative elevations of individual maar lava flows supports ongoing lacustrine deposition
between eruptions. The lava flows covering the lacustrine sediment have preserved the pre-eruptive surface
and clearly show that variable amounts of sediment were dep osited between eruptions.

In conclusion, the paleoenvironment of volcanism was quite varied. This depositional basin was
potentially quite large (see Chapter 4) and therefore, multiple depositional settings were most likely
occurring simultaneously across the basin. It is apparent that lacustrine deposition occurred between two

different phases of volcanism in at least two locations and persisted to at least member 6 time (~5 - 4 Ma).
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There is no evidence to show a hiatus in lacustrine dep osition in areas away from the Hopi Buttes volcanic
field. The large buildup of volcanic material in the Hauke Mesa area and central areas of the Hopi Buttes
volcanic field in general, probably created a playa setting due shallow-water conditions or top ographic
expression of the area. The onlapping relations of lacustrine units in the flat tire mesa would indicate that
this was most likely a topographic high and that filling of the lacustrine basin created onlapping conditions.
This topic will be covered further in Chapter 4.

Problems with Previous Subdivisions

There are several problems that arise when using either of the two informal subdivisions of the
Bidahochi Formation stratigraphy. As stated above, there is some confusion in picking the contacts (Figure
2.1) between the lower and middle member of Repenning and Irwin (1954) or member 4 and 5 of
Shoemaker etal. (1957) and the contact with the middle and upper member or member 5 and 6 (of
Repenning and Irwin (1954) and Shoemaker et al. (1957), respectively). The volcanism from the Hopi
Buttes volcanic field also creates problems due to the emplacement process and resulting landforms
produced by the phreatomagmatic eruptions.

Recognition of member boundaries

As stated above, the members of Shoemaker et al. (1957) are roughly equivalentto the three
members of Repenning and Irwin (1954). The Shoem aker et al. subdivision differs because they used the
first appearance of Ho pi Buttes volcanic material in the claystone beds as the contact between their fourth
and fifth members (Figure 2.1). Shoemaker et al. stated thatthe contact is conformable and gradational
between the se memb ers. Repenning and Irwin (1954 ) defined their middle member based on the volcanic
material from the Hopi Buttes volcanic field. They placed the contact between their lower and middle
members at an unconformity they described at the base of the lava flows capping many of the mesas and
buttes. Shoemaker et al. (1962) did not recognize the regional unconformity that Repenning and Irwin used
to place the contact between their lower and middle members. This study has also been unable to lo cate this
unconformity and has found several areas where the contact is gradational, thus eliminating the existence of

a region-wid e erosional unconformity.
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The contact between the middle and upper members was placed by Repenning and Irwin at the
tops of the lava-capped plateaus. In areas between mesas or away from the volcanic field, claystone and
siltstone deposits contain abundant volcaniclastic material. These volcaniclastic units occur at the same
stratigraphic horizons, or higher, than lava flows and tuff of the middle member in the Hopi Buttes volcanic
field. Because of this relation, Shoemaker et al. (1957) placed this contact (Figure 2.1) so that these
volcaniclastic lacustrine units would be part of their member 5 (~ Repenning and Irwin s middle member).
They picked their contact between members 5 and 6 to occur at the change in deposits from d ominantly
claystone and siltstone to dominantly cross-bedded sandstone.

Another boundary problem occurs, especially with the Repenning and Irwin subdivision, when
trying to determine the lower/middle member boundary away from the focus o f the Hopi B uttes volcanic
field. In areas to the east and north, very little volcanic material is preserved in its original depositional
context. Instead, it has been thoroughly reworked and incorporated into the depositional system that was
present away from the volcanic field. Using Repenning and Irwin’s subdivision in this area is very
problematic because it is hard to determine what constitutes enough volcanic material present for picking
the contact. The Shoemaker et al. (1958) scheme works better here because they used the first occurrence of
volcanic material to place the contact. This can usually be accomplished with close inspection.

Complexities resulting from style of volcanism and erosion

Hopi Buttes volcanism produced a variety of complex relations within the Bidahochi Formation
stratigraphy. In many places, volcanism has excavated down into the Mesozoic stratigraphy (Figure 2.6).
The subsurface excavated cone and resulting fill can place the middle volcanic member (or member 5) in
contact with beds of the lower member (members 1 through 4). This can even place the middle member
(member 5) in contact with Mesozoic units (Figure 2.6).

Erosion makes it very difficult to determine the contactbetween volcanic and sedimentary units of
the lower members. In western exposures, erosion has removed most of the sedimentary cover. Many of the
buttes and mesas are eroded so that the diatremes below the maars are exp osed (Figure 2.11). This

produced erosive relations thatsuggest that lava or tuff deposits of member 5 are in contact with the lower
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four members. Toreva blocks often result from the erosive process and can add to the difficulty when trying
to determine stratigraphic relations.

Other areas that do not fit well into the proposed subdivision of Repenning and Irwin (1954) are
the two distinct volcanic sequences at Hauke Mesa and White Cone maar mentioned above. At these
locations, sedimentary units were clearly deposited between two eruptive phases of the Hopi Buttes
volcanic field. This relation would place the middle member in two stratigrap hic positions. Clearly this
would eliminate the use of R epenning and Irwin’s (1954) middle member as currently defined.

Stratigraphic Clarification

From the problems discussed above, it is apparent that some clarification of the Bidahochi
stratigraphy is warranted. The system of Repenning and Irwin (1954) has conflicts primarily because they
define the mid dle memb er based mostly on the existence of Hopi Buttes volcanic material. Therefore, it is
suggested here that this system should be eliminated entirely. The Shoemaker etal. (1957) system has minor
problems but can still be adequately used if several clarifications are noted that deal with the complexities
of the Hopi Buttes volcanic material. Shoemaker et al. described their member 5 in 1962 and used an
informal field designation of the White Cone member to distinguish it from their previous descriptions. In
areas near the diatremes, they placed the contact at the first occurrence of limburgite detritus. This
commonly includes 1.5-3 m of claystone with volcanic material atthe base. Shoemaker et al. (1962) noted
that this member exhibits abrupt local facies changes related to the distribution of the diatremes and
primarily consists of mafic tuff and lava flows near the diatremes. Away from the diatremes, the White
Cone member consists mainly of claystone, minor sandstone, and vitric tuff, with only thin beds o f mafic
tuffor tuffaceous claystone. They noted that the variation in thickness of this member is great, with61-91 m
of mafic tuff occurring west of the community of Indian W ells (Figure 2.2).

It is suggested hereafter that the Shoemaker et al. (1962) scheme should be used. This eliminates
the member 5 usage and adopts the informal White Cone member field term as previously described by
Shoemaker et al. (1962). One minor clarification to this scheme is that the same contact between members 4

and 5 can be used away from the diatremes as described in Table 2.2. Use of this nomenclature will help to
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eliminate confusion when discussing the complex relations between sedimentary units and the volcanic units

of the Hopi Buttes volcanic field.
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Chapter 3 - Interbedded Ash Beds

Shoemaker et al. (1957) noted 12 individual ash beds within the claystone and siltstone sequences
(members 1-4) of the Bidahochi Formation. These ash beds were one of the primary foci of this study. They
were instrumental in determining limiting ages on the stratigraphy, establishing chronohorizons across the
basin, and correlating outcrops across the field area.

General Ash Bed Descriptions

The ash beds are felsic to intermediate in composition (petrographic determination) and were not
derived from the ultramafic Hopi Buttes volcanic field. They are fallouttephra deposits from distant, large-
volume eruptions that were deposited in Hopi Lake (Shoemaker etal., 1962) and preserved within the fine-
grained lacustrine units. The term ash bed will be used througho ut to differentiate the se felsic, distally
derived ash beds from the mafic to ultramafic tuff from the Hopi Buttes volcanic field. The color of the
intermediate composition ash bedsis gray to green-gray, while the felsic beds tend to be white, tanish-white,
or light blue-gray. Ash beds that have not been calcified or thoroughly reworked with surrounding rock
types are wavy laminated, friable, homogeneous, and vitric. Intermediate composition ash beds are
commonly altered to bentonite and/or other clays. In some locations the entire ash bed is wavy (Figure 3.1),
with some beds having up to 1 meter wavelengths and 30 cm amplitudes. The ash beds range in thickness
from 1 cm to 60 cm. The contact atthe bottom of the ash bed is commonly sharp whereas the upper contact
is gradational and mixed with the overlying rock type. T he degree of calcification varies from none to
completely indurated. Ash beds that are comp letely calcified are structureless and form prominent ledges.
The friable ash beds form breaks in slope with white stripes of color across the outcrop. The thicker, more
competent ash beds form prominent ledges that can be traced along the edges of the buttes and mesas
(Figure 2.3b).

Several thick (>10 cm) ash beds were sampled on the centimeter scale to look for vertical and
lateral variations in characteristics, such as grain size, shard type, and phenocryst com position. T his
sampling revealed that slight variations occur, especially in grain size and shard type (Figure 3.2). Many of

the ash beds have cyclic repetitions in characteristics. Phenocrysts show a fining upward relation in each
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b)

Figure 3.1 a) Photo of 13.71 Ma ash bed at Triplets location (#14 on Figure 2.2). Note the
undulatory nature of the entire ash bed. Rock hammer is 28 cm long. b) Close-up photo of
same ash bed above. Note the fine wavy laminated nature of the ash bed and the soft

sediment deformation features.
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cycle. Glass shards show aninverse relation where the small and needle-like shards tend to be at the base of
each cycle while the broad flat shard types tend to be at the top. Little variability exists in individual ash bed
characteristics across the basin.

In some locations the ash beds are associated with marl deposition (e.g. Wood Chop Mesa -
Appendix B-13, and vertical cliff section - Appendix B-15). The ash beds are associated with the fine-
grained sediments and, in mo st cases, do not occur with coarser sandstone, tuff, or conglomerate deposits.
They occur interbed ded with claystone and siltstone, predo minantly within the lower 4 members. The only
exception to this fine-grained association is an ash bed at location 8 (Figure 2.2). Here this ash overlies a
pebble conglomerate that is in contact with Mesozoic Wingate Formation (see Plate 1 and Appendix B-8).
The up per portion of this ash bed is thoroughly re worked with sand and is overlain by another pebble
conglomerate layer.

These ash beds contain wavy laminations, fine upwards, are compositional homogeneous, and
show slight vertical shard-size variations. These ash beds were deposited in a standing water environment
(Shoemaker et al. (1962) and preserved by subsequent deposition of fine-grained material. M ost of these
ash beds occur within the fine-grained units that have been interpreted as lacustrine in origin. The reworked
upper surfaces suggest that continuing sedimentation and other sedimentation processes (e.g., storm-
induced wave action or agitation of the water column, erosion and transportation of ash and other clastic
sediment from outlying areas, etc.) mixed the upper surface of the ash bed after deposition. The
homogeneous nature of these ash beds isa function oftheir distal nature. Variation in characteristics
decreases as a function o f the distance traveled. The cyclic nature o f the thicker ash beds probably
represents multiple eruptions in the source area over several days to weeks. It may also represent variations
in ash distribution into the atmosphere where various wind patterns brought ash to the basin at different
times. The ability of the wind to carry these ash beds may also have contributed to the slight vertical
variations in characteristics.

The alteration of the intermediate ash beds is probably related to increased amounts of easily
altered minerals such as hornblende and magnetite. The decreased glass content of these intermediate beds

is a function of the eruption composition.
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Figure 3.2 Photomicrographs of the 13.71 Ma ash bed at Triplets Mesa showing the
vertical variation within the bed. Bar scale is in 0.1 mm increments totaling 0.5 mm. All
photomicrographs are in plane-polarized light. Samples of glass shards were mounted in
epoxy spread on thin section and covered with cover glass. The ash bed was sampled at
various intervals, measured from the base up. a) Interval sampled from 1 to 2 cm.
Sample #971107A. b) Interval sampled from 5 to 7 cm. Sample #971107B. Grain labeled
S at bottom center is sanidine. c) Interval sampled from 12 to 14 cm. Sample #971107C.
Grain labeled H at bottom center is hornblende. d) Interval sampled from 19 to 21 cm.
Sample #971107D. e) Interval sampled from 26 to 28 cm. Sample #971107E.
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Petrography

Petrographically these ash beds are commonly vitric and have variable mineral compositions.
Some beds are almost entirely composed of glass shards. Constituent mineral grains accompanying the glass
shards within the ash beds are sanidine, blue-green and green-brown hornblende, biotite, plagioclase,
opaque minerals (commonly magnetite), and muscovite (Figure 3.3). Brown glass is more common in
intermediate ash beds but does occur within the felsic varieties. Small phenocrysts of plagioclase,
orthopyroxene and magnetite are noted in some of the brown glass fragments (Figure 3.4a). The
intermediate ash beds, in com parison with the felsic ash beds, have lesser amounts of clear glass shards,
abundant altered glass and minerals, and increased amounts of intermediate minerals (hornblende,
magnetite, and biotite). Average grain size of the glass shards varies from 0.01 mm to 0.13 mm with the
constituent mineral grain sizes ranging a half to a full order of magnitude smaller than the accompanying
glass shards. Shard type, mineral comp osition, and grain size does not vary significantly from location to
location within the same ash bed. Alteration of the ash beds varies from none to complete alteration of the
glass to bentonite (Figure 3.4b, c) orclays (smectite/illite). Alteration is not restricted to the entire bed or
any horizon and can vary laterally along one bed.

A variety of glass shard morphologies are noted within the ash beds. The types present, as well as
the amounts of each type, vary among the different ash horizons. Shard morphologies present are lath,
needle, bubble wall (tricuspid), attached needle, snowflake, and blocky (Figures 3.5 and 3.6).

The shard types are a function of the eruption style and vary with gas content, viscosity, eruption
rate, and cooling rate and can be useful for characterizing individual ash beds. The homogeneity of the ash
beds reflect the distal nature of the source area. The long transport distance through the air tends to sort the
characteristics due to the capacity of wind to carry the material. This results in homogeneity and consistency
in grain characteristics from location to location across the depositional basin. The homogeneous nature of
the ash bed was crucial for correlating purposes because textural and compositional characteristics were the
basis for the correlations in areas where *’Ar-*’Ar or glass shard geochemistry results were not available.
Other textural features such as pumice or lattice frameworks were also useful for characterizing the ash

beds.
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Figure 3.3 Photomicrographs showing the various constituent mineral grains
accompanying the glass shards within the ash beds. Bar scale in a) is in 0.1 mm
increments and in b), ¢), and d) is in 0.01 mm increments. Photomicrographs a), b), and
d) are plane-polarized light. Photomicrograph c) is in cross-polarized light. Mineral labels
are; H - hornblende, S - sanidine, B - biotite, and O - opaque minerals. a) Grain mount
thin section of 13.71 Ma ash bed sample #970718H from location 23 on Figure 2.2. b)
Thin section of Wood Chop D ash bed sample #970712K from location 22 on Figure 2.2.
¢) Grain mount thin section of Wood Chop C ash bed sample #971004H from location
16 on Figure 2.2. Note the zoned volcanic sanidine at bottom center. d) Grain mount thin
section of Wood Chop B ash bed sample #980118F from location 22 on Figure 2.2.
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a)

b)

Figure 3.4 a) Photomicrograph showing phenocrysts of plagioclase in a brown glass
fragment. Grain mount thin section of sample #970713B of Wood Chop A ash bed at
location 13 on Figure 2.2. Bar scale is in 0.01 mm increments. Photomicrographs are in
plane-polarized light. b) and c) Photomicrographs showing the alteration of the Echo
Spring Mountain ash bed to bentonite. Clear white areas are holes in the thin section left
by dissolved minerals. Bar scale is in 0.1 mm increments. Photomicrographs are in
plane-polarized light. Photo b) is thin section of sample #970719B from Wood Chop
Mesa (location 16 on Figure 2.2). Photo c) is grain mount thin section of sample
#970725A from location 21 on Figure 2.2.
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Figure 3.5 Schematic drawing of glass shard morphologies. Drawings not to

scale.
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Figure 3.6 Photomicrographs showing the various glass shard types within the ash
beds. Bar scale in a) and c) is in 0.1 mm increments and in b), and d) is in 0.01 mm
increments. All photomicrographs are plane-polarized light. Mineral labels are; S -
sanidine, B - biotite, and O - opaque minerals. Shard type labels are; k - blocky, t -
tricuspid (bubble wall), n - needle, an - attached needle. and | - lath. a) Thin section of
13.71 Ma ash bed sample #970315C from location 6 on Figure 2.2. b) Grain mount thin
section of pumice ash bed sample #970705B from location 6 on Figure 2.2. c) Grain
mount thin section of blue-gray #2 ash bed sample #970704D from location 18 on
Figure 2.2. d) Grain mount thin section of Wood Chop D ash bed sample #971004| from
location 16 on Figure 2.2.
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The alteration of the ash beds is probably due to changes in water depth, variation in rate of burial,
or movement of ground water through the ash bed. Variations in pore water chemistry and permeability of
the ash bed are potential factors that may have varied at different locations and resulted in variances in
cementation and de gree of contact with pore fluids.

Ash bed *Ar-*?Ar Analyses

Selected samples were analyzed to determine the absolute age of the sample using °Ar-*’Ar
techniques (Appendix A and C). These samples were picked based on their content of potassium-bearing
minerals, such as sanidine, biotite, or phlogopite and their importance for dete rmining stratigraphic
relations. Samples were analyzed by the New Mexico Geochronology Research Laboratory at the New
Mexico Institute of Mining and Technology, Socorro, New M exico. The resulting dates are listed in T able
3.1. These dates, in conjunction with the geochemical analyses described in the section below, are used to
determine the source area for the tephra (see below). These dated units are used to establish chronohorizons
across the basin to aid in correlation purposes and to infer sedimentation rates (see Chapter 4).

A sanidine bulk sample from a felsic vitric ash bed (Figure 3.1) within member 3 at Triplets
Mesa yielded an “°Ar-*’Ar date of 13.71  0.08 Ma (Dallegge et al,, 1998, Appendix C). This key marker
bed has been informally named the 13.71 Ma ash bed (Ort et al., 1998).

A bulk biotite sample from a felsic ash bed near the base (see Chapter 4 for stratigraphic location)
of the formation at location 22 (on Figure 2.2) yielded an *°Ar-*’Ar date of 1546 0.58 Ma. The radiogenic
Ar yield is quite low for this sample but a workable plateau exists across 6 heating steps (Appendix C). The
low yield is at least partly responsib le for the large error on this sample run.

A bulk phlogopite sample from a Hopi Buttes tuff at flat tire mesa yielded an “’Ar-*Ar date of
7.71 0.06 Ma. The radiogenic Ar yield for this sample was adequate and a well defined plateau exists
across all steps (Appendix C).

Sanidine from a felsic ash bed north of Greasewood, Arizona, was analyzed using single-crystal
laser fusion and yielded an *°Ar-*?Ar date of 13.85  0.02 Ma. The radiogenic Ar yield was very high (~100
%). Several peaks from other crystals also appear on the age spectrum and may be related to xenocrystic
contamination from erosion of older ash beds below this horizon or from removal of older volcanic rock
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from the vent area. This sample location (#6 on Figure 2.2) is near the eastern shoreline of the basin and
may have received contamination from runoff entering the basin.

An ash bed in member 2 at Wo od Chop Mesa proved difficult to date. Problems occurred during
the early heating steps of this biotite bulk sample. Variability occurred in the Ar measurements, resulting in
a broad age spectrum (Appendix C). The run was much better at higher heating steps and the problems
during lower steps may have been due to outer-crystal contamination. A plateau cannot be established for
this run because 3 steps within error of each other are needed. However, the last two steps are very stable
with only small errors associated with these steps and an age of 15.19 + 0.11 Ma can be calculated using
only steps G and H (Appendix C). This age should only be considered a maximum age for this sample.

Ash Bed Geochemistry

Glass shards from selected ash beds were analyzed geochemically. The samples chosen were the
same as, or correlatable with, the samples used in the YAr-¥Ar analysis as well as several others that were
used for additional correlation tools. The samples were sent to Michael E. Perkins atthe University of Utah
in Salt Lake City, Utah, for analysis ofthe glass shards using an electron microprobe. Table 3.2 is a list of
the averages for the glass shard analyses. Individual shard analyses are listed in Appendix D. The
geochemical analyses, in conjunction with the isotopic dates in the section above, are used to determine the
source area for the ash beds (see section 3.5). This geochemical information is used to characterize and
correlate various ash beds (see Chapter 4).

Ash Bed Source Area

The results from the isotopic and geochemical analyses were used to determine the volcanic source
area that produced the silicic ash beds in the Bidahochi Formation. The results of the analyses were
compared to the database compiled by Mike Perkins and colleagues to look for distinctive geochemical
signatures of eruptive volcanic centers that could have provided the source for the tephras in the Bidahochi
Formation.

Perkins et al. (1998) splitthe Basin and Range vitric tuffs in their database into four broad
compositional groups (in order of relative abundance): (1) gray metaluminous rhyolite tuffs (Gm tuffs); (2)
white metaluminous rhyolite tuffs (Wm tuffs); (3) dacite tuffs;and (4) gray peralkaline rhyolite tuffs (Gp
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tuffs). These compositional groups are classified based on content of Al, Fe, and Ca in the glass shards
(Figure 3.7).

Seventy-nine percent of the 213 individually characterized tuffs that Perkins etal. (1998) reported
for Miocene tuffs in the Basin and Range province (Figure 3.8) either came from the Snake River Plain
volcanic province or from the southwestern Nevada volcanic field (45% and 34% respectively). The Snake
River Plain volcanic field is splitinto two provinces (Perkins etal., 1998); the older western Orevada
province (ca. 16.5-14.5 Ma) and the younger eastern Snake River Plain province (<15 Ma). The Orevada
province is predominantly composed of peralkaline rhyolites (Gp) with some metaluminous rhyolites (Gm).
The Snake River Plain volcanic province is predominantly metaluminous rhyolites that produced almo st
entirely Gm tu ffs with one exception, the 10.20 Ma Arbon V alley Tuff (Kellogg et al., 1994), a biotite
bearing Wm tuff (Perkins et al., 1994). The southwestern N evada volcanic field (ca. 16-7 M a; Sawyer et al.,
1994) is a major silicic center that produced both peralkaline and metaluminous rhyolites (Perkins et al.,
1994). The metaluminous tuffs typically contain biotite (Warren et al., 1989). This field most likely
produced many of the 50 Wm tuffs during the interval from ca. 16-10 Ma (Perkins et al., 1994). The Snake
River Plain volcanic province is distinguishable from the Southwestem Nevada volcanic field based on Fe
content, phenocryst composition, formation temperature, and color (Table 3.3) (M. Perkins, 1998, personal
communication).

The geochemical analyses (Table 3.2 and Appendix D) of the 13.71 Ma ash suggest that it is of the
same chemical and mineralogical nature (biotite-bearing, white me taluminous rhyolite tuff) as many tuffs
from the southwest Nevada volcanic complex (M.E. Perkins, 1998, written communication). The age of the
13.71 Ma ash bed is in accordance with the highest magma output (160-2500 km*/100 k.y.) interval (ca. 14-
11.5 Ma) of the southwestern Nevada volcanic field (Sawyer et al., 1994). Based on these relations, the
southwestern Nevada volcanic field is the most probable source area for the 13.71 Ma ash bed (M.E .,
Perkins, 1998, written communication).

A blue-gray ash bed from Satan Butte (Plate 3) is correlative to the Lovelock ash bed (~13.78 Ma)
in the Stewart Valley section, Nevada (Perkins et al., 1998; M.E. Perkins, 1998, written communication).

Based on the composition of this blue-gray ash bed and the ash bed from Stewart Valley, they are
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Fe203*

Fe203*

4.0

Figure 3.7 Major glass shard compositional groups. Fe ,0,* (total Fe as Fe ,0,), Al,O,,
and CaO content in glass shards. Electron probe analyses with contents in wt%. Each
data point is an average of ~20 individual shard analyses from 213 different ash beds.
Gm-gray metaluminous rhyolite glass (circles); Gp-gray peralkaline rhyolite glass
(triangles); Wm-white metaluminous rhyolite glass (squares); Dacite-dacite glass
(diamonds). From Perkins et al. (1998).

69



L] [ 1 \__,’\\

- 450 ; 1200 OR,-\ |D 1150 /
/ L

400 km /" + '

'] 'l ] —

= O

S —

Figure 3.8 Location map of the major centers of middle to late Miocene explosive silicic
volcanism (diagonal lined areas) within and around the northern Basin and Range province
(shaded gray). The correlative ash localities are: SV--Stewart Valley; Bl--Bidahochi Formation.
Miocene centers of explosive silicic volcanism are: HB--Harney Basin; (10-5 Ma); KSW--Kane
Spring Wash caldera complex (16-14 Ma); LW--Little Walker volcanic center (10-9 Ma); OV--
"Orevada" volcanic province (16.5-15 Ma); SRP--Snake River Plain volcanic province (15-5
Ma, progressively younger to the northeast); SWN--southwestern Nevada volcanic field (16-7
Ma); TR--Thomas Range (7-6 Ma). Modified and adapted from Perkins et al. (1998).
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correlatable to the Gm tuffs ofthe Snake River Plain volcanic province (M.E. Perkins, 1998, written
commu nication).

A blue-gray ash bed from east point but stratigraphically below the blue-gray at Satan Butte
(Plate 3) is correlative to the Grouse Canyon(?) ash bed (M .E. Perkins, 1998, written communication). The
Grouse Canyon(?) ash bed isa Gp tuff and is dated at 13.78 = 0.04 Ma (Perkins etal., 1994). The source
tuff for the Grouse Canyon (?) ash bed has not be analyzed by M. Perkins, butbased on reported chemical
compositions of lava flows from the Grouse Canyon caldera, M.E. Perkins (1998, personal communication)
believes it is correlatable and uses a (?) to denote this relation. The composition of this ash bed in the
Bidahochi Formation (Table 3.2) compares well with those listed for the Grouse Canyon (?) ash bed in
Perkins et al. (1998).

Ash Bed Characterization

Based on stratigraphic, petrographic, geochemical, and field observations, 16 different ash
horizons are established. The reference section at Wood Chop Mesa (location 16 on Figure 2.2) is used to
characterize many of the ash horizons. Ash bed horizons that are not present at Wood Chop M esa are
identified by their petrograp hic identity and relative stratigrap hic position to ash beds that are correlatable
to those at Wood Chop Mesa. Correlation of various rock typesaided in the placement of the ash beds. No
stratigraphic se ction containing all 16 ash beds occurs within the Bidahochi Formation. The stratigraphic
hierarchy of these ash horizons is shown in Figure 3.9. The information presented above is instrumental in
determining limiting ages on the stratigraphy, establishing chronohorizons across the basin, and correlating
outcrops across the field area. These topics are further elaborated on in Chapter 4. All 16 ash bed horizons
are informally named based on geographic locations or physical characteristics and denoted by the lower
case ash bed.

The Echo Spring Mountain ash bed occurs in western expo sures of the Bidahochi F ormation and is
noted as far east as Wood Chop Mesa (Figure 2.2). This ash bed is stratigraphically the lowest occurring
ash bed recognized in member 1. It contains very few crystals and is strongly altered in most locations. It

contains rare sanidine, plagioclase, biotite, and green/brown hornblende (Figures 3.4bc and 3.10a-f). At
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Table 3.3 Comparison of tuff characteristic of the Snake River Plain volcanic province and the
Southwestern Nevada volcanic field:

Snake River Plain volcanic Province Southw estern N evada volcanic field
Fe content greater than 1% less than 1%
Temperature @ high temperature rhyolite moderate temperature rhyolite
Phenocryst pyroxene common, little or no biotite biotite -rich, hornblende common
Color* gray, blue-gray* white
Tuff Gm with minor Gp (early phase, > 16 Wm with some Gp
produced Ma)

Data from Perkins etal. (1998) and M. Perkins, 1998, personal communication; * - color of
heavily calcified or altered tuffs will vary, can be cleaned to obtain color relations (M. Perkins,
1998, personal communication). Gm - gray metaluminous rhyolite tuff, Gp - gray peralkaline
rhyolite tuff, Wm - white metaluminous rhyolite tuff.
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Average Ash Bed Thickness (cm)
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Wood Chop D 15.19 +/- 0.11 Ma (maximum age)
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location 26 (on Figure 2.2), the ash bed is not strongly altered and shard morphologies present are
snowflake, lath, needle, and blocky.

The east point biotite ash bed occurs in central and western exposures within member 1 or at the
boundary between members 1 and 2. In some locations this ash bed occurs within 1 m of the Echo Spring
Mountain ash, while in others it occurs several meters higher in the section. It contains abundant laths of
biotite and green/yellow hornblende (Figure 3.10g-f). Plagioclase and opaque minerals are also common.
This ash bed is altered in most locations and shard types present are mostly small blocky pieces. The biotite
and hornblende grains are commonly aligned parallel to each other in thin section. The east point biotite ash
bed is easily distinguished from the Echo S pring M ountain ash by its abundance of phenocrysts, especially
biotite, and by its stratigraphic position when applicable.

Several ash beds occur within member 2 that are difficult to distinguish from each other. These
beds are informally named Wood Chop A through D ash beds (with A being the oldest) and the member 2
felsic ash bed (Figure 3.9). The Wood Chop ash beds are intermediate in composition and have very similar
mineral assemblages and few clear glass shards. Phenocrysts included in the Wood Chop ash beds are
biotite, green hornblende, plagioclase, and opaque minerals (Figure 3.3b-d, 3.4a, 3.6d, and 3.10k-m, p-z).
Brown glassis common in the Wood Chop ash beds and some brown glass contains microlites of
plagioclase and/or opaque minerals. In thin section, these ash beds tend to have a yellow oxidized micro-
texture (crosspolarized light). This yellow texture appears to be in the background and outlines the edge of
the glass shards. The Wood Chop ash beds are best distinguished by stratigraphic position ifall 4 beds are
present at one locality. If fewer than 4 beds are recognized at any location, identification of an individual
bed is problematic. Slight variations occur within this suite of beds and rarely, in places they can be
identified when 2 or 3 beds are present at that location. The Wood Chop D ash bed commonly contains
small amounts oflong muscovite laths which do not occur in the other beds. The Wood Chop D bed has
the most abundant concentration of glass shards of all 4 beds and snowflake shard morphologies are noted
with this bed only. Lath and needle types are common with the other 3 Wood Chop ash beds. The member 2
felsic ash bed only occurs at two locations in eastern localities. This ash bed is glass-rich and occurs in the

lower sections of member 2. It has lath and needle shard types similar to the Wood Chop ash beds. It
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contains plagioclase, opaque minerals, brown glass, and occasional sanidine phenocrysts (Figure 3.10n, o).
The abundant shards in this ash bed commonly form a lattice-like texture. This ash bed is currently
distinguished from the Wood Chop ash beds due to its abundant glass shard content and recognition of
sanidine phenocrysts. Based on the correlation diagrams in Plates 1 and 3, this ash bed may be a lateral
variation of one of the W ood Chop ash beds. The high glass content, lack of alteration, and variation in
textures could be related to variations in deposition or post-depositional changes with this ash bed in eastern
locations. Further geochemical analyses are needed to clarify this situation.

The next three ash beds occur near the top of member 2 and within member 3. They comm only
display a blue-gray tintin physical appearance and are named blue-gray #1, #2, and #3 ash beds (Figure
3.9). These blue-gray ash beds are vitric and commonly show no alteration. Shard morphology types and
grain sizes are similar among these beds. The blue-gray #3 ash bed can also be white in color, especially if
it is moderately to well calcified. The blue-gray #3 ash bed is crystal-poor with rare feldspar and hornblende
noted. It commonly contains snowflake shards. The blue-gray #1 ash bed is stratigraphically higher than the
blue-gray #2 and has a smaller thickness (< 5 cm compared to 10-12 cm). These two ash beds contain
opaque minerals and occasional sanidine and hornblende grains. The crystal-poor blue-gray #2 ash bed has
rare biotite grains. Blue-gray #1 and #2 ash beds are correlated to the Lovelock and Grouse Canyon (?) ash
beds, respectively (see above). These 3 ash beds are best distinguished by their stratigraphic position and
thickness but can commonly be differentiated based on the thin section characteristics (Figures 3.6¢c and
3.10aa-pp) listed above and in Table 3.4.

Above the blue-gray ash beds, two more ash beds occur within the siltstone units of member 3. The
13.71 Ma ash bed occurs above the Blue-gray #1 ash bed and is white, thick (28-34 cm), and forms a
prominent ledge throughout the eastern half of the field area. This bed is vitric and commonly friable. Shard
size is commonly large (0.1-0.125 mm) but can vary vertically and laterally. It contains sanidine and opaque
minerals with some green/brown hornblende and biotite (Figures 3.2, 3.3a, 3.6a, and 3.10qq-vv). Ithas been
dated at 13.71 £ 0.08 Ma (Dallegge et al., 1998). The Satan Butte ash bed occurs less frequently and is
thinner (18 cm) thanthe 13.71 Ma ash bed. The Satan Butte ash bed occurs 1-2 m above and in some

locations has a green tint to the bed in outcrop. It has similar mineral and shard compositions but shard
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grain size tend s to be smaller (0.08 mm) (Figure 3.10xx, yy). These two beds are best distinguished by their
stratigraphic p osition and thickness. The thin nature and blue-gray color of the ashes below easily
distinguish them from the 13.71 Ma and Satan Butte ash beds.

Two ash beds occur within member 5 along the eastern margin of the field area. The pumice ash
bed occurs commonly within the interbedded volcaniclastic sandstone and siltstone units of this member. It
has recognizable small pieces of glass pumice and has a yellow oxidized texture similar to that ofthe Wood
Chop ash beds (Figures 3.6b and 3.10zz). It contains brown glass with plagioclase and orthopyroxene
microlites. Plagioclase, opaque minerals, and bro wn hornblende are common. The Greasewood ash bed is
white, thick (60 cm), and vitric. The shards are aligned parallel and display a lattice-like texture (Figures
3.10aaa, bbb). Plagioclase, opaque minerals, and brown glassare common. This ash bed has minor
alteration. These two ash beds are easily distinguished from each other.

Two ash beds occur within member 6 and are informally named the member 6 felsic and member 6
biotite ash beds. They are both felsic, vitric, and partially altered. The member 6 felsic ash bed has needle,
lath, and blocky shard types. Itcontains brown hornblende, opaque minerals, green/brown hornblende, and
biotite (Figure 3.10ccc). The member 6 biotite ash bed has blocky, needle, lath, attached needle, and Swiss
cheese shard types (Figure 3.10ddd). It contains abundant biotite laths with plagioclase, opaque minerals,
brown glass, green/brown hornblende, and long muscovite laths. The member 6 biotite ash bed occurs near
the top of the member and 3 m above the member 6 biotite. The member 6 biotite ash bed is distinguishab le

from the member 6 felsic ash bed by its abundance o f mica and different shard types.
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Figure 3.10 Photomicrographs of characterized ash beds showing textural and mineralogical
features. All photomicrographs are in plane-polarized light. Mineral labels and scale bar are listed
below. Not all minerals present are labeled. Commonly the clear material is glass shards. Mineral
labels are located within mineral boundaries or next to mineral with one corner or side touching
mineral boundary. Representative photomicrographs are listed for each ash horizon and are referred
to in Chapter 4 for correlation purposes. Photos b), ), g), h), bb), tt), vv), zz), aaa), and bbb) are thin
sections of ash sample, the remainder are grain mounted thin sections of ash sample. Ash bed
sample numbers for the following photos are: a) 970616A, b) 970617A, c) 970704H, d) 970712E, e)
970723B, f) 970724L, g) 970712F, h) 970723C, i) 970725C, j) 980419A, k) 970724E, 1) 971004F, m)
980118E, n) 970724G, 0) 970802D, p) 970718E, q) 970723K, r) 971004G, s) 970704A, t) 9707048,
u) 970713C, v) 970807F, w) 980118G, x) 980418F, y) 970713D, z) 980420A, aa) 970704C, bb)
970807H, cc) 970712L, dd) 970719F, ee) 970724H, ff) 970315D, gg) 970712A, hh) 970712M, ii)
970717C, jj) 970720A, kk) 970628B, 1) 970712B, mm) 970712N, nn) 970717D, oo) 9707208, pp)
970704E, qq) 970808B, rr) 970719G, ss) 970704F, tt) 970718A, uu) 970720C, vv) 970628A, ww)
970720D, xx) 971004L, yy) 980420B, zz) 970718B, aaa) 970315B, bbb) 970705C, ccc) 970802G,
ddd) 970802H.

Labeled Minerals

B - biotite S - sanidine
H - hornblende P - plagioclase
O - opaque F - feldspar

D - detrital grains ~ COj - carbonate fragment

bg - brown or black glass fragment with or without
plagioclase and/or other phenocrysts

[ o |
0O 0.05 0.1
mm

0 01 02 0.3 04 05
mm
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Chapter 4 - Basin Morphology

The chronology of tectonic events that formed the basin containing the Bidahochi F ormation is
poorly known. Evidence from chronostratigra phic and litho stratigraphic analyses are used here to
reconstruct a portion of the basin containing the Bidahochi Formation. In this study, the lake depositional
area is informally named the Hopi Lake basin and does not include the drainage watershed. These analyses
enable the reconstruction of the Hopi Lake shoreline and place age limits on lacustrine deposition within the
Hopi Lake basin.

Basin Reconstruction Methods

Hopi Lake basin is reconstructed by correlating tephra beds and lithogenetic packages across the
existing outcrop locations of the Bidahochi Formation. Characterizations along with geochemical analyses
and isotopic dates of the silicic interbedded ash beds are used to establish chronohorizons across the basin
(Figure 3.9). Correlation of the major lithogenetic packages and field observations are used to define basin
boundaries when ap plicable.

The contact between the Bidahochi Formation and the various M esozoic formations is exp osed in
several areas to the east and north of the Hopi Buttes volcanic field and is used to define basin d eposition in
these directions. Where the Bidahochi Formation is no longer present, boundaries for basin deposition are
determined by extending the elevation of the maximum lake level (determined by highest modern
topographic elevation of known lacustrine units) around the southern Colorado Plateau. This defines the
depositional basin at maximum lake inundation. However, this elevation maximum does not allow for any
potential differential uplift of the Colorado Plateau caused by regional tectonic events after lacustrine
deposition occurred within the Hopi Lake basin. The fluvial and eolian member 6 is not discussed here
because it was not the primary focus of this study and it does not constrain the lacustrine de positional basin
(see Figure 1.3).

Basin Morphology

The morphology o f the Hopi L ake basin was determined by correlation of the tephra and clastic

units and defining onlap relations along the margin of the basin. The boundaries of the lacustrine basin,
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determined by lake level maxima, were extended around the Colorado Plateau to determine the size and
extent of the Hopi Lake. Results from this study show thata large Hopi Lake surface area is the preferred
option.

A principal question to this study was the location of the southwestern and western boundaries of the Bidahochi
Formation. Erosion has removed much of the Bidahochi Formation in western areas (see Chapter 2 and Figures 2.5 and 2.11) 1
relations in these areas. Two correlation possibilities have been proposed in Dallegge et al. (1998) and Ort et al. (1998):

(1) If the beds (mostly member 4) above the 13.71 Ma ash bed in the eastern side of the basin correlate with the beds

can be defined on the southwestern and western sides (Figure 4.1a) and the lake margin was confined roughly to the c

1-4 and the volcanic deposits of the Bidahochi Formation. This would imply that an ancestral Little Colorado River (

in a similar position to the present LCR.

(2) If the beds (members 1, 2, and 3) below the 13.71 Ma ash bed in the eastern side of the basin correlate with the be

on the west is unconstrained (Figure 4.1b) and the lake in which members 1-4 of the Bidahochi Formation were depo:s

the area containing the present integrated Little Colorado River drainage. This implies that the presentintegrated drai

Plateau did not develop until after draining of the lake, probably ~ 5.5 M a, and associated development of the Grand

Previous workers are split over which hypothesis is correct. Some prefer a small Hopi Lake surface
area (Repenning and Irwin, 1958; McKee et al., 1967; Nations et al., 1985; Scarborough, 1989; and
Spencer and Patchett, 1997) while others prefer a large Hopi Lake surface area (Sutton; 1974b; Lucchitta,

1984; Love, 1989).
Ash bed correlation

The results from the ash bed characterizations and the established chronohorizons (Figure 3.9) are
used to build two cross-sectional diagrams (southwest/northeast and northwest/southeast) and a generalized
fence diagram across the basin (Plates 1 and 2, and Plate 3). The 13.71 Ma ash bed was the primary datum
used in the cross-sections (Plates 1 and 2). It is very distinctive and easily recognized by its thickness,
stratigraphic position (Figure 3.9), petrographic identity (Table 3.4), and lateral extent. It can be recognized
and traced throughout most of the eastern half of the field area. Another ash bed in western exp osures is
easily recognizable by its thickness, ledge-forming character, stratigraphic position, and high degree of

alteration. It is used as a datum for measured sections in western locations where the 13.71 Ma ash bed is
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Figure 4.1 Simplified sketch of Bidahochi basin morphology showing two correlation
possibilities. See text for description of correlation possibilities. Ash beds were used to
establish that option B is preferred. N umbers correspond to Bidahochi Formation members

of Shoemaker et al. (1957).
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not exposed (Plate 1). This western ash bed is correlated to the Echo Spring Mountain ash at Wood Chop
Mesa based on similar petrographic characteristics and stratigraphic position (Figures 3.4b, 3.9, and 3.10D).
This correlation is also strengthened by other ash bed correlations and a clastic unit correlation (see below
and Plates 1, 2, and 3). The Echo Spring Mountain ash and the 13.71 Ma ash occur in the same section
(Plate 1) at Wood Chop M esa (location 16 on Figure 2.2). This provides a link of the outcrops in the west
that lack the 13.71 Ma ash bed with those in the eastern portion of the depositional basin. These correlations
show that the basin morphology in Figure 4.1b is preferred and thus, a large Hopi Lake surface area is
possible.

Many of the other ash beds are only correlatable locally (e.g. blue-gray #1 ash bed, Satan Butte ash
bed, Wood Chop A-D ash beds, etc.). The thickness of these ash beds is considerably less than the two
mentioned above. Reworking with the surrounding rock types has caused these ash beds to be discontinuous
or absent in some areas. Commonly these ash beds were not identified, probably because of their thin nature
or lack of exposure in the colluvium-covered slopes. These ash beds are useful locally and can be traced
laterally from butte to butte (Plates 1, 2 and 3).

A problem arises from the dating of an ash bed that correlates well with the 13.71 Ma ash bed. The
13.71 Ma ash bed is correlated across the basin to the east along two cross-sectional lines (Figure 4.2 and
Plate 3). The new date of 13.85 + 0.02 Ma (see Chapter 3, Appendix C) from this ash bed atlocation 6 (on
Figure 2.2) is in conflict with correlations and the pre viously reported 13.71 + 0.08 M a date for this ash
bed. The 13.71 Ma date isobtained from a bulk sanidine crystal run thatwas step-heated in the Mo
resistance furnace. The 13.85 Ma date was obtained from single-crystal, CO, laser fusion analyses. The two
error bars of these dates do not overlap or contain age spectra thatclearly suggest they are the same ash bed
(Appendix C). However, the single crystal run does contain ages from 7 of the 16 individual crystals that
would fall within the upper error range of the 13.71 Ma date if the individual errors on each crystal are used
and subtracted from the average 13.85 Ma date. The K/Ca ratios from the two dated ash beds are similar
(Appendix C).

Two solutions exist for the discrepancy between the dated ash beds; either thisis a new ash bed or

there is a problem with analyses due to contamination of one ofthese ash beds or because of analytical
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error. Petrographically these two ash beds contain similar shard morphologies, phenocryst minerals, and
textures (Table 3.4, Figures 3.2, 3.6a). At the location of the sample, dated at 13.85 M a, the ash bed is well-
calcified, white, and 32 cm thick. The 13.71 M a dated sample is friable, white, and 28 cm thick. Both
samples occur within the siltstone units of member 3. The clastic units interbedded with these ash beds are
very similar (Figure 4.2).

Several other points are noted that suggest that the two ash beds with the discrepant dates are the
same bed. Two ash beds, blue-gray #1 and #2, analyzed geochemically by M. Perkins (Chapter 3) are
correlated to the Lovelock and Grouse Canyon (?) ash beds. These two ash beds are very distinctive (blue-
gray color, small thickness, vitric) and occur in most of the measured sections in this part of the basin
(Figure 4.2, Plate 3). B oth of these ash beds occur at the locations of the samp les with the age discrepancy.
These blue-gray ash beds are stratigraphically below the white ash beds with the discrepancy at these two
locations. The correlated date on the Grouse Canyon (?) ash bed is 13.78 + 0.04 Ma (Perkins et al., 1998).
The clastic units occurring around these three ash beds are very similar and can be correlated across the
eastern half of the depositional basin. The ash bed dated at 13.85 Ma occurs stratigraphically above the
blue-gray #1 and blue-gray #2 ash bed and is in a similar stratigraphic position to the sample dated at 13.71
Ma (Figure 4.2). This implies that the ash bed dated at 13.85 Ma can not be this age and still occur above
the blue-gray #1 ash bed and the blue-gray #2 ashbed (correlated to dated Grouse Canyon (?) at 13.78 +
0.04 Ma) stratigraphically. The K/Ca ratios from the two dated ash beds are very similar (Appendix C) and
at least allow the sanidine samples from the two ash beds to be related. There are no petrographic or
physical characteristics that suggest they are different beds.

Several ideas are proposed that can explain the discrepancy between the two ash beds. The
location of the ash bed dated at 13.85 Ma is very near the basin margin (see below). Older sanidine crystals
from previously deposited ash beds to the east could have been eroded and transported to the Hopi Lake
basin and mixed with an ash bed during deposition or shortly thereafter. These older sanidine crystals may
have been larger than the sanidine from the eruption cloud that produced the 13.71 Ma date. The smaller
sanidine crystals may have also been in the sample but the larger ones were selectively picked for analysis
by laboratory preparation staff. The larger sanidine crystals are preferred by the New Mexico
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Geochronology Research Laboratory because they can be used for single-crystal laser fusion (L. Peters,
1998, personal communication). Crystal and glass shard sizes are noted to vary within the 13.71 Ma ash bed
(reported in Chapter 3) and it may also be possible that the sample (ash bed dated at 13.71 Ma) sent to New
Mexico Geochronology Research Laboratory was a subset that did not contain any ofthe larger sanidine
crystals. The two sizes of sanidine crystals within the same ash bed suggests that two crystal sizes existed in
the magma chamber with the larger crystalshaving an older closure date, thus making the sample appear
older. If these two sizes of crystals occurred in the same magma then the similarity in K/Ca ratio would be
explained.

Other explanations are related to the variation in sample analysis for the two ash beds. The single-
crystal laser fusion method completely fuses the sanidine crystal in one step and all the Ar gas is released at
this point. The bulk-sample furnace method heats the sanidine crystals over multiple heating steps and
releases the Ar gas incrementally over each step. With the step-heating method, any radiogenic Ar gas
attributed to C1 or Ca contamination o f the outer surface of the sanidine crystal will show in the first couple
of heating steps and can be factored out of apparent age ofthe sample. It may be that Cl or Ca
contamination went undetected and non-atmospheric Ar gas was included in the apparentage of the laser
fusion run, resulting in older apparentages. The overlap of some of the individual crystal runs suggests that
the accuracy reported by the lab may be in error. The last five crystal measurements were high (>13.92 Ma)
and were not used in the statistical manipulation of the data. These dates range as high as 15.60 Ma. Using
all or part of these older dates would increase the age and also increase the error bar, thus p otentially
overlapping the emror bar on the 13.71 Ma date. This suggests that these two reported dates may be of
similar age.

Therefore, based on ash shard morphology, phenocryst composition, stratigraphic position,
geochemical ash bed correlations, lithology relations, stratigraphic position, chronologic constraints, and
K/Ca ratios, this study contends that the ash bed dated at 13.85 Ma is actually the 13.71 Ma ash bed. The
discrepancy between the two dates is probably best explained by the variation in sample runs explained
above. For this paper, the 13.71 Ma date will be used, primarily because itseems to be the correct date as

noted ab ove, until this discrepancy can be further tested and evaluated.
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Lithic unit correlation

Several diagnostic clastic units can be used to aid in correlation. These beds are correlatable based
on petrographic, litholo gic, and X-ray diffraction analyses.

A sandstone unitnear the base ofthe formation has a definable petrographic signature thatis used
to correlate beds in western exposures to beds in the east (Plate 1). This sandstone contains volcanic lithic
grains with small thin laths of plagioclase in a glassy matrix (Figure 4.3). Part of the glassy matrix is
opacitized (black in color) in some grains while others are stained red-brown. Some glassy lithic fragments
also contain phenocrysts of pyroxene and minor hornblende and magnetite (Figure 4.3c, d). T his unit is
recognized in several locations; 15, 18, 22, 24, and 25 (on Figure 2.2). The stratigraphic position of these
sandstone units is similar, near the top of member 1. Based on the similar mineral suites and texture and the
stratigraphic position of these sandstone, they are correlative units.

X-ray diffraction analyses were used to determine if the color of the fine-grained units is authigenic
or allogenic in origin. Previous workers (e.g., Williams, 1936; Repenning et al., 1958; Shoemaker et al.,
1962) have used the uniform and continuous nature of the claystone units to interpret a lacustrine
environment. If the clays are diagenetic, then a lacustrine interpretation may need to be re-evaluated
because the color banding may not be a productof deposition and thus, the homogeneous nature ofthe beds
is not an indicator of lacustrine deposition. Thirteen samples were analyzed to determine their clay
mineralogy (see Appendix A for procedure). Of these samples, only three provid ed satisfactory results with
high enough counts (>500) and interpretable XRD patterns (Appendix E). These three samples show that
the dominant clay mineral present is mixed-layer disordered illite/smectite. Minor kaolinite and the gypsum
are also distinguishable. These clay minerals and presence of different clay minerals in each sample
suggests a detrital origin rather than diagenetic. Therefore, the color banding in the B idahochi F ormation is
due to depositional processes and can be used as a correlation tool.

The individual members of the Bidahochi Formation are used for correlation. Even though some of
these members locally pinch out, they are still recognizable in most areas and are used to correlate entire
packages of sediments (Plates 1, 2,and 3). The multicolored units of member 2 are very distinctive and can

be recognized in areas where other members lose their character. The lateral continuity of claystone beds in
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Figure 4.3 Photomicrographs showing the mineralogy within the lower clastic unit. Bar
scale in is in 0.1 mm increments and in a), c), and d) is in 0.01 mm increments in b) and
e). Photomicrograph d) is in cross-polarized light. Mineral labels are; F - feldspar, bg -
brown or black glass with or without plagioclase and/or pyroxene phenocrysts, H -
hornblende, M - micrite, Q - quartz. The unlabeled clear grains are commonly quartz or
feldspar. All thin sections were made from grain mounts. a) Sample #970704I from
location 18 on Figure 2.2. b) Sample #970723D from location 25 on Figure 2.2. c) and d)
Sample #970712H from location 22 on Figure 2.2. e) Sample #970807B from location
24 on Figure 2.2. Note in photos c¢) and d) the pyroxene phenocryst in the brown glass
fragment at top right-center.
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member 3 can be traced for hundreds of meters in the eastern half of the field area (Plate 1). This tracing of
individual clay beds is a very successful correlation tool within the area of the Hopi B uttes volcanic field
(Plates 1,2) but is not as useful in outlying areas near the basin margins (see below).
Onlap relations

The Bidahochi Formation onlaps the Mesozoic units in at least two localities. One location is along
Highway 15 east of Greasewood, Arizona near measured section locations 7 and 8 (on Figure 2.2).
Eastward along Highway 15 from location 7, member 3 eventually pinches out (ap parent onlap in
subsurface) and members 4 and 5 are observed onlapping the W ingate Sandstone at location 8 (Figure 4.4
and Plate 1). The Wingate Sandstone occurs in several places near Highway 15 as isolated erosional
remnants surrounding and overlain by units of member 4 (Figure 4.5).

The other location where the Bidahochi Formation onlaps the Mesozoic unitsis at the west end of
Roberts Mesa, ~ 1 km north of Stephen Butte (Figure 2.2). In this location, the Bidahochi Formation onlaps
the Cretace ous Toreva Formation and M ancos Shale (units from geologic map of Akers et al., 1971). North
of Stephen Butte, the M ancos Shale is exposed in the valley bottom. On the north side of this small valley,
isolated outcrops of the Bidahochi Formation are noted (Figure 4.6). These outcrops are in contact with the
Mancos Shale and a small paleosol with red hematiferous clays, mottled texture, and root casts is noted at
the contact between the formations. T o the northw est of this location, the Cretace ous units form the First,
Second, and Third Mesas of Black Mesa. No Bidahochi Formation is noted on top of these mesas. Member
6 also appears to onlap the Cretaceous formations (Figure 4.6) and does not cover Black Mesa suggesting
that Black Mesa was a topographic high and therefore outside the boundary of the Hopi Lake depositional
basin.

Marginal basin features

Several other lithologic and sedimentary features are noted that fix the basin boundaries on the
north and east. The Bidahochi F ormation at Stephen Butte (Appendix B-17) reflects an abundance of white
sand that was derived from the Cretaceous units on the mesas to the northwest. Beds of claystone are
intercalated with thick sandstone units at this location. The alternating, multicolored fine-grained units of

member 2 can be noted (Figure 4.7) but other members are difficult to distinguish because of the dominance
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Figure 4.4 Photograph of the onlapping relations east of Greasewood, AZ. The lower dash blue
line occurs at the Mesozoic (Wingate and Moenave Fms)/ Bidahochi Formation contact. The
upper dashed blue line is at the top of the red units of member 4. Note the onlapping relation of
the red units as they thin to the east. Photo taken from south side of Pueblo Colorado Wash
looking to the north.

Moenave

Wingate

Figure 4.5 Photo of small outcrop of Wingate and Moenave Formations covered by member 4
of the Bidahochi Formation. The cliff forming units are composed of interbeds of volcaniclastic
siltstone and sandstone. The location of this photo is ~1 km west of photo above.
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of white sand derived from the Cretaceous units. These white sandstone units at Stephen B utte are fine- to
very-fine-grained and contain high-angle, planar cross-bedding. These sandstone units may have been
deposited by eolian dunes that encroached on the lake margin.

An ash bed that occurs below Stephen Butte is correlatable with a unit along the road to the north
that has ash thoroughly mixed with a medium-grained, poorly sorted, low-angle planar cross-bedded
sandstone unit (Figure 4.8). This cross-bedded sandstone was probably deposited by wave action from near-
shore beach processes.

Along the eastern side of the basin southeast of Greasewood, Arizona, the units of member 4 form
a thick sequence of dep osits. Member 4 in this area contains localized trou gh cross-be dded conglomerate
and sandstone lenses and beds. The red beds of this unit are 36 m thick at location 19 (on Figure 2.2) and
drastically decrease in thickness to the west (rep orted in Chapter 2) and the north (P late 2). Clasts in this
conglomerate are dominated by chert and petrified wood fragments, suggesting thatthe source stream was
tapping deposits of the Chinle Formation. Shoemaker et al. (1958, p. 167) interpreted areas of me mbers 3
and 4 as deltas and describe them as: large lobes extending southwestward from the northeast shore of the
ancient Hopi Lake. They placed the source stream for the deltas along the present course of the Pueblo
Colorado Wash. At location 8 (on Figure 2.2), the delta deposits are not as thick (16.8 m) as those to the
south (36 m) and are interbedded with travertine deposits. The deposits at location 8 were probably along
the edge of the delta lobe. Based on these relations, the stream course was probably farther to the south and
entered the lake from the east, closer to location 19.

These marginal basin features presented above are why Love (1989, p. 275) stated: the members
of Shoemaker et al. (1957) are clearly interpreted as depositional facies and show complex interfingering
relations and also why Love disapproves of the subdivision of Shoemaker et al. (1957). The
chronohorizons commonly cross member boundaries (Plates 1, 2, and 3) which also supports these complex

facies relations. The lateral change in depositional character is clearly a function of depositional setting.
Members 3, 4, and 5 are clearly recognizable and definable, even along basin boundaries where these onlap
relations and variations in thickness and characteristics occur. Therefore, this study contends that the

Shoemaker et al. (1957) subdivision can still be used e ffectively despite Love s (1989) statements.
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ure 4.6 Composite photograph of the onlapping relations north of Stephen Butte (location 1 on Figure 2.2). Photo is taken from base of
phen Butte looking north-northeastward. Red dashed line occurs at Mesozoic/Bidahochi Formation contact (Pinyon/Juniper trees tend to be
Bidahochi soil). Orange dashed line occurs at the approximate member 5 member 6 contact. Abbreviations: Tbu - Bidahochi Formation
mber 6; Tbl - Bidahochi Formation members 2-5; Km - Cretaceous Mancos Shale; Km-tl - Cretaceous Mancos and Toreva Formation. lower
\dstone member; Qal - Quaternary alluvial valley fill terrace remnants; A - location of cross-bedded ash and sandstone unit, see text. Geolo
ts from Akers et al. (1971)



Figure 4.7 Outcrop photo of the multi-colored beds of member 2 at Stephen Butte locality
(location 1 on Figure 2.2).

Figure 4.8 Outcrop photo of cross-bedded sandstone and ash deposit north of Stephen Butte,
see figure 4.6 for location (location 1 on Figure 2.2). The orange lines depict the bedding
orientation at this location. The handle of the hoe pick (to right of person) is lying on a bedding
plane. The lower horizontal beds contain abundant amounts of felsic ash. See text for further

description.
110



Basin outline

The results from the sections above and the correlation diagrams (Plates 1, 2, and 3) clearly
demonstrate that the depositional basin boundary to the north and east is definable and that an
unconstrained boundary occurs on the west and southwestern sides of the basin (Figure 4.1b). There is no
evidence that the western and southwe stern margins o f the basin can be determined from stratigra phic
correlation (Plate 1). Therefore, Hopi Lake must have extended out beyond the present outcrops and may
have extended across the area of the Little Colorado River valley and covered a significant portion of
northeastern Arizona. Thisundefinable basin boundary to the southwest canalso be seen on contour maps
of the base of the Bidahochi Formation (Figure 4.9). This map attempts to show closure of the depositional
basin and restrict itto the current area of the Bidahochi Formation deposits. Based on the information
presented above, the depositional basin was most likely larger and no definable boundary is apparent in the
Holbro ok to St. Johns, Arizona area (Figure 4.9).

A more detailed analysis of the base of the formation in and around the Hopi Buttes volcanic field
also demonstrates an undefinable depositional basin boundary to the southwest and shows a varied erosional
surface on which the lower members were deposited (Figure 4.10). On these maps, a north to south trending
ridge isnoted in the area near Dilkon, Arizona. This ridge may have some importance in the distribution of
the sediment packages if it was a prominent feature during Bidahochi deposition. Based on the correlations
of members 1 and 2 at locations 15, 24, 25, and 26 (Plates 1 and 3), these units do not reflect any evidence
of sedimen tation differentiation due to a topographic ridge in this area. Therefore, this ridge is probably
post-lower members 14 in age and may be related to effects created by the Hopi Buttes volcanic field or
other regional tectonic events. The Mount Beautiful Anticline onthe geologic map of Akers et al. (1971)
occurs in a similar position (northwest-southeast trending) as this ridge. Akers etal. show that thisridge
folds the Cretaceous units but not the Bidahochi units. T his study suggests that the Bidahochi Formation is
probably folded at this loc ation. This is based on outcrop attitudes of another undocumented no rthwest-
southeast trending anticline (herein called the Greasewood anticline) south of Greasewood, Arizona. The

composite sections measured at this location (Appendix B-18) shows that members 1 and 2 of the
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Figure 4.9 Generalized contour map of the erosion surface (Zuni surface
of McCann, 1938) that existed prior to Bidahochi Formation deposition.
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post-Bidahochi deformation. Adapted and modified from Repenning et al.
(1958).
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Bidahochi Formation are folded by the anticline with a NSOE 07SE measurement on the northeast limb and
a N35W 05SW measurement on the southwestern limb.

Lithologic correlation also supports a larger dep ositional basin area. The sediments fine rapidly to
the west (Plate 1) suggesting that some input of sediment was from the east and that the center of the lake
may have extended toward the west. Member 2 increases in thickness to the west from ~7 m at location 18
(on Figure 2.2) to ~48 m at location 25 (Plate 1). The opposite occurs with the coarser member 3. Itis not
recognizable in western locations (location 15, 21, 24, and 25) but is thick in the Wood Chop Mesa area
(~27 m). In eastern ex posures near the margin of the lake, the base is not exposed, so thickness is
undeterminable (E.g., locations 6 and 12). M ember 4 shows a similar relationship to member 3. The red unit
of member 4 increasing in thickness dramatically to the east from ~3 m near Red Clay Mesa to 36 m
southeast of Greasewood, Arizona (Plate 2).

Several outcrops of sedimentary rocks outside the known locations of the Bidahochi Formation
have been tentatively correlated with the Bidahochi Formation. Cooley (1962) described 15 m of calcified
sandstone and siltstone covered by basalt flows at Eastand West Sunset Buttes (30 Km southwest of
Winslow). These deposits, which occur atelevations between 1,830-1,950 m, where correlated by Cooley
(1962) to member 6 deposits at similar elevations east of the Hopi Buttes volcanic field. Nations et al.
(1985) correlated Tertiary sediments that Ulrich et al. (1984) mapped along the M ogollon slope and in the
Little Colorado River valley with member 6 of the Bidaho chi Formation. Light colored (tan, bro wn, pale
red), fine-grained sediments occur along Interstate 40 between W inslow, AZ and Joseph City, AZ in small
(less than 2 m thick) lenses and cut and fill structures ~30 m higher than the present Little Colorado River
valley. These sediments may comelate to lacustrine units in the Bidahochi Formation or they may be terrace
remnants from the Little Colorado River. The fine-grained units of members 1 and 2 can be recognized at
Nizhoni Point beneath the maar lava flows of the Painted Desert area of Petrified Forest National Park
(Figure 4.11). Bidahochi sediments viewed to the southeast from Tawa Point display a cutand fill sequence
similar to the sediments along the Little Colorado River valley.

Based on the evidence presented above, a minimum value for the highest lake level is determined

by the highest elevation of lacustrine sediments. This horizon can be traced around the southern Colorado
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Figure 4.10b Surface contour map on the contact between the Bidahochi Formation and underlying Mesozoic units. Based on contour map

from Figure 4.10a.



Plateau to recreate the size of Hopi Lake at maximum lake inundation. The lake maximum is determined
along the eastern margin of the basin near Greasewood, AZ. This elevation maximum is established at the
present 1859 meter contour interval and hence defines the outline ofthe Hopi Lake basin during lacustrine
deposition. This estimated outline is similar to that of Nations etal. (1985) and Scarborough (1989)
(Figures 1.1and 4.12).

Considerable variation of this lake-level maximum shoreline is possible. Along the eastern margins
of the lake where known lacustrine deposits occur, the boundary of the lake may have extended
considerably farther to the east(Figure4.12) and evidence of lacustrine beds in this location would be
covered by the fluvial and eolian units of member 6. The lake-level maximum of the southwestern shoreline
would have occurred along the gentle dip slope of the Mogollon Slope. Depending on the maximum lake
level elevation used, the location of the shoreline on the gentle dip slope could dramatically reduce or
increase the surface area of Hopi Lake. Another consideration for this southwestern boundary is the amount
of Moenkopi Formation that was stripped off prior to and/or after Bidahochi Formation deposition. If the
full section of Moenkopi existed along the southwestern shoreline during Bidahochi deposition, then these
deposits would move the shoreline to the northeast and reduce the surface area calculations of Hopi Lake
(Figure 4.12). Based on the extensive erosional period during Oligocene time, it is most probable that most
of the Moenkopi was stripped off the plateau in these locations. The lake outline based on the present 1859
m contour interval is used to evaluate the size of Hopi Lake and recreate the paleogeography for this portion
of the Colorado Plateau (see Chapter 5).

Hopi Lake

With this depositional basin, a question arises conc erning how much water is needed to maintain
Hopi L ake as a fresh water lake throu ghout the year. This app arent long-lasting fresh-water lake would
require substantial input from a major stream system. This question is addressed by developing a water
budget (see Appendix A for method) for Hopi Lake to determine if water from the ancestral upper Colorado
River or similar source is needed to maintain this lake. The comp arisons, estimates, and calculations used in
the following sections are based on static conditions at single points in time. There are not enough data

available atthis time to account for all the variables of this complex system. This study acknowledges that
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Bidahochi

Chinle

Figure 4.11 Outcrop photo of the Bidahochi Formation at Nizhoni Point, Petrified Forest
National Park. Blue dashed line is approximate contact between the Chinle and Bidahochi
Formations. The black lava and brown tuff are from the Maar crater that forms this mesa.
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Hopi Lake potentially varied considerably in surface area, water depth, volume, salinity, etc. through time.
It is likely that climatic and paleogeographic conditions varied throughout the existence of the lake.
Potentially Hopi Lake may have filled and drained multiple times throughout its history. There fore, this
water budget is based on one moment in time when Hopi Lake was at or near maximum inundation. The
purpose of looking atthis system at maximum lake surface area is to geta feel for how much water was
needed to maintain the lake and consequently how large of a drainage basin was necessary to supply the
water. The climatic variables estimated for these calculations are purposely wetter and/or cooler than
present so as to come up with the most conservative, but possible, estimate. However, it would be
reasonable to say that the conditions may have been similar to present day arid conditions of the area.

Several variables are estimated to make the water budget calculations for Hopi Lake depositional
basin. The size ofthe Hopi Lake was previously determined (see above) and the surface area ofthis lake at
maximum lake levels is calculated as ~30,000 km> The current drainage basin (Figure 4.13) for the
ephemeral Little Colorado River is 69,800 km?> (Fisk et al., 1994). The Miocene watershed basin feeding
Hopi Lake may have been similar in size to the modern LCR watershed, but was probably larger in size due
to regional tectonic changes (see below). Based on this it is more likely that Hopi L ake was fed by runoff
from all areas of the southeastern portion of the Colorado Plateau. This portion of the plateau, herein
referred to as the southeastern Colorado Plateau watershed, would constitute a drainage watershed
estimated at 115,000 km?.

Several climatic variables are estimated in order to create a water budget for Hopi Lake. Schmidt
(1991) evaluated weathering profiles on erosion surfaces and sediments on the southern Plateau and
determined that the climate was arid to semi-arid from Eocene time to the present. The fresh-water
molluscan fauna from W hite Cone P eak suggests that the late Hem phillian (6-5 M a) climate was only
slightly cooler and/or wetter than today (Taylor, 1957; Amy Morrison, 1998, personal communication). The
modern average precipitation rate for northeastern Arizona is 24.66 cm/yr (Montoya and Gustaveson,
1993). Based on modern precipitation rates and the inferred climate during Miocene and Pliocene time, an
estimated precipitationrate of 30 cm/yr will be used. The modern average shallow lake evaporation rate for

northeastern Arizona ranges from 122 to 137 cm/yr (Linsley et al., 1982). The modern average runoff rates
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for northeastern Arizona (accounts for evapotranspiration losses) ranges from 0.25 to 2.5 cm/yr (Linsley et
al., 1982). Using the slightly higher precipitation rates above and the potentially cooler climate (e specially
in late Miocene time), an annual runoff rate of 8 cm/yr and an annual lake evaporation rate of 110 cm/year
will be estimated for Hopi Lake basin watershed and Hopi Lake. These levels are based on numerical data
from Linsley et al. (1982) for present areas of the western United States (northern Utah, northern New
Mexico, and western Colorado) with slightly higher precipitation rates and cooler climates.

The calculations estimated below do not account for ground water inflow and discharge because
these variables are very difficult to estimate in the geologic record. Since these amounts are negligible in
comparison to the volumes calculated, they are not include in the calculations below (following method of
Bruce and Rod gers, 1962).

Using the estim ates listed abo ve and som e best case sc enarios, the am ount of water available to fill

Hopi Lake is calculated. The numerical calculations for the equations used below are found in Appendix A-

If all available annual precipitation that fell on the Hopi Lake watershed were allowed to flow into
Hopi Lake (including precipitation on lake surface), then the potential annual volume flowing into Hopi
Lake is determined using the following equation

A,=PxB, (a)

vp
where (A,;) is annual volume potential, (P) is annual precipitation, and (B,) is basin watershed area. T his
calculation would result in a potential annual volume added to Hopi Lake of 21 km® using the present LCR
watershed area and a potential annual volume of 35 km® using the southeastern Colorado Plateau watershed
area estimate.

The estimates calculated above do not reflect actual runoff amounts. The amount of water that
makes it to the lake from the basin is affected by evapotranspiration. Using the estimated runoff rate (8
cm/yr) from above, the volume of water that actually flows into Hopi Lake from the surrounding basin is

calculated with the following equation

R,=R,x(B,-L) (b)
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where (R,,) is runoff volume potential, (R,) is the annual runoff rate, and (B, - L,) is basin watershed area
minus lake surface area (direct precipitation into the lake is not affected by evapotranspiration). T his
calculation would result in a potential annual volume added to Hopi Lake of 3 km® using the present LCR
watershed area and a potential annual volume of 7 km® using the southeastern Colorado Plateau watershed
area estimate.

The estimates calculated above do not reflect evaporation rates from the surface of Hopi Lake.
Using the estim ated lake evaporation rate of 110 cm/yr from above, the amount of lake volume lost to
evaporation would be calculated with the following equation

Ly=ExL, ()

where (L,)) is lake volume loss, (E,) is evaporation rate of lake, and (L,) is lake surface area. This
calculation would result in a potential annual lake volume loss of 33 km’.

The estimates calculated above in equations (a), (b), and (c¢) can be combined into one equation

F,=R x(B,-L)+(PxL,)-(ExL) (d)

where (F,,) is the final lake volume potential change, (R,) x (B, - L,) is the annual runoff rate times the basin
watershed area minus the lake surface area, (P x L,) is the precipitation falling on the lake surface area
(assuming the lake has minimal effect on rainfall patterns over the lake), (E, x L,) is evaporation rate times
the lake area. This calculation describes any annual volume addition or subtraction from the lake. If
evaporation is greater than inflow and precipitation then the lake will suffer a volume loss (negative value).
The opposite happens if inflow and precipitation are greater than evaporation, lake volume will increase
(positive value). In anidealized case and over short periods of geologic time, stable lakes should have equal
losses and gains. Using this calculation for Hopi Lake would result in a potential annual volume change of -
21 km”® using the present LCR watershed area and a potential annual volume change of -17 km® using the
southeastem Colorado Plateau watershed area estimate.

These calculations above show a balanced water budget that maintains a stable lake volume for
which inflow and evaporation are equal. This would be appropriate for a closed lake basin. The continuing
evaporation of the lake would result in increased lake salinity. This salinity increase would be reflected in

the sediment accumulating in the lake deposits in the form of evaporite minerals. Within the Bidahochi

122



Formation deposits, minimal gypsum and limestone deposits occur. The lack of evaporite minerals
combined with the predominance of claystone and siltstone suggest that this lake had low salinity levels.
This was probably the result of substantial outflow and turnover of lake water. To maintain a fresh water
lake, additional inflow must be added to create discharge (outflow). There is little evidence within the
sediments to infer that the lake dried out completely. No paleosols, dessication features, or erosional
horizons are noted. Thus, an outflow must be established and evidence for a location of such outflow has
not been fully determined.

The lowest topographic area in the Hopi Lake depositional trough would have been near the
Mogollon Rim in the Show Low to Springerville areas. Potochnik (1998, personal communication) has
noted large paleochannel areas in the upper sequences of the ancestral Salt River Paleocanyon that have
southerly flow indicators. The area directly to the north of this location (Show Low to S pringerville areas) is
covered with late Tertiary to Quaternary volcanic material from the White Mountain and Springerville
volcanic fields. During Hopi Lake time this area may have been topographically low enough to allow for an
outflow of Hopi Lake prior to coverage by volcanic rocks. Middle Miocene basalt flows in this region were
responsible for ponding the northeasterly flow of the ancestral Salt River (Potochnik and Faulds, 1998).
These basalt flows would, in effect, have been the dam that held back Hopi Lake and restricted the
maximum levels of Hopi Lake.

The lack of saline features within the Bidahochi sediments and the significant lake volume losses
calculated above clearly state that the Ho pi Lake basin, as currently de fined, is not ade quate to maintain
Hopi Lake. To maintain the lake at equilibrium levels all the precipitation that potentially fell on the
southeastern Colorado Plateau watershed (35 km?) would have to make it to the lake in order to sustain it.
This cannotbe the case because most of the water falling on the watershed is lostto evapotranspiration
processes. The estimated basin watershed needs to be about four times larger (~400,000 km?) suggesting
another major inflow source is required for Hopi Lake.

The present upper Colorado River basin (Figure 1.2) drains an area of 280,000 km?” which includes
tributaries ofthe upper Colorado, Green, Gunnison, San Juan, and Paria Rivers (Operation of Glen Canyon

Dam Final EIS, 1995). Using equation (d) above and including the upper Colorado River basin with the
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LCR basin, would result in final volume potential change to Hopi Lake of +2 km® (Appendix A). This
calculation uses the climatic variables estimated above for the LCR basin and does not reflect changes in
precipitation, runoffrates, or other climatic factors that vary with the upper Colorado River basin. Much of
the headw aters for the up per Colorado River basin are in the Rocky M ountains. Precipitation and runoff
rates would be considerably higher in these areas, suggesting that the values used in the previous calculation
would be on the low end. Therefore, this calculation would be modest and the value calculated would be
sufficient to maintain Hopi Lake annually and provide a reasonable outflow to maintain fresh water
conditions.

The drainages of the upper Colorado River basin during Miocene and Pliocene time may have
varied considerably. In addition, climatic variables were most likely varied due to the regional changes that
have been noted since the uplift of the Sierra Mo untains on the west coast. Of im portance to consider with
this water budget calculation is the possibility that not all of the upper Colorado River drainages were
integrated at this time. A wetter colder climate in this region possible could have compensated for a smaller
watershed area (e.g. ancestral San Juan watershed) and supplied enough water to maintain Hopi Lake
annually.

Sedimentation Rates

The results from the “°Ar-*Ar analyses allow for some modest calculations ofsedimentation rates
for the Bidahochi Formation. Sediment thickness is calculated to reflect post-d epositional compaction in
order to obtain rates of accumulation prior to compaction. The decompaction is calculated by knowing the
thickness of the overlying sediments, the interval between chronohorizons, and using estimated values for
porosity and porosity-depth curve coefficients for fine-grained sediments (Appendix A, Figure 4.14). The
method used for these decompactions and the calculations are listed in Ap pendix A. The methods used to
determine these rates are similar to the water budget in that they are based on static conditions in one
location of the study area. This study acknowledges that these rates would vary considerable from location
to location and throughout the depositional period of the Bidahochi Formation.

Two dates are known from two ash beds within member 3 (Chapter 3). These are the 13.71 Ma ash

bed dated, as the name implies, at 13.71 = 0.08 Ma (Dallegge et al., 1998) and the blue-gray #2 correlated
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to the dated (13.78 + 0.04 Ma) Grouse Canyon (?) ash bed (Perkins et al., 1998). The error bars for these
two dates overlap on one end and give a maximum separation age of 190,000 years and a minimum of zero
years. The difference between the means is 70,000 years. This interval consists of 85% siltstone and 15%
claystone and when decompacted is 7.2 m in thickness. These estimates are used to calculate the
sedimentation rate for this interval within member 3 (Table 4.1). Using the difference between the means
translates into a sedimentation rate of 10 cm/ka (centimeters per 1000 years). Using the maximum age
difference between chronohorizons yields a sedimentation rate of 4 cm/ka.

The age on the east point biotite ash bed (15.46 + 0.58 Ma) enables an estimate of sedimentation
rates from this chronohorizon to the blue-gray #2 ash bed (geochemically correlated to the dated 13.78 +
0.04 Ma Grouse Canyon (?) ash bed). Based on the error bars for these two dates, differences in age are
calculated at a maximum separation age of 2,300,000 years and a minimum separation age of 1,060,000
years. The difference between the means is 1,680,000 years. This interval consists of 43.3% siltstone, 56%
claystone, and 0.7% ash and when decom pacted is 4 8 m in thickness. These estimates are used to calculate
the sedimentation rate for this interval between the blue-gray #2 ash bed and the east point biotite ash bed
(Table 4.1). Using the difference between the means translates into sedimentation rate of 3 cm/ka. Using the
maximum age difference between chronohorizons yields a sedimentation rate of 2 cm/ka. Using the
minimum age difference between chronohorizons yields a sedimentation rate of 4.5 cm/ka.

Sedimentation rates are calculated for the interval between the 13.71 Ma ash bed and the lava-
capped Wood Chop Mesa. Vazquez (1998) reported ages and the volcanic stratigraphy for several flows on
Wood Chop Mesa. The Sunshine maar lava flow covers the mesa at the location of the measured section
(location 16 on Figure 2.2). The Sunshine maar lava flow is stratigraphically above the 7.21+ 045 Ma
Martinez maar lava flow and beneath the 6.99 = 0.5 Ma Haskie maarlava flow (Vazquez, 1998). The 6.81
+ 0.06 Ma Churro maar lava flow crosscuts the Haskie maar lava flow. The small error bar on Churro flow
suggests that the Haskie flow cannot be younger than 6.81 Ma. These relations allow for an estimation of
the age ofthe Sunshine maarlava flow at ~7 Ma. The sediment interval between chronohorizons consists of

81.5% siltstone, 5% claystone, 11.2% mafic tuff, and 2.3% ash and when decompacted is 21 m in thickness.
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Table 4.1 Calculated sedimentation rates between chronohorizons at Wood Chop Mesa (location #16 on
Figure 2.2). Table shows mean, maximum, and minimum sep aration ages between chronohorizons.

Chronohorizon Age Decompacted Sedimentation
Thickness Rate
Interval*
Sunshine lava flow ~7 Ma
Interval age difference 21.0 m
Mean: 6,710,000 yr 0.3 cm/ka
13.71 Ma ash bed 1371 £0.08 Ma
Interval age difference
Mean: 70,000 yr 7.2 m 10 cm/ka
Maximum: 190,000 yr 4 cm/ka
Minimum: error bars overlap
blue-gray #2 ash bed correlated to 13.78 £0.04 Ma
the dated Grouse Canyon(?) ash
bed
Interval age difference
Mean: 1,680,000 yr 48.0 3 cm/ka
Maximum: 2,300,000 yr 2 cm/ka
Minimum: 1,060,000 yr 4.5 cm/ka
east point biotite ash bed 1546 £0.58 Ma
454,000 years 22.7 5 cm/ka**

Base of Bidahochi Formation

Extrapolated age

Mean: 159 Ma
Maximum: 16.6 Ma
Minimum: 154 Ma

* - thickness interval between chronohorizons - decompaction data from Figure 4.12 and App endix
A; ** - estimated sedimentation rate - see text; abbreviations: m - meters; yr - years;
cm/ka - centimeters per 1,000 years.
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Using the estimated age of the Sunshine flow and the mean age on the 13.71 Ma ash bed chronohorizon, a
sedimentation rate of 0.3 cm/ka is established (Table 4.1).

Age of Hopi Lake Basin

Previous studies (see Chapter 1) summarized the age of Bidahochi Formation as about9 Ma (or
possibly 12 Ma) to 4 Ma (Love, 1989) with most of the coeval volcanism of the H opi Buttes volcanic field
occurring between 8.5 and 4.2 Ma (Shafiqullah and Damon, 1986a, b). The results of the “*Ar-*Ar analyses
of selected ash beds units from this study have enabled new proposed limiting ages on deposition within the
Hopi Lake basin.

Using the date from the eastpoint biotite ash bed of 1546 + 0.58 Ma and estimates of
sedimentation rates from above, an estimation of the onset of sedimentation withinthe Hopi Lake basin can
be made. The sediments of member 1 are mostly mud stone and sandstone. B ased on the type of dep osits
used above to calculate sedimentation rates, the deposits of member 1 (Table 2.1) would have a
sedimentation rate in betw een those calculated for members 2 and 3. Therefore, an estimated rate of 5
cm/ka is used to extrapolate to the base of the Bidahochi Formation. Using a sedimentation rate of 5 cm/ka
for the interval between the east point biotite ash bed and the base would yield amaximum age for onset of
sedimentation (Table 4.2) at~15.9 Ma (using the mean age), ~16.6 Ma (using the maximum error range), or
~15.4 (using minimum error range).

Hopi Lake Basin Tectonic Setting

Prior to any regional interpretation of the southern Colorado Plateau, the poorly documented and
described tectonic mechanism that formed the Hopi Lake basin must be better defined. Several ideas have
been proposed for the formation of the Hopi Lake basin, but none have been related to the present tectonic
framework. This study will document the role of the Rio Grande Rift, drainage reversal, and closure of a
Laramide structural trough in the formation of Hopi Lake basin.

Previous interpretations

Several hypotheses have been presented to explain the why the Bidahochi Formation was

deposited in this area. McKee et al. (1967) suggested that a lake formed when the southeasterly flowing

Little Colorado River was reversed along its course. Sutton (1974b) suggested that Hopi Lake could have
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been dammed behind a northwest-striking cuesta of Triassic rock, probably the resistant Owl Rock Member
of the Chinle Formation. This cuesta would have been located near the western exposures of Hopi Buttes
and extend ed towards Sanders, Arizona. In this case, Hopi Lake would have been independent of the Little
Colorado River and was probably formed by catastrophic damming of a pre-existing drainage by volcanism
or flooding (Sutton, 1974b). Sutton also suggested that the lake could have formed by tectonism causing the
area to subside. Shafiqullah and Damon (1986b) suggested thattwo lakes were involved, one behind a
Triassic cuesta at modern day 18 00 meter elevation level and the other 100 to 200 m lower within the Little
Colorad o-Puerco River valleys. They did not propose a damming mechanism.

Love (1989) suggested that local episodic volcanic eruptions may have caused local ponding of
drainages. Love (1989) also suggested alluvial plains aggrading from the Zuniuplift area may have caused
decreasing gradients of southwest-flowing streams from the Hopi Buttes and Defiance Plateau areas and
caused ponding and deposition of the fine-grained units. Love (1989) compares the sedimentation style and
climatic regimes of the Ogallala Formation along the eastern flank of the Rocky Mountains to that of the
Bidahochi Formation. Love feels that they may be related because: (1) have similar time range (12-4 Ma),
(2) have similaralluvial and eolian facies, (3) occur as epicontinental clastic wedge situated downslope
from uplifted areas, (4) developed in a similar climatic regime, and (5) have been dissected by streams in
late Pliocene and Quaternary time. Similar to Love s idea, Chapin and Cather (1994) have proposed that the
Bidahochi Formation formed as a flank dep osit (Figure 4.15) along the rift-flank of the Rio Grande Rift
during a period of accelerated rifting, middle to late Miocene time. Chapin and Cather (1994, p. 20) state:

Both the O gallala and B idahochi F ormations were broad, sheet-like units that were not confined to discrete
structural basins.

The previously proposed mechanisms for the accumulation of sediment in the Hopi Lake
depositional basin are not consistent with the type of features observed within the Bidahochi Formation.
The cuesta idea of Sutton (1974b) and Shafiqullah and Damon (1986b) does not work because the
conclusions presented in Chapter 4 negate the idea of a small lake confined to the present extent of the
formation. If a northweststriking Owl Rock cuesta created a lake basin it would have extended from near

Springerville, Arizona, to Kykotsmovi Village on Second Mesa. This cuesta would have been over 220 km
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long and would have been at an elevation of 1860 m. It is extremely unlikely to have this large of a feature
with no breaches in the structure across this region. In addition, the 1-3 degree dip onthe Chinle Formation
could not account for the elevation needed to confine a lake at the 1860 meter interval in the Holbrook,
Arizona, area. The idea of two lakes is also invalid because the lower members can be traced to the
southeast from Greasew ood, Arizona, down to the Sanders, Arizona, area (Figure 1.3) with no break in
sedimentation or geomorphic structure that would suggest two lakes existed at separate top ographic
elevations. Finally, there is no evidence for catastrophic events forming dams acro ss pre-existing drainages.
It may be conceivable that lava flows from the Mormon M esa or Sunset Mountain (south of Winslow along
Mogollon Rim) could have blocked the Little Colorado River to form a lake but the dam would have to be
110 m high in the Winslow, Arizona area and existed for millions of years (Love, 1989). The idea presented
by Love (1989) for local upstream ponding of pre-existing drainages by Hopi Buttes volcanism could be
applicable, and probably is for deposits of member 5 and member 6. The chronology of events for this basin
excludes this type of mechanism for formation of the early basin (~16 Ma).

The idea that the Bidahochi Formation has a similar depositional origin as the Ogallala Formation
is unjustified. The similarity of sedimentary features described by Love (1989) are not representative of the
entire Bidahochi Formation. The Ogallala Formation, especially along the flanks of the Rocky M ountains in
Colorado, contains abundant fluvial features (e.g., lenticular gravel beds, cut and fill sequences, abundant
sandy units, and backwater and flood plain type deposits). The Ogallala Formation also contains abundant
calcrete horizons and is definitely an aggrading fluvial system. The lower members of the Bidahochi
Formation drastically differ from the system that formed the Ogallala Formation. T he fine-grained units,
interbedded ash beds, and lateral continuation of beds are clearly in contrast to the Ogallala Formation and
were not formed in a similar fashion. There may be some merit to this idea in comparing the fluvial member
6 of the Bidahochi Formation with the Ogallala Formation, but this comparison cannot be used for the
lacustrine-dominated lower members. Chapin and Cather s (1994) support of an Ogallala-type deposition
for the Bidahochi Formation fails for the same reasons stated above. However, their idea of a rift-flank
deposit may be closely related to a system that was ultimately responsible for the deposition of the

lacustrine me mbers of the Bidaho chi Formation.

130



West

slow extension
(Pliocene to
Recent)

A

rapid extension
(middle to late
Miocene)

A

slow extension
(late Oligocene
to early Miocene)

East
onlap of hanging-wall dip fluvial incision due to
slopes; development of through- degradation of footwall
going axial drainage (incision in uplifts and late Cenozoic
early to middle Pleistocene climate change

-—
—
o— [
Y Y,

slow subsidence and

footwall uplift
rapid sedimentation in closed aggradation of rift-flank
basins and offlap of fluvial and eolian systems
depocenters toward master due to increased sediment
faults supply from footwall uplifts

-—

Bidahochi Formation

enhanced topography due to Ogallala Formation
rapid subsidence and footwall
uplift
slow sedimentation in axial mildly erosive fluvial
basins (Santa Fe Group) systems on rift flanks
-—
—_
slow subsidence and
footwall uplift
high regional elevation due to
- Laramide lithospheric thickening >

Figure 4.15 Schematic east-west cross sections across the Rio Grande Rift through central New
Mexico showing generalized structural and stratigraphic development of rift and rift-flank areas.
From Chapin and Cather (1994).
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Basin formation

The formation of the Hopi Lake depositional basin is related to closure of a Laramide-aged
topographic trough. The southeast end of this trough was probably closed due to elevated rift flanks created
by the accelerated phase of Rio Grande rifting in New Mexico. This trough was surrounded by topograp hic
highs constructed by the Laramide Orogeny and subsequent erosional events. Laramide events lifted,
folded, and tilted the southern Colorado Plateau to the northeastby Eocene time (see Chapter 5). Erosional
escarpments formed on the dip slope and migrated to the northeast. Basin and Range extension in Arizona
had defined the Mogollon Rim and effectively cutoff southern Arizona from the southern Colorado Plateau
by at least middle Miocene time (Potochnik and Faulds, 1998) and earlier along some portions (Peirce et
al., 1979; Nations et al., 1985; Elston and Young, 1991). This formed a physiographic barrier between the
Colorado Plateau and the Transition Zone and created localized drainage divides between these two
physiographic provinces.

These tectonic and erosional events formed a northwest-southeast trending trough that was
bounded on three sides by topo graphic highs (Figure 4.16). The K aibab M onocline was the topo graphic
barrier to the west and northwest. The Chuska M ountains and the erosional escarpments of the Kaibito
Plateau, Moenkopi Plateau, and Black Mesa formed barriers to the north. The trough was constrained to the
northeast by the Defiance Plateau and Zuni uplift and to the south-southeast by the M ogollon-D atil volcanic
field. The Mogollon Rim and the gentle northeasterly dip slope (Mogollon Slope) of the Mesozoic and
Paleozoic rocks defined the topograp hic barrier to the south and southwest. This northwest-southeast
trending trou gh was a prominent feature by middle M iocene time.

The only route for drainages out of this topographic trough would have been to the northwest
toward the Grand Canyon region, southeastbetween the Zuni Uplift and Mogollon-Datil volcanic field, or
south across a low in the M ogollon Rim. The K aibab M onocline area and the Mogo llon Rim were probably
topographically high enough to restrict flow in these dire ctions. It is unlikely that this was a closed basin
prior to Bidaho chi deposition due to the lack of any sediments in this area of pre-mid Miocene age. Thus,
drainages on this portion of the southern Colorado Plateau probably exited the plateau out the southeast end

of this topographic trough (Figure 4.16).
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Hopi Lake basin began accumulating sediments by ~16 Ma. This onset of sedimentation is in very
good agreement with the initiation (16 Ma) of accelerated rifting of the Rio Grande Rift(Cather et al., 1994;
Chapin and Cather, 1994). This accelerated event formed extensive rift shoulders along the western edge of
the rift in west-central New Mexico (Chapin and Cather, 1994). This rift should er would have effectively
blocked any possible east-southeast drainage system existing at this time. This rifting event blocked the
opening in the northwest-southeast trending trough and created the accommodation space for accumulation
of Bidahochi sediments in the Hopi Lake depositional basin. Erosion of the elevated rift-flank and the
Defiance and Zuni uplifts, as well as the continuing removal of material from surrounding Laramide

features, shed sediments into the Hopi Lake depositional basin.
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Moenkopi Plateau

Kaibito Plateau

Black Mesa

ogollon-Datil
volcanic field

Figure 4.16 Generalized block diagram emphasizing the northwest-southeast
trending Laramide aged topographic trough. Abbreviations: Ku - Cretaceous
undivided; TrJu - Triassic and Jurassic undivided; Pm - Permian Moenkopi; Pk
- Permian Kaibab; Pzu - Paleozoic undivided.

135



Chapter 5 - Southern Colorado Plateau Paleogeographic Events

The chronology and basin analysis of the Bidah ochi Formation presented in this study (Chapters 3
and 4) enables a reconstruction of the paleogeographic events of the southern Colorado Plateau during
Miocene and Pliocene time. T o place the information presented by this study into perspective, it is
necessary to review some of the previous interpretations aboutthe evolution ofthe southern Colorado
Plateau. T his summary will synthesize the Cenozoic geologic evolution of the southern Colorado Plateau.

Pre-Bidahochi Formation Events (Late Cretaceous to middle Miocene)

The events that have shaped the southern Colorado Plateau will be covered in three categories; (1)
sedimentary and volcanic rock record, (2) regional geologic history, and (3) evolution of integrated
drainage patterns. Tables 5.1, 5.2, 5.3 and accompanying figures summarize the main events of this region.

Sedimentary and volcanic rocks

The majority of the Tertiary sedimentary deposits remaining on the southern Colorado Plateau
occur as isolated erosional remnants, predominantly capped by volcanic rocks. The deposits listed in Table
5.1 are pertinent to this study.

The de posits used predominantly for interpreting early Tertiary events on the plateau are the Rim
gravels (Table 5.1, Figure 5.1) of Cooley and Davidson (1963). Potochnik (1987, 1988, 1989) described
deposits of the Rim gravels in the White Mountain Apache Reservation area along the edge of the
Mogollon Rim at Trout Creek, Arizona. Potochnik (1989) named these gravel and associated deposits the
Mogollon Rim Formation. The Mo gollon Rim Formation is now accepted as a formal stratigraphic unit
(Potochnik, 1998, personal communication). The Baca, Eagar, and Mogollon Rim Formations (Table 5.1,
Figure 5.2) are correlative units (Cather et al. (1994). Based on the age establishment ofthe Baca and Eagar
Formations (Table 5.1), correlative nature with Mogollon Rim Fomation, and isotopic dating used by
Potochnik (1989), the Mo gollon Rim Formation is probably Eocene in age.

The middle to late Miocene Fence Lake F ormation (Table 5.1) in west-central New M exico is
composed of fluvial sandstone and conglomerate (McLellan et al., 1982; Lucas and Anderson, 1994).

Repenning and Irwin (1954) originally mapped this formation as the upper member of the Bidahochi but
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others have separated it from the Bidahochi Formation, primarily because of its apparent older, ~14.5 Ma,
age (McLellan, et al., 1982; Love, 1989). Based on dated ash (~15.5 M a) from this study, the Bidahochi
and Fence Lake Formations are time-correlative. Future studies should investigate any relation between
them.

Several areas on the Colorado Plateau are covered with lava flows and pyroclastic rocks of varying
composition (Table 5.1, Figure 5.4). Various lava flows are dated and have been used to constrain the age
of many Tertiary sedimentary rocks.

Regional geologic history

The uplift of the southern portion of the Colorado Plateau is clearly post-Late Cretaceous as
documented by the youngest marine deposits in the region. T he history of Colorado Plateau uplift (Table
5.2) is the topic of much debate. Little argument seems to exist that structural monoclines and folds (Figure
1.1, 5.5) on the southern plateau were formed during the Laramide Orogeny (Kelley, 1958; McKee et al.,
1967; Nations et al., 1985; Baars et al,, 1988; Potochnik and Faulds, 1998). The Colorado Plateau has
remained arelatively cohesive block throughout Tertiary time and has been less severely affected by
structural events than surrounding regions.

Recent studies question late Cenozoic uplift of the southwestern Colorado Plateau. A marine origin
for the Bouse Formation of southwest Arizona has been used to infer 400-700 m of uplift for the
southwestern Colorado Plateau (Lucchitta, 1979). Spencer and Patchett s (1997) Sr isotope work of the
Bouse Formation infemred a lacustrine origin. They concluded the Bouse Formation was probably deposited
at its present elevation and notelevated by plateau uplift in late Miocene time. Spencer and Patchett (1997)
suggested the southwestern Colorado Plateau uplift could be early to middle Cenozoic in age. The southern
Rocky Mountains have been structurally connected to the Colorado Plateau since early Cenozoic time and
reveal little evidence of post-Eocene uplift (Gregory and Chase, 1992, 1994). An early Ceno zoic
southwestern Colorad o Plateau uplift would be consistent with the southern R ocky M ountains up lift
(Spencer and Patchett, 1997). Study of halite in the Hualapai basin and limestone in the adjacent Grand
Wash trough have shown they are nonmarine in origin and de veloped in closed playa basins (Faulds et al.,

1997). This nonmarine interpretation contradicts the previous marine interpretations that have been used as
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evidence for significant uplift of the southwestern Colorado Plateau since late Miocene time (Faulds et al.,
1997). Faulds et al. (1997) concluded that most of the differential relief between the southwestem Colorado
Plateau was produced by Basin and Range extension between ~16 and 9 Ma.

There is considerable debate about when and how the Mogollon Rim (escarpment) originated. The
Mogollon Rim was originally interpreted as a faulted margin but further studies have not revealed evidence
of a faulted boundary (Peirce etal, 1979; Nations et al., 1985; Elston and Young, 1991). Instead it isan
erosional escarpment that has been assigned multiple initiation ages (Table 5.2). Many of these age
assessments have resulted from age determinations of the Mogollon Rim Formation ( Rim gravels ) and the
apparent differentiation ofthe area and subsequent drainage reversals of once northerly flowing streams
from central Arizona (Table 5.3). Nations et al. (1985) suggested thatas much as 600 m of relief had
formed by scarp retreat by late Oligoc ene time. This minimum age was de fined by the presence of gravels
of probable Oligocene age (> 22 Ma) deposited in strike-valley streams flowing at the base of the Mogollon
Rim (Peirce et al., 1979; Nations etal., 1985). Peirce et al. (1979) split the Mogollon Rim into seven
segments and suggested the rim formed by erosion of the incompetent Supai Formation when it was
exposed by multiple northward tilting events since Late Cretaceous time. They believed the erosional
activity was confined to a zone onlya few kilometers wide south of the present location of the Mogollon
Rim. Based on an age assessment of the M ogollon Rim Formation (28-54 M a bracket on Rim gravels )
and evidence in the Fort Apache area, Peirce et al. (1979) suggested erosion had completed the
differentiation of the southern Colorado Plateau from the Transition Zone by Oligocene time. Elston and
Young (1991) favor formation of the Mogollon Rim, with 600-900 m of relief, as a Laramide event during
the Paleocene. They suggested that further Laramide regional uplift buried the Mogollon Rim by north
flowing streams that deposited the Mogollon Rim Formation. Late Oligocene drainage reversal and erosion
of the Mogollon Rim Formation led to exhumation of the Mogollon Rim with 600-900 m of relief (Elston

and Young, 1991).

138



Evolution ofintegrated drainage patterns

Previous studies have used the Mogollon Rim, Bidahochi, and Muddy Creek formations and
interpretation of geomorphic features to decipher the evolution of drainage systems across the southern
Colorado Plateau. The primary focus of many of these studies is the evolution of the Colorado River prior
to it flowing through and carving the Grand Canyon.

The regional uplift of the southwestern United States by the Laramide Orogeny determined the
drainage patterns of the early Tertiary (T able 5.3). N orth-flowing streams from the M ogollon Highlands in
central Arizona deposited the Mogollon Rim Formation and the deposits in the Coconino and Baca-Eagar
basins and fed Lake Uinta in east-central Utah and west-central Colorado (Table 5.4).

Previous studies of the age of initiation of the Mogollon Rim and subsequent drainage reversal are
varied. This drainage reversal is based on the age of the Mogollon Rim Formation and formation of the
Mogo llon escarpment. Dep ending on previous workers assessments, this age ranges from Paleocene to
Miocene (Tables 5.1, 5.2, and 5.3). Potochnik and Faulds (1998) reported that streams were still flowing
onto the plateau from central Arizona during early Miocene time. This northeasterly flowing pre-Salt River
drainage was blocked by a 14.6 M a lava flow, ponded, and then reversed direction to flow into the Basin
and Range province by ~14 Ma (Potochnik and Faulds, 1998). The variation in these studies suggests that
the timing of drainage reversal along the ex tent of the M ogollon Rim may have differed from location to
location.

Drainage patterns on the southern Colorado Plateau from middle Miocene to Recent time have
been interpreted in multiple ways (Table 5.3). The ancestral upper Colorado River arrived onto the southern
Colorad o Plateau by late Oligocene time (Hunt, 1969). The route the ancestral Colorado River used prior to
flowing into the Grand Canyon and incising the Muddy Creek Formation prior to 5.5 Ma is a controversial
topic (Table 5.3). The flow of the ancestral upper Colorado River into the Grand Canyon is interpreted as a
relatively young event. The absence of Colorado River-transported sediment in the Muddy Creek
Formation prior to the incision of this formation has been used to infer the absence of the Colorado River in
Grand Canyon prior to 5.5 Ma (Lucchitta, 1979, 1984).

Bidahochi Formation Events (Miocene-Pliocene Paleogeograp hic Interpretation)
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This section will examine the Mio-Pliocene evolution of the southern Colorado Plateau from an
assessment of the current literature and the incorporation of new evidence from this study (Chapters 2,3,
and 4). The modified hypothesis presented here will document the role of the ancestral upper Colorado
River, the Mogollon Rim area, Rio Grande Rift, and Arizona Basin and Range extension on the
paleogeographic events of the southern Colorado Plateau during Miocene to Pliocene time.

The following sections briefly describe the events depicted in Table 5.4 and on Figures 5.13
through 5.16. The data used to create this table and associated figures is from Tables 5.1, 5.2, and 5.3 and
from ideas extrapolated by this study.

early Miocene (Table 5.4, Figure 5.13)

The ancestral upper Colorado River developed and flowed onto the southern Colorado Plateau by
early Miocene time. The river was deflected by the Kaibab-Coconino uplift and flowed southeast along a
strike valley below erosional Mesozoic and P aleozoic escarpments (similar to hyp othesis of M cKee et al.,
1967). It may have exited the southern Colorado Plateau through southeastern New Mexico ( McKee et al.,
1967). The ancestral Salt River (Potochnik and Faulds, 199 8) and other drainages from the M ogollon Rim
divide were tributaries to the southeasterly flowing ancestral upper Colorado River.

middle Miocene (Table 5.4, Figure 5.14a, b)

The accelerated phase of rifting in the Rio Grande Rift began about 16 Ma and formed extensive
rift shoulders (Chapin and Cather, 1994). The elevated rift-flanks of west-central New Mexico deflected the
southeastward-flowing river systems and closed off the southeastern end of the northwest-trending trough,
resulting in the formation of Ho pi Lake de positional basin. Sediment was distributed to Ho pi Lake basin
from the eroded rift flanks and from the upper Colorado River, ancestral Salt River, and other drainages.
Support for the flow of the ancestral Colorado Riverinto Hopi Lake was determined by water budget
calculations (Chapter 4). These calculations show that the present watershed area of the southern Colorado
Plateau was unable to maintain Hopi Lake at times of maximum inundation.

A basalt flow blocked the ancestral Salt River, created ponding, and reversed its course (Potochnik
and Faulds, 1998). The size o f Hopi Lake began to expand as the diverted drainages brought sediment into

the newly formed basin. Initially the basin had no outflow, but subsequent filling of Hopi Lake even tually
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formed an outflow area in the ancestral Salt River paleocanyon, thereby maintaining a fresh-water Hopi
Lake (by ~14.5 Ma).
late Miocene-Pliocene (Table 5.4, Figures 5.15 and 5.16)

By ~8.5 Ma, ultramafic phreatomagmatic volcanism of the Hopi Buttes volcanic field had begun.
Rising magma interacted with groundw ater and/or water-saturated sediments to cause phreatomagm atic
volcanism that formed abundant maars, tuff cones, tuffrings, and scoria cones. Pyroclastic and lava flows
covered portions of the landscape, building up the Hauke Mesa area above lake levels. Only minor
volcanic/lacustrine interactions occurred locally along the edge of the volcanic field where lake
sedimentation was continuing. A hiatus in volcanism (6-4.4 Ma) allowed the Hopi Lake shoreline to
transgress onto marginal volcanic material but did not cover the entire volcanic field due to the large
volume of eruptive material in the Hauke Mesa area. Minor volcanism occurred again between 4.4-4.2 Ma
and created a second sequence of phreatic deposits which covered portions of the transgressive lacustrine
units ( flat tire mesa area). Near the end of lacustrine deposition, Hopi Lake had attained a maximum
surface area of ~30,000 km?>.

By ~5.5 Ma, the Gulf of California opened and headward erosion began to incorporate interior
basins and stream valleys of southern Arizona (Lucchitta, 1984). This process proceeded northward to the
Grand Wash Cliffs area and the ancestral lower Colorado Riverincised into the Miocene Muddy Creek
Formation (Lucchitta, 1984). The western Grand Canyon was incised by 3.8 Ma (Elston and Young, 1991).
Additional headward erosion dissected the Kaibab uplift, captured the ancestral upper Colorado River, and
drained Hopi Lake. When Hopi Lake was at maximum lake levels (~1859 m contour interval), only 275 m
(using present elevation of Colorado River cutin the Kaibab-Coconino Uplift) of incision of the Kaibab-
Coconino Uplift would have been required to capture the lake and the ancestral up per Colorado River. This
small incision amount suggests that previous interpretations (Elston and Young, 1991) of deeply incised
ancestral eastern Grand Canyon are not required. A small drainage developing on the western side of the
Kaibab-Coconino Uplift could have been responsible for incising the uplift and then capturing the ancestral
upper Colorado River and Hopi Lake. Accelerated down-cutting would have resulted from the increased

flow of the ancestral upper Colorad o River and removal of accumulated sediments in the Ho pi Lake basin.
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Capture ofthe ancestral upper Colorado River ultimately drained Hopi Lake. The Little Colorado
River system formed on the former Bidahochi Formation deposits and began to exhume the pre-Bidahochi
northwest-southeast trending trough. The LCR became integrated with the Colorado River system and
initiated a vast erosional event on the southern Plateau that inevitably removed most of the sediments of the
Bidahochi Formation in areas not preserved by volcanic rocks. This erosional event would have removed all
the speculated coarse-grained material deposited by the ancestral upper Colorad o River in the Marble
Canyon area. The resulting Grand Canyon formation and down-cutting of the LCR and Colorado Rivers
substantially lowered the Marble Canyon area relative to the Hopi Lake basin and Little Colorado River

valley.

142



el

‘(6861 ‘ySno010qIedS) UOTIBWLIO] WIY UO[[0FOIN €g (6861 ‘y3noioqieog uoIeuLIO
SuIyI0MI UOIIOR URI[09 AQ PoulIo] fouojspueS | oinSr ‘surejunojy eysny) jo sjyuefy 3uoyy G861 “'TB19 sUONBN) 2ud203I11Q Bsny)
syisodap

Juojspues 'S 2In3rg (861 ‘urwIey ouLnsnoe|

pue [9ABIS PIPPRQIoIUl PUB SOUOISIWI] ULIISNOR ‘(6861) 'I& 12 suoneN Jo uiseq ouruod0) | pue Sunox 786 ‘Sunox) oudooyg A[ieo pue [eIAn(j

(6861 “YUY20304 *$861

‘uosuyo[ pue 1oyie))) sweans Jurmolj A[101seayiiou
pue y1Iou £q BUOZIIY [BI)UQD WO POALIOP

(4661 “1B 19 193e))) SOIFO[OYI]] [BIAN[J 991J-OIUBI[OA

s
21314 ‘urseq JeSeg-eoeq Jo opIs uIdseq

(v661
1B 19 I3y1e)) 2UID0H 938] 0} [ppIw

uonewlo edeq

‘(1861 ‘110s103u] pue seonT) ( S[oArI3

wry ) uopewlo wry uoj] 030N Jo jud[earnba
pauteiS-our] ‘(y661 “1e1° IoyIe)) Suo)Spnw

pue ouojspues pue ‘(6861 ‘Y3n010qIresg) syo01
QuI|[eISAI0 PUE ‘AIBIUSWIPISLIAUW ‘OIUBDO[OA JUBISISAY

7S 2m3rg ‘(1861)
193e) pue urdey) jo urseq redeg-eoeg

(v661
1B 19 I3y3e)) 2UID0Y 938] 0} d[ppIw

uoyewio, resey

(1661 ‘Suno A pue uois[g ‘g861 “[e

19 SUONBN ‘$861 BIIYIONT J6L61 “1B 19 99119d “0561
‘9011J) BUOZIIY [BRUJD WO SBOIR 90INO0S }09[JoY
‘smoyj eae] £q poddeo sdorojno [oaeI3 pue ([6861

“Te 10 suoneN] 19y pue SOUO0)SIWI| J10Z0d[ e I9MO]
pue syo01 otuoin[d pue ‘orydiowelow ‘A1eJUIWIPIS
UBLIQUEOAIJ JUB)SISaI-KISA) s31sodop [oArIZ papolg

I'g 231y

‘(1661 ‘Suno x pue uolsig) yidn qeqrey
oY} JO 1soMm ‘UoAur)) puelin) JO Yllou pue
‘(6861 ‘Y3no10qIeds ‘GG [ 10 suoneN
‘1861 ‘[0sI08U] pue seon) uiseq eodeqg
‘(€961 x1udoyq) neajeld erred (1661
‘3uno § pue uols[g $861 ‘BNIYOONT)
nedjeld redejeny ‘(1661 ‘Sunox

pue UOIS[H 6861 [ 19 SUONEN $861
‘ePIYOONT) NEIEJ OUIU020D) ($861 I8
10 SUONEN ‘¥861 ‘GLGI ‘enIyoonT) nesje|d
SIIMAIYS - NBIJR[J OPBIO[OD UIdYINOS

ss 0108 sd0I0IN0 PaId)I BOS ‘QUOZ UOTIISURI],
pue wry uo[[030JA 2y} Jo 93pa oy} Suojy

(9661 ‘IUnH) 2u0004 03 SNOJGEJAI) )BT
(8661 ‘spineq
pue y1uyoolod ‘1661 ‘Sunox
pue uols[q 6861 ‘8861 ‘L861
“IUYo010d ‘6861 I 19 UOIS[
‘6861 ‘Suno X pueuols|q ‘6861
‘L861 ‘BUNOX ‘pg61 ‘UewlIEY
pue 3uno X ) oudo04 10/pue dudd03[ed
[oSe pajeyorIq BN 8T- ¢S]
6L61 ‘T8 39 90194) dUd2031[)-2Ud00H
(TLe6l
‘Q3IOIN puB AIJON 1961
1B 10 OIOIN 056 1 9011d) SUIJOIN

( spoAeI3 wiry )
UOT)BULIO ]
wry uojj oo

uondrsaq

$9an31 / UOIBIO]

sy

dweN

‘nedje|d operojo) WIdYINOS 9} UO SYO0I JIUBI[OA pUB AIRIUSWIPIS AIB1}IOL ['G 9]qeL




144!

panunuod ¢ d[qe],

SMO[J BAE[ d1)[eSEq

G 2In31] ‘uorda1 uoAue ) puein

QUd901[J-OIA

SMO[J BAR[

s19)dey) snoraaid 29s

$°G ¢’1 saInSI ‘BUOZLIY UIS)IS BOYIION

(q ‘9861
‘uowe(] pue ye[nbyeys)
BIN T 01 ¢'8 dUDI0I[J 0) QUIDIOTIA dje]

PIO1J OTUEBO[OA
soyng rdoyg

(L861 ‘wOH) an[oAy1
1[ey[e 03 }jeseq - sodA}1 001 Jo 93INS snonunRuUo))

#'6 2SI ‘e UOZIIY [eIIUI-IION

(8661 ‘A1ySro) A1euIa)en)-audo0IN 18]

PIo1J O1UBO[OA
09S1oURI] URS

$)001 o13se[d01Ad pue seAg|

$'G 2InS1 ‘BUOZIIY [eN)USD-)SBH

(LL6T ‘9mad pue [[LION
‘9,61 ‘K11og) A1enia] 2iel 0} d[pprur

PIo1J O1UBD[OA
urejuno N AYM

S)001 o13se[001Ad pue sear] oljew 0 JIS[O

¢ 2Ind1g
noo«xoz MOIN [BIIUSI-1SoM pue [eljud)

(v661
‘1ayye) pue urdey) ‘761 “1e 19
YSOIUIOIN <8861 ‘T 19 sieeq (BN +7-87~)

S)[001 OIUBO[OA
Yy spuelH ory

(0661 1819 Ysoruo )
$3001 o13se[001Ad pue sear] oII[0AYI 0} OI}ISIPUY

0OTXAIA MAN [BIIUO0-I1SO A\

(0661 ‘T8 19 YSOUIOIN) BIN €' +T-T°9€

pIo1J o1UBO[OA
[eq-uof 0o

(z861 (v661
“Te 39 ‘UB[[TOJA) PIPIJ OIUBI[OA [}B(J-UO[] OSOIN ‘UOSIdpUY pue seonJ 7861 UOTIRWIO ]
WO SISB[O YNM 91BIOWO[SUO0D PUB SUO)SPUES [BIAN]] OOIXJIN MAN [BIIUSD-ISAM | T8 10 UBR[[OTIIN) SUIDOIJA d1B] 0} S[ppIux e T 20Udyg
' o3y
(S861 T8 10 SUONIBN ‘6L6] “©NIYOdNT) uiseq ‘uoAue) puein jo yynow jussaid ieau (6L61 ‘enryoonTg UOTIRWIO ]

pasoo ur payisodap ‘sysodop aurnsnoe] pue [BIAN[]

neoje[d opelo[o) Jo 93po urd)som Suoly

‘@I §'S 0} T~ QUIOOIJ dJ¥[ 0} A[ppIwm

3921D Appniy

s101dey) snoraaid 99s

€1 2InS1 ‘e UOZIIY UId)S BIOYION

BIN O} 9] ~ QU001 J O} QUIOOIA d[pplut

GOCNEHOM
1ooyepIg

(6861 ySnoroqresg)
popuod A[[BUOISBO00 Jey) SWeons Jurmolj A[101sed
Kq pansodap ‘ojerowo[3u0o pue ‘o[eYS ‘OUOISpPUBS

uoneWIo BYSnyYD
M0]9Qq ‘SUreluNoOJA esny) Jo syue[j Suoyy

Qu200311Q

(¥S61) WYSLIM Jo
uoneuwIo,g BZo(I

uondridsaq

$9an31 / UOIBIO]

By A7

dweN




0
37 13 1120 1110 1100
9:—,:- & = f Paria . As0? 37
3 8 77 & Plateau MY Lo
5 Est
) — - o
h qe c£ £ el % o\lw
< [ © Q9 /O
=4c 5 2] B84
- o c c ol Black
Lake o C Mesa
Mead IS @ \B) A
360 > )({ /"’A o g RP\N 4/)’
.. m
/ J E;ea 9 Grand Canyon L 360
. 3 4 ¢, Village fod Buth
A\Y ) i 000,7/.,7 ed Butte > &
<A ;y - 0 p, e =
Z fi . e
) A ”. (7]
a ) 5 W Tso?7—, BH
AR Peach Opd® >
3 ‘ prings Ssligman [
o Kingman A /W “~u.._ Ash Fork Williams Flagstaff O/O/&
350 gﬂ ’f> A °
o W Winslow ¢ Holbrook = 350
& N e
2
340
o
Q
§ EXPLANATION
Tertiary Sediments
o Pliocene to \ 2
~J —] middle Miocene Fault - bar and ball
o middle Miocene on downthrown side Phoenix
O (. to Oligocene P
'\ Oligocene? to Eocene Escarpment - hachures
Tso Or Paleocene on down-slope side %
0 10 20 30 40 50 Miles @ %
s} [ = m———— m—— | P
330 ¥
1 140 1 1. 30 ] t
1120

L] ‘.7330
1110 1100

Figure 5.1 Tertiary deposits and physiographic features of central Arizona emphasizing the
distribution of the Mogollon Rim Formation (Rim gravels). Abbreviations: MC, Muddy Creek
Formation; BH, Bidahochi Formation; BR, Blue Ridge; VV, Verde Valley; CV, Chino Valley;
BB, Bloody Basin; TCB, Tonto Creek Basin; TV, Truxton Valley; Tso, older Tertiary sediments
(Mogollon Rim Formation [Rim gravels]). Correlative deposits in the Basin and Range
Province are not shown. Adapted from Elston and Young (1991).
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Figure 5.4 Late Cenozoic (<17 Ma) volcanic fields and tectonomagmatic

provinces with the Mid-Cenozoic Navajo volcanic field included.

Black areas are Colorado Plateau volcanic fields. Gray areas are volcanic fields

in Transition Zone and Rio Grande Rift. Solid black line is physiographic

boundary of Colorado Plateau. Boundaries of Transition Zone and Rio Grande

Rift are shown as dashed and dotted lines, respectively. Volcanic fields are denoted
by letters. HB, Hopi Buttes; M, Mormon; N, Navajo; RC, Raton-Clayton;

S, Springerville; SF, San Francisco; SR, San Rafael Swell; T, Tuba City; U, Uinkaret;
W, Wasatch Plateau. From Vazquez (1998).
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Table 5.2 Regional geologic events for the southern Colorado Plateau

Event

Age

Description

Withdrawal of
Cretaceous Sea

Late Cretaceous

Youngest epeiric sea deposits on southern Colorado Plateau

Laramide
Orogeny

Late Cretaceous to
Eocene

Formation of Rocky Mountains and monoclines and folds on the
Colorado Plateau; northeast tilt of Colorado Plateau; formation of
pediment surface extending northward toward Utah, New
Mexico, and Colorado (Epis and Chapin, 1975; Shafiqullah et al.,
1980; Nations et al., 1985), thrusting of Claron Formation strata -
late Laramide time (Lundin, 1989; Elston and Young, 1991)
Figure 1.1, 5.5

Uplift of Colorado
Plateau

Late Cretaceous to
early Tertiary

Early uplift Miller, 1962; Pierce et al, 1979; Nations et al., 1985;
Baars et al., 1988; Scarborough, 1989; Elston and Young, 1991,
Gregory and Chase, 1992, 1994)

Late Cretaceous to
Miocene

Multiple events (Nations etal., 1985, Elston and Young, 1991)

late Cenozoic

Significant uplift (McKee and M cKee, 1972; Gable and H atton,
1983; Eaton, 1986, 1987 ; Lucchitta, 1989; Parsons and
McCarthy, 1995)

Deposition of
Mogollon Rim

Eocene
(see table 5.1)

(Potochnik, 1989) Broad, braided alluvial systems deposited
gravel on Laramide erosional pediment surface thatextended

Formation northward from central Arizona (Epis and Chapin, 1975;
Shafiqullah et al., 1980; N ations et al., 198 5); Figure 5.1

Initial Differentiates southern Colorado Plateau from Transition Zone of

development of central Arizona; disrupts north flowing drainages flowing from

Mogollon Rim central Arizona; Figures 5.1 and 5.3

(Escarpment) Paleocene (Elstonand Young, 1991)

late Oligocene

(Peirce etal., 1979; Nations etal., 1985)

Miocene

(Twenter, 1961; McKee and McKee, 1972; Lucchitta, 1979)

Formation of
Coconino basin

early Eocene

Accumulating sediments controlled by Kaibab uplift and adjacent
down-warping of Coconino Plateau (Nations et al., 1985);
Figures 5.2 and 5.5

Mogo llon-Datil
volcanic field

Formation of Eocene Sediment accumulated (Baca and Eagar Formations) due to

Baca-E agar basin blockage of easterly flowing streams by Sierra uplift (Chapin and
Cather, 1981); Figures 5.2 and 5.5

Erosion 39-26 Ma (Elston and Young, 1991) Much of Mogollon Rim Formation and
deposits in Baca-Eagar and Coconino basins removed (Hunt,
1956, 1969; Peirce et al., 1979; Nations et al., 1985; Elston and
Young, 1991)

Eruption of the 36.2-24.3 Ma Intermediate then felsic volcanism (McIntosh et al., 1990)
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Event

Age

Description

Incipient
extension of Rio
Grande Rift

36-35 Ma (Cather
et al.,, 1994;
Chapin and
Cather, 1994)

North-tren ding rift formed by 1-1.5° clockwise rotation of the
Colorado Plateau with Euler pole located in northeastern Utah
(Chapin and Cather, 1994); early rift volcanism (~28-24 Ma)
(Baars et al, 1988; MclIntosh et al., 1992; Chapin and Cather,
1994). Figure 5.6

Sedimentation 27-25 Ma Early basin development and deposition along entire rift (Lipman
onset in Rio and Mehnert, 1975; Baars etal, 1988, Cather, 1994)

Grande Rift

Andesite lava 26 Ma Unconformably overlies the Oligocene Deza and Chuska

flow

Formations at Washington Pass, New Mexico (Damon and
Shafiqullah, 1981; Scarborough, 1989)

Basin and Range

early to middle

(Nations et. al, 1985; Elston and Young, 1991) Formation of

extension in Miocene Transition Zone and Basin and Range Provinces in southern

Arizona Arizona; coeval middle to late Tertiary volcanism until about 11
Ma (Elston and Young, 1991)

Accelerated ~16 Ma Elevated rift-flanks shed sediment inbound to rift and onto flanks

extension o f Rio (Chapin and Cather, 1994)

Grande Rift

Formation of Hopi |~16 Ma Initiation of Bidahochi F ormation d eposition, member 1 (this

Lake depositional
basin

paper)

Eruption of White
Moun tain
volcanic field

middle to late
Tertiary

(Berry, 1976; Merrill and Pew ¢, 1977) Volcanism peaked in Salt
River paleocanyon region ~15 to 14 Ma (P otochnik and Faulds,
1998)

Deposition of middle to late (McLellan etal., 1982; Lucas and Anderson, 1994) Deposition
Fence Lake Miocene fluvial sandstone and con glomerate

Formation

Formation of ~12-5.5Ma Deposition of Muddy Creek Formation - alluvial and lacustrine

closed basin on
western margin of
Colorado Plateau

(Lucchitta, 1979)

rocks

Hopi Buttes
volcanism

8.5t04.2 Ma

(Shafiqullah and Damon, 198 6a, b) Ultramafic phreatomagmatic
volcanism

Eruption of San

late Miocene-

(Leighty, 1998) felsic to mafic volcanism (Holm, 1987); Figure

Francisco Quaternary 5.4

volcanic field

extension slowed |Pliocene Development ofaxial drainages (Chapin and Cather, 1994)

in Rio Grande Rift

Erosion Quaternary Removal of parts of Bidahochi Formation; continued removal of

Mesozoic and Paleozoic rocks
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Figure 5.5 Late Cretaceous to Eocene tectonic features of the Colorado Plateau. Modified from
Nations et al. (1985).
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Figure 5.6 Distribution of Neogene basin-fill and rift-flank deposits and selected structural
features. Abbreviations for basins (from north to south) are CBb, Circle Bar Basin; SRb, Split
Rock Basin; BPb, Browns Park Basin; NPs, North Park syncline; Tb, Troublesome Basin; GFb,
Granby-Fraser basin; UAb, Upper Arkansas Basin; SLb, San Luis Basin; Eb, Espanola Basin;
nAb, Bb, Bidahochi basin; northern Albuquerque Basin; sAb, southern Albuquerque Basin; Pb,
Popotosa basin; ASb, Abbe Springs Basin. Abbreviations for accommodation zones are VGaz,
Villa Grove; Eaz, Embudo, SAaz, Santa Ana; Taz, Tijeras; Saz, Socorro. From Chapin and Cather
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Table 5.3 E volution of integrated Tertiary draina ge patterns.

Event and Description (see also Table 5.1 and 5.2)

Age

Braided streams flowed northward from central Arizona to basins in Utah, New
Mexico, and Colorado (Epis and Chapin, 1975; Shafiqullah et al., 1980; Grande,
1984; Nations et al., 1985; Potochnik, 1989); flowed into Lake Uinta (Dickinson
et al., 1988); Figure 5.2

Paleocene to middle
Eocene (Nations et
al., 1985)

External drainage for L ake Uinta out through Sevier Thrust Belt ranges and into
northwestern Nevada, southern Id aho, and across Ore gon, eventually emptying in
Pacific Ocean (Dickinson et al., 1988); Figure 5.7

Eocene (Dickinson
etal.,, 1988)

Exterior drainages through Uinta-Green River and Washakie Basins (Figure 5.5),
crossed Rocky M ountains, deposited sed iment (late Eo cene to Oligocene W hite
River Group) in Denver basin and on Great Plains (Nations etal., 1985)

Eocene (Nations et
al., 1985)

Streams flow north into Coconino basin from Mogollon Highlands of central
Arizona (N ations et al., 198 5); Figure 5.2

early Eocene
(Nations et al.,
1985)

Streams flow north and northeasterly into Baca-Eagar basin from Central
Arizona (C ather and Johnson, 1984; Potochnik; 1989); Figure 5.2

middle to late
Eocene (Cather et
al., 1994)

Sediment bypass; removal and transportation of Mogollon Rim, Baca, and Eagar
Formations from southern Colorado Plateau probably by north flowing drainage
systems (Peirce et al., 1979; Nations et al., 1985; Potochnik, 1989; Elston and
Young, 1991); Figure 5.3

Oligocene to mid-
Miocene (references
at left)

Streams flow northeasterly from central Arizona through SaltRiver paleocanyon
and onto Colorado Plateau (Faulds 1986; Potochnik and Faulds, 1998)

Oligocene to middle
Miocene

Drainage reversal along Mogollon Rim

Drainage reversal due to erosion of Supai Formation which formed
Mogollon Rim (Peirce et al, 1979)

Drainage reversal due to erosion of Mogollon Rim Formation and
exhumation (Table 5.2) of Mogollon Rim (Elston and Young, 1991)

Drainage reversal due to scarp retreat (Nations et al., 1985)

Drainagereversal due to pre-Salt River drainage blocked by 14.6 Ma
lava flow; ponded; reversed direction to flow into Basin and Range
province by ~14 (Potochnik and Faulds, 1998)

Oligocene

late Oligocene

late Oligocene

middle Miocene

Arrival of ancestral Colorado River on southern Colorado Plateau Hunt (1969)

late Oligocene

Evolution of ancestral Colorado River drainage (Figure 5.8)

Hunt s (1969) hypothesis - southwest flow; see Figure 5.9
McKee et al.s (1967) hypothesis - southeast flow; see Figure 5.10

Lucchitta s (1984) hypothesis - northwest flow; see Figure 5.11

Ranney s hypothesis - northeast flow;see Figure 5.12

late Oligocene to
Recent
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Event and Description (see also Table 5.1 and 5.2) Age

Incision of Muddy Creek Formation related to opening of Gulf of California and ~5.5 Ma
headward erosion of ancestral lower Colorado River into Muddy Creek basin
(Lucchitta, 1984; Nations et al., 1985; Elston and Young, 1991).

Incision of Grand W ash Cliffs and formation of western Grand Canyon related to | by 3.8 Ma
headward erosion of ancestral lower Colorado River (Elston and Young, 1991)

Table 5.3 continued
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Figure 5.7 Sketch map of the Eocene Pacific watershed showing speculative paleoriver
systems (dashed arrows) draining the Laramide province during the highstands of Lake Uinta
and Gosiute. The width of Nevada is reduced by half to simulate restoration of Neogene crustal
extension across the Great Basin. The schematic paths of other Eocene paleorivers are shown
with barbed lines (short arrows with letter P denote earlier Paleocene dispersal routes in
central Wyoming). Abbreviations of Laramide basins: BHB - Bighorn; BMB - Bull Mountain;
CMB - Crazy Mountains; DeB - Denver; GaB - Galisteo; GRB - Green River; HaB - Hanna;
HPB - Huerfano Park; LaB - Laramie; MPB - Middle Park; NPB - North Park; PiB - Piceance
Creek; PRB - Powder River; RaB - Raton; ShB - Shirley; SJB - San Juan; SPB - South Park;

UiB Uinta; WaB - Washakie; WRB - Wind River. Adapted and modified from Dickinson et al.
(1988).
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Figure 5.12 Ranney's hypothesis. Extrapolated from abstract of Ranney (1998).
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Table 5.4 Miocene-Pliocene paleogeographic events on the southern Colorado Plateau. Numbers re fer to
numbers on figures.

Figure #

Age

Description

5.13

early
Miocene

(1) drainages in ancestral upper Colorado River as per Hunt (1969) (2) by
early Miocene, ancestral upper Colorado River drainages flow towards
southern Colorado Plateau, deflected to southeast by Kaibab-Co conino uplift
(3) ancestral upper Colorado River flows southeast along strike valley
created by erosional Mesozoic and Paleozoic escarpments (similar to McKee
et al., 1967, Figure 5.10) (4) ancestral upper Colorado River exits southern
Colorado Plateau north of Mogollon-Datil volcanic field, joins streams
draining southern Rockies (pre-San Juan drainages), flows out through
southeastern New Mexico (similar to McKee et al., 1967, Figure 5.10) (5)
ancestral Salt River and other drainages from Mogollon Rim divide
contribute to southeasterly flowing ancestral upper Colorado River (6)
rifting is continuing in northern areas of Rio Grande Rift (Chapin and
Cather, 1994)

5.14a

middle
Miocene

(1) accelerated phase of Rio Grande Rift (16 to 5 Ma), rift basins form,
begin accumulating sediment (Chapin and Cather, 1994) (2) rifting forms
extensive rift shoulders (Chapin and Cather, 1994), reactivates Defiance and
Zuni uplifts, elevated rift-flanks in west-central New Mexico (Chapin and
Cather, 1994) deflect southeastward flowing river systems (3) deflection
effectively closes southeastern end of northwest-trending trough - Hopi Lake
depositional basin forms, sediment shed to west from erosion of rift-flanks
and elevated Defiance and Zuni uplifts - form member 1; by ~15.4 Ma, Hopi
Lake fills, begins depositing lacustrine units - repeated cycles of climate,
lake levels, and/or sediment influx probably formed repetitive sediment
packages of member 2 (4) ancestral Salt River and other drainages flow onto
Colorado Plateau (Potochnik and Faulds, 1998), into Hopi Lake basin (5)
Emplacement of Peach Springs tuff (18-10 Ma) and Basin and Range
faulting causes drainage disruption on western Colorado Plateau, forms
interior basins (Lucchitta, 1984, Figure 5.11) (6) delta forms at western end
of Hopi Lake where ancestral upper Colorado River enters lake

5.14b

middle
Miocene

(1) 14.6 Ma basalt flow blocks ancestral Salt River, creates ponding
Potochnik and Faulds, 1998) (2) coarse sediment shed from M ogollon-D atil
volcanic field and rift shoulders accumulates as Fence Lake Formation, fine-
grained material continues into Hopi Lake basin (3) Hopi Lake basin
continues to accumulate lacustrine sed iment, periodic drying o f sediments
creates secondary gypsum deposition until mid-member 2 time (~14.5 Ma),
distally derived felsic ash becomes interbedded with lacustrine units (4)
Hopi Lake fills with sediment and outflows to south in low created by
ancestral Salt River canyon, flow continues into southern Arizona (using
Potochnik and Faulds, 1998 recognition of areversed ancestral Salt River
drainage); outflow creates fresh-water lake (5) sedimentation increases
(Table 4.1) in Hopi Lake, member 3 is deposited (~13.9 - ~13.5 Ma) (6)
drainage from valley areas west of Defiance Uplift flows into Hopi Lake,
forms large delta lobes of member 4 along eastern margin of lake
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Figure #

Age

Description

5.15

late
Miocene -
Pliocene

(1) ancestral upper Colorado River continues to drain into Hopi Lake; by
~8.5 Ma, emplacement of Hopi Buttes volcanic field begins, creates buildup
of volcanic rocks in Hauke Mesa area, Hopi Lake shoreline regresses away
from volcanic buildup; lacustrine sedimentation continuing - White Cone
member (2) during hiatus in volcanism (6.4-4 Ma), Hopi Lake transgresses
onto marginal volcanic material of Hauke Mesa - deposits lacustrine strata;
second phase of eruptions (4-4.2 M a) emplaces more volcanic rocks onto
previous volcanic and lacustrine rocks; Hopi Lake attains maximum surface
area ~30,000 km? (similar to Nations et al., 1985, Scarborough, 1989) (3)
Hopi Lake continues to maintain outlet in ancestral Salt River canyon area
(4) rifting slows in Rio Grande Rift (Pliocene -Chapin and Cather, 1994), rift
shoulders subside, aggradation of streams forms member 6 (5) opening of
Gulf of California ~5 Ma (Lucchitta, 1984), headward erosion of ancestral
lower Colorado River and/or the newly developing western Grand Canyon
incises Muddy Creek Formation (Lucchitta, 1984; Nations et al., 1985;
Elston and Young, 1991)

Pliocene

(1) headward erosion breaches Kaibab-Coconino uplift (McKee et al.,, 1967;
Elston and Young, 1991; Ranney, 1998) and captures Hopi Lake at present
1859 m (6100 ft) contour interval, lake drains out through Grand Canyon,
lower Colorado River, empties into Gulf of Califomia (2) draining of Hopi
Lake exposes sediments to erosion; Little Colorado River system establishes
and flows to join incising Grand Canyon system (3) axial drainages develop
in Rio Grande Rift (Chapin and Cather, 1994), continental divide established
on western rift shoulder (4) erosion removes a large portion of Bidahochi
Formation and more Mesozoic and Paleozoic rocks from the southern
Colorad o Plateau, movement of abund ant sediment form plateau assists in
carving of Grand Canyon

Table 5.4 continued

162




| !
11'60 11!10 11'20 11!)0 10l8° 10'60 104° 102°
[ 430 Legend .
Q volcanic rocks /\ “
Q uplifted plateau /\ /\ /\ /\ I\
VN
A o 7A\ \
/\ Laramide highs /\ ,
escarpments \
T escapmen M A '.
— 410 A paleoflow /\ /\ é\_ _____ L-.—--—-'—"'.
- e,re——,e e —r— e —- - \
I__-"‘ modern Colorado River ,/\ /\ /\ /\ /\ |
’ /\ ‘.
DN '\
SAAY - '.
Y/ NTA IS |
) - /\ N /\/\ c '
- 39 /\/\/\ /\ é “
""" NOANZ \.
—— el /\ 8 \
N ‘-
AYNATEEAYA '\
|‘ ‘I/\ l‘
- N N
__________ A AN g
NN ;
¢ N AN “
“®FN '.
{ S |
|50 SERTAN '-
! P |
A3 \ \
N\ |
AN i
; N g
\ |
330 3 i Mogollon-Datil 2 '|
B -3 volcanic field ' '
\ ‘
S i '
".’ \_\\~ ! ______ ___\
. ‘\__ ' —————— T
PNy \-_\ ! ' ------- — 0 50 100 150 200
P \ T~ H )
|30 =\\ - . TSee—ce— e —- _l_“_'l Kilometers

(® See Table 5.4 for description of events

Figure 5.13 Early Miocene paleogeographic reconstruction of the southern Colorado Plateau

area. Abbreviations: KC - Kaibab-Coconino uplift; K - Kaibito Plateau; B - Black Mesa; D -
Defiance uplift; Z - Zuni uplift; MR - Mogollon Rim.
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Figure 5.14a Middle Miocene paleogeographic reconstruction of the southern Colorado Plateau
area. Abbreviations: GW - Grand Wash Cliffs; KC - Kaibab-Coconino uplift; S - San Luis Basin; K
- Kaibito Plateau; B - Black Mesa; E - Espanola Basin; D - Defiance uplift; Z - Zuni uplift; A -
Alburquerque Basin; P - Peach Springs tuff; MR - Mogollon Rim.
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Figure 5.14b Middle Miocene paleogeographic reconstruction of the southern Colorado Plateau
area. Abbreviations: GW - Grand Wash Cliffs; KC - Kaibab-Coconino uplift; S - San Luis Basin; K
- Kaibito Plateau; B - Black Mesa; E - Espanola Basin; D - Defiance uplift; Z - Zuni uplift; A -
Alburquerque Basin; P - Peach Springs tuff; MR - Mogollon Rim, F - Fence Lake Fm.
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Figure 5.15 Late Miocene-Pliocene paleogeographic reconstruction of the southern Colorado

Plateau area. Abbreviations: GW - Grand Wash Cliffs; KC - Kaibab-Coconino uplift; S - San Luis
Basin; K - Kaibito Plateau; B - Black Mesa; E - Espanola Basin; D - Defiance uplift; Z - Zuni uplift;
A - Alburquerque Basin; P - Peach Springs tuff; MR - Mogollon Rim, F - Fence Lake Fm. Member
6 probably covered larger area - not shown in order to emphasize lake size.
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Figure 5.16 Pliocene paleogeographic reconstruction of the southern Colorado Plateau area.
Abbreviations: GW - Grand Wash Cliffs; KC - Kaibab-Coconino uplift; S - San Luis Basin; K -
Kaibito Plateau; B - Black Mesa; E - Espanola Basin; D - Defiance uplift; Z - Zuni uplift; A -

Alburquerque Basin; P - Peach Springs tuff; MR - Mogollon Rim, F - Fence Lake Fm.
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Chapter 6 - Discussion

The purpose of this study was to analyze the lithostratigraphy and chronostratigraphy of the
Bidahochi Formation. The goals of thisresearch were to (1) resolve problems associated with the informal
subdivisions; (2) provide a chronology for the Bidahochi Formation; (3) define the basin morphology and
(4) reconstruct the Miocene-Pliocene paleogeography of northeastern Arizona. The previous chapters have
provided valuable information that has helped resolve the goals of the study. This new information has also
created additional questions and raised the need for further study of the Bidahochi Formation and
surrounding area. The remaind er of this chap ter will review the success of achieving the goals of the study.

Informal Stratigraphic Subdivisions

This study has documented the problems of previous nomenclature of the Bidahochi Formation
and recommended the following: (1) eliminate nomenclature of Repenning and Irwin (1954), (2) adopt
modified Shoemaker et al. (1962) subdivision which uses the informal White Cone member, and (3) use
member boundaries herein defined.

Additional stratigraphic study is needed. One remaining problematic area occurs in the
northwestern portion of the study area near Stephen Butte. Abundant sediment input from the nearby
Cretaceous strata of Black Mesa has modified the regional stratigraphy and made recognition of members 1,
3, and 4 difficult. Ash beds in this area provide little help as they are poorly exposed and difficult to
correlate with those elsewhere. Geochemical analyses of the ash beds present might provide some insight.

Other problematic areas occur on the margins of the basin, especially in the Greasewood, Arizona
area. Onlapping relations have been established but the members in this location show complex
interfingering relations and facies changes. The ash bed at location #8 has not been satisfactorily identified
or correlated. Geochemical analyses of this ash bed would probably provide some insight into the relation
of member 4 with other members at this location. This ash bed may be correlative to the 13.71 Ma ash bed
of member 3 and if so, would be useful in correlating the interfingering relations and facies changes in this

arca.
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Chronologic Considerations

Onset of deposition within the basin is clearly pre-15.5 Ma, probably almost 16 Ma and extended
to ~4 Ma. This documents that Hopi Lake may have existed for most of the early 9 million years of
sedimentation. Lake sedimentation rates for the basin ranged from about 0.3 to 10 cm/ka.

The interbedded ash beds provide critical chronologic relations with the basin, although, further
“0Ar-*Ar analyses and geochemical studies are needed to completely understand the age relations. Several
of the interbedded ash beds are geochemically correlated to ash beds in the northern Basin and Range. The
source areas for these northem Basin and Range ash beds are the southwestern Nevada or the Snake River
Plain volcanic fields. A critical factor is the age of transition of the basin from lacustrine to fluvial
deposition. The chronology of the fluvial and eolian member 6 has not been clearly documented and needs
further study.

Another problem that needs addressing is the chronology of the Hopi Buttes volcanic field. The
dozen or so reported dates from this field are inadequate to evaluate such a large (> 300 vents) vo lcanic
field. Shafiqullah and Damon (1986b) noted that a gap in eruption activity from 6 to 4.4 Ma and suggested
that this hiatus may be due to sampling bias. The two separate volcanic sequences at the northern end of
Hauke Mesa and on flat tire mesa need further consideration. The 7.71 Ma date within the lower sequence
places it within the time-frame of early volcanism. A date from the upper part of the sequence is necessary
to determin e whether or not the time gap presented above is present.

Basin Morphology

Correlation of interbedded ash beds and stratigraphic analyses enabled a reconstruction of Hopi
Lake basin. Basin margins were established on the northern and eastern sides butno boundary was
definable along the westem and southwestern sides. This unconstrained boundary was supported by: (1)
fining westward nature of the sediment packages (Plate 1), (2) correlation of Echo Spring Mountain ashbed
in western locations with an ash bed near the base of the formation at Wood Chop Mesa (Figure 4.1b), (3)
local butte to butte correlations of several ash beds (4) correlation of a lithic sand stone unit acro ss the basin
from southwest to northeast (Plates 1, 3), and (5) construction of a surface contour map of the base of

formation (Figure 4.10). This unconstrained boundary implies that Hopi Lake extended across the modern

169



LCR drainage and formed a large lake with a surface area of 30,000 km? Substantial inflow from the
surrounding basin would have been required to maintain such a lake. Based on astatic water budget at
maximum inundation, the southern Colorado Plateau watershed including the LCR basin could not have
produced enough runoff to compensate for the annual lake evaporation rate. T herefore, the drainage basin
must have been considerably larger and required major inflow from a sizeable stream system. This study
supports a model that all or part of the upper Colorado Riverbasin would fulfill this need.

The mechanism related to the formation of the Hopi Lake basin appears to be related to the
accelerated phase of rifting in the Rio Grande Rift that blocked southeasterly flowing ancestral upper
Colorado River. Hopi Lake depositional basin formed when the eastern end of the Laramide-aged,
northwest-southeast trending structural trough was closed by the rising flanks of the Rio Grande Rift. Onset
of sedimentation and ac celerated rifting are in good agreement (~16 M a). The tec tonic mechanism for basin
formation needs considerably more detailed analysis. This study was unable to adequately assess this topic
and much of the determination was made from timing o f events and regional constraints.

Regional Paleogeography

The new information presented in this study, in addition to information from previous studies,
enabled a paleogeographic reconstruction for southern Colorado Plateau. This study agrees with and further
documents McKee et al. s (1967) suggestion that the ancestral upper Colorado River flowed to the
southeast across the plateau and into Hopi Lake. The water budget sho ws that a large inp ut was necessary to
maintain Hopi Lake at times of maximum inundation. The scarcity of carbonate and evaporite sediments
and the dominance of clastic sediment in the Bidahochi Formation supports a large sediment-laden river or
rivers contributing to the local drainages. Evidence for a southerly outflow may be present in the headwaters
of the Salt River paleocanyon in east-central Arizona, butneeds further assessment. Hopi Lake was
captured when head ward erosion incised the Kaibab-Coconino Uplift to the ~1859 m contour interval.
Subsequent draining of the lake and resulting diversion of the ancestral upper Colorado River through the
Kaibab-Coconino Uplift probably helped form the Grand Canyon. The Little Colorado River formed on

surface of the former Hopi Lake basin deposits in response to this newly integrated drainage system and

170



flowed to join Colorado River. Resulting erosion by the developing Little Colorado River drainage system
removed most of the Bidahochi Formation.

A problem arising with paleogeographic reconstructions is the uncertainty of estimating
paleoclimatic variables for Miocene-Pliocene time. The Miocene-Pliocene climatic variables are estimated
based on present regional climatic conditions and from interpretation of available paleoclimatic data. These
estimates could vary significantly and a thorough regional reevaluation ofavailable paleoclimatic data for
the Colorado Plateau area should be assessed.

Several key caveats are worth noting with this paleogeographic interpretation: (1) most of the
evidence for these events has been removed by erosion from the surface of the Colorado Plateau making
interpretations subjective, (2) any study of this nature is subject to the author s interpretation and biases
about the area and previous workers interpretations, and (3) the main purp ose of this type o f study is to
elicit further debate and research on this topic. Further study is crucial to understand the paleogeo graphic

events of this region.
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Appendix A - Methods for Sample Preparation and Calculations

Measured Sections

Twenty-nine measured sections were completed across the extent of the study area. These sections
were measured using a Jacob staffand metric tape measure. The attitude of the beds was determined
primarily from bedding planes exp osed within ash bed units. Clastic units were measured to the nearest 5
cm with a Jac ob staff and te phra units were measured to the nearest 1 cm using the tape measure. Litholo gic
descriptions and weathering profiles were recorded for each unit. A handheld Global Positioning System
(G.P.S.) was used to determine latitude and longitude at each measured section location. A pocket altimeter
was used to take elevation measurements at various ash horizons and the basal contact of the formation
where exposed. Color was either physical determined by personal perception or by using the abbreviated
version of the Munsell Color Chart distributed by the Geolo gical Society o f America. T he lithologic
columns were created using a computer program called Visio Technical 5.0. Samples of interbedded tephra
and distinctive clastic units, including claystone, were collected for isotopic, petrographic, and X-ray
diffraction analyses.

Tephra Analyses

Thin sections of tephra units were prepared from grain mounts (Table A.1). The thin sections of
the tephra samples were analyzed petrographically for mineral content, glass shard morphology, degree of
alteration, and other textural characters. These petrographic criteria, in addition to other geochemical
analyses were used to characterize individual tephra units for use as correlation tools and to establish
chronohorizons across the basin.

Several samples were sent to Bill McIntosh at New Mexico Geochronology Research Laboratory
in Socorro, New Mexico for *Ar-*’Ar analyses. The target mineral was sanidine, but biotite was also used.

Samples were sent to Michael Perkins at the University of Utah for geochemical analyses of the
glass shards. The samples were analyzed by an electron microprobe and the major oxides were reported
(Appendix D). A minimum of20 individual shards were analyzed per sample and averages were calculated.

The average oxide wt-% were compared to the database compiled by Perkins and collogues to look for
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distinctive geochemical signatures of eruptive volcanic centers that could have provided the source for the

tephras in the Bidahochi Formation.

Table A.1 Grain mount preparation steps:

1) The sample is dried, if necessary, on a hot plot set at lowest setting.
2) The sample is then disaggregated, if necessary, by using a mortar and pestle.

3) The sample is placed in labeled ice cube trays treated with a bond releasing agent and filled
with enough epoxy to make a thick slumry (~60% sample, 40% epoxy). Care should be
taken not to use to much epoxy so that preferential settling of heavier constituents
occurred.

4) After epoxy set, the sample is popped out of trays and labeled. The bottom 2 mm of the
sample is cut off using the trim blade on a Hillquist machine. The sample is then
polished on a lap wheel, mounted to a glass slide, and prepared according to standard
thin section preparation.

Clastic Units

Thin sections of clastic units were prepared from grain mounts (Table A.1). The thin sections of
the clastic samples were analyzed p etrographically for mineral content and textural characters. These
petrographic criteria, in addition to stratigraphic relations were used as correlation tools and for determining
potential provenance areas.

Various claystone samples were analyzed by X-ray diffraction to determine the type(s) of clay
present (Table A.2). These analyses were conducted to see if color could be used as a correlation tool.
Clays were identified using Moore and Reynolds (199 7) by comparing the Angstroms and shape of the

peaks on 001, 002, 003, and 004 planes of the oriented samples and the 2 location of the peak.

Table A.2 Sample Preparation steps for X-ray diffraction analyses:

1) The sample is dried, if necessary, on a hot plate set at lowest setting.
2) The sample is then pulverized in a shatter box to a fine powder.

3) Distilled water and trisodium pho sphate (disp ersing agent so clays would not flocculate) is
added to the sample.

4) The sample is placed in a sonic agitator for 5 minutes to break up remaining bonds between
clays and to separate flocculates.
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5) The sample is then placed in a centrifuge and spun for 5 minutes at 500 RPM to separate the
2 micron and smaller fraction.

6) The 2 micron supernatant is decanted off. A portion of this sample was then placed on a
microscope slide and allowed to dry overnight.

7) The sample is then placed in the X-ray diffraction machine. The 2 angle was set to run
between 2 and 35 with a step of 0.02 and one second duration between read ings.

8) The resulting diffraction pattern is plotted and the d spacing of the peaks was used to identify
the clay minerals present.

Decompaction Calculations

Several clastic intervals were decompacted to infer sedimentation rates within the Bidahochi
Formation. The steps used to decompact the selected interval (interval between two established
chronohorizons) are listed in Table A.3. The decompaction method follows that of van Hinte (1978). Steps

and procedures following below.

Table A.3 Decompaction steps:

1) The thicknesses of the overlying sediments and the clastic interval are calculated from the
measured sectionsin Appendix B.

2) The following values were estimated*: 1) the porosity of lithology at surface conditions
() and 2) porosity-depth coefficient (c).

3) The midpoint interval (z) is determined by the adding the overlying thickness to halfof the
thickness of the clastic interval in question.

4) These values are placed into the following equation to determine the porosity at this interval
after backstrip ping one layer.  is porosity calculated at present conditions (# refers
to step number in sequence).

— -Cz
s#~ 1ith ©

5) The following equation is used to calculate the porosity at this level with one level
backstripped off. Z is now the midpoint of the clastic interval thickness plus any
remaining overlying layers. ;,;,and ¢ always remain the same throughout (lithology
dependent). , is porosity calculated at this interval with one level backstripp ed off.

— -Cz
s#~ 1ith ©

6) The decompacted thickness is now calculated using the values obtained above and the
following equation. T, is thickness of this unit at step (#) with one level removed. T,
is thickness of previous step.

Ts# = (1 - s#) * Ts#—l/(1 - s#)

7) If more layers occur below, steps 5 and 6 are repeated for each layer that has to be
backstripped off to get back to original depositional conditions.

* - Estimates are based on data from S clater and C hristie (1980). The plot in Figure A.1
shows the porosity vs. dep th relations. Values used in this study: ;4=0.6
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claystone/mudstone, ,;;=0.55 siltstone, c=5.0x10"*m™ claystone/mudstone, c=4.0x10"
m™ siltstone.

The following steps were used to decompact 5 clastic intervals at Wood Chop Mesa. Figure 4.13
lists the accom panying values for each of the steps used in the decom paction analysis.

Level 4 Step 1: (backstrip level5)

0= 1ime™ in=0.55,¢c=45x10"m", z, = 30.4 m
g =0543 (54.3%)
Step 2:
0= e in=0.55, ¢ =45x10"m", z, = (20.8/2) = 104 m

o= 0547 (54.7%)

To=(1- DxTy/(1- ) T, =20.8m
T,=21.0m

Level 3 Step 1: (backstrip level4)

sl = lithe-cz lim=0.55,¢c= 45x10* m_l, z, =443 m
=0539 (53.9%)
Step 2:
2= 1w in=0.55,c=45x10"m", z,= (7.0/2) + 210 =24.5 m

0=0.544 (54.4%)

To=(00- DxTy/d- o) Ty=7.0m
T,=7.1m
Step 3:
8= e in=0.55,¢=45x10"m", z;=(7.1/2) =355 m

o= 0549 (54.9%)

TSBZ(I' SZ)XTSZ/(I - s3) Ts2:7'1 m
T,=72m

Level 2 Step 1: (backstrip level 3)

0= e in=10.6,c=50x10*m", 2z, =71.0 m
0 =0579 (57.9%)
Step 2:
o= e im=10.6,¢c=50x10"m", z, = (46.4/2)+7.1+21.0 = 51.3 m

o=0585(58.5%)

To=(1- )xTy/(1- ) T, =46.4m
T,=47.0m
Step 3:
a= e im=0.6,¢=50x10"m", z, = (47.0/2)+72 =30.7 m

=0591 (59.1%)

T53:(1' sZ)XTSZ/(l - 53) T52:47'0m
Ty=47.7Tm
Step 4:
w= e in=10.6,c=50x10"m", z, = (47.7/2) = 2385 m

«w=0593 (59.3%)
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Ts4=(l' S3)XTS3/(1 - 54) Ts3=47~7m
T, =48.0m

Level 1 Step 1: (backstrip level2)

4= e im=0.6,¢=50x10"m™, z, = 104.85 m
o= 0569 (56.9%)
Step 2:
2= in® = 0.6, ¢ =50x10"m", z, = (21.322)+47.0+7.1421.0 =
85.75 m

0=0575(57.5%)

To=(- PDxTy/(A- T,=21.3m
T,=21.6m
Step 3:
a= nime” = 0.6, c=5.0x10"m™, z, = (21.6/2)+47.7+7.2 = 65.7 m

= 0581 (58.1%)

T53=(1' SZ)XTSZ/(I - 53) T52:21-6m
Ty=21.9m
Step 4:
@= e im=0.6,c=50x10"m", z, = (21.9/2)+48.0 = 58.95 m

= 0583 (58.3%)

Ty=(- oxTg/(1- T3=21.9m
T,=22.0m
Step S:
s= 1€ in=10.6,¢c=50x10"m", zy=(22.0/2) =110 m

s=0597 (59.7%)

Ts=(1- )xTy/(1- ) Ty=22.0m
Ts=22.7m

Water Budget

A water budget was calculated for Lake Hopi by using the reconstructed basin morphology and
estimating rainfall, runoff, evaporation, and outflow needed to sustain a fresh-water lake. The size of Hopi
Lake is determined by tracing the modern elevation of 6100 ft (1859 m) contour line around northeastern
Arizona on the U.S. Geological Survey 1:500,000 scale topographic map. The area is estimated for this lake
level using the bar scale from the topographic map and developing a grid system overlay to determine km?
coverage. The potential Miocene-Pliocene drainage basin was estimated based on the current area of the
southeastern portion of the Colorado Plateau and the km? coverage was estimated from Figure 4.13.
Average rainfall is based on previous paleoclimatic studies of this region (Schmidt, 1991) and modern

values. Values for runoff and evaporation are estimated for the drainage basin based on modern analo gs.
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The water budget was calculated based on the amount of runoffavailable from the basin reconstruction
minus evap oration. This water bud get value was compared to lake volume calculations to see if there is
enough runoff available to keep this lake volume constant through time and to keep the lake from becoming
saline.

Calculations
Total annual volume potential available to Hopi Lake using the LCR basin watershed:

A,=PxB, (a)

(A,,) annual volume potential

(P) is annual precipitation

(B,) basin watershed area
A, =30 cm/yr x 1 km/ 100,000 cm x 69,800 km?
A, =21 km’

Total annual volume potential available to Hopi Lake using the southern Colorado Plateau watershed:

AV]D =PxB, (a)
A, =30 cm/yr x 1 km/ 100,000 cm x 115,000 km?
A, =35 km’

Runoff volume potential entering Hopi Lake using the LCR basin watershed:

R, =R, x (B,-L) (b)

(R,,) runoff volume potential

(R,) annual runo ff rate

(B, - L,) basin watershed area minus lake surface area
R,, =8 cm/yr x 1 km/ 100,000 cm x (69,800 km” - 30,000 km?)
R, =3 km?

Runoff volume potential entering Hopi Lake using the southern Colorado Plateau watershed:

Rvp = Rr X (Ba - La) (b)
R,, =8 cm/yr x 1 km/ 100,000 cm x (115,000 km? - 30,000 km”?)
R, =7km’

Potential annual lake volume loss:

Lwl = Er X La (C)

(L,,) lake volume loss

(E,) evaporation rate of lake

(L, lake surface area
Ly =110 cm/yr x 1 km/ 100,000 cm x 30,000 km?
L, =33 km®

Final volume potential change to Hopi Lake using the LCR basin watershed:

va = Rr S (Ba - La) + (P X La) - (Er S La) (d)
(F,,) the final volume potential change to lake
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(R, annual runo ff rate
(B,- L, basin watershed area minus the lake surface area
(P x L,) the precipitation falling on the lake surface area
(E,x L,) evaporation rate times the lake area
F,, =8 cm/yr x 1 km/ 100,000 cm x (69,800 km” - 30,000 km?) + (30 cm/yr x 1 km/ 100,000 cm x
30,000 km?) - (110 cm/yr x 1 km/ 100,000 cm x 30,000 km?)

— 3
F,, = -21 km

Final volume potential change to Hopi Lake using the southern Colorado Plateau watershed:

va = Rr S (Ba - La) + (P X La) - (Er X La) (d)
F,=8 cm/yr x 1 km/ 100,000 cm x (115,000 km? - 30,000 kmz) + (30 cm/yr x 1 km/ 100,000 cm

x 30,000 km?) - (110 em/yr x 1 km/ 100,000 ¢m x 30,000 km?)
F,,=-17 km’

Final volume potential change to Hopi Lake using the upper Colorado River basin and the LCR basin
watershed:

vaerX(Ba_La)+(PXLa)'(ErXLa) (d)
F,, =8 cm/yr x 1 km/ 100,000 cm x (69,800 km* + 280,000 km? - 30,000 km?) + (30 cm/yr x 1 km/

100,000 cm x 30,000 km?) - (110 cm/yr x 1 km/ 100,000 cm x 30,000 km?)
F,,=+2 km’
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Appendix B - Measured Sections

This app endix contains all the descriptive data for the measured sections used in this study.
Lithologic representations of each measured section can be found on either Plates 1 and 2, Figure 2.9, or at
the end of this appendix. See Appendix A and text for methods of data collecting and descriptors used. The
measured sections were named based on geographic features, local land holder names, or other
determinations. The number (B-17) of each measured section corresponds to the location number on Figure

2.2
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Appendix B-1

Location 1 on Figure 2.2 (Stephen Butte section)

Measured by Jacob staffand tape measure on July 24, 1997

Field Assistant: Carey Lang

Location: Hopi Reservation, Jeddito Spring 7.5' Quadrangle, N 35° 38.004' by W 110° 10.973" Located
on north end of mesa where sediments are exposed on northeast corner. Included ash bed at road
cut on the way to section. The rest of the section starts in the multi-colored clays and moves up
along the east facing slope.

Outcrop Attitude: No significant dip to beds measured flat

Measured bottom up

#1 Stephen Butte Meters

Cliff to top of mesa, no further exposure
Unit 55 - Mafic lava: N 1 black both surfaces, aphanitic, rubbley base. Unit weathers to cliff. 6+

Unit 54 - Mafic tuff: 5Y 5/2 light olive gray both surfaces, clast supported, little or no matrix, 11.8
contains large (up to boulder size) mafic bombs, calcite amygdules, lower 3 m medium

bedded and rest of unit is thick bedded to structureless. Unit weathers to ledges. Contact

sharp with 55.

Unit 53 - Breccia: N5 medium gray both surfaces, granules to pebbles, clast supported, mafic 3.3
with some wall rock lithologies present, calcareous, fines up ward, sharply thin-bedded. Unit
weathers to cliff. Contact gradational with 54 noted by a depositional change.

Unit 52 - Tuff sandstone: 10YR 5/4 moderate yellowish-brown both surface, contains large 6to9
clasts of mafic lava and lower units including Wingate Fm, calcareous, moderately indurated,

no primary structure app arent - beds jumbled and rotated out of place. Unit weathers to cliff.

Contact undulatory with 53.

Unit 51 - Silty claystone: 10 YR 7.5/4 grayish-orange fresh surface, 10YR 5/4 moderate 5.5
yellowish-brown, more green colored at top, calcareous, structureless, blocky fracture. Very

silt rich at upper 0.5 m with abundant Hopi Buttes volcanic material present. Unit partially

covered by colluvium. Contact scour with 52.

contact members4/5 at S m from base of 51

Unit 50 - Sandstone: 5Y 8/1 yellowish-gray both surfaces, very fine-grained, quartzose, very 0.25
calcareous, structureless. Unit covered in slope. Contact sharp with51. Sample #970724K.

Unit 49 - Claystone: 10YR 7.5/4 grayish-orange fresh surface, 10YR 5/4 moderate yellowish- 5.8
brown, more green colored at top, calcareous, structureless, blocky fracture. Unit weathers to
popcorn slope. Contactsharp with 50.

Unit 48 - Sandstone: 10YR 7.5/4 grayish-orange both surfaces, very fine-grained, quartzose, 0.6
weakly calcareous, friable, structureless. Unit weathers to calcified slope. Contact sharp with
49.
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Unit 47 - Claystone: 5YR 5/6 light brown fresh surface, SYR 5.5/4 light brown, more red
colored at top, calcareous, structureless. Unit weathers to pop corn slope. Contact sharp with
48.

Unit 46 - Interbedded claystone and sandstone. Claystone: 10Y 4/4 light grayish olive fresh
surface, very calcareous, structureless, slightly shaley. Sandstone: I0YR 7.5/4 grayish-orange
both surfaces, very fine-grained, quartzose, weakly calcareous, friable, structureless. Bed
thicknesses vary but sandstone dominants. Unit weathers to slope. Contact sharp with 47.

contact members 3/4

Unit 45 - Sandstone: 10YR 7.5/4 grayish-orange both surfaces, very fine-grained, quartzose,
weakly calcareous, friable, structureless. Unit weathers to calcified slope. Contact sharp with
46.

Unit 44 - Sandy micritic limestone (marl): N9 white both surfaces, structureless. Unit
weathers to ledge. Contact sharp with 45. Sample #970724].

Unit 43 - Sandstone: 10YR 7.5/4 grayish-orange both surfaces, very fine-grained, quartzose,
mafic minerals minor, weakly calcareous, friable, structureless. Unit weathers to calcified
slope. Contact sharp with 44.

Unit 42 - Claystone: N9 white and green fresh surfaces, calcareous, structureless. White
claystone occurs between two green claystone units. M iddle unit may be tuffaceous. Unit
weathers to slope. Contact sharp with 43.

Unit 41 - Sandstone: 10YR 7.5/4 grayish-orange both surfaces, very fine-grained, quartzose,
weakly calcareous, friable, structureless. Unit weathers to slope. Contact sharp with 42.

Unit 40 - Sandstone fining upwards to siltstone then to claystone. Sandstone: 5Y 8/3 grayish-
yellow both surfaces, very fine-grained, mafic minerals abundant, weakly calcareous, friable,
planar cross-bedded. Siltstone: 5Y 8/3 grayish-yellow both surfaces, calcareous, structureless.
Claystone: 5Y 8/3 grayish-yellow both surfaces, calcareous, structureless, blocky fracture.
Unit fines to siltstone at 0.65 m and claystone at 1.1 m. Unit weathers to ledge. Contact sharp
with 41. Sample #9707241 of sandstone.

contact members 2/3

Unit 39 - Siltstone fining upwards into silty claystone. Siltstone: 5Y 8/1 yellowish-gray both
surfaces, slightly sandy, mafic minerals abundant, calcareous, structureless. Silty claystone:
5Y 3.5/2 olive gray fresh surface, 5Y 8/1 yellowish-gray weathered surface, calcareous,
structureless. Unit weathers to slope. Contact sharp with 40.

Unit 38 - Claystone: 5Y 3.5/2 olive gray fresh surface, 5Y 7/2 yellowish-gray weathered
surface, iron-oxide staining minor, slightly silty, very calcareous, sparkles, weakly laminated.
Unit weathers to popcorn slope. Contact sharp with 39.

Unit 37 - Silty sandstone and sandstone. Silty sandstone: 10Y R 8/3 pale grayish-oran ge both
surfaces, very fine-grained, quartzose, slightly calcareous, friable, structureless. Sandstone:
10Y 8/2 pale greenish yellow both surfaces, fine-grained, moderately sorted, well rounded,
weakly calcareous, structureless. Iron-oxide staining common above 0.9 m. Unit coarsens to
sandstone at 0.9 m from base then fines back to silty sandstone 1.1 m from base. Unit
weathers to calcified slope. Contactsharp with 38.
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Unit 36 - Claystone: 5Y 3.5/2 olive gray fresh surface, 5Y 7/2 yellowish-gray weathered
surface, iron-oxide staining minor, very calcareous, weakly laminated. U nit weathers to
popcorn slope. Contactsharp with 37.

Unit 35 - Claystone: 5Y 8/1 yellowish-gray fresh surface, tuffaceous, calcareous, weakly
laminated. Unit covered in slope. Contact sharp with 36.

Unit 34 - Claystone: 5Y 3.5/2 olive gray fresh surface, 5Y 7/2 yellowish-gray weathered
surface, iron-oxide staining minor, very calcareous, weakly laminated. U nit weathers to
popcorn slope. Contactsharp with 35.

Unit 33 - Ash bed and claystone. Blue-gray #3 ash bed: N9 white at base, felsic, calcareous,
structureless. Claystone: 5Y 3.5/2 olive gray fresh surface, 5Y 7/2 yellowish-gray weathered
surface, very calcareous, weakly laminated. Claystone is mixed with ash in middle of unit.
Unit weathers to popcorn slope. Contact gradational with 34 due to rew orked nature of ash
bed. Sample #970724H of ash near base.

Unit 32 - Silty claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7.5/2 light olive gray
weathered surface, calcareous, sparkles, structureless, blocky fracture. At 1.6 m iron-oxide
staining common. Unit weathers to popcorn slope. Contact gradational with 33 noted by a
mixed zone of sand and clay.

Unit 31 - Silty sandstone: 10YR 8/3 pale grayish-orange both surfaces, very fine-grained,
quartzose, friable, structureless. Unit weathers to slope. Contact sharp with 32.

Unit 30 - Silty claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7.5/2 light olive gray
weathered surface, calcareous, sparkles, structureless, blocky fracture. Unit weathers to
popcorn slope. Contact grad ational with 31 noted by a mixed zone of sand and clay.

Unit 29 - Silty sandstone: 10YR 8/3 pale grayish-orange both surfaces, very fine-grained,
friable, structureless. Unit weathers to slope. Contactsharp with 30.

Unit 28 - Silty claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7.5/2 light olive gray
weathered surface, calcareous, sparkles, structureless, blocky fracture. Unit weathers to
popcorn slope. Contact grad ational with 29 noted by a mixed zone of sand and clay.

Unit 27 - Sandstone: 5Y 8/1 yellowish-gray fresh surface, 10YR 7.5/4 grayish orange
weathered surface, fine-grained, well sorted, rounded, very calcareous, well indurated, thin-
bedded planar-tabular. Unit weathers to ledge. Contact sharp with 28.

Unit 26 - Sandstone and claystone. Sandstone: 10YR 8/4 pale grayish-orange fresh surface,
very fine-grained, quartzose, friable, weakly planar cross-bedded. Claystone: 10Y 6/2 pale
olive fresh surface, 10Y 8/2 pale yellowish-green weathered surface, slightly silty, very
calcareous, structureless, blocky fracture. Claystone bed (40 cm thick) occurs at 04 m from
base. Unitweathersto slope. Contact gradational with 27 noted by a change in degree of
induration.

transferred s along ash to face of mesa

Unit 25 - Member 2 felsic ashbed: N9 white both surfaces, felsic, vitric, bentonized,
calcareous, laminated. Unit weathersto ledge. Contact sharp with26. Sample #970724G.

Unit 24 - Sandstone: 10YR 8/4 pale grayish-orange fresh surface, very fine-grained,
quartzose, friable, structureless. Unit weathers to slope. Contact sharp with 25.
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Unit 23 - Sandstone: 5Y 8/1 yellowish-gray fresh surface, 10YR 7.5/4 grayish orange 0.04
weathered surface, fine-grained, well sorted, rounded, very calcareous, very well indurated,
structureless. Unit weathers to ledge. Contact gradation with 24 noted by a color change and

degree of induration.

Unit 22 - Sandstone: 10YR 8/4 pale grayish-orange fresh surface, very fine-grained, 1.7
quartzose, friable, structureless. Unit weathers to slope. C ontact grad ation with 23 noted by a
color change and degree of induration.

Unit 21 - Sandstone: 5Y 8/1 yellowish-gray fresh surface, I0YR 7.5/4 grayish orange 0.19
weathered surface, fine-grained, poorly sorted, rounded, very calcareous, very well indurated,
structureless. Unit weathers to ledge. Contact gradation with 22 noted by a color change and

degree of induration. Sample #970724F.

Unit 20 - Sandstone: 10YR 8/4 pale grayish-orange fresh surface, fine-grained, well sorted, 1.15
rounded, quartzose, friable, structureless. Unit weathers to slope. Contact gradation with 21
noted by a color change and degree of induration.

Unit 19 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 8/2 pale yellowish-green 1.2
weathered surface, slightly silty, very calcareous, structureless, blocky fracture. Unit weathers
to popcorn slope. Contact sharp with 20.

Unit 18 - Sandstone: 10YR 8/4 pale grayish-orange fresh surface, fine-grained, well sorted, 0.2
rounded, quartzose, friable, weakly cross-bedded. Unit weathers to slope. Contact sharp with
19.

Unit 17 - Sandstone: 10YR 8/1 yellowish-gray both surfaces, very fine-grained, very 0.05
calcareous, well indurated, single bed. Unit covered in slope. Contact gradational with 18
noted by a color change and degree of induration.

Unit 16 - Sandy siltstone: 10Y 6/2pale olive fresh surface, 10Y 8/2 pale greenish-yellow 0.45
weathered surface, contains very fine-grained sand, weakly calcareous, structureless. U nit
weathers to slope. Contact sharp with 17.

Unit 15 - Wood Chop A ash bed: 10YR 8/2 very pale orange both surfaces, silty, calcareous, 0.2
structureless. Unit weathers to ledge. Contact sharp with 16. Sample # 970724E.

Unit 14 - Sandy siltstone: 10Y 6/2pale olive fresh surface, 10Y 8/2 pale greenish-yellow 0.85
weathered surface, contains very fine-grained sand, weakly calcareous, structureless. U nit
weathers to slope. Contact sharp with 15.

Unit 13 - Sandstone: 10YR 8/4 pale grayish-orange fresh surface, fine-grained, well sorted, 0.55
rounded, quartzose, friable, weakly cross-bedded. Unit weathers to slope. Contact gradational
with 14 noted by a color change.

Unit 12 - Siltstone fining up wards to claystone. Siltstone: 5Y 8/1 yellowish-gray both 4.2
surfaces, weakly calcareous, structureless. Claystone: 5Y 7/2 yellowish-gray fresh surface,

10YR 7.5/5 pale grayish-orange weathered surface, very calcareous, structureless, blocky

fracture. Unit has abundant iron-oxide staining throughout. Unit fines to claystone 15 cm

from base. Above 1 meter unit becomes dark claystone: 10Y R 4/4 dark yellowish brown fresh

surface, 10YR 6.5/5 gray yellowish-orange weathered surface, calcareous, structureless,

blocky fracture. At 3.2 m unit contains a 26 cm zone of sandy siltstone mixed with

surrounding claystone. Unit weathers to popcorn slope. Contact sharp with 13. Sample #

970724D of upper claystone.
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Unit 11 - Interbedded sandstone and claystone. Sandstone: 10YR 8/4 pale grayish-orange
fresh surface, fine-grained, well sorted, rounded, quartzose, friable, structureless. Claystone:
10Y 6/2 pale olive fresh surface, 10Y 8/2 pale yellowish-green weathered surface, slightly
silty, very calcareous, structureless, blocky fracture. Unit has less sandstone layers near top.
Iron-oxide staining common throughoutunit. Unit weathers to slope. Contact sharp with 12.

Unit 10 - Sandstone: 10YR 8/1 yellowish-gray both surfaces, very fine-grained, very
calcareous, well indurated, single bed. Unit covered in slope. Contact sharp with 11.

Unit 9 - Sandstone and claystone. Sandstone: 10YR 8/4 pale grayish-orange fresh surface,
fine-grained, well sorted, rounded, quartzose, friable, structureless. Claystone: 10Y 6/2 pale
olive fresh surface, 10Y 8/2 pale yellowish-green weathered surface, slightly silty, very
calcareous, structureless, blocky fracture. Two claystone layers occur at 0.21 m (2 cm thick)
and 1.6 m (45 cm). At 2.5 m unit is weakly trough cross-bedded. Unit has random areas of
nodular, well cemented sandstone. Unit weathers to slope with some ledges. Contact sharp
with 10. Sample #970724C of sandstone.

Unit 8 - Siltstone: 5Y 8/1 yellowish-gray both surfaces, mafic minerals common, very
calcareous, well indurated, sparkles - tuffaceous?, single bed. Unit weathers to ledge. Contact
shamp with 9. Sample #970724B.

Unit 7 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 8/2 pale yellowish-green weathered
surface, slightly silty, very calcareous, structureless, blocky fracture. Unit weathers to
popcorn slope. Contactsharp with 8.

Unit 6 - Sandstone: 10YR 8/4 pale grayish-orange both surfaces, fine-grained, well sorted,
rounded, quartzose, contains iron-oxide staining, friable, structureless. Unit contains a small
layer (15 cm thick) of sandstone that contains abundant mafic minerals, is very calcareous,
well indurated, and weakly laminated. Iron-oxide stained zones occur 28 cm from base (35
cm thick) and above the well indurated sandstone (16 cm thick). Unit weathers to slopes and
ledge. Contact sharp with 7. Sample #9710031J.

Unit 5 - Interbedded claystone and sandy siltstone. Claystone: 10Y 6/2 pale olive fresh
surface, slightly silty, very calcareous, structureless, blocky fracture. Sandy siltstone: 10YR
7/4 grayish orange fresh surface, contains very fine-grained sand, calcareous, structureless.
Unit has small sandstone layers ofunit 4 that intertongue with claystone at base. Five sandy
siltstone layers occur at 2.1 m (8 cm thick), 2.5 m (30 cm), 32 m (19 cm), 3.7 m (8§ cm), 4 m
(16 cm). U nit weathers to popcorn slope with weathered surface of 10Y R 7.5/2 very pale
yellowish-orange. Contact sharp with 6. Sample #970724A of claystone.

Unit 4 - Silty sandstone coarsening upwards to sandstone. Silty sandstone: 10Y R 7/4 grayish
orange fresh surface, 10YR 8/4 gray yellowish-orange weathered surface, very fine-grained,
calcareous, structureless. Sandstone: 10YR 7/4 grayish orange fresh surface, 10YR 8/4 gray
yellowish-orange weathered surface, fine-grained, moderately sorted, subrounded, calcareous,
structureless. Unit weathers to break in slope. Contact gradational with 5 noted by
interfingering relations.

Unit 3 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 8/2 pale yellowish-green weathered
surface, slightly silty, very calcareous, structureless, blocky fracture. Unit weathers to
popcorn slope. Contact sharp with 4.

Unit 2 - Sandy siltstone: 10YR 7/4 grayish-orange fresh surface, weathered surface covered,
contains very fine-grained sand, calcareous, structureless. Unit weathers to break in slope.
Contact sharp with 3.
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Unit 1 - Ash bed and claystone. E cho Spring M ountain ash bed: N9 white both surfaces, 10.45
felsic, friable, wavy laminated. Claystone: 10Y 6/2 pale olive fresh surface, 10Y 8/2 pale
yellowish-green weathered surface, slightly silty, very calcareous, structureless, blocky

fracture. Ash bed occurs at base (NM - ~30 cm) then 9.5 m of covered slope to claystone.

Unit weathers to ledge popcorn slope. Contactsharp with 2. Sample #970724L of ash bed.

Base of the formation not exposed
Total thickness measured 110.56

Appendix B-2

Location 2 on Figure 2.2 (Roberts Mesa Section)

Measured by Jacob staffand tape measure on August 2, 1997

Field Assistant: Tara Krapf

Location: Hopi Reservation, Tsin Naan Tee 7.5' Quadrangle, N 35° 37.853' by W 110° 05.374"' Near the
middle of mesa on south side just north of small community of houses. Section starts inred units of
member 4 and proceeds up a steep projection from off the mesa.

Outcrop Attitude: Less than 1 degree dip (taken from unit 10) - measured as flat

Measured bottom up

#2 Roberts Mesa Meters

Removed by erosion, no further exposure

Unit 44 - Quaternary alluvium and dunes: unconsolidated sand and silt, reworked material NM
from lower Bidah ochi units, weakly high-angled planar cross-bedded. Unit weathers to loose
slopes and hummocky hills.

Unit 43 - Micritic limestone (marl): N9 white both surfaces, structureless. Unit weathers to 0.03
ledge. Contact disconformity with 44.

Unit 42 - Sandstone: 5Y 8/2 gray yellow both surfaces, very fine-grained, calcareous, 12.2
contains discontinuous areas of heavy calcification, trough cross-bedded. Unit is more

calcified above 7.7 m from base. Unit weathers to loose slope with thin well indurated ledges.

Contact sharp with 43.

Unit 41 - Member 6 biotite ash bed: N9 white both surfaces, contains abundant biotite, 0.3
slightly sandy, calcareous, laminated. Unit weathers to break in slope. Contact gradational
with 42 due to reworked upper surface of ash bed. Sample #970802H.

Unit 40 - Sandstone: 5Y 8/2 gray yellow both surfaces, very fine-grained, calcareous, 2.4
contains discontinuous areas of heavy calcification, wavy laminated, weakly planar-tabular
bedded. Unit weathers to cliff at base and slopes above. Contact sharp with41.

Unit 39 - Siltstone: 5YR 7/2 grayish-orange pink both surfaces, calcareous, structureless. 0.7
Unit weathers to slope. Contact sharp with 30.
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Unit 38 - Member 6 felsic ash bed: N9 white both surfaces, felsic, calcareous, structureless. 0.09
Unit weathers to ledge. Contact gradational with 39 due to reworked upper surface of ash
bed. Sample #970802G.

Unit 37 - Sandstone: 5Y 8/2 gray yellow both surfaces, very fine-grained, calcareous, wavy 3.65
laminated, weakly trough cross-bedd ed, soft sediment deformation common. Upper 25 cm is
well indurated. Unit weathers to loose slope then cliff. Contact sharp with 38.

Unit 36 - Siltstone: 5YR 7/2 grayish-orange pink both surfaces, calcareous, structureless. 0.3
Unit weathers to ledge. Contact sharp with 37.

Unit 35 - Claystone: 5Y 8/1 yellowish-gray fresh surface, 10Y 7/2 pale greenish olive 0.45
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact sharp with 36.

Unit 34 - Sandstone and silty micritic limestone. Sandstone: S5YR 7/2 grayish-orange pink 4.1
both surfaces, very fine-grained, calcareous, thin to medium planar-tabular bedded atbase,

above 0.7 m is wavy laminated bed ded. Silty micritic limestone (marl): N9 white both

surfaces, structureless. Micritic limestone occurs at 0.3 m from the base. Unit weathers to

form cliff. Contact sharp with 35. Sample #970802G of limestone.

Unit 33 - Claystone with interbeds of siltstone. Claystone: 10Y 6/2 pale olive fresh surface, 1.15
10Y 7/2 pale greenish olive weathered surface, very calcareous, weakly laminated. Siltstone:

5YR 8/2 very pale orange both surfaces, calcareous, structureless. Siltstone interbeds occur in

upper 35 cm of unit. Unit weathers to popcornslopes. Contact sharp with 34.

Unit 32 - Sandstone: 5Y 8/2 gray yellow both surfaces, very fine-grained, calcareous, wavy 0.65
laminated, weakly trough cross-bedd ed, soft sediment deformation common. Unit weathers to
loose slope. Contact sharp with 33.

Unit 31 - Silty claystone with interbeds of siltstone. Silty claystone: 5Y 6/2 yellowish-olive 2.6
gray fresh surface, 5Y 7/2 yellowish-gray weathered surface, very calcareous, structureless.

Siltstone: calcareous, structureless. Three interbeds (15-20 cm thick) of siltstone occur

~evenly spaced throughout unit. Unit weathers to slopes and breaks in slope. Contact sharp

with 32.

Unit 30 - Sandstone with claystone and siltstone interbeds. Sandstone: 5Y 8/2 gray yellow 5.7
both surfaces, very fine-grained, quartzose, some mafic minerals noted, calcareous,

moderately indurated, trough cross-bedded. Claystone: 10Y 6/2 pale olive fresh surface, very
calcareous, structureless. Siltstone: 10YR 6/2 pale yellowish-brown b oth surfaces, calcareous,
structureless. Above 2.3 m unit contains fish fragments - vertebrae and jaw elements. Two

claystone interbeds (4 cm thick each) occur at 3 m. Siltstone interbed (12 cm thick) occurs at

3.5 m. Upper 30 cm of unit is well indurated. Unit weathers to slopes and led ges then cliff.

Contact sharp with 31.

Unit 29 - Sandstone: 5Y 8/2 gray yellow both surfaces, very fine-grained, quartzose, some 1.7
mafic minerals noted, very calcareous, well indurated, laminated planar-tabular bedded. Unit
weathers to cliff. Contact gradational with 30 noted by a structural change. Sample #970802D

of a small tuffaceous layer at 1.3 m from base.
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Unit 28 - Silty claystone and silty micritic limestone. Silty claystone: N 8.5 white fresh 1.15
surface, very calcareous, structureless. Silty micritic limestone: 5Y 8/1 yellowish-gray both

surfaces, structureless. Micritic limestone bed (12 cm thick) occurs 0.55 m from the base.

Degree of calcification varies throughout unit. Unit weathers to irregular slopes and a ledge.

Contact sharp with 29. Sample #970802C of micritic limestone.

Unit 27 - Sandstone: 5Y 8/2 gray yellow both surfaces, very fine-grained, calcareous, wavy 9.2
laminated, weakly trough cross-bedded, softsediment deformation common. Upper 1.3 m of

unit has well-defined low-angled trough cross-bedding and planar-tabular bedding. Degree of
calcification varies throughout unit. Unit weathers to irregular cliffs and slopes. Contact sharp

with 28.

contact members 5/6

Unit 26 - Silty claystone with interbeds of sandstone. Silty claystone: green and brown 5GY 2.1
8/1 light greenish-gray and 10Y R 6/2 pale yellowish brown fresh surfaces, calcareous,

structureless. Sandstone: 5Y 8/2gray yellow both surfaces, very fine-grained, calcareous, thin

wavy planar-tabular bedded. Interbeds of sandstone (2-3 cm thick) occur 1.1 m from base and

above. Unit weathers to popcorn slopes. Contact sharp with 27.

Unit 25 - Sandy siltstone: 10Y8/2 pale greenish-yellow fresh surface, 5Y 8/2 gray yellow 1.4
weathered surface, slightly argillac eous, calcareous, sparkles, structureless. T op of unit is
very sandy (last 30 cm). Unit weathers to popcornslopes. Contact sharp with 26.

Unit 24 - Sandstone fining upwards into siltstone. Sandstone: 5Y 8/2 gray yellow both 0.7
surfaces, very fine-grained, calcareous, thin wavy planar-tabular bedded. Siltstone: 5Y 8/2

gray yellow both surfaces, biotite and mafic minerals abundant, calcareous, structurele ss. Unit

fines to siltstone at 0.6 m. Unit weathers to calcified slopes. Contact sharp with 25.

Unit 23 - Silty claystone: 10Y 6/2 pale olive fresh surface,5Y 7/2 yellowish-gray weathered 0.5
surface, very calcareous, finely laminated. Unit contains gastro pods and gypsum at base. Unit

is silty near top. Unit weathers to popcorn slopes. Contact sharp with 24. Collected

gastropods and clays from units 21,22, 23 sample#970802B.

Unit 22 - Claystone: 10 YR 8/2 very pale orange both surfaces, iron-oxide staining abundant, 0.03
contains black shaley organic-like material (peat?), calcareous, finely laminated. Unit

contains large (up to 5 cm), high-spired gastropods. Unit weathers to popcorn slopes. Contact
gradational with 23 noted color change.

Unit 21 - Silt claystone: 10Y 6/2 pale olive fresh surface, 5Y 7/2 yellowish-gray weathered 1.6
surface, very calcareous, structureless. Unit contains large (up to 5 cm), high-spired

gastropods near the top. Unit is silty near top and upper 10 cm contain iron-oxide staining.

Unit weathers to popcorn slopes. Contact gradational with 22 noted by color change.

Unit 20 - Sandstone: 5Y 7/2 yellowish-gray both surfaces, very fine-grained, calcareous, 1.3
structureless. Unit weathers to small ledge. Contact sharp with 21.

Unit 19 - Claystone with interbeds of siltstone. Claystone: 5GY 8/1 light greenish-gray fresh 5.5
surface, 5Y 7/2 yellowish-gray weathered surface, slightly silty, very calcareous,

structureless, blocky fracture. Siltstone: calcareous, structureless, occur as two thin beds (20-

30 cm thick). Top of unit changes color to 10YR 6/2 pale yellow ish-brown. U nit weathers to

popcorn slopes. Contact sharp with 20.
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Unit 18 - Silty micritic limestone and siltstone. Silty micritic limestone (marl): N9 white fresh
surface, structureless. Siltstone: 10Y 8/2 pale greenish-yellow fresh surface, very calcareous,
structureless. Marl has patches and layers of siltstone mixed in. Unit weathers to slopes.
Contact sharp with 19. Sample #970802A of white areas.

Unit 17 - Siltstone: 5Y 8/2 gray yellow fresh surface, 5Y 7/2 yellowish-gray weathered
surface, contains mafic volcaniclastic material, calcareous, thin planar-tabular bedded. Unit
weathers to slopes. Contact sharp with 18.

Unit 16 - Silty claystone: 10Y 6/2 pale olive fresh surface,5Y 7/2 yellowish-gray weathered
surface, contains mafic volcaniclastic material, very calcareous, structureless. Unit weathers
to popcorn slope. Contact sharp with 17.

Unit 15 - Siltstone: 5Y 8/2 gray yellow fresh surface, 5Y 7/2 yellowish-gray weathered
surface, contains mafic volcaniclastic material, calcareous, thin planar-tabular bedded.
Bedding in unit is defined by mafic material and clay rich lenses. Unit weathers to slopes.
Contact sharp with 16.

Unit 14 - Claystone: 5GY 4/2 yellow olive green fresh surface, 5Y 7/2 yellowish-gray
weathered surface, very calcareous, laminated. Unit becomes silty at 0.45 m consisting of
mafic volcaniclastic material. Unit weathers to popcorn slope. Contact gradational with 15
noted by color change.

Unit 13 - Siltstone: 5Y 8/2 gray yellow both surfaces, contains mafic volcaniclastic material,
calcareous, thin planar-tabular bedded. Unit weathersto slopes. Contactsharp with 14.

Unit 12 - Claystone: 10YR 4/2 dark yellowish-brown fresh surface, 5Y 7/2 yellowish-gray
weathered surface, contains mafic volcaniclastic material, calcareo us, structureless. U nit
weathers to popcorn slope. Contactsharp with 13.

Unit 11 - Volcaniclastic siltstone and mafic tuff. Volcaniclastic siltstone: 5Y 7/2 yellowish-
gray both surfaces, contains Hopi Buttes volcanic material, calcareous, thin planar-tabular
bedded. Mafic tuff: 10Y 5/2 olive fresh surface, weathered surface covered, badly oxidized,
reworked, structureless. Unit changes to mafic tuff at 0.4 m from base. Unit weathers to
ledges and slopes. Contact sharp with 12.

Unit 10 - Mafic tuff: 5Y 6/2 yellowish-olive gray fresh surface, I0YR 6/6 dark yellowish-
orange oxidized weathered surface, medium to coarse lapilli, fines upwards, clast supported
with some silt and sand matrix, contains angular pyroxene and biotite grains, calcareous, two
beds separated by a silt-rich zone. Unit weathers to cliff. Contactsharp with 11.

Unit 9 - Volcaniclastic siltstone: 5Y 7/2 yellowish-gray both surfaces, contains Hopi Buttes
volcanic material, calcareous, thin planar-tabular bedded. Unit weathers to ledge. Contact
sharp with 10.

contact members 4/5

Unit 8 - Siltstone fining upwards into silty claystone. Siltstone: 5Y 8/1 yellowish-gray fresh

surface, 5Y 7/2 yellowish-gray weathered surface, calcareous, structureless. Silty claystone:

10R 7/2 orangish-pink fresh surface, very calcareous, structureless. Unit fines upwards twice
- to silty claystone at 0.7 m - to siltstone at 1.9 m - to silty claystone at 2.7 m. Unit weathers

to popcorn slope with small ledges. Contact sharp with 9.
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Unit 7 - Sandstone: 10YR 6/4 yellowish-orange brown both surfaces, very fine- to medium- 2.4
gained, poorly sorted, subrounded, quartzose, mafic minerals noted, silty, calcareous. Lower

1.95 m ofunitis high-angled planar cross-bedded with paleocurrentreading of 79 from a

75cm thick forset bed. Upper 0.45 m is planar-tabular bedded. Thin lenticular mudstone beds

occur at the base and in up per planar-tabular beds. Unit weathers to ledge. C ontact sharp with

8.

Unit 6 - Interbedded silty claystone and siltstone. Silty claystone: SYR 8/2 orange grayish- 1.3
pink both surfaces, calcareous, structureless, blocky fracture. Siltstone: 10 YR 8/2 very pale

orange both surfaces, calcareous, structureless. Unit is predominantly claystone with small

beds of siltstone. At top have 30 cm siltstone layer. Unit weathers to slopes and breaks in

slope. Contact sharp with 7.

Unit S - Siltstone: 10Y R 8/2 very pale orange both surfaces, calcareous, structureless. U nit 0.28
weathers to break in slope. Contact sharp with 6.

Unit 4 - Siltstone fining upwards into claystone. Siltstone: 10YR 8/2 very pale orange fresh 0.75
surface, weathered surface covered, calcareous, structureless. Claystone: SGY 7/1 pale

grayish-yellow green both surfaces, slightly silty in places, very calcareous, structureless.

Unit fines to claystone at 0.08 m. Unit weathers to popcorn slope. Contact sharp with 5.

Unit 3 - Silty claystone: 5YR 8/2 orange grayish-pink both surfaces, calcareous, structureless, 0.6
blocky fracture. Unit weathers to break in slope. Contact sharp with 4.

Unit 2 - Siltstone fining upwards into silty claystone. Siltstone: 5Y 8/4 grayish-yellow fresh 1.65
surface, 5Y 8/2 gray yellow weathered surface, slightly argillaceous, iron-oxide staining

common, calcareous, structureless. Silty claystone: 5Y 8/1 yellowish-gray fresh surface, iron-

oxide staining common, very calcareous, structureless, blocky fracture. Unit fines upwards

twice - to claystone at 0.6 m - to siltstone at 1.2 m - to claystone at 1.3 5 m. Unit weathers to

break in slopes and popcorn slopes. Contact gradational with 3 noted by a color change and

increase in silt content.

Unit 1 - Claystone: 5YR 5/4 light brown fresh surface, 10R 4/4 reddish-brown weathered 5.5+
surface, contains patches of green colored claystone, slightly silty, calcareous, structureless.
Unit weathers to popcorn slope. Contact sharp with 2.

Base of the formation not exposed

Total thickness measured 83.55

Appendix B-3

Location 3 on Figure 2.2 (Bell Butte Springs section)

Measured by Jacob staffand tape measure on August 1, 1997

Field Assistant: Tara Krapf

Location: Hopi Reservation, Hauke Mesa 7.5' Quadrangle, N 35° 33.775' by W 110° 20.322" Located in
saddle southwest of Horse Butte and southeast of Bell Butte on the eastern most point of butte that

Bell Butte Springs originates. Section occurs along westem edge of maar rim deposits on west side
of saddle.
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Outcrop Attitude: N4OW 6S W measured from claystone parting of unit number 2

Measured bottom up

#3 Bell Bu tte Springs

Meters

Removed by erosion, no further exposure

Unit 28 - Mafic lava: N1 black both surfaces, porphyritic - abundant small crystals of
pyroxene, amphibole, and olivine, vertical and horizontal fractures, columnar jointed in some
areas. Unit weathers to granulated thin platy segments and forms cliffs and ledges. Measured
to top of small cliff only.

Unit 27 - Mafic siltstone and claystone. M afic siltstone: 10YR 8/2 very pale orange fresh
surface, 10YR 8/4 pale yellowish-gray orange weathered surface, contains fine- to coarse-
grained sand-sized matrix supported angular ma fic aphanitic rock, calcareous, wavy beds,
thin- to medium-bedded. Areas with abundant volcanic material have less matrix and are
heavily calcified. Claystone, pink fresh surface, calcareous, ap pears oxidized, structureless,
discontinuous. Pink claystone bed is 15 cm thick at maximum and is mixed with mafic rock
fragments. Unit weathers to sharp ledges and slopes. Contact sharp with 28.

Unit 26 - Mafic sand stone and siltstone: 10Y R 8/2 very pale orange fresh surface, I0YR 8/4
pale yellowish-gray orange weathered surface, contains fine- to coarse-grained sand-sized
clasts of angular mafic aphanitic rock, contains accidental clasts (Wingate Fm and lower
Bidahochi units), calcareous, wavy laminated, some lenticular beds, trough and planar cross-
bedded, contains antidunes and bomb sags. Unit is structureless to medium-bedded. Unit
weathers to ledges and slopes. Contact sharp with 27.

Unit 25 - Mafic siltstone: 10YR 8/2 very pale orange fresh surface, 10YR 8/4 pale yellowish-
gray orange weathered surface, contains fine- to coarse-grained sand-sized an gular mafic
aphanitic rock, calcareous, wavy beds, thin- to medium-bedded. Areas with abundant
volcanic material have less matrix and are heavily calcified. Unit weathers to sharp ledges
and slopes. Contactsharp with 26.

Unit 24 - Mafic sand stone and siltstone: 10Y R 8/2 very pale orange fresh surface, IO0YR 8/4
pale yellowish-gray orange weathered surface, contains fine- to coarse-grained sand-sized
clasts of angular mafic aphanitic rock, contains accidental clasts (Wingate Fm and lower
Bidahochi units), calcareous, wavy laminated, some lenticular beds, trough and planar cross-
bedded, contains antidunes and bomb sags. Unit contains scours into lower beds of unit -
mafic material is generally concentrated in this structures. Unit is structureless to medium-
bedded. Unit weathers to ledges and slopes. Contactsharp with 25.

Unit 23 - Mafic sandstone: 10Y R 8/2 very pale orange fresh surface, 1 0YR 8/4 pale
yellowish-gray orange weathered surface, fine- to coarse-grained, volcaniclastic - some beds
contain abundant clasts o f angular mafic aphanitic rock, calcareous, wavy beds, thin- to
medium-bedded. Areas with abundant volcanic material have less matrix and are heavily
calcified. Unit weathers to sharp ledges and slopes. Contact sharp with 24.
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Unit 22 - Mafic sand stone and siltstone: 10Y R 8/2 very pale orange fresh surface, 1 0YR 8/4
pale yellowish-gray orange weathered surface, contains fine- to coarse-grained sand-sized
clasts of angular mafic aphanitic rock, contains accidental clasts (Wingate Fm and lower
Bidahochi units), calcareous, wavy laminated, some lenticular beds, trough and planar cross-
bedded, contains antidunes and bomb sa gs. Unit contains scours into lower beds of unit -
mafic material is generally concentrated in this structures. Unit is structureless to medium-
bedded. Unit weathersto ledges and slopes. Contactsharp with 23.

Unit 21 - Mafic sand stone: 10Y R 8/2 very pale orange fresh surface, 1 0YR 8/4 pale
yellowish-gray orange weathered surface, fine- to coarse-grained, volcaniclastic - some beds
contain abundant clasts o f angular mafic aphanitic rock, calcareous, wavy beds, thin- to
medium-bedded. Areas with abundant volcanic material have less matrix and are heavily
calcified. Unit weathers to sharp ledges and slopes. Contact sharp with 22.

Unit 20 - Volcaniclastic sandstone: 10YR 8/2 very pale orange fresh surface, 10 YR 8/4 pale
yellowish-gray orange weathered surface, fine- to coarse-grained, contains abundant clasts of
angular mafic aphanitic rock, calcareous, lenticular and weakly trough cross-bedded. Unit
weathers to sharp ledges and slopes. Contact sharp with 21.

Unit 19 - Mafic sandstone and siltstone: 10Y R 8/2 very pale orange fresh surface, 10YR 8/4
pale yellowish-gray orange weathered surface, contains fine- to coarse-grained sand-sized
clasts of angular mafic aphanitic rock, contains accidental clasts (Wingate Fm and lower
Bidahochi units), calcareous, wavy laminated, some lenticular beds, trough and planar cross-
bedded, contains antidunes and bomb sa gs. Unit contains scours into lower beds of unit -
mafic material is generally concentrated in this structures. Unit is structureless to medium-
bedded. Unit weathers to ledges and slopes. Contactsharp with 20.

Unit 18 - Mafic sandstone: 10Y R 8/2 very pale orange fresh surface, 1 0YR 8/4 pale
yellowish-gray orange weathered surface, fine- to coarse-grained, volcaniclastic - some beds
contain abundant clasts o f angular mafic aphanitic rock, calcareous, wavy beds, thin- to
medium-bedded. Areas with abundant volcanic material have less matrix and are heavily
calcified. Unit weathers to sharp ledges and slopes. Contact sharp with 19.

Unit 17 - Mafic sandstone and siltstone: 10Y R 8/2 very pale orange fresh surface, 10YR 8/4
pale yellowish-gray orange weathered surface, contains fine- to coarse-grained sand-sized
clasts of angular mafic aphanitic rock, contains accidental clasts (Wingate Fm and lower
Bidahochi units), calcareous, wavy laminated, some lenticular beds, trough and planar cross-
bedded, contains antidunes and bomb sags. Unit contains scours into lower beds of unit -
mafic material is generally concentrated in this structures. Unit is structureless to medium-
bedded. Unit weathers to ledges and slopes. Contact sharp with 18.

Unit 16 - Interbedded sandstone and siltstone. Sandstone: 10 YR 8/2 very pale orange fresh
surface, 10YR 8/4 pale yellowish-gray orange weathered surface, very fine-grained,
volcaniclastic, very calcareous, well indurated, trough cross-bedded. Siltstone: 10YR 8/2 very
pale orange fresh surface, 10YR 8/4 pale yellowish-gray orange weathered surface,
volcaniclastic, calcareous, structureless. Unit is thin- to medium-bedded. Unit weathers to
ledges and slopes. Contact sharp with 17 and noted by increase in recognizable Hopi Buttes
material.
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Unit 15 - Mafic sandstone: 5B 6/1 bluish-gray both surfaces, fine- to coarse-grained, po orly
sorted, subangular to subrounded, contains accidental clasts (Wingate Fm, Cretaceous, and
lower Bidahochi units), mafic aphanitic blocks abundant - up to 60 cm in diameter, pyroxene
and amphibole common, calcareous, wavy laminated, some lenticular beds, trough and planar
cross-bedded. Unit is thin- to medium-bedded with coarse material primarily in thicker beds.
Unit scours deeply at an angle into lower units. Maar rim is defined by change in dip of these
beds at this location. Unit weathers to ledges. Contact scour with 16.

contact members 4?/5

Unit 14 - Silty claystone: 10Y 6/2 pale olive fresh surface, calcareous, structureless, very
blocky fracture. Unit weathers beneath cliff of 15. Contactlarge scour with 15.

Unit 13 - Silty claystone fining upwards to claystone. Silty claystone: 10Y 6/2 pale olive
fresh surface, calcareous, structureless. Claystone: 5Y 8/1 yellowish-gray both surfaces, very
calcareous, structureless, very blocky fracture. At 0.9 m unit changes color to 5YR 7/1 pale
grayish-orange pink fresh surface. At 1.35 m unit changes color to 10 YR 7/2 pale grayish
orange fresh surface. Unit weathers to slope. Contact gradational with 14 noted by a color
change and increase in silt.

Unit 12 - Silty claystone fining upwards into claystone. Silty claystone: 10YR 7/4 grayish-
orange fresh surface, SYR 6/2 grayish-orange brown weathered surface, calcareous,
structureless. Claystone: 5YR 5/4 light brown fresh surface, slightly silty, calcareous,
structureless, very blocky fracture. Unit weathers to pop corn slope. Contact gradational with
13 noted by a color change.

Unit 11 - Silty claystone: green and brown colored, very calcareous, structureless. Silt
concentrated at base. More green at top. Unit weathers to slope. Contact gradational with 12
noted by a color change.

Unit 10 - Sandstone fining upwards into sandy siltstone. Sandstone: 5Y 8/2 gray yellow both
surfaces, very fine-grained, quartzose, mafic minerals common, we akly calcareo us, weakly
laminated bedded. Sandy siltstone: 5Y 8/2 gray yellow both surfaces, calcareous,
structureless. Unit weathers to loose slope. Contact obscure with 11.

Unit 9 - Silty claystone: 5GY 6/1 greenish-gray fresh surface, very calcareous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contactsharp with 10.

Unit 8 - Siltstone: 10Y 7/2 pale greenish-olive fresh surface, weathered surface covered,
slightly argillaceous, mafic minerals abundant, calcareous, structureless. Unit weathers to
slope. Contact sharp with 9.

Unit 7 - Silty claystone: 5GY 6/1 greenish-gray fresh surface, very calcareous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contactsharp with 8.

Unit 6 - Siltstone: 10Y 7/2 pale greenish-olive fresh surface, weathered surface covered,
slightly argillaceous, mafic minerals abundant, calcareous, structureless. Unit weathers to
slope. Contact sharp with 7.

Unit S - Sandstone: 5Y 8/2 gray yellow both surfaces, very fine-grained, quartzose, mafic
minerals common, weakly calcareous, weakly laminated bedded. Unit weathers to loose
slope. Contact sharp with 6.
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Unit 4 - Claystone: 5Y 5/2 light olive gray fresh surface, SYR 7/2 grayish-orange pink 0.05
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact sharp with 5.

Unit 3 - Sandy siltstone: 5Y 8/2 gray yellow fresh surface, weakly calcareous, p oorly 0.07
indurate, structureless. Unit weathers to loose slope. Contact sharp with 4.

Unit 2 - Claystone: 5Y 5/2 light olive gray fresh surface, 5YR 7/2 grayish-orange pink 2.0
weathered surface, very calcareous, laminated to structureless, blocky fracture. Small brown

claystone bed (3cm thick) at base - 10YR 4/2 pale grayish-brown fresh surface. Unit weathers

to popcorn slope. Contact sharp with 3.

Unit 1 - Silty micritic limestone (marl): N9 white both surfaces, contains areas of green clay, 0.23
sparkles, wavy laminated. Unit weathers to slope. Contact sharp with 2. Sample #97080 1 A.

Total thickness measured 46.14

Appendix B-4

Location 4 on Figure 2.2 (North Teshim Butte section)

Measured by Jacob staffand tape measure on August 8, 1997

Field Assistant: Tracey Fitzner

Location: Navajo Reservation, White Cone 7.5' Quadrangle, N 35° 34.090' by W 110° 06.077' Northwest
corner of mesa near small knob of pink siltstone. Section starts on pink knob then transfer to main
butte directly to the east.

Outcrop Attitude: measured flat - essentially zero dip measured on unit 7

Measured bottom up

#4 North Teshim B utte Meters

Cliff to top of mesa, no further exposure

Unit 23 - Mafic tuff: 10Y R 6/6 dark yellowish-orange both surfaces, fine to coarse lapilli, 6+
clast supported, calcare ous, slightly normal graded, thin to thick planar-tabular bed ded. Unit

has one large mafic bomb that creates a large sagin thisunit and one below - occurs near

clastic dike. U nit weathers to large cliff.

Unit 22 - Interbedd ed mafic sandstone and mafic siltstone. M afic sandstone: 10Y 7/4 1.6
moderate greenish-yellow fresh surface, 5Y 7/2 yellowish-gray weathered surface, fine- to
coarse-grained, mod erately sorted, angular to subrounded, contains accidental clasts (W ingate

Fm and lower Bidahochi units) up to 14 cm in diameter, calcareous, finely wavy laminated,
planar-tabular thin-bedded. Mafic siltstone: 10Y 7/4 moderate greenish-yellow fresh surface,

5Y 7/2 yellowish-gray weathered surface, calcareous, thin beds. Large clastic dike occurs

within this unit. Unit weathers to cliff. Contact sharp with 23.
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Unit 21 - Argillaceous siltstone fining upw ard to claystone. Argillaceo us siltstone: 10Y 6.5/2
pale olive fresh surface, 10Y 7/2 pale greenish-olive weathered surface, contains matrix
supported coarse sand-sized clasts of Hopi Buttes volcanic material, calcareous, structureless,
blocky fracture. Claystone: 10Y /2 grayish olive fresh surface, 10Y 7/2 pale greenish-olive
weathered surface, contains some matrix supported coarse sand-sized clasts of Hopi Buttes
volcanic material, very calcareous, structureless, blocky fracture. At 1.4 m unit fines to
claystone. Unit weathers to popcorn slope. Contactsharp with 22.

Contact members 4/5

Unit 20 - Siltstone: I0YR 7/2 pale grayish-orange both surfaces, calcareous, structureless.
Unit weathers to break in slope. Contactsharp with 21.

Unit 19 - Claystone, 10Y 7/2 pale greenish-olive fresh surface, 5Y 7/1 yellowish-olive gray
weathered surface, slightly silty, very calcareous, structureless, very blo cky fracture. Unit
weathers to popcorn slopes. Contact sharp with 20.

Unit 18 - Sandy siltstone fines upwards to argillaceous siltstone. Sandy siltstone: 5Y 7.5/1
yellowish-gray fresh surface, calcareous, structureless. Argillaceous siltstone: 10YR 5.5/4
moderate yellowish-brown fresh surface, calcareous, structureless. Entire unit weathered
surface 10 YR 7/2 pale grayish-orange. Unit weathers to popcorn slopes. Contact sharp with
19.

Unit 17 - Claystone, 10Y 6/2 pale olive fresh surface, 5Y 7/1 yellowish-olive gray weathered
surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes.
Contact sharp with 18.

Unit 16 - Silty claystone, 10Y 7/2 pale greenish-olive fresh surface, 5Y 7/1 yellowish-olive
gray weathered surface, very calcareo us, structureless, slightly blocky fracture. At 2.0 m unit
contains less silt, more blocky, and changes color to 1 0YR 7/2 pale grayish-orange bo th
surfaces. Unit weathers to popcorn slopes. Contact sharp with 17.

Unit 15 - Claystone, 5YR 4.5/4 moderate brown fresh surface, 10YR 6/2 pale yellowish-
brown weathered surface, slightly silty, calcareous, structureless. Unit weathers to popcorn
slopes. Contact gradational with 16 noted by a color change.

contact members 3/4

Unit 14 - Sandstone: 10YR 7/2 pale grayish-orange both surfaces, very fine-grained,
quartzose, calcareous, structureless. Unit weathers to calcified slopes. Contactsharp with 15.

Unit 13 - Claystone, 10Y 7/2 pale greenish-olive fresh surface,5Y 7/2 yellowish-gray
weathered surface, slightly silty especially near top, very calcareous, structureless, blocky
fracture. Unit weathers to popcorn slopes. Contact sharp with 14.

Unit 12 - Sandy siltstone: 10YR 7/2 pale grayish-orange both surfaces, calcareous,
structureless. Unit weathers to calcified slopes. Contact sharp with 13.

Transferred across to mesa proper

Unit 11 - Silty claystone, 10Y 7/2 pale greenish-olive both surfaces, very calcareous,
structureless, very blocky fracture. Unit weathers to pop corn slopes. Contact sharp with 12.
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Unit 10 - Sandstone: 10YR 7/2 pale grayish-orange both surfaces, very fine-grained,
quartzose, calcareous, wavy bedded, weakly trough cross-bedded. Unit weathers to calcified
slopes. Contact sharp with 11.

Unit 9 - Argillaceous siltstone fining upwards in silty claystone: 5Y 7/2 yellowish-gray both
surfaces, very calcareous, structureless. Unit fines to silty claystone 40 cm from base. Unit
weathers to popcorn slope. Contactsharp with 10.

Unit 8 - Siltstone with interb eds of sandstone. Siltstone: 10YR 7/2 pale grayish-orange both
surfaces, no clay present, calcareous, structureless. Sandstone: 10YR 7/2 pale grayish-orange
both surfaces, very fine-grained, calcarecous, well indurated, wavy bedded. Sandstone beds are
small. At 4.3 m a 30 cm thick sandstone bed is weakly trough cross-bedded. Unit weathers to
calcified slope. Contact gradational with 9 noted by increase in clay material.

Unit 7 - 13.71 Ma ash bed: N9 white both surfaces, fine-grained, felsic, vitric, calcareous,
wavy laminate d. Unit weathers to prominent ledge. Contact gradational with 8 due to
reworked uppersurface of ash. Sample #970808B.

Unit 6 - Sandstone: 10YR 7/2 pale grayish-orange both surfaces, fine-grained, moderately
sorted, rounded, quartzose, calcareous, well indurated, wavy at base - structureless otherwise.
Unitweathersto ledge. Contact sharp with 7. Sample #971003K.

Unit 5 - Siltstone: 10YR 7/2 pale grayish-orange both surfaces, no clay present, calcareous,
structureless. Unit weathers to calcified slope. Contactsharp with 6.

Unit 4 - Claystone and siltstone. Claystone: 10Y 5/2 pale grayish-olive fresh surface, 5Y 7/2
yellowish-gray weathered surface, very calcareous, structureless, blocky fracture. Siltstone:
5Y 7/2 yellowish-gray both surfaces, calcareous, sparkles, structureless. Unit coarsen
upwards to siltstone 20 cm from base and then fines back to claystone 80 cm from base.
Upper claystone beds are weakly laminated. Unit weathers to popcorn slope. Contact sharp
with 5.

Unit 3 - Siltstone: 10YR 7/2 pale grayish-orange both surfaces, no clay present, calcareous,
structureless. Unit weathers to calcified slope. Contactsharp with 4.

Unit 2 - Silty claystone: 10Y 6.5/2 pale olive fresh surface, SY 7/2 yellowish-gray weathered
surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope.
Contact sharp with 3.

Unit 1 - Siltstone: 10YR 7/2 pale grayish-orange both surfaces, no clay present, calcareous,
structureless. Unit weathers to calcified slope. Contactsharp with 2.

Base of the formation not exposed

Total thickness measured
Appendix B-5

Location 5 on Figure 2.2 (White Cone Peak Section)

Measured by Jacob staffand tape measure on July 11, 1997

Field Assistant: Amy Morrison

202

1.7

0.45

7.5

0.26

0.4

1.05

2.1

0.1

0.2

0.3+

40.36



Location: Hopi Reservation, W hite Cone 7.5' Quadrangle, N 35° 34.571"'by W 110° 02.965' West-

southwest corner of cone. Started below prominent tuff ledge and proceed up cone.
Outcrop Attitude: N75E 3SE measured from unit number 8

Measured bottom up

#5 White Cone Peak

Meters

Removed by erosion, no further exposure

Unit 34 - Sandstone: light pinkish white, very fine-grained, contains mudsto ne rip-up clasts,
very calcareous, very well indurated. Unit weathers to form ledge.

Unit 33 - Interbedd ed sandstone and mudstone. Sandstone: light greenish-white both
surfaces, fine-grained, contains Hopi Buttes volcanic material and rip-up clasts from unit 32,
moderately indurated, low-angle planar cross-bedded. Mudstone: light greenish-w hite both
surfaces, slightly tuffaceous, very calcareous, structureless. Unit is dominated by sandstone
with only minor thin beds of mudstone. Unit weathers to ledges and slopes. Contact sharp
with 34.

Unit 32 - Interbedded siltstone, sandstone, and mudstone. Siltstone: light green both surfaces,
contain abundant Hopi Buttes volcanic material, calcareous, structureless. Sandstone:
pinkish-tan both surfaces, very fine-grained, slightly calcareous, structureless. Mudstone:
light greenish-white both surfaces, slightly tuffaceous, very calcareous, structureless. U nit is
thin to medium bedded defined by changes in lithology. Unit weathers to slopes. Contact
sharp with 33.

Unit 31 - Sandstone: light greenish-white both surfaces, very fine-grained, quartzose,
contains claystone rip-up clasts from unit 30, m oderately indurated, low-angle planar cross-
bedded, some sand bodies have asymmetrical rippled tops with a SE orientation. At 1 m
sandstone changes color to light pinkish-tan both surfaces, fine grained, contains Hopi Buttes
volcanic material. Unit weathers to cliffs and slopes. Contact sharp with 32.

contact member 5/6

Unit 30 - Claystone: light olive green fresh surface, light greenish white weathered surface,
very calcareous, slightly shaley. Unit weathers to popcorn slopes. Contact sharp with 31.

Unit 29 - Siltstone: light tan both surfaces, argillaceous, calcareous, sparkles, structureless.
Unit weathers to slope. Contact sharp with 30.

Unit 28 - Claystone: light olive green fresh surface, light greenish white weathered surface,
very calcareous, slightly shaley. Unit weathers to popcorn slopes. Contact sharp with 29.

Unit 27 - Sandstone: light tan fresh surface, light brownish-tan weathered surface, very fine-
grained, poorly indurated, quartzose with some mafic minerals noted, structureless. At 1.5 m
sandstone becomes moderately indurated, volcaniclastic, has small layers of intertbedded
siltstone, wavy planar-tabular bedded. Mollusks fragments occur in upper 1 m of unit. Unit
weathers to slopes and ledges. Contact sharp with 28.

Unit 26 - Claystone: lightolive green fresh surface, light greenish white weathered surface,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
sharp with 27.
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Unit 25 - Interbedded argillaceo us siltstone and siltstone. Argillace ous siltstone: light gray-
green both surfaces, very calcareous, structureless. Siltstone: light grayish-green b oth
surfaces, calcareous, structureless. The four siltstone layers (3-4cm thick) occur at 1.5, 2.1,
2.8, and 3.2 m. The fourth siltstone layer contains iron-oxide staining. Contains abundant
snails and bivalve clams in lower 0.9 m of unit. Unit weathers to popcorn slopes and breaks
in slope. Contact gradational with 26.

Unit 24 - Siltstone: light grayish-green both surfaces, calcareous, structureless. Contains
abundant snails and bivalve clams. Unit weathers to calcified slopes. Contact gradational with
25 noted by increase in clay content.

Unit 23 - Claystone coarsens upwards into mudstone. Claystone: olive green fresh surface,
light green weathered surface, very calcareous, structureless, blocky fracture. Mudstone:
brownish-green both surfaces, very calcareous, structureless. Unit co arsens to mudstone 0.3
m from base. Two (3-4 cm thick) bands of white tuffaceous material noted at the base of this
unit. Gypsum noted in scree. Unit weathers to pop corn slopes. Contact sharp with 24. Sample
#970711E collected near base.

Unit 22 - Silty claystone: brown fresh surface, light brown weathered surface, very
calcareous, shaley. Collected (sample #970711D1) fish vertebrae from surface material of
this unit. Unit weathers to popcorn slopes. Contact gradational with 23 noted color change
and decrease in grain size. Sample #970711D collected of claystone.

Unit 21 - Claystone: lightolive green fresh surface, light greenish white weathered surface,
very calcareous, shaley. Unit weathers to popcorn slopes. Contact gradational with 22 noted
by color change and grain size increase.

Unit 20 - Sandstone: light greenish-brown bo th surfaces, very fine-grained, tuffaceous,
calcareous, contains mafic minerals, laterally continuous low-angle planar cross-bedding,
occasional large (up to 1 cm wide) pelecypods and planispiral gastropods at base. Iron-
oxidized staining at top ofunit. Unit weathers to small cliff. Contact sharp with 21.

Unit 19 - Claystone coarsens upwards into mudstone. Claystone: olive green fresh surface,
light greenish white weathered surface, very calcareous, structureless. Mudstone: brownish-
green both surfaces, very calcareous, structureless. Contains abundant snails and bivalve
clams near top of unit. Unit is well indurated at top 40 cm and forms ledge. Unit weathers to
popcorn slopes and ledge. Contact sharp with 20.

Unit 18 - Fossiliferous sandstone: light greenish-tan fresh surface, light greenish -white
weathered surface, very fine-grained, calcareous, contains mafic minerals, structureless.
Contains abundant snails and bivalve clams. Unit weathers to break in slope. Contact sharp
with 19.

Unit 17 - Silty claystone and siltstone. Silty claystone: light olive green fresh surface, light
greenish white weathered surface, very calcareous, structureless, silt content decreases
upward. Siltstone: brownish-green both surfaces, volcaniclastic, calcareous, structureless.
Two small siltstone layers occur at 3.4 m. Partial squirrel jaw collected (sample #970711C1)
in surface material of this unit. Unit weathers to popcorn slopes. Contact sharp with 18.

Unit 16 - Sandstone: light tan fresh surface, light tanish-white weathered surface, very fine-
grained, poorly indurated, contains ma fic minerals and mica, structureless. Unit weathers to
slopes. Contact sharp with 17.
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Unit 15 - Silty claystone and sandstone. Silty claystone: light olive green fresh surface, light
greenish white weathered surface, very calcareous, structureless, sparkles - ash(?). Sandstone:
tan both surfaces, very fine-grained, poorly indurated, lenticular, contains bivalve clams.
Sandstone lense (10 cm) occurs at 2.1 m. Unit weathers to popcorn slopes. Contact sharp with
16. Sample #970711C collected near base.

Unit 14 - Claystone: brown fresh surface, light tanish-brown weathered surface, calcareous,
structureless, blocky fracture. Unit weathers to popcorn slopes. Contact gradational with 15
noted by color change. Sample #970711B collected near base.

Unit 13 - Sandy claystone: light olive green fresh surface, light greenish white weathered
surface, very calcareous, struc tureless, sand c ontent decreases upward. Unit weathers to
popcorn slopes. Contact gradational with 14 noted by a color change.

Unit 12 - Sandstone, light tan both surfaces, very fine- to fine-grained, slightly calcareous,
poorly indurated, trough cross-bedded, bedding planes have red iron oxide staining, lenticular
and pinches out laterally. Contains pieces of mammal long bones, cricitine rodent dentition,
fish vertebrae. PC S50 W from 1.5 m forset bed. Unit weathers to led ge. Contact sharp with
13. Sample #970711A 1 collected of fossil material.

Unit 11 - Claystone, lightolive green both surfaces, contains Hopi Buttes material, very
calcareous, weakly laminated defined by silt partings otherwise structureless, blocky fracture.
Unit weathers to popcorn slopes. Contact scour with 12.

Unit 10 - Mafic tuff: peppered black and greenish-tan both surfaces, medium to coarse lapilli,
clast supported, contains euhedral p yroxene and biotite grains, calcareous, one bed. Unit
weathers to cliff. Contact sharp with 11.

Unit 9 - Claystone, lightolive green both surfaces, contains Hopi Buttes material, contains
medium sand-sized biotite grains, very calcareous, weakly laminated defined by silt partings
otherwise structureless, blocky fracture. Top of unit has shaley habit. Unit weathers to
popcorn slopes. Contact sharp with 10. Sample #970711A collected near the base.

Unit 8 - Interbedd ed mafic tuff and siltstone. Mafic tuff: peppered black and tan both
surfaces, coarse-grained at base and fines upwards, clast supported at base of bed and matrix
supported at top, calcareous, medium bedded. Siltstone: tan both surfaces, calcareous,
contains mafic material, thinly to laminated bedded, some beds are lenticular. Tuff dominates
with 5 siltstone beds 0f2-10 cm each. Unit weathers to cliff. Contact sharp with 9.

contact member 4/5

Unit 7 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
silty, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
sharp with 8.

Unit 6 - Siltstone: light greenish-white both surfaces, slightly sandy, calcareous, structureless.
Unit weathers to popcorn slope. Contact gradational with 7 noted by dominance of claystone.

Unit 5 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
color changes to more light tanish green in places, slightly silty, very calcareous,
structureless. Unit weathers to popcorn slope. Contactsharp with 6.
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Unit 4 - Sandstone and siltstone. Sandstone: light tanish-white fresh surface, light tan
weathered surface, fine-grained, po orly sorted, rounded, silty, very calcareous, structureless.
Siltstone: light tan fresh surface, light tanish-white weathered surface, calcareous,
structureless. Unit fines upward from sandstone to siltstone at 20 cm. U nit weathers to
calcified slopes. Contactsharp with 5.

Unit 3 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
slightly silty, very calcareous, structureless. Unit weathers to popcorn slope. Contact sharp
with 4.

Unit 2 - Silty claystone: light pinkish-red fresh surface, tanish-pink weathered surface,
calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
gradational with 3 noted by a reduction in silt content.

Unit 1 - Argillaceous siltstone: light tan fresh surface, light tanish-white weathered surface,
calcareous, structureless. Unit weathers to popcornslope. Contact sharp with 2.

member 4

remainder of the formation not exposed

Total thickness measured

Appendix B-6
Location 6 on Figure 2.2 (N of the Greasewood Highway section):
Measured by Jacob staffand tape measure on July 05, 1997.

Field Assistant: Elizabeth Tyack

0.9

0.08

2.3

NM

58.43
m

Location: Navajo Reservation, Greasewood 7.5' Quadrangle, N 35%26.998', W 109°51.389" composite
section - moved north from small section at highway road-cut where blue-gray ash beds are present

along 13.71 Ma ash bed (unit 9) to base of cliff and went up to cliff
Outcrop attitude: N6 5E 04 SE measured from the unit 9

Measured bottom up

#6 N of Greasewood Highway Meters
Unit 58 - Recent dune sand NM
contact Bidahochi Formation member 6/ Recent units

Unit 57 - Sandstone: white both surfaces, very fine-grained, calcareous, very well indurated, 0.8
structureless. Unit weathers to thin platy ledges. C ontact disco nformity with 58.

Unit 56 - Sandstone: light brown b oth surfaces, very fine-grained, calcareous, moderately 4.0

indurated at base and friable above, trough cross-bedded. Unit weathers to cliff then slope.
Contact sharp with 57.
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Unit 55 - Sandstone: light brown both surfaces, fine-grained, subangular to rounded,
moderately sorted, contains mafic volcanic material, calcareous, trough cross-bedded and
rippled, wa vy bedding. Unit weathers to cliff. Contact scour with 56.

Unit 54 - Argillaceoussiltstone and claystone. Argillaceous siltstone: brown fresh surface,
light brown weathered surface, calcareous, structureless. Claystone: brick red fresh surface,
calcareous, structureless. Claystone unit is upper 3 cm of unit. Unit weathers to popcorn
slope. Contact sharp with 55.

Unit 53 - Sandstone: light brown both surfaces, fine-grained, subangular to rounded,
moderately sorted, contains mafic volcanic material, very calcareous, trough cross-bedded at
base and planar cross-bedded otherwise. Unit weathers to cliff. Contact gradational with 54
noted by grain size change.

contact members 5/6

Unit 52 - Siltstone: light greenish-white both surfaces, contains ash material from unit below
and mafic volcanic material, calcareous, thin-bedded. Unit weathers to slope. Contact scour
with 53.

Unit 51 - Greasewood ash bed: white fresh surface, light pink weathered surface, vitric,
calcareous, weakly laminated, wavy beds, well indurated, top reworked with pinkish-tan
siltstone. Unit weathers to cliff. Contact gradational with 52. Samples #970705C, 971003 P.

Unit 50 - Claystone: light olive green fresh surface, greenish-white weathered surface,
calcareous, structureless, blo cky fracture. T op of unit has mottled texture. Unit weathers to
slope below cliff of unit above. Contact sharp with 51.

Unit 49 - Siltstone: light tanish-brown fresh surface, light tan weathered surface, contains
some mafic volcanic material, argillaceous, structureless, blocky fracture. Contact gradational
with 50 noted by grain size change.

Unit 48 - Ash bed: white both surfaces, calcareous, structureless. Unit weathers to small
ledge. Contact gradational with 49. Sample #9804 19F.

Unit 47 - Claystone with interbedded volcaniclastic siltstone. Claystone: light tanish-green
both surfaces, contains some sand-sized mafic volcanic material, calcareous, Structureless.
Volcaniclastic siltstone: light tanish-green both surfaces, calcareous, structureless. Unit is thin
to medium bedded defined by 10-20 cm thick volcaniclastic siltstone beds. Unit weathers to
very small ledges and popcorn slopes. Contact sharp with 4 8.

Unit 46 - Tuff sandstone: dark brown with orangish-brown reduction spots both surfaces,
coarse-grained, poorly to moderately sorted, subangular, mafic, contains Wingate Fm and
lower Bidahochi clasts, calcareous, well indurated, weakly planar cross-bedded, contains
antidunes and bomb sags. Unit weathers to small led ge. Contact sharp with 47.

Unit 45 - Volcaniclastic sandstone: light brown both surfaces, fine-grained, poorly sorted,
subangular, contains mafic volcanic material, calcareous, trough cross-bedded. Unit weathers
to small ledge. Contact gradational with 4 6.

Unit 44 - Claystone and volcaniclastic claystone. Claystone: light tanish-green both surfaces,
contains some sand sized mafic volcanic material, calcarcous, structureless. Volcaniclastic
siltstone: light tanish-green both surfaces, contains abundant sand-sized pyroxene and other
mafic volcanic material, calcareous, structureless. Unit coarsens to volcaniclastic siltstone
then back to claystone. Unit weathersto a ledge and popcorn slopes. Contact sharp with 45.
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Unit 43 - Volcaniclastic sandstone: greenish-gray both surfaces, fine- to medium-grained,
subangular, poorly sorted, contains abundant pyroxene and mafic volcanic material,
calcareous, well indurated, wavy beds. Unit weathers to ledge. Contact sharp with 44.

Unit 42 - Claystone: light tanish-green bo th surfaces, contains some sand-sized mafic
volcanic material, calcareous, volcanic material forms crude thin planar-tabular bedding. Unit
weathers to popcorn slopes. Contact sharp with 43.

Unit 41 - Volcaniclastic siltstone: grayish-white both surfaces, calcare ous, mod erately
indurated, structureless. Unit weathers to small ledge. Contact sharp with 42.

Unit 40 - Claystone: light tanish-green bo th surfaces, contains some sand sized mafic
volcanic material, calcareous, one bed. Unit weathers to popcorn slopes. Contact gradational
with 41.

Unit 39 - Volcaniclastic sandstone: greenish-gray both surfaces, fine- to medium-grained,
subangular, poorly sorted, contains abundant pyroxene and mafic volcanic material,
calcareous, well indurated, wavy beds. Unit weathers to ledge. Contact sharp with 40.

Unit 38 - Claystone: light tanish-green bo th surfaces, contains some sand sized mafic
volcanic material, calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp
with 39.

Unit 37 - Volcaniclastic sandstone: greenish-gray both surfaces, very fine- to coarse-grained,
subangular, poorly sorted, contains abundant pyroxene and mafic volcanic material,
calcareous, well indurated, normally graded, wavy beds. Unit weathers to ledge. Contact
sharp with 38.

Unit 36 - Pumice ash bed: creamy white bo th surfaces, calcareous, structureless. Unit
weathersto smallledge. Contact sharp with 37. Sample number 970705B.

Unit 35 - Volcaniclastic sandstone and claystone. Volcaniclastic sandstone: light olive green
both surfaces, fine-grained, contains abund ant coarse-grained pyroxene and mafic volcanic
material, calcareous, structureless. Claystone: light olive green both surfaces, calcareous,
structureless. Claystone bed (14 cm) occurs between two sandstone beds. Unit weathers to
calcified slopes. Contactsharp with 36.

contact members 4/5

Unit 34 - Claystone: dark green fresh surface, greenish-white weathered surface, calcareous,
structureless, blocky fracture. Unit has small iron-oxide stain 1.2 m from base. Unit weathers
to popcorn slopes. Contact sharp with 35.

Unit 33 - Sandstone: light tanish-green both surfaces, very fine-grained, calcareous, weakly
planar bedded. Unit weathers to calcified slopes. Contact sharp with 34.

Unit 32 - Silty claystone: light olive gray fresh surface, greenish-white weathered surface,
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 33.

Unit 31 - Siltstone, tanish-orange fresh surface, light pinkish-tan weathered, calcareous,
structureless. Unit weathers to popcorn slopes. Contact sharp with 32.
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Unit 30 - Siltstone and sandstone. Siltstone: light brick red fresh surface, light red weathered
surface, calcareous, thin bedded. Sandstone: tanish-orange fresh surface, pinkish-tan
weathered surface, very fine-grained, calcareous, structureless. Sandstone occurs as very thin
interbeds. Unit weathers to popcorn slopes. Contact gradational with 31 noted by color
change.

Unit 29 - Siltstone, tanish-orange fresh surface, light pinkish-tan weathered, calcareous,
structureless. Unit weathers to popcorn slopes. Contact gradational with 30 noted by color
change.

Unit 28 - Granule conglomerate: grayish-red fresh surface, light reddish-brown weathered
surface, consist primarily of chert, quartz, petrified wood, and rip up mudstone clasts, sandy
matrix, calcareous, structureless. Unit fines upward. Unit weathers to granule covered slopes
and ledges. Contactsharp with 29. Sample number 971003L.

Unit 27 - Interbedded siltstone and sandstone with claystone at top. Arenaceous siltstone:
brick red fresh surface, light pink weathered surface, calcareous, contains up to medium sand
sized clasts, structureless. Sandstone: tanish-orange fresh surface, pinkish-tan weathered
surface, fine-grained, subrounded, moderately sorted, quartzose, calcareous, low-angle planar
cross-bedded, well indurated. Claystone: brick red fresh surface, calcareous, structureless.
Siltstone dominants sandstone 2:1. Unit fines to red claystone at top. Unit forms popcorn
slopes and ledges. Contact sharp with 28. Sample #971003M

Unit 26 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 27.

Unit 25 - Argillaceous siltstone, light pinkish-tan both surfaces, calcareous, structureless.
Unit weathers to popcorn slopes. Contact sharp with 26.

Unit 24 - Interbedded silty claystone and sandstone. Silty claystone: tanish-brown fresh
surface, light tan weathered surface, calcareous, less silt toward top, structureless. Sandstone:
tanish-orange fresh surface, pinkish-tan weathered surface, very fine-grained, quartzose,
calcareous, Structureless. Two equal units of each rock type. Unit weathers to loose and
popcorn slopes. Contact gradational with 25 noted by a grain size change.

contact member 3/4

Unit 23 - Sandstone: tanish-orange fresh surface, pinkish-tan weathered surface, very fine-
grained, quartzose, calcareous, structureless. Coarsens upwards to fine-grained, subrounded,
poorly sorted, laminated, low angle planar cross-bedded. Unit has well indurated bed 25 cm
from base. Unit forms loose slopes and a ledge. Contact sharp with 24. Sample number
971003N.

Unit 22 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
calcareous, structureless. Unit changes to red color at upper 2-3 cm. Unit weathers to popcorn
slopes. Contact sharp with 23.

Unit 21 - Arenaceous siltstone: brick red fresh surface, light pink weathered surface,
calcareous, contains up to medium sand sized clasts, structureless. Unit weathers to loose
slopes. Contact sharp with 22.

Unit 20 - Sandstone: pinkish-tan fresh surface, light tan weathered surface, very fine-grained,
weakly calcareous, thin bedded. Unit weathers to loose slopes. Contact sharp with 21.
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Unit 19 - Silty claystone interbedded with siltstone. Silty claystone: tanish-brown fresh
surface, light tan weathered surface, calcareous, structureless. Siltstone: light olive gray fresh
surface, calcareous, slightly arenaceous, structureless. Unit weathers to popcorn slopes.
Contact sharp with 20.

Unit 18 - Sandstone: pinkish-tan fresh surface, light tan weathered surface, very fine-grained,
weakly calcareous, thin bedded. Unit weathers to loose slopes. Contact sharp with 19.

Unit 17 - Siltstone: light olive gray fresh surface, calcareous, slightly arenaceous,
structureless. Unit weathers to calcified slopes. Contact sharp with 18.

Unit 16 - Silty claystone: tanish-brown fresh surface, light tan weathered surface, calcareous,
structureless. Unit fines upwards to very little silt content. Unit weathers to popcorn slopes.
Contact sharp with 17.

Unit 15 - Sandstone: light pinkish-tan both surfaces, very fine-grained, tuffaceous, very
calcareous, well indurated, structureless. Unit weathers to ledge. Contact sharp with 16.

Unit 14 - Sandstone: light pinkish-tan both surfaces, fine-grained, contains chert and some
mafic minerals, weakly calcareous, thin bed ded. Unit fines upwards to very fine-grained. Unit
weathers to loose slope. Contact gradational with 15 noted by tuffaceous component.

Unit 13 - Sandstone: greenish-white fresh surface, light greenish-white weathered surface,
medium-grained, subrounded, poorly sorted, weakly calcareous, structureless. Unit fines
upward to reddish siltstone at upper contact. Unit weathers to loose slopes. Contact sharp
with 14.

Unit 12 - Claystone: dark olive green fresh surface, light greenish-white weathered surface,
calcareous, laminated at base. Unit weathers to popcorn slopes. Contact sharp with 13.

Unit 11 - Sandstone: greenish-white fresh surface, light greenish-white weathered surface,
very fine-grained, weakly calcareous, structureless. Unit weathers to loose slopes. Contact
sharp with 12.

Unit 10 - Siltstone: 10YR 7/3 grayish-orange both surfaces, weakly calcareous, structureless.
Unit weathers to loose slopes. Contactsharp with 11.

Unit 9 - 13.71 Ma ash bed: N9 white, fine-grained, felsic, vitric, calcareous, finely laminated
at base reworked with siltstone of 10 at top, wavy bed. Unit weathers to prominent ledge.
Contact gradational with 10 due to reworked upper surface of ash bed. Sample number
970315C.

Unit 8 - Siltstone: light pinkish-tan both surfaces, arenac eous, mafic minerals present,
calcareous, slightly shaley, structureless. Unit weathers to calcified slope. Contact sharp with
9.

Unit 7 - Claystone: 5YR 5/2 pale brown fresh surface, 10YR 8/1 very pale orange weathered
surfaces, slightly silty, calcareous, shaley. Unit weathers to loose slopes. Contact sharp with
8.

Unit 6 - Sandstone: 10YR 8/2 very pale orange both surfaces, very fine-grained, contains
chert and some mafic minerals, weakly calcareous, structureless. Unit weathers to loose
slopes. Contact sharp with 7.
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Unit 5 - Siltstone: 10YR 7/3 grayish-orange both surfaces, weakly calcareous, structureless.

Unit weathers to loose slopes. Contact sharp with 6.

Unit 4 - Blue-gray #1 ash bed: N8.5 very light gray fresh surface, SYR 8/1 grayish-orange
pink weathered surface, calcareous, wavy bed. Unit weathers to small ledge. Contact
gradational with 5 due to reworked upper surface ofash bed. Sample #970717D.

Unit 3 - Siltstone: 10YR 7/3 grayish-orange both surfaces, weakly calcareous, structureless.

Unit weathers to loose slopes. Contact sharp with 4.

Unit 2 - Blue-gray #2 ash bed: 5SPB 7.5/2 pale blue fresh surface, 5YR 7/1 grayish-orange

pink weathered surface, vitric, calcareous, wavy bed. Unit weathers to smallledge. Contact

gradational with 3 due to reworked upper surface of ashbed. Sample #970717C.

Unit 1 - Siltstone: 10YR 7/3 grayish-orange both surfaces, weakly calcareous, structureless.

Unit weathers to loose slopes. Contact sharp with 2.

Base of formation not exposed

0.6

0.8

0.24

NM

Total thickness measured 40.345

Appendix B-7
Location 7 on Figure 2.2 (Arnold section)
Measured by Jacob staffand tape measure on July 17, 1997

Field Assistant: Bo Burgess

Location: Navajo Reservation, Greasewood 7.5'Quadrangle, N 35° 35.054' by W 109° 47.404'

North of

the highway at the first recognizable projection of Wingate Fm from below Bidahochi units.
Arnold lives in the house just on the westside of this point and a small Hogan is across the valley

on the east side. Section starts at large s/s outcrop of Moenave Formation.
Outcrop Attitude: unable to measure, assumed flat

Measured bottom up

#7 Arnold section Meters
Cliff to top of mesa, not able to measure further

Unit 32 - Similar material as unit 30 but trough cross-bedded units are more abundant and NM
thicker. See large rip-up clasts of laminated ash within some units. Unit weathers to large

cliff, unable to measure further.

Unit 31 - Mafic wff: 5Y 5/5 olive brown both surfaces, medium lapilli, clast supported, 0.3

calcareous, structureless. Unit weathers to cliff. Contact sharp with 32.
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Unit 30 - Interbedd ed siltstone, sandstone, tuff, and tuffaceous claystone. Siltstone: 10YR 7/2
pale grayish orange fresh surface, 10YR 7.5/2 pale orange weathered surface with some
mottling present, calcareous, structureless. Sandstone:10YR 7/2 pale grayish orange fresh
surface, 10YR 7.5/2 pale orange weathered surface, very fine-grained, volcaniclastic,
calcareous, trough cross-bedded. Mafic tuff: 5Y 5/5 olive brown both surfaces, medium
lapilli, clast supported, calcareous, single bed. The two mafic tuffbeds (5-10 cm thick) occur
in the middle of unit. Tuffaceous claystone: N9 white, weakly calcareous, structureless.
Tuffaceous claystone beds (1-3 cm) occur throughout unit but are more abundant in upper
third of unit. Unit weathers to cliff. Contactsharp with 31.

contact members 5/6

Unit 29 - Volcaniclastic sandstone fining upwards to volcaniclastic siltstone. Volcaniclastic
sandstone: 5Y 7/2 yellowish-gray fresh surface, 5Y 6.5/2 yellowish-gray weathered surface,
fine- to medium-grained, mod erately to poorly sorted, angular to rounded, contains coarse
mafic clasts in lower 1.55 m, very calcareous, thin bedded. Volcaniclastic siltstone: 5GY 4/2
yellow olive green both surfaces, calcareous, structureless. Unit fines upwards to siltstone at
1.55 m. Unit weathers to ledge at base and slopes above. Contact scour with 30.

Unit 28 - Volcaniclastic sandstone with mafic tuff and claystone fining up wards to
volcaniclastic siltstone. Volcaniclastic sandstone: 5GY 4/2 yellow olive green b oth surfaces,
medium- to coarse-grained, mod erately to poorly sorted, an gular to rounded, contains mafic
clasts, calcite lined vugs and pores, very calcareous, thin bedded. Mafic tuff: SGY 4/2 yellow
olive green both surfaces, fine lapilli, clast supported, single bed. Claystone: N9 white,
calcareous, well indurated, lenticular. Volcaniclastic siltstone: 5GY 4/2 yellow olive green
both surfaces, calcareous, structureless. Mafic tuff occurs as thin bed (5 cm thick) near base.
White lenticular claystone beds occur in lower 50 cm of unit. Unit fines upwards to siltstone
at 0.5 m. Unit weathers to ledge at base and slopes above. Contact sharp with 29.

Unit 27 - Claystone coarsening upwards into siltstone: Claystone: 10YR 6/2 pale yellowish-
brown fresh surface with areas of white mo ttling, slightly volcaniclastic, very calcareous,
structureless. Siltstone: 5GY 4/2 yellow olive green both surfaces, volcaniclastic, calcareous,
structureless. Unit begins to grade into siltstone 1 m from base. Unit weathers to slopes.
Contact sharp with 28. Sample #970717B of mottled claystone.

Unit 26 - Volcaniclastic sandstone: 5GY 4/2 yellow olive green both surfaces, medium- to
coarse-grained, mod erately to poorly sorted, angular to rounded, contains mafic clasts, calcite
lined vugs and pores, very calcareous, structureless. Unit weathers to small cliff. Contact
sharp with 27.

Unit 25 - Claystone: 5GY 4/2 yellow olive green fresh surface, SGY 8/2 pale grayish-yellow
green weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to
popcorn slopes. Contact sharp with 26.

Unit 24 - Volcaniclastic sandstone: 5GY 4/2 yellow olive green bo th surfaces, me dium- to
coarse-grained, mod erately to poorly sorted, angular to rounded, contains mafic clasts, calcite
lined vugs and pores, very calcareous, single bed. Unit weathers to small cliff. Contact sharp
with 25.
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Unit 23 - Interbedded volcaniclastic siltstone and volcaniclastic sandstone, Volcanic lastic
siltstone: SGY 4/2 yellow olive green both surfaces, calcareous, thin-bedded and lenticular.

Volcaniclastic sandstone: 5GY 4/2 yellow olive green both surfaces, fine-to medium-grained,

moderately to poorly sorted, angular to rounded, contains mafic clasts and pyroxene
amphibole grains from the Hopi Buttes volcanic field, calcareous, thin-bedded. The finer
grained beds in this unit punch-out laterally and bed surfaces tend to be undulatory and
deformed in places. Unit weathers to cliffs and slopes. Contact sharp with 24.

contact members 4/5

Unit 22 - Claystone: SGY 4/2 yellow olive green fresh surface, SGY 8/2 pale grayish-yellow
green weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to
popcorn slopes. Contact sharp with 23.

Unit 21 - Claystone: 5YR 5/4 pale lightbrown fresh surface, 5YR 3.5/4 moderate brown
weathered surface, has a pink cast to upper beds, slightly silty, calcareous, structureless,
blocky fracture. Unit weathers to popcorn slopes. Contact gradational with 22 noted by color
change.

Unit 20 - Sandstone: 10R 7.5/3 orange pink both surfaces, very fine-grained, contains coarse
sand and granule clasts, calcareous, weakly thin bedded, blocky fracture. Top of unit has a
tuffaceous component similar to unit 16. Unit weathers to slope. Contact sharp with 21.

Unit 19 - Ash bed: N9 white fresh surface, 5YR 8/4 moderate orange pink weathered surface,
calcareous, weakly laminated. Unit weathers to break in slope. Contact gradational with 20
due to reworked upper surface of ash bed. Sample #970717A.

Unit 18 - Siltstone: 10R 7.5/3 orange pink both surfaces, calcareous, structureless. Unit
weathers to slope. Contact sharp with 19.

Unit 17 - Silty claystone: SR 4/4 moderate grayish-red fresh surface, 10R 6/3 orange red
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 18.

Unit 16 - Tuffaceous siltstone: 5YR 8/1 pinkish-gray fresh surface, SYR 6.5/4 light brown
weathered surface, contains biotite and glass shards, we akly calcareo us, structureless. U nit
weathers to slope. Contact sharp with 17.

Unit 15 - Silty claystone: SR 4/4 moderate grayish-red fresh surface, 10R 6/3 orange red
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 16.

Unit 14 - Siltstone: 10R 7.5/3 orange pink both surfaces, calcareous, structureless. Unit
weathers to slope. Contact sharp with 15.

Unit 13 - Silty claystone: SR 4/4 moderate grayish-red fresh surface, 10R 6/3 orange red
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 14.

Unit 12 - Siltstone: 10R 7.5/3 orange pink both surfaces, calcareous, structureless. Unit
weathers to slope. Contact sharp with 13.

Unit 11 - Silty claystone: SR 4/4 moderate grayish-red fresh surface, 10R 6/3 orange red
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 12.
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Unit 10 - Siltstone: 10R 7.5/3 orange pink both surfaces, calcareous, structureless. Unit 0.1
weathers to slope. Contact sharp with 11.

Unit 9 - Silty claystone: SR 4/4 moderate grayish-red fresh surface, 10R 6/3 orange red 0.2
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 10.

Unit 8 - Siltstone: 10R 7.5/3 orange pink both surfaces, calcareous, structureless. Unit 0.14
weathers to slope. Contact sharp with 9.

Unit 7 - Silty claystone: 5R 4/4 moderate grayish-red fresh surface, 10R 6/3 orange red 0.3
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 8.

Unit 6 - Sandstone: 10YR 7/4 grayish-orange both surfaces, very fine-grained, contains 0.3
occasional coarse-grained clasts, calcareous, sparkles, structureless. Unit weathers to slope.
Contact sharp with 7.

Unit 5 - Silty claystone: SR 4/4 moderate grayish-red fresh surface, 10R 6/3 orange red 1.3
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 6.

Unit 4 - Sandstone: 10YR 7/4 grayish-orange both surfaces, very fine-grained, contains 0.6
occasional coarse-grained clasts, calcareous, sparkles, structureless. Unit weathers to slope.
Contact sharp with 5. Sample #971003S.

contact Moenave Formation/Bidahochi Formation member 4

Unit 3 - Granule conglomerate: 10R 7/3 orange pink fresh surface, SYR 5/4 light brown 0to
weathered surface, clast supported, coarse sand matrix, contains predominately quartz and 0.25
chert clasts, very calcareous, horizontal bedded, weakly normal graded. Unit is localized and

has been eroded away laterally. Unit weathers to led ge. Contact disconformity with 4. Sample
#971003R.

Unit 2 - Moenave Formation -sandstone: 5YR 7.5/2 grayish-orange pink fresh surface, 5YR Otol.4

6.5/2 grayish-orange pink weathered surface, coarse-grained, poorly sorted, well rounded, with
very calcareous, well indurated, high-angle planar cro ss-bedded with sets 2-3 m thick. Unit is max of
localized and has been eroded away laterally. Unit weathers to ledge. Contact sharp with 3. 3.7
Sample #971003Q. nearby
Unit 1 - Wingate Formation - sandstone: 10Y R 7/6 grayish-yellowish-orange bo th surfaces, NM

medium-grained, moderately sorted, rounded, quartzose, structureless. Unit is localized and
has been eroded away laterally. Unit has softsediment deformation on upper surface. Unit not
exposed. Contact scour with 2.

Total thickness measured 24.58
(Bidahochi Fm only)

Appendix B-8
Location 8 on Figure 2.2 (East Lake Margin Section)

Measured by Jacob staffand tape measure on November 7,1997
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Field Assistant: Phil Gensler

Location: Navajo Reservation, Greasewood 7.5'Quadrangle, N 35° 35.171' by W 109° 45.742' North of
the highway where a small road cut has exposed a conglomerate and an ash bed. Just before the old
Sunrise Trading Post.

Outcrop Attitude: N6 8W 3 SW from unit 3

Measured bottom up

#8 East Lake M argin Meters

Erosion and/or Quaternary units

Unit 31 - Sandstone, fine-grained, well indurated. Rest ofexposure removed by erosion or NM
covered by Recent dunes. Could be as much as 10 m left of section by impossible to tell due
to hummo cky topography.

Unit 30 - Volcaniclastic sandstone: 10Y 5/2 olive both surfaces, medium-graine d, poorly to 1.5
moderately sorted, angular to subrounded, contains mafic Hopi Buttes volcanic material,
calcareous, low-angled planar cross-bedded. Unit weathers to cliff. Contact sharp with 31.

Unit 29 - Sandstone: 5Y 7/2 yellowish-gray both surfaces, very fine- to fine-grained, p oorly 1.3
to moderately sorted, angular to subrounded, contains abundant layers of mafic Hopi Buttes

material, calcareous, large-scale trough cross-bedd ed. Paleo current read ing of S15W. Unit

weathers to cliff. Contact shamp with 30.

Unit 28 - Argillaceous sandstone: 10YR 6/4 yellowish-orange brown both sur faces, fine- to 0.6
medium-grained, poorly sorted, rounded, calcareous, structureless. Unit weathers to slope but
is partially covered by scree. Contact sharp with 29.

Unit 27 - Sandy travertine: SYR 8/1 pinkish-gray fresh surface, 5YR 8/5 moderate orange 0.35
pink weathered surface, contains mafic clasts - especially at top, lattice-like structure. Unit
weathers to cliff. Contact sharp with 28.

Unit 26 - Volcaniclastic sandstone: 5GY 5/1 moderate olive gray both surfaces, fine-grained, 1.4
moderately sorted, angular to subrounded, contains mafic Hopi Buttes volcanic material,

calcareous, low-angle planar cross-bedded. Top of unit contains abundant volcanic material.

Unit weathers to ledges. Contact sharp with 27.

Contact members 5/6

Unit 25 - Argillaceous sandstone: 10YR 6/4 yellowish-orange brown both surfaces, fine- to 1.5
medium-grained, poorly sorted, rounded, calcareous, structureless, contains calcified rootlets
and has a mottled texture. Unit weathers to slope. Contact sharp with 26.

Unit 24 - Mafic tuff: N7 light gray both surfaces, medium lapilli, clast supported, calcareous, 1.8
weakly thin bedded to laminated. Unit weathers to small cliff. Contact sharp with 25.

Unit 23 - Volcaniclastic sandstone: 5GY 5/1 moderate olive gray both surfaces, fine-grained, 1.9
moderately sorted, angular to suban gular, contains mafic Hopi Buttes volcanic material,

calcareous, planar-tabular thin- to laminated-bedded. Unit weathers to ledges. Contact shamp

with 24.
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Unit 22 - Volcaniclastic sandstone: 5Y 7/3 dusky yellow gray both surfaces, very fine- to 0.7
coarse-grained, poorly sorted, contains mafic Hopi Buttes volcanic material, slightly silty,

calcareous, thick-bedded. Coarse-grained material occurs as small beds. Unit weathers to

cliff. Contact gradational with 23 noted by a structural and grain size change.

Unit 21 - Volcaniclastic sandstone: 5GY 5/1 moderate olive gray both surfaces, fine-grained, 1.1
moderate sorted, angular to suban gular, contains mafic Ho pi Buttes volcanic material,

calcareous, laminated planar and trough cross-bedded. Unit weathers to cliff. Contact

gradational with 22 noted by a structural and grain size change.

Unit 20 - Sandy travertine: 5YR 8/1 pinkish-gray fresh surface, S5YR 8/5 moderate orange 0.3 to
pink weathered surface, apparent bedding and pillar like structure. Unit weathers to cliff. 0.65
Contact sharp with 21.

Unit 19 - Volcaniclastic sandstone: 5GY 5/1 moderate olive gray both surfaces, medium- 1.15
grained, moderate to poorly sorted, angular to subangular, contains mafic Hopi Buttes

volcanic material, calcareous, wavy laminated planar cross-bedded in some areas. Unit

weathers to cliff. Contact sharp with 20.

contact member 4/5

Unit 18 - Sandstone: 10YR 7/4 grayish-orange both surfaces, fine-grained, poorly sorted - 1.9
contains some coarse sand, well rounded, argillaceous at bottom, calcareous, wavy laminated
planar-tabular bedded. Unit weathers to slope. Contact sharp with 19.

Unit 17 - Claystone: 10YR 5/2 yellowish-brown fresh surface, arenaceous at top, calcareous, 1.0
structureless. Unit weathers to popcorn slopes. Contact gradational with 18 noted by
disappearance of clay.

Unit 16 - Travertine: 5YR 8/1 pinkish-gray fresh surface, 5YR 8/5 moderate orange pink 0.11
weathered surface, slightly arenaceous, ap parent bedding and pillar-like structure. U nit
weathers to cliff. Contact sharp with 17.

Unit 15 - Sandstone: 10YR 7/4 grayish-orange both surfaces, fine-grained, poorly sorted - 0.1
contains some coarse sand, well rounded, calcareous, structureless. Unit weathers to slope.
Contact sharp with 16.

Unit 14 - Travertine: SYR 8/1 pinkish-gray fresh surface, 5YR 8/5 moderate orange pink 0.25
weathered surface, slightly arenaceous, ap parent bedding and pillar-like structure. U nit
weathers to cliff. Contact sharp with 15.

Unit 13 - Sandstone: 10YR 7/6 yellowish-orange both surfaces, fine-grained, well sorted, 0.7
rounded, weakly calcareous, structure less. Unit weathers to loose slope. Contact sharp with
14.

Unit 12 - Travertine: 5YR 8/1 pinkish-gray fresh surface, 5YR 8/5 moderate orange pink 1.0
weathered surface, slightly arenaceous, apparent bedding and pillar-like structure, contains
plant and root casts. Unit weathers to cliff. Contact sharp with 13.

Unit 11 - Sandstone fining upwards into mudstone. Sandstone: 5YR 6/4 light brown both 1.1
surfaces, fine- to medium-grained, poorly sorted, well rounded, argillaceous, calcareous,

structureless. Mudstone: 5Y R 5/6 light brown both surfaces, arenaceous, calcareous,

structureless. Unit weathers to slope partially covered by scree. Contactsharp with 12.
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Unit 10 - Conglomerate: 10YR 8/2 very pale orange both surfaces, consists of disc-shaped
granules and pebbles, clast supported, contains chert, quartz, quartzite, sandstone, and
mudstone clasts, calcareous, moderately indurated, low-angled p lanar cross-bedded. Unit
fines slightly upwards. Unit weathers to ledge and cliff. Contact sharp with 11.

Unit 9 - Sandstone: SYR 6/4 light brown both surfaces, fine-grained with some coarse-
grained sand, poorly sorted, well rounded, calcareous, laminated trough cross-bedded. Coarse
material occurs in troughs. Unitweathers to slope. Contact sharp with 10.

Unit 8 - Sandstone: 10YR 7.5/2 very pale orange fresh surface, 5Y 6.5/3 dusky yellowish-
gray weathered surface, fine-grained, well sorted, well rounded, very calcareous, well
indurated, thin- to medium-bedded. Unit weathers to ledge. Contact gradational with 9 noted
by a change in structure and induration.

Unit 7 - Sandstone and claystone. Sandstone: SYR 6/4 light brown both surfaces, fine-
grained with some coarse-grained sand, poorly sorted, well rounded, calcareous, laminated
trough cross-bedded. Coarse material occurs in troughs. Claystone: 5Y R 6/4 light brown both
surfaces, arenaceous, calcareous, structureless. Claystone bed (11 cm thick) occursat 45 cm
above base. Unit weathers to slope. Contact gradational with 8 noted by a change in structure
and induration.

Unit 6 - Sandstone fining upwards into mudstone. Sandstone: SYR 4/3 moderate brown both
surfaces, fine- to very fine-grained, moderately sorted, rounded, argillaceous, calcareous,
structureless. M udstone: red both surfaces, arenaceous, calcareous, structureless. U nit
weathers to slope. Contact gradational with 7 noted by a change in grain size and structure.

Unit 5 - Sandstone: SYR 6/4 light brown both surfaces, fine- to medium-grained with some
coarse granule lenses, poorly sorted, well rounded, calcareous, weakly trough cross-bedded.
Unit fines upward into fine-grained sandstone with no coarse material near top. Unit weathers
to slope. Contact gradational with 6 noted by change in grain size and structure.

Unit 4 - Conglomerate and sandstone. C onglomerate: SYR 7/4 orange brown p ink both
surfaces, consists of granules and pebbles, clast supported, contains chert, quartz, quartzite,
abundant petrified wood, sandstone, and mudstone clasts, calcareous, moderately indurated,
weakly trough cross-bedded. Sandstone: SYR 7/4 orange brown pink both surfaces, medium -
grained, moderately sorted, rounded, calcareous, weakly trough cross-bedded. Sandstone
occurs as lenses up to 10 cm thick. Unit weathers to ledge. Contact sharp with 5.

Unit 3 - Ash bed and tuffaceous sandstone. Ash bed: N9 white fresh surface, SYR 7/3
moderate grayish-orange pink weathered surface, felsic, vitric, calcareous, wavy laminated.
Tuffaceous sandstone: SYR 6/4 light brown both surfaces, fine-grained, subrounded,
moderately sorted, calcareous, structureless. Ash bed is basal 0.9 m and upper 1 meter is
sandstone mixed with ash. Unit weathersto ledge. Contact sharp with4. Sample #971003 V.

Unit 2 - Bidahochi Fm - Conglomerate and sandstone. Conglomerate: 5YR 7/4 orange brown
pink both surfaces, consists of granules and pebbles, clast supported, contains chert, quartz,
quartzite, abundant petrified wood, sandstone, and mudsto ne clasts, calcar eous, mod erately
indurated, weakly trough cross-bedded, contains plant or wood-like material. Sandstone: 5YR
7/4 orange brown pink both surfaces, medium -grained, moderately sorted, rounded,
calcareous, weakly trough cross-bedded. Sandstone occurs as a lense (10 cm thick). Unit
weathers to ledge. Contact sharp with 3. Sample #971107V of wo ody material.

contact Wingate Formation/member 4 Bidahochi Formation
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Unit 1 - Wingate Fm - Sandstone: SYR 5.5/6 lightbrown fresh surface, S5YR 6/4 lightbrown NM
weathered surface, fine-grained, well sorted, rounded, quartzose, calcareous. well indurated,
structureless. Unit weathers to calcified slope. Contactdisconformity with 2.

Total thickness measured 30.74
m

Appendix B-9e

Location 9 on Figure 2.2 (east flat tire mesa section)

Measured by Jacob staffand tape measure on July 23, 1997

Field Assistant: Carey Lang

Location: Navajo Reservation, First Flat Mesa 7.5' Quadrangle, N 35° 32.696' by W 110° 09.067' North of
the road in the second gully from the east. Section starts along west side of this gully near the

mouth of small canyon.

Outcrop Attitude: dip of unit 10 varies from location to location, measured as flat. T he lower volcanic units
are at an angular discordance with overlying units.

Measured bottom up

#9 east flat tire mesa Meters

Cliff to top of mesa, not able to measure further

Unit 19 - Mafic volcanic breccia: Reddish-brown both surfaces, contains accide ntal material, NM
calcareous, structureless. Unit scours at an angle through lower unit. Unit weathers to cliff. ~5.6
Unit 18 - Interbedded siltstone and claystone. Siltstone: 10YR 7/2 gray yellowish-orange 0.3 to
both surfaces, slightly argillaceous, calcareous, structureless. Claystone: 5Y 5/2 light olive 2.5

gray fresh surface, 5Y 7/2 yellowish-gray weathered surface, very calcareous, structureless,
blocky fracture. Unit is volcaniclastic in areas. Unit is fractured and soft-sediment deformed
due to emplacement of unit 19. Unit weathers to slope under acliff. Contactscour with 19.

Unit 17 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7/2 yellowish-gray weathered 1.0
surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes.
Contact sharp with 18.

Unit 16 - Claystone: 5Y 4/4 moderate olive brown fresh surface, 5YR 5/4 light brown 1.2
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact gradational with 17 noted by a color change.

Unit 15 - Siltstone: 10YR 7/2 gray yellowish-orange both surfaces, slightly argillaceous, 1.3
calcareous, structureless. Unit weathers to slope. Contact sharp with 16.

Unit 14 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7/2 yellowish-gray weathered 0.15
surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes.
Contact sharp with 15.
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Unit 13 - Siltstone interbedded with sandstone. Siltstone: 10YR 7/2 gray yellowish-orange 3.15
both surfaces, slightly argillaceous, calcareous, structureless. Sandstone: 10YR 7/2 gray
yellowish-oran ge both surfaces, very fine-grained, calcareous, structureless. Unit weathers to

slope. Contact sharp with 14.

Unit 12 - Tuffaceous claystone: white with brown both surfaces, calcareous, structureless. 0.11
Unit weathers to slope. Contact sharp with 13. Sample #970723L.

Unit 11 - Siltstone and sandstone. Siltstone: 10Y R 7/2 gray yellowish-orange both surfaces, 1.1
slightly argillaceous, calcareous, structureless. Sandstone: 10YR 7/2 gray yellowish-orange

both surfaces, very fine-grained, calcareous, structureless. Sandstone bed occurs 30 cm from

base. Unitweathers to slope. Contact sharp with 12.

Unit 10 - Ash bed: banded with brown claystone fresh surface, N9 white weathered surface, 0.22
fine-grained, felsic, vitric, calcareous, laminated. Unit weathers to prominent ledge. Contact
gradational with 11 due to reworked upper surface of ash bed. Sample #970723KK.

Unit 9 - Siltstone: 10YR 7/2 gray yellowish-orange both surfaces, slightly argillaceous, 0.6
calcareous, structureless. Unit weathers to slope. Contactsharp with 10.

Unit 8 - Claystone and tuffaceous bed. Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 1.3
7/2 yellowish-gray weathered surface, very calcareous, structureless, blocky fracture.

Tuffaceous bed: N9 white fresh surface, calcareous, structureless. Tuffaceous bed (13 cm

thick) occurs at 0.6 m from base. Unit weathers to popcorn slopes. Contact sharp with 9.

Unit 7 - Siltstone: 10Y 8/2 pale greenish-yellow both surfaces, slightly argillaceous, 0.2
calcareous, structureless. Unit weathers to slope. Contact sharp with 8.

Unit 6 - Claystone: 10YR 5/4 moderate yellowish-brown fresh surface, weathered surface 0.55
covered, calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
partially covered by soil with 7.

Unit 5 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7/2 yellowish-gray weathered 0.35
surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes.
Contact gradational with 6 noted by a color change.

Unit 4 - Mafic tuff 5Y 7/2.5 yellowish-gray fresh surface, 10Y 6/2 pale olive weathered 2.5
surface, coarse lapilli, clast supported, little or no matrix present, contains some accidental

material, calcareous, thin to thick planar-tabular bedded. A mafic agglutinate bomb layer

occurs at 1.1 m with clasts asbig as 1 meter long. Upper 1 meter of unit is reworked into low-

angled planar cross-beds. Unit we athers to cliff. Contact in angular discordance with 5 due to

onlap of units above.

Unit 3 - Mafic sandstone: 5Y 7/2.5 yellowish-gray fresh surface, 10Y 6/2 pale olive 1.1
weathered surface, fine- to coarse-grained, moderately sorted, subangular to subrounded,

contains accidental clasts (Wingate Fm and lower Bidahochi units), calcareous, finely wavy
laminated, some lenticular beds, trough and planar cross-bedded, contains antidunes and

bomb sags. Unit is thin- to medium-bedded with coarse material primarily in thicker beds.

Unit weathers to ledges and slopes. Contact sharp with 4.

Unit 2 - Silty claystone: 10YR 8/4 gray yellowish-orange fresh surface, IOYR 7/2 orange 0.4
yellowish-brown weathered surface, volcaniclastic especially at base, calcareous,
structureless, blo cky fracture. Unit weathers to popcorn slope. Contact sharp with 3.
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Unit 1 - Mafic sandstone: 5Y 6/2 yellowish-olive gray fresh surface,5Y 7/4 grayish-yellow 3.5+

weathered surface, fine- to coarse-grained, moderately sorted, subangular to subrounded, rest of
contains accidental clasts (Wingate Fm and lower Bidahochi units), calcareous, finely wavy unit is
laminated, some lenticular beds, trough and planar cross-bedded, contains antidunes and covered

bomb sags, calcite amygdules in coarser units. Unit is thin- to medium-bedded with coarse
material primarily in thicker beds. Unit weathers to ledges and slopes. Contact sharp with 2.

Base of the formation not exposed
Total thickness measured 25.03

Appendix B-9w

Location 9 on Figure 2.2 (west flat tire mesa section)

Measured by Jacob staffand tape measure on May 19, 1998

Field Assistant: None

Location: Navajo Reservation, First Flat Mesa 7.5' Quadrangle, N 35° 32.781' by W 110° 09.114'North of
the road and west of previous section. In gully up from where stream crosses the road. Follow
stream up and stay to the right until large waterfall is present. Section starts just downstream of

waterfall and proceeds up over fall and up to mesa on west side of stream.

Outcrop Attitude: dip o f unit 28 varies from location to location, me asured as flat. T he lower volcanic
sequence units are at angular discordance with overlying units.

Measured bottom up

#9 west flat tire mesa Meters

Top of mesa, no further exposure

Unit 38 - Mafic lava: N1 black both surfaces, aphanitic. In nearby locations tuff breccia 14
occurs below lava at claystone contact.

Unit 37 - Claystone: 5GY 5/2 dusky yellow green fresh surface, 10Y 6/2 pale olive 0.5
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact scour with 38.

Unit 36 - Claystone: 5YR 4/4moderate brown fresh surface, S5YR 6/4 light brown weathered 1.9
surface, has patches of green color and white mottled-like spots, calcareous, structureless,

blocky fracture. Unit weathers to popcorn slope. Contact gradational with 37 noted by acolor

change.

Unit 35 - Sandstone: 10YR 7/2 pale grayish-orange both surfaces, very fine-grained, 0.1
calcareous, structureless. Unit weathers to break in slope. Contact sharp with 36.

Unit 34 - Claystone: SGY 5/2 dusky yellow green fresh surface, 10Y 6/2 pale olive 0.3
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact sharp with 35.
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Unit 33 - Siltstone: 10YR 8/2 very pale orange both surfaces, calcareous, structureless,
blocky fracture. Unit weathers to break in slope. Contact sharp with 34.

Unit 32 - Claystone: 5GY 5/2 dusky yellow green fresh surface, 10Y 6/2 pale olive
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact sharp with 33.

Unit 31 - Siltstone: 10YR 8/2 very pale orange both surfaces, calcareous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contact sharp with 32.

Unit 30 - Claystone: 5GY 5/2 dusky yellow green fresh surface, 10Y 6/2 pale olive
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact sharp with 31.

Unit 29 - Siltstone: 10YR 8/2 very pale orange both surfaces, calcareous, structureless,
blocky fracture. Unit weathers to break in slope with last 1.5 m partially covered by
colluvium. Contactsharp with 30.

Unit 28 - Ash bed: N9 white fresh surface, 10YR 8/2 very pale orange weathered surface,
fine-grained, felsic, vitric, calcareous, well indurated, wavy laminated. Unit we athers to
prominent ledge. Contact gradational with 11 due toreworked uppersurface of ash bed.
Sample #980106D.

Unit 27 - Siltstone: 10YR 8/2 very pale orange both surfaces, calcareous, structureless,
blocky fracture. Unit weathers to break in slope. Contact sharp with 28.

Unit 26 - Siltstone fining upwards to claystone. Siltstone: 10Y 7/2 pale greenish-olive fresh
surface, 10Y 8/2 pale greenish-yellow weathered surface, argillaceous, calcareous,
structureless, blo cky fracture. Claystone: 10Y 7/2 pale greenish-olive fresh surface, 10Y 8/2
pale greenish-yellow weathered surface, very calcare ous, structureless, blocky fracture. Unit
fines to claystone 10 cm from base. Unit weathers to p opcorn slope. Contact gradational with
27 noted by a color change and reduction in clay.

Unit 25 - Siltstone: 10YR 8/2 very pale orange both surfaces, calcareous, structureless,
blocky fracture. Unit weathers to break in slope. Contact gradational with 26 noted by a color
change and increase in clay.

Unit 24 - Siltstone: 10Y 7/2 pale greenish-olive fresh surface, 10Y 8/2 pale greenish-yellow
weathered surface, argillace ous, calcare ous, structureless, blocky fracture. Unit weathers to
popcorn slope. Contact gradational with 25 noted by a color change and red uction in clay.

Unit 23 - Claystone: 5YR 4/4 moderate brown fresh surface, 10YR 5/4 brown weathered
surface, has patches of green color and white mottled-like spots, calcareous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contactsharp with 24.

Unit 22 - Siltstone: 10YR 8/2 very pale orange both surfaces, arenaceous, calcareous,
structureless, blocky fracture. Unit weathers to break in slope. Contact sharp with 23.

Unit 21 - Claystone: 5GY 5/2 dusky yellow green fresh surface, 10Y 6/2 pale olive
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact sharp with 22.
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Unit 20 - Mafic tuff: 5Y 5/2 light olive gray both surfaces, very coarse lapilli, clast
supported, little or no matrix present, contains some accidental material, very calcareous,
medium- to thick-bedded. Unit fines to medium lapilli 1.6 m from base. At 1.1 m, unit
contains a bomb layer consisting of huge mafic bombs up to 1.6 m inlength. Above bomb
layer, tuffis reworked into small low-angled planar cross beds with possible reverse grading.
Unit weathers to cliff then slope. Contactin angular discordance with 21 due to onlap of
above units. Sample #980118A of glassy mafic bomb.

Unit 19 - Interbedd ed mafic sandstone and mafic siltstone. M afic sandstone: 10Y 6/2 pale
olive both surfaces, fine- to coarse-grained, moderately sorted, subangular to subrounded,
silty, contains accid ental clasts (W ingate Fm and lower Bidahochi units), calcareo us, thin to
medium planar-tabular bedded. M afic siltstone, 10Y 6/2 pale olive both surfaces, calcareous,
thin beds. Coarse material primarily in thicker beds. U nit weathers to cliff. Contact sharp with
20.

Unit 18 - Mafic tuff: 5Y 5/2 light olive gray both surfaces, very coarse lapilli, clast
supported, little or no matrix present, contains some accidental material, very calcareous,
single bed, calcite amygdules. Unit weathers to ledge. Contact sharp with 19.

Unit 17 - Interbedd ed mafic sandstone and mafic siltstone. M afic sandstone: 10Y 6/2 pale
olive both surfaces, fine- to coarse-grained, moderately sorted, subangular to subrounded,
silty, contains abundant accidental clasts (Wingate Fm and lower Bidahochi units),
calcareous, laminated to thin-bedded and trou gh cross-be dded. M afic siltstone, 10Y 6/2 pale
olive both surfaces, calcareous, thin beds. Some beds are lenticular or truncated by upper
units. Unit contains antidunes and large bomb sags (bombs up to 60 cm in diameter). Coarse
material primarily in thicker beds. Unit weathers to cliff. Contact sharp with 18.

Unit 16 - Siltstone: 10YR 8/2 very pale orange both surfaces, calcareous, planar-tabular thin-
bedded. Upper 30 cm of unit is mixed with material from unit 17. Unit weathers to slope.
Contact gradational with 17 due to mixed zone.

Unit 15 - Mafic tuff: 5Y 5/2 light olive gray both surfaces, medium to coarse lapilli, clast
supported, little or no matrix present, contains some accidental material, biotite common,
very calcareous, planar-tabular medium to thick-bedded. Unit weathers to ledges and slopes.
Contact sharp with 16. Sample 980118B of biotite rich tuff.

Unit 14 - Siltstone and mafic tuff. Siltstone: 5Y 3/2 olive gray both surfaces, calcareous,
structureless, blocky fracture. Mafic tuff: 5Y 3/2 olive gray both surfaces, coarse lapilli, clast
supported, little or no matrix present, contains some accidental material, very calcareous,
single bed. Tuffbed (3 cm thick) occurs 10 cm from base. Unit contains mafic bombs up to 6
cm in diameter. Unit is planar-tabular thin-bedded. Unit weathers to ledge. C ontact sharp with
15.

Unit 13 - Mafic tuff: 5Y 5/2 light olive gray both surfaces, medium to coarse lapilli, clast
supported, little or no matrix present, contains some accidental material, very calcareous,

planar-tabular medium to thick-bedded. Unit weathers to ledges and slopes. Contact sharp
with 14.

Unit 12 - Interbedd ed mafic sandstone and mafic siltstone. M afic sandstone: 10Y 6/2 pale
olive both surfaces, fine- to coarse-grained, moderately sorted, subangular to subrounded,
silty, contains accidental clasts (Wingate Fm and lower Bidahochi units), calcareous,
laminated to thin planar-tabular bed ded. Mafic siltstone, 10Y 6/2 pale olive both surfaces,
calcareous, thin beds. Coarse material primarily in thicker beds. Unit weathers to ledges and
slopes. Contact sharp with 13.
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Unit 11 - Mafic tuff: 5Y 5/2 light olive gray both surfaces, medium to coarse lapilli, clast
supported, little or no matrix present, contains some accidental material, very calcareous,
single bed. Unit weathers to ledge. Contact sharp with 12.

Unit 10 - Interbedd ed mafic sandstone and mafic siltstone. M afic sandstone: 10Y 6/2 pale
olive both surfaces, fine- to coarse-grained, moderately sorted, subangular to subrounded,
silty, contains accidental clasts (Wingate Fm and lower Bidah ochi units), calcareous,
laminated to thin planar-tabular bed ded. Mafic siltstone, 10Y 6/2 pale olive both surfaces,
calcareous, thin beds. Some beds are lenticular or truncated by upper units. Unit contains
antidunes and bomb sags. Coarse material primarily in thicker beds. Unit weathers to ledges
and slopes. Contactsharp with 12.

Unit 9 - Mafic tuff: 5Y 5/2 light olive gray both surfaces, medium to coarse lapilli, clast
supported, little or no matrix present, contains some accidental material, very calcareous,
single bed. Unit weathersto ledge. Contact sharp with 10.

Unit 8 - Interbedd ed mafic sandstone and mafic siltstone. M afic sandstone: 10Y 6/2 pale
olive both surfaces, fine- to coarse-grained, moderately sorted, subangular to subrounded,
silty, contains accidental clasts (Wingate Fm and lower Bidahochi units), calcareous,
laminated to thin planar-tabular bed ded. Mafic siltstone, 10Y 6/2 pale olive both surfaces,
calcareous, thin beds. Coarse material primarily in thicker beds. Unit weathers to ledges and
slopes. Contact sharp with 9.

Unit 7 - Mafic tuff with mafic siltstone interbeds. Mafic tuff: 5Y 5/2 light olive gray both
surfaces, medium lapilli, clast supported, little or no matrix present, contains some accidental
material, very calcareous, thin-bedded. Mafic siltstone, 10Y 6/2 pale olive both surfaces,
calcareous, thin beds. Siltstone interbeds occur as two 1 c¢cm thick beds. Unit we athers to
ledge. Contact sharp with 8.

Unit 6 - Mafic sand stone fining up wards to mafic siltstone. M afic sandstone: 10Y 6/2 pale
olive both surfaces, fine- to coarse-grained, moderately sorted, subangular to subrounded,
silty, contains accid ental clasts (W ingate Fm and lower B idahochi units), calcareous, weakly
thin-bedde d. Mafic siltstone, 10Y 6/2 pale olive both surfaces, calcareous, thin beds. Unit
fines to siltstone 6 cm above base. Unit weathers to break in slope and slopes. Contact sharp
with 7.

Unit 5 - Claystone: 5GY 5/2 dusky yellow green fresh surface, 10Y 8/2 pale greenish-yellow
weathered surface, very calcareous, laminated, shaley. Unit weathers to pop corn slopes.
Contact sharp with 6.

Unit 4 - Mafic tuff: 5Y 5/2 lightolive gray both surfaces, fine lapilli, clast supported, little or
no matrix present, contains some ac cidental material, very calcareous, single bed. Unit
weathers to ledge. Contact sharp with 5.

Unit 3 - Interbedd ed mafic sandstone and mafic siltstone. M afic sandstone: 10Y 6/2 pale
olive both surfaces, fine- to coarse-grained, moderately sorted, subangular to subrounded,
silty, contains accid ental clasts (W ingate Fm and lower Bidahochi units), calcareo us, thin to
very thin planar-tabular bedde d. Mafic siltstone, 10Y 6/2 pale olive both surfaces, calcareous,
thin beds. Coarse material primarily in thicker beds. Unit weathers to ledges and slopes.
Contact sharp with 4.

Unit 2 - Mafic tuff: 5Y 5/2 lightolive gray both surfaces, fine lapilli, clast supported, little or
no matrix present, contains some ac cidental material, very calcareous, single bed. Unit
weathers to ledge. Contact sharp with 3.

223

0.4

0.3

0.4

0.4

0.5

0.5

0.3

0.8



Unit 1 - Mafic sandstone: 10Y 6/2 pale olive both surfaces, very fine- to coarse-grained, 0.5+

moderately sorted, subangular to subrounded, silty, contains accidental clasts (Wingate Fm rest of
and lower Bidahochi units), calcareous, thin to very thin planar-tabular bed ded. Coarse unit is
material primarily in thicker beds. Unit weathers to ledges and slopes. Contact sharp with 2. covered

Base of the formation not exposed
Total thickness measured 43.42
Appendix B-10
Location 10 on Figure 2.2 (Deshgish Butte SE):
Measured by Jacob staffand tape measure on July 06, 1997.
Field Assistant: Elizabeth Tyack

Location: Navajo Reservation, White Cone 7.5' Quadrangle, Lat 35°30.491", Long 110° 03.425' Located
on the southeastern point of the Butte.

Outcrop attitude: N30E 06N'W measured from unit 15

Measured bottom up

#10 Deshgish Butte SE Meters

Top of mesa, no further exposure
Unit 29 - M afic lava: black both surfaces, rubbley at base. Unit weathers to steep cliff. ~6.0

Unit 28 - Mafic tuff: Olive brown to tan both surfaces, coarse to fine lapilli, fines upward, 4.0
calcareous, weakly thick bedded. Unit pinches out to the west under lava flow. Unit weathers
to cliff. Contact sharp with 29.

Unit 27 - Tuff sandstone interbedded with tuff siltstone. Tuff sandstone: light tan to light 4.5
pinkish-tan both surfaces, medium- to coarse-grained, poorly to moderately sorted,

subangular, mafic, contains Wingate Fm and lower Bidahochi clasts, calcareous, well

indurated, trough cross-bedded, contains antidunes and bomb sags. Tuff siltstone: light tan to

light pinkish-tan both surfaces, calcareous, laminated to thin bedded. Unit contains antidunes

and bomb sags. Unit weathers to cliff, Contact sharp with 28.

Unit 26 - Mafic tuff: Olive brown to tan both surfaces, coarse to fine lapilli, fines upward, 2.3
calcareous, weakly thick bedded. Unit weathers to cliff. Contact grad ational with 27.

Unit 25 - Volcaniclastic sandstone and volcaniclastic claystone. Volcaniclastic sandstone: 0.8
light brown both surfaces, fine to coarse-grained, coarsens upwards, poorly sorted,

subangular to subrounded, contains abund ant mafic Hopi Buttes volcanic material,

calcareous, laminated to thin bed ded planar. Volcaniclastic claystone: light olive green fresh

surface, contains mafic volcanic material, very calcareous, lenticular. Volcaniclastic claystone

occurs as 3, 6-10 cm thick beds interbedde d with the sandstone. The claystone units are soft-

sediment deformed - clastic dikes and disrupted bedding. Unit weathers to cliff. Contact sharp

with 26.
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contact members 4/5

Unit 24 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
calcareous, structureless, very blocky fracture. Unit forms popcorn slopes. Contact sharp with
25.

Unit 23 - Interbedded silty claystone and siltstone. Silty claystone: light olive green fresh
surface, light greenish-white weathered surface, calcareous, structureless. Siltstone: light
tanish orange both surfaces, argillaceous, calcareous, structureless. Unit is thin to medium
bedded with siltstone dominant lower half then claystone dominant upper half. Unit forms
popcorn and calcified crusted slopes. Contact gradational with 24.

Unit 22 - Siltstone: light tanish orange both surfaces, argillaceous, calcareous, structureless.
Unit weathers to popcorn slopes. Contact gradational with 19.

Unit 21 - Interbedded claystone and silty claystone. Claystone: brownish-brick red fresh
surface, light reddish-tan weathered surface, calcareous, structureless. Silty claystone: light
tanish-brown fresh surface, light pinkish-tan weathered surface, calcarecous, very thin beds.
Unit is medium bedded defined by very thin beds of silty claystone. Unit weathers to popcorn
slopes. Contact sharp with 22.

Unit 20 - Silty claystone: light tanish-brown fresh surface, light pinkish-tan weathered
surface, calcareous, structureless. Unit weathers to pop corn slopes. Contact gradational with
21 noted by a color change.

Unit 19 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, contains very fine-grained, platy, clear euhedral grains, calcareous, medium bedded
defined by 3-5 cm thick sparkly silt rich beds, blocky fracture. Unit forms pop corn slopes.
Contact gradational with 20 noted by color change and loss of sparkly material.

contact members 3/4

Unit 18 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Contains one 30
cm thick, moderately indurated bed, 30 cm above base. Unit weathers to calcified crusted
slopes and a small ledge. Contact sharp with 19.

Unit 17 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
silty at base, calcareous, structureless. Unit forms popcorn slopes. Contact sharp with 18.

Unit 16 - Siltstone: light pinkish-tan both surfaces, calcare ous, structureless. Unit weathers to
calcified crusted slopes. Contactsharp with 17.

Unit 15 - 13.71 Ma ash bed: white, fine grained, felsic, vitric, calcareous, wavy laminated.
Unit weathers to prominent ledge. Contact gradational with 16 due to reworked upper surface
of ash bed.

Unit 14 - Siltstone: light pinkish-tan both surfaces, calcare ous, structureless. Unit weathers to
calcified crusted slopes. Contactsharp with 15.

Unit 13 - Argillaceous siltstone: light olive green fresh surface, light greenish -white
weathered surface, contains very fine-grained, platy, clear euhedral grains, calcareous,
structureless. Unit weathers to popcorn slopes. Contact sharp with 14.

Unit 12 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
calcified crusted slopes. Contact gradational with 13 noted by color change.
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Unit 11 - Argillaceous siltstone: light olive green fresh surface, light greenish-white
weathered surface, contains very fine-grained, platy, clear euhedral grains, calcareous,
structureless. Unit weathers to popcorn slopes. Contact sharp with 12.

Unit 10 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Contains one 35
cm thick, moderately indurated, bed 65 cm above base. Unit weathers to calcified crusted
slopes and a ledge. Contact sharp with 11.

contact members 2/3

Unit 9 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, contains very fine-grained, platy, clear euhedral grains, calcareous, medium bedded
defined by 3-5 cm thick siltrich beds, blocky fracture. Unit forms popcorn slopes. Contact
sharp with 10.

Unit 8 - Siltstone: light grayish-white fresh surface, white weathered surface, very calcareous,
well indurated, one bed, contains occasional mollusk shell. Unit weathers to small ledge.
Contact gradational with 9.

Unit 7 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, contains very fine-grained, platy, clear euhedral grains, calcareous, medium bedded
defined by 3-5 cm thick siltrich beds, blocky fracture. Unit forms popcorn slopes. Contact
sharp with 8. Sample #970706A.

Unit 6 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
popcorn slopes. Contact sharp with 7.

Unit 5 - Silty claystone: dark tanish-green fresh surface, light greenish-tan weathered surface,
calcareous, structureless. Unit forms popcorn slopes. Contact sharp with 6 .

Unit 4 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
popcorn slopes. Contact sharp with 5.

Unit 3 - Claystone: dark tanish-green fresh surface, light greenish-tan weathered surface,
selenite noted by not abundant, calcareous, structureless. Unit forms popcorn slopes. Contact
sharp with 4.

Unit 2 - Silty claystone: dark tanish-green fresh surface, light greenish-tan weathered surface,
contains abundant large clusters of selenite, calcareous, structureless. Unit forms popcorn
slopes. Contact gradational with 3 noted by decrease in silt content.

Unit 1 - Interbedded argillaceous siltstone and siltstone. Argillaceous siltstone: light
greenish-brown fresh surface, light greenish-tan weathered surface, contains abundant large
clusters of selenite, very calcareous, structureless. Siltstone: light pinkish-tan both surfaces,
small individual crystals of selenite noted, calcareous, structureless. Siltstone occurs as thin
beds 5-15 cm thick, more abundant near top. Unit weathers to popcorn slopes. Contact
gradational with 2 noted by increased clay content.

Base of formation not exposed

Total thickness measured

Appendix B-11

Location 11 on Figure 2.2 (Satan Butte composite section)
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Measured by Jacob staffand tape measure on July 20, 1997

Field Assistant: Bo Burgess

Location: Navajo Reservation, Satan Butte 7.5' Quadrangle, westernlocation N 35° 31.384' by W 109°
54.905', eastern location N 35° 31.844' by W 109° 54.464' Composite section with one outcrop
located along southern side of mesa. From the east itis located past the quarry on the hill on the
first low hill south of the mesa that has the 13.71 Ma ash bed clearly noted on side of hill. Second
outcrop located on the eastern most projection of the mesa. Started eastern section from the 13.71
ash bed and proceeded up the slope.

Outcrop Attitude: N64E 3NW measured from unit number 10

Measured bottom up

#11 Satan Butte Composite Meters

Top of mesa, no further exposure

Unit 28 - Mafic lava: N 1 black, porphyritic, contains small olive phenocrysts, very smooth 3.0
surface. Unit weathers to cliff.

Unit 27 - Silty claystone: 10Y 8/2 pale greenish-yellow fresh surface, 10Y 8/4 greenish- 3.0
yellow weathered surface, calcareous, structureless, blocky fracture. Unit fines upwards and

gets darker in color 10Y 6/2 pale olive. At 2.4 m sand-sized mafic clasts are common to very
abundant. Upper portion o f unit is deformed and scoured by lava of 28. Unit weathers to

popcorn slope. Contact scour with 28.

contact member 4/5 - 2.4 m from the base of 27

Unit 26 - Siltstone: 5YR 7/2 grayish-orange pink fresh surface, 10R 7.5/4 moderate orange 1.1
pink weathered surface, slightly argillaceous, calcareous, structureless. Unit weathers to small
ledge. Contact sharp with 27.

Unit 25 - Silty claystone: 5YR 6/6 light brown fresh surface, 5YR 5.5/4 light brown 0.8
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn slope.
Contact scour with 26.

Unit 24 - Silty claystone: 5Y 7/2 yellowish-gray fresh surface, SYR 6.5/4 light brown 1.0
weathered surface, calcareous, structureless. Unit weathers to popcorn slope. Contact
gradational with 25 noted by a color change.

Unit 23 - Claystone: 10Y 8/2 pale greenish-yellow fresh surface, contains red staining (10R 0.25
4/6 moderate red dish-brown) in partings and as random patches, very calcareous,

structureless to weakly laminated, blocky fracture. Unit not exposed in slope. Contact

gradational with 24 noted by appearance o f silt.

Unit 22 - Siltstone: 10YR 7.5/4 grayish-orange fresh surface, 10YR 8/4 grayish-yellow 2.05
orange weathered surface, argillaceous at top of unit, calcareous, structureless. Unit weathers
to break in slope. Contact sharp with 23.

Unit 21 - Claystone: 5YR 7/2 grayish-orange pink fresh surface, 5YR 6.5/2 grayish-orange 0.15
pink weathered surface, calcareous, structureless, very blocky fracture. Unit weathers to
popcorn slope. Contactsharp with 22.
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Unit 20 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 8.5/2 pale greenish-yellow
weathered surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn
slope. Contact gradational with 21 noted by a color change.

Unit 19 - Tuffaceous siltstone: 5SGY 8.5/1 light greenish-gray fresh surface, calcareous,
structureless. Unit notexposed in slope. Contact sharp with 20.

Unit 18 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 8.5/2 pale greenish-yellow
weathered surface, contains iron-oxide staining (5Y 6/6 dusky yellow olive) at base, very
calcareous, structureless, blo cky fracture. Unit weathers to popcorn slope. Contact sharp with
19.

contact member 3/4

Unit 17 - Siltstone: 10YR 8/6 pale yellowish-orange fresh surface, calcareous, structureless.
Unit not exposed on slope. Contactsharp with 18.

Unit 16 - Sandstone: 10YR 6/4 yellowish-brown orange both surfaces, very fine-grained,
mafic minerals noted, calcareous, structureless. Unit weathers to calcified slope. Contact
sharp with 17.

Unit 15 - Siltstone: 10Y 8/2 pale greenish-yellow fresh surface, calcareous, structureless.
Unit not exposed on slope. Contactsharp with 16.

Unit 14 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, calcareo us, structureless.
Unit weathers to calcified slope. Contact sharp with 15.

Unit 13 - Silty claystone: 10Y 7/2 greenish-yellow olive fresh surface, calcareous,
structureless. Unit weathers to popcorn slope. Contactsharp with 14.

Unit 12 - Siltstone and sandstone. Siltstone: 10Y R 8/4 grayish-yellow orange both surfaces,
calcareous, structureless. Sandstone: 10YR 8/4 grayish-yellow orange both surfaces, very
fine-grained, silty, calcareous, structureless. Sandstone beds occur after 5.55 m (1-2 c¢m thick)
and occur throughout the unit giving it thick bedded appearance. Unit weathers to calcified
slope and ledges. Contact sharp with 13.

Unit 11 - Satan Butte ash bed: 5Y 9/1 pale yellowish-gray both surfaces, fine-grained, felsic,
vitric, calcareous, moderately indurated, laminated. Unit weathers to ledge. Contact
gradational with 12 due to reworked upper surface of ash bed. Sample #970720D.

Unit 10 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, calcareous, structureless.
Unit weathers to calcified slope. Contact sharp with 11.

Unit 9 - 13.71 M a ash bed: N9 white both surfaces, fine-grained, felsic, vitric, weakly
calcareous, wavy laminated. Unit weathers to prominent ledge. Contact gradational with 10
due to reworked upper surface of ash bed. Sample #970720C.

Unit 8 - Siltstone: 10Y R 8/4 grayish-yellow orange both surfaces, calcareous, weakly
laminated to thin bedded. Unit weathers to calcified slope. Contactsharp with 9.

Unit 7 - Argillaceous siltstone: 5Y 7/2 yellowish-gray fresh surface, 5Y 7.5/2 yellowish-gray
weathered surface, calcareous, structureless and blocky basal 9 cm but laminated otherwise.
Unit weathers to popcorn slope. Contact sharp with §.
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Unit 6 - Siltstone: 10Y R 8/4 grayish-yellow orange both surfaces, calcareous, weakly 2.6
laminated to thin bedded. Unit weathers to calcified slope. Contactsharp with 7.

Unit 5 - Blue-gray #1 ash bed: 5B 8/1 lightbluish-gray white both surfaces, felsic, vitric, 0.07
friable, weakly laminated. Unit weathers to stain on slope. C ontact grad ational with 6 due to
reworking ofuppersurface of ash bed. Sample #970720B.

Unit 4 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, calcareo us, structureless. 1.5
Unit weathers to calcified slope. Contact sharp with 5.

Unit 3 - Blue-gray #2 ash bed: 5B 7/2 pale blue fresh surface, SB 7.5/2 very pale blue 0.08
weathered surface, felsic, vitric, friable, laminated. Unit weathers to ledge. Contact
gradational with 4 due to reworking of upper surface ofash bed. Sample #970720A.

Unit 2 - Siltstone and sandstone. Siltstone: 10Y R 8/4 grayish-yellow orange both surfaces, 4.1
calcareous, structureless. Sandstone: 10YR 8/4 grayish-yellow orange both surfaces, very
fine-grained, mafic minerals noted, silty, calcareous, structureless. Sandstone beds occur at

1.7 m (25 cm thick) and 2.1 m (15 cm thick). At3.65 m have a 8 cm bed of well indurated

siltstone that forms ledge. Unit weathers to slope and ledges. Contact sharp with 3.

Unit 1 - Claystone: 5Y 7/2 yellowish-gray fresh surface,5Y 7.5/2 yellowish-gray weathered 2.7
surface, has several white bands, very calcareous, structureless, blocky fracture. Unit
weathers to popcorn slope. Contactsharp with 2.

Base of the formation not exposed
Total thickness measured 45.77

Appendix B-12

Location 12 on Figure 2.2 (Greasewood Mesa Section North)

Measured by Jacob staffand tape measure on July 18, 1997

Field Assistant: Bo Burgess

Location: Navajo Reservation, Greasewood 7.5'Quadrangle, N 35° 31.145"' by W 109° 49.135' Eastof
Greasewood trading post and east of dirtroad that runs along the northern portion of the mesa.
Directly east of houses along the road.

Outcrop Attitude: N70E 1SE measured from unit number 40

Measure bottom up

#12 Greasewood Mesa North Meters

Rest of unit removed by erosion at this location

Unit 52 - Volcaniclastic sandstone: 5B 8/1 bluish-gray white fresh surface, SB 8.5/1 bluish 1+
white weathered surface, medium- to coarse-grained, poorly sorted, euhedral to rounded
clasts, calcareo us, moderately indurated, trough cross-bedded. Unit weathers to form cliff.
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Unit 51 - Siltstone: N8.5 very light gray white fresh surface, I0YR 8/2 very pale orange
weathered surface, slightly tuffaceous, calcareous, structureless. Unit weathers to slope.
Contact sharp with 52.

Unit 50 - Sandstone: 10YR 8/2 very pale orange fresh surface, 10YR 8/4 pale yellowish-gray
orange weathered surface, very fine-grained, mafic minerals common, calcareous, contains
lenses and layers that are very calcified and well indurated like unit 48, large sets of high-
angled planar cross-bedded. Concretionary calcite is not restricted to bedding or structure but
cross bedding planes and cross bed sets. Unit weathers to slopes with concretions that form
thin platy projections from slope. Contact sharp with 51.

Unit 49 - Sandstone: 10YR 8/4 pale yellowish-gray orange both surfaces, very fine-grained,
quartzose, calcareous, large sets of high-angled planar cross-bedded. Unit weathers to slope.
Contact gradational with 50 noted by variation in induration.

Unit 48 - Sandstone: SYR 7/1 pale grayish-orange pink both surfaces, very fine-grained, very
calcareous, well indurated, structureless. Unit weathers to ledge. Contact gradational with 49
noted by variation in induration.

Unit 47 - Sandstone: 10YR 8/4 pale yellowish-gray orange both surfaces, very fine-grained,
quartzose, calcareous, large sets of high-angled planar cross-bedded. Unit weathers to slope.
Contact gradational with 48 noted by variation in induration.

Unit 46 - Siltstone: 10Y R 8/4 pale yellowish-gray orange fresh surface, I0Y R 8/2 very pale
orange weathered surface, calcare ous, low-angle planar cross-bedded. Unit weathers to
calcified slope. Contact sharp with 47.

Unit 45 - Sandstone: SYR 7/1 pale grayish-orange pink both surfaces, very fine-grained, very
calcareous, well indurated, structureless. Unit weathers to ledge. Contact sharp with 46.

Unit 44 - Sandy volcaniclastic siltstone: SYR 7/2 pale grayish orange fresh surface, SYR 7/1
pale grayish-orange pink weathered surface, volcanic material is matrix supported,
calcareous, structureless. Quantity of volcanic material reduces upwards to almost none at the
top. Unit weathers to calcified slope. Contactsharp with 45.

Unit 43 - Sandstone: N8.5 very light gray white fresh surface, N8 very light gray weathered
surface, fine-grained, poorly sorted, rounded to subangular, contains thin wavy layers of
coarse-grained mafic Hopi Buttes material, very calcareous, trough cross-bedded at base and
planar tabular bedded otherwise. Unit weathers to cliff with heavily calcified concretions that
form thin platy projections from cliff. Contact sharp with 44.

Unit 42 - Sandstone: 10YR 8/4 pale yellowish-gray orange fresh surface, 10YR 7/4 grayish-
orange weathered surface, fine-grained, moderately to well sorted, round to subangular, high-
angled planar and trough cross-bedded. Where unit scours units 41 and 40, material from
these underlying units is mixed with material of this unit. Paleocurrent reading of270 from
channel axis, 240 from forset beds. Unit weathers to ledges and slopes. Contact gradational
with 43 noted by change in weathering character and structure.

contact members 5/6

Unit 41 - Volcaniclastic sandstone: 5B 7/1 light bluish-gray fresh surface, SB 8/1 light
bluish-gray white weathered surface, medium grained, moderately sorted, subrounded to
subangular, calcareous, moderately indurated, planar tabular bedded. Contact with 42 is scour
which also cuts into ash bed of unit40.
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Unit 40 - Greasewo od ash bed: N9 white fresh surface, felsic, vitric, calcareous, very well
indurated, wavy laminated to structureless. U nit weathers to ledge and forms base of cliff.
Contact gradational with 41 due to reworked upper surface of ash bed. Sample #9703 15B.

Unit 39 - Sandstone fining upwards into interbedded silty claystone and siltstone: Sandstone:
tan both surfaces, fine- to medium-grained, moderately sorted, subangular to rounded,
calcareous, trough cross-bedded. Silty claystone: 10Y 6/2 pale olive fresh surface, calcareous,
structureless, blocky fracture. Siltstone: 5GY 7.5/1 greenish-gray fresh surface, calcareous,
structureless. Siltstone: 5Y 7/2 yellowish-gray fresh surface, volcaniclastic, calcareous,
structureless. Unit is medium- to thick-bedded (~ 30-50 cm) and soft sediment deformed in
places. Unit weathers to slopes and ledges in slope. Contact sharp with 40.

Unit 38 - Interbedded silty claystone and siltstone: Silty claystone: 10Y 6/2 pale olive fresh
surface, calcareous, structureless, blocky fracture. Siltstone: 5GY 7.5/1 greenish-gray fresh
surface, calcareous, structureless. Siltstone: 5Y 7/2 yellowish-gray fresh surface,
volcaniclastic, calcareous, structureless. Unitis medium- to thick-bedded (~ 30-50 cm).
Abundantly volcaniclastic at base and a 25 cm thick zone, 3.4 m from base. Unit weathers to
slopes and ledges. Contact sharp with 39.

Unit 37 - Tuff sandstone: 5Y 7/6 moderate yellow both surfaces, fine- to medium-grained,
poorly to moderately sorted, rounded to subangular, mafic, calcareous, high-angle trough and
planar cross-bedded. Unit weathers to cliff. Contact sharp with 3 8.

Unit 36 - Interbedded silty claystone and siltstone: Silty claystone: 10Y 6/2 pale olive fresh
surface, calcareous, structureless, blocky fracture. Siltstone: SGY 7.5/1 greenish-gray fresh
surface, calcareous, structureless. Siltstone: 5Y 7/2 yellowish-gray fresh surface,
volcaniclastic, calcareous, structureless. Unit is medium- to thick-bedded (~ 30-50 c¢cm). Unit
weathers to slopes and breaks in slope. Contact sharp with 37.

Unit 35 - Siltstone: 10YR 8/2 very pale orange fresh surface, 10YR 8/3 pale grayish-orange
weathered surface, slightly volcaniclastic, one 2 mm thick mafic clast layer in mid dle of unit,
calcareous, structureless. Unit weathers to slope. Contact sharp with 3 6.

Unit 34 - Siltstone: 5G 7/1 pale greenish-yellow green both surfaces, slightly argillaceous,
calcareous, structureless, blo cky fracture. Unit weathers to small ledge. Contact sharp with
35.

Unit 33 - Volcaniclastic siltstone: 5YR 7/1 pinkish-brown gray both surfaces, contains sand-
sized matrix-supported mafic Hopi Buttes clasts, calcareous, structureless, blocky fracture.
Unit weathers to break in slope. Contact gradational with 34 noted by color change and lose
of volcanic clasts.

Unit 32 - Claystone: 5YR 7/2 grayish-orange pink both surfaces, slightly volcaniclastic,
matrix supported volcanic material, calcareous, structureless, blocky fracture. Unit weathers
to popcorn slope. Contactsharp with 33.

Unit 31 - Volcaniclastic siltstone: SYR 7/1 pinkish-brown gray both surfaces, contains sand-
sized matrix-supported mafic Hopi Buttes clasts, calcareous, structureless, blocky fracture.
Unit does not contain volcanic material above 35 cm and is 5Y 7/2 yellowish-gray in color.
Unit weathers to ledge. Contact sharp with 32.

231

0.6

4.7

3.9

0.35

5.65

0.09

0.2

0.5



Unit 30 - Volcaniclastic siltstone: SYR 7/1 pinkish-brown gray both surfaces, contains sand-
sized matrix-supported mafic Hopi Buttes clasts, calcareous, structureless, blocky fracture.
Unit does not contain volcanic material above 25 cm and is 10Y 8/3 greenish-yellow in color.
Unit weathers to popcorn slope. Contact gradational with 31 noted by appearance of volcanic
material.

Unit 29 - Pumice ash bed: N8 very light gray both surfaces, calcareous, structureless. Unit
weathers to break in slope. Contact gradational with 30 due to reworked upper surface of ash
bed. Sample #970718B.

Unit 28 - Volcaniclastic claystone: 10Y 8/2 pale greenish-yellow both surfaces, contains
sand-sized matrix-supported mafic Hopi Buttes clasts, calcareous, structureless, blocky
fracture. Unit weathers to slope. Contact sharp with 29.

contact members 4/5

Unit 27 - Silty claystone: 10Y 6/2 olive gray fresh surface, 5Y 7/2 yellowish-gray weathered
surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
sharp with 28.

Unit 26 - Pebble conglomerate: 10R 5/6 reddish-brown both surfaces, clast supported,
contains abundant chert, quartz, petrified wood, and mudstone rip-up clasts, matrix composed
of siltand fine-grained sand, iron-oxide stained (10Y 7/4 moderate greenish-yellow) upper
10 cm, weakly calcareous, poorly indurated, low-angle trough cross-bedd ed. Unit we athers to
ledge. Contact sharp with 27.

Unit 25 - Silty claystone: 10R 3/4 dark reddish-brown fresh surface, 10R 5/4 pale reddish-
brown weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact scour with 26.

Unit 24 - Sandstone: 10Y R 6/5 yellowish-orange fresh surface, very fine-grained, calcareous,
structureless. Unit weathers to ledge. Contact sharp with 25.

Unit 23 - Silty claystone: 10R 3/4 dark reddish-brown fresh surface, 10R 5/4 pale reddish-
brown weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 24.

Unit 22 - Interbedd ed silty claystone, siltstone, and sandstone: Silty claystone: 10R 4/4
reddish-brown fresh surface, 10R 6/4 reddish-orange weathered surface, calcareous, very
blocky fracture. Siltstone: SYR 6/5 light brown both surfaces, calcareous, structureless.
Sandstone: 5YR 6/5 light brown both surfaces, very fine-grained, calcare ous, mod erately
indurated, structureless. Unit is thin to medium bedded. Sandstone occurs astwo 30 cm thick
units in lower halfof unit and one 60 cm bed at top of unit. Unit weathers to slopes and
ledges. Contact sharp with 23.

Unit 21 - Sandstone: 10Y R 6/5 yellowish-orange fresh surface, very fine-grained, calcareous,
weakly trough cross-bedded (small sets). Unit weathersto ledge. Contact gradational with 22
noted by color change.
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Unit 20 - Silty claystone coarsening upwards to sandstone: Silty claystone: 10R 4/4 reddish-
brown fresh surface, 10R 6/4 reddish-orange weathered surface, calcareous, slightly shaley at
base but otherwise structureless, very blocky fracture. Sandstone: 5Y R 6/5 light brown both
surfaces, very fine-grained, calcareous, mo derately indurated, structureless. Unit grades into
siltstone then to sandstone at top of unit. Unit weathers to slopes and ledges. Contact
gradational with 21 noted by a color change.

Unit 19 - Siltstone: N8 very light gray fresh surface, SGY 8/2 pale grayish-yellow green
weathered surface, argillaceous, calcareous, structureless, blocky fracture. Unit weathers to
small ledge. Contact sharp with 20.

Unit 18 - Silty claystone coarsening upwards to sandstone: Silty claystone: 10R 4/4 reddish-
brown fresh surface, 10R 6/4 reddish-orange weathered surface, calcareous, slightly shaley at
base but otherwise structureless, very blocky fracture. Sandstone: 5Y R 6/5 light brown both
surfaces, very fine-grained, calcareous, mo derately indurated, structureless. Unit grades into
siltstone then to sandstone at very top of unit. Unit weathers to popcorn slopes. Contact sharp
with 19.

Unit 17 - Sandstone: 5YR 6/5 light brown both surfaces, very fine-grained, contains some
fine sand, calcareous, moderately indurated, structureless. Unit weathers to break in slope.
Contact sharp with 18.

Unit 16 - Sandstone: 10YR 7/4 grayish-orange both surfaces, very fine-grained, abundant
dark minerals, slightly calcareous, poorly indurated, structureless. Unit weathers to slope.
Contact gradational with 17 noted by a color change.

Unit 15 - Claystone: 5YR 4/4 moderate brown fresh surface, calcareous, shaley. Unit hidden
in slope. Contactsharp with 16.

Unit 14 - Sandstone: 10R 6/4 reddish-orange both surfaces, very fine-grained, silty, contains
occasionally coarse sand clast, calcareous, structureless. Unit weathers to slope. Contact
sharp with 15.

contact members 3/4

Unit 13 - Silty claystone: 5Y 7.5/2 yellowish-gray fresh surface, 5GY 8/2 pale grayish-yellow
green weathered surface, calcareous, structureless, very blocky fracture. Unit weathers to
popcorn slopes. Contact sharp with 14.

Unit 12 - Siltstone: 10Y 8/3 greenish-yellow fresh surface, SGY 8/2 pale grayish-yellow
green weathered surface, calcareous, structureless. Unit weathers to popcorn slope. Contact
gradational with 13 noted by increase in clay content.

Unit 11 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, calcareous, structureless.
Unit weathers to calcified slope. Contact gradational with 12 noted by a color change.

Unit 10 - Sandstone: 5Y 7.5/2 yellowish gray both surfaces, fine-grained, well sorted,
subrounded, quartzose, calcareous, structureless. Unit weathers to small ledge. Contact sharp
with 11.

Unit 9 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, calcareous, structureless.
Unit weathers to calcified slope. Contact sharp with 10.

Unit 8 - Silty sandstone: 10YR 7/4 grayish-orange both surfaces, very fine-grained,
calcareous, structureless. Unit weathers to small ledge. Contact sharp with 9.
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Unit 7 - Claystone: 10YR 6/2 pale yellowish-brown fresh surface, 10YR 7/2 pale grayish-
orange weathered surface, calcareous, weakly very thin-bedded (1-1.5 cm) with silt occurring
in partitions (1-2 mm thick). Unit weathers to popcorn slopes. Contact sharp with 8.

Unit 6 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, calcareo us, structureless.
Unit weathers to calcified slope. Contact sharp with 7.

Unit 5 - Silty claystone: 10YR 6/2 pale yellowish-brown fresh surface, 5GY 8/2 pale grayish-
yellow green weathered surface, calcareous, structureless, blocky fracture. Unit we athers to
popcorn slopes. Contact sharp with 6.

Unit 4 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, calcareous, structureless.
Unit weathers to cliff. Contactsharp with 5.

Unit 3 - Covered section. Crossed valley floor from ash exposure to base of slope.

Unit 2 - 13.71 Ma ash bed: N7.5 light gray fresh surface, 5YR 6/4 light brown weathered
surface, felsic, vitric, we akly laminated, calcareous, moderately indurated. Unit is poorly
exposed, only occurs along the side o f small ravines on flat area before mesa. Sample
#970718A.

Unit 1 - Siltstone: 5YR 5.5/3 light brown both surfaces, calcareous, structureless. Unit not
exposed. Contact sharp with 2.

member 3
Base of the formation not exposed
Total thickness measured
Appendix B-13
Location 13 on Figure 2.2 (Gray Mesa Section)
Measured by Jacob staffand tape measure on July 13, 1997

Field Assistant: Amy Morrison

0.8

0.09

4.6

NM

72.05

Location: Navajo Reservation, Indian Wells 7.5' Quadrangle, N 35° 28.358' by W 110° 06.838' On the

southeastern most point of mesa
Outcrop Attitude: N5SW 2SW measured from unit number 57

Measured bottom up

#13 Gray Mesa Meters
Top of mesa, no further exposure
Unit 70 - Mafic lava: black both surfaces, phenocrysts of olive and pyrox ene, vesicular to NM

scoriaceous, rubbley base. Unit weathers to cliff.
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Unit 69 - Conglomeratic mudstone: tan both surfaces, matrix supported, contains vesicular
mafic lava, calcareous, structureless. Unit is scoured mixture of claystone and rubbley base of
lava flow of 70. Unit weathers to cliff. Contact scour with 70.

Unit 68 - Interbedd ed conglo meratic sand stone and volcaniclastic mudstone. Conglomeratic
sandstone: brownish-tan pink both surfaces, medium to fine grained, poorly sorted, angular to
subangular, contains pebble-sized matrix supported mafic clasts, calcareous, thin- to medium-
bedded. Volcaniclastic mudstone: brownish-tan pink both surfaces, calcareous, thin wavy
beds. Unit weathers to cliff. Contact sharp with 69.

Unit 67 - Volcaniclastic siltstone: light pinkish-tan both surfaces, calcareous, structureless.
Unit weathers to calcified slope. Contact scour with 68.

Unit 66 - Mafic tuff: peppered black and greenish-tan both surfaces, medium to coarse lapilli,
clast supported with little or no matrix, contains euhedral pyroxene and biotite grains,
calcareous, one bed. Unit weathers to ledge. Contact sharp with 67.

Unit 65 - Tuff sandstone with lenses of tuff claystone: greenish-brown both surfaces, medium
to fine grained, moderate to poorly sorted, angular to subangular, mafic, calcareous, low-
angle trough cross-bedded. Unit weathers to cliff. Contact sharp with 66.

Unit 64 - Claystone: white fresh surface, light olive green weathered sur face, calcare ous, well
indurated, vuggy, structureless. Unit weathers to cliff. Contact sharp with 65.

Unit 63 - Tuff sandstone: light tanish-green both surfaces, coarse to fine grained, moderate to
poorly sorted, angular to subangular, mafic, calcareous, thin bedded. Unit weathers to cliff.
Contact sharp with 64.

Unit 62 - Claystone: white fresh surface, light olive green weathered surface, calcare ous, well
indurated, vuggy, structureless. Unit weathers to cliff. Contact sharp with 63.

Unit 61 - Tuff sandstone: light tanish-green both surfaces, coarse to fine grained, moderate to
poorly sorted, angular to subangular, contains two fining upward sequences, mafic,
calcareous, thin bedded. Unit weathers to cliff. Contact sharp with 62.

Unit 60 - Volcaniclastic siltstone: light pinkish-tan both surfaces, contains abundant Hopi
Buttes volcanic material, calcareous, structureless. Unit weathers to calcified slope. Contact
scour with 61.

Unit 59 - Claystone: white fresh surface, light olive green weathered surface, calcare ous, well
indurated, vuggy, structureless. Unit weathers to cliff. Contact sharp with 60.

Unit 58 - Volcaniclastic siltstone: olive green both surfaces, contains matrix supported Hopi
Buttes volcanic material, calcareous, structureless. Unit weathers to calcified slope. Contact
sharp with 59.

contact members 4/5

Unit 57 - Claystone: white fresh surface, light olive green weathered surface, calcare ous, well
indurated, vuggy, structureless. Unit weathers to cliff. Contact sharp with 58.

Unit 56 - Claystone: olive green fresh surface, light greenish-white weathered surface, very
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 57.
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contact members 3/4

Unit 55 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
calcified slope. Contact sharp with 56.

Unit 54 - Claystone: brown fresh surface, light brownish-tan weathered surface, small (3 cm)
green layer at top, calcareous, laminated . Unit weathers to break in slope and popcorn slopes.
Contact sharp with 55.

Unit 53 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
calcified slope. Contact sharp with 54.

Unit 52 - Claystone: brown fresh surface, light brownish-tan weathered surface, small (3 cm)
green layer at top, calcareous, laminated. Unit weathers to break in slope and popcorn slopes.
Contact sharp with 53.

Unit 51 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
cliff. Contact sharp with 52.

Unit 50 - Claystone: brown fresh surface, light brownish-tan weathered surface, small (3 cm)
green layer at base and at top, calcareous, laminated. Unit weathers to break in slope and
popcorn slopes. Contact sharp with 51. Sample #970713E of brown claystone.

Unit 49 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
cliff. Contact sharp with 50.

Unit 48 - Sandstone: light pinkish-tan both surfaces, very fine-grained, quartzo se, calcareous,
trough cross-bedded. Unit weathers to small cliff. Contact sharp with 49.

Unit 47 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
cliff. Contact sharp with 48.

Unit 46 - 13.71 Ma ash bed: white both surfaces, fine-grained, felsic, vitric, calcareous, wavy
laminated. Unit weathers to prominent ledge. Contact gradational with 47 due to reworked
upper surface of ashbed. Sample #970618A.

Unit 45 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
cliff. Contact sharp with 46.

Unit 44 - Claystone: lightolive green fresh surface, light greenish-white weathered surface,
slightly silty, very calcareous, sparkles, struc tureless, blocky fracture. Unit weathers to
popcorn slopes. Contact sharp with 45.

Unit 43 - Tuffaceous siltstone: light whitish-green both surfaces, calcare ous, mod erately
indurated, structureless. Unit weathers to cliff. Contact sharp with 44.

Unit 42 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
cliff. Contact sharp with 43.

Unit 41 - Sandstone: light pinkish-tan both surfaces, very fine-grained, quartzo se, calcareous,
trough cross-bedded. Unit weathers to small cliff. Contact sharp with 42.

Unit 40 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
cliff. Contactsharp with 41.
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Unit 39 - Sandstone: light pinkish-tan both surfaces, fine-grained, moderately sorted,
rounded, quartzose, calcareous, trough cross-bedded. Unit weathers to small cliff. Contact
sharp with 40.

Unit 38 - Siltstone: light pinkish-tan both surfaces, contains lenticular areas of light grayish-
white material - tuffaceous?, calcareous, sp arkles, structureless. Unit weathers to cliff.
Contact sharp with 39.

Unit 37 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
popcorn slope. Contact grad ational with 38 noted by ap pearance of ash.

Unit 36 - Covered slope.

Unit 35 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
calcified slope.

contact members 2/3

Unit 34 - Claystone: dark olive green fresh surface, light greenish-white weathered surface,
has a 6 cm thick iron-oxide stain at base and throughout lower 1.5 m, calcareous, structureless
until near top when becomes laminated, blocky fracture. Unit weathers to popcorn slope.
Contact sharp with 35.

Unit 33 - Siltstone: light brown fresh surface, light brownish tan weathered surface, becomes
more pink colored near top of unit, calcareous, structureless. Unit weathers to break in slope.
Contact sharp with 34.

Unit 32 - Silty claystone: brown fresh surface, light brownish tan weathered surface,
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 33.

Unit 31 - Siltstone: light brown fresh surface, light brownish tan weathered surface,
calcareous, structureless. Unit weathers to popcorn slopes. Contact gradational with 32 noted
by appearance in clay.

Unit 30 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
slightly silty, very calcareous, sparkles, structureless, blocky fracture. Unit weathers to
popcorn slopes. Contact sharp with 31.

Unit 29 - Wood Chop D ash bed: white both surfaces, very calcareous, moderately indurated,
weakly laminated. Unit weathers to break in slope. Contact gradational with 30 due to
reworking ofuppersurface of ash bed. Sample# 970713D.

Unit 28 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
slightly silty, very calcareo us, sparkles, structureless, blocky fracture. Unit weathers to
popcorn slopes. Contact sharp with 29.

Unit 27 - Wood Chop C ash bed: light greenish-white both surfaces, biotite present, very
calcareous, moderately indurated, single bed. Unit hidden in slope. Contact gradational with
28 due toreworking ofupper surface of ash bed. Sample # 970713C.

Unit 26 - Claystone: olive green fresh surfaces, light greenish-white weathered surface, has a
5 cm iron-oxide stain at base, calcareous, structureless, blocky fracture. Unit weathers to
popcorn slope. Contactsharp with 27.
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Unit 25 - Siltstone: light pinkish-tan both surfaces, slightly argillaceous, calcareous,
structureless. Unit weathers to popcorn slope. Contactsharp with 26.

Unit 24 - Silty claystone: olive green fresh surface, light greenish-white weathered surface,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
sharp with 25.

Unit 23 - Siltstone: light brown fresh surface, light brownish tan weathered surface,
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 24.

Unit 22 - Silty claystone: olive green fresh surface, light greenish-white weathered surface,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
sharp with 23.

Unit 21 - Siltstone: light brown fresh surface, light brownish tan weathered surface,
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 22.

Unit 20 - Siltstone fining upwards to silty claystone. Siltstone: light olive green white fresh
surfaces, light greenish-white weathered surface, has airon-oxide stain 0.4 m from base,
calcareous, structureless, blocky fracture. Silty claystone: olive green fresh surface, light
greenish-white weathered surface, very calcareous, structureless, blocky fracture. Unit fines

to silty claystone 04 m from the base. Unit weathers to popcorn slope. Contact sharp with 21.

Unit 19 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
popcorn slope. Contact gradational with 20 noted by color change and appearance of iron-
oxide staining.

Unit 18 - Claystone: brown fresh surface, light brown we athered surface, calcareous,
structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp with 19.

Unit 17 - Siltstone and ash . Siltstone: light greenish-white both surfaces, calcareous,
structureless, becomes ar gillaceous near top of unit. W ood Chop A ash bed: white both
surfaces, vuggy in places. Ash occurs at base of unit and as thin discontinuous bands through
lower half of unit. Ash has been mixed with surrounding siltstone.. Unit weathers to popcorn
slope. Contact sharp with 18. Sample #970713B collected of ash.

Unit 16 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
popcorn slope. Contact sharp with 17.

Unit 15 - Sandy micritic limestone (marl): white both surfaces, matrix supported sand, bed is
undulatory, structureless. Unit weathers to break in slope. Contact sharp with 16. Sample
#970713A.

Unit 14 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
popcorn slope. Upper surface is undulatory and unit pinches out laterally. C ontact sharp with
15.

Unit 13 - Claystone: light yellow olive green fresh surface, light pale yellow gree nish-white

weathered surface, very calcareous, laminated, shaley habit. Unit weathers to popcorn slopes.
Contact sharp with 14.
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Unit 12 - Claystone: olive green with red patches fresh surface, light yellowish-green
weathered surface, contains abundant iron-oxide staining, very calcareous, structureless,
blocky fracture. Iron-oxide stains on weathered surface are very prominent. Unit weathers to
popcorn slopes. Contact grad ational with 13 noted by lack of red clay and change to
laminated habit.

Unit 11 - Claystone: olive green fresh surface, light greenish-white weathered surface, very
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
gradational with 12 noted by appearance of red clays and iron-oxide staining.

Unit 10 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
popcorn slope. Contactsharp with 11.

Unit 9 - Claystone: olive green fresh surface, light greenish-white weathered surface, very
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 10.

Unit 8 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
popcorn slope. Contactsharp with 9.

Unit 7 - Claystone: olive green fresh surface, light greenish-white weathered surface, very
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 8.

Unit 6 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
popcorn slope. Contactsharp with 7.

Unit S - Silty claystone: olive green fresh surface, light greenish-white weathered surface,
contains iron-oxide staining basal 2 m, very calcareous, sparkles, structureless, blocky
fracture. Unit weathersto popcorn slopes. Contact sharp with 6.

Unit 4 - Siltstone: light olive green white fresh surface, light greenish-white weathered
surface, slightly argillaceous, calcareous, structureless. Unit weathers to pop corn slopes.
Contact sharp with 5.

Unit 3 - Siltstone: light pinkish-tan both surfaces, sightly argillaceous, calcareous,
structureless. Unit weathers to popcorn slope. Contact gradational with 4 noted by color
change and increase in clay content.

Unit 2 - Silty claystone: olive green fresh surface, light greenish-white weathered surface,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
sharp with 3.

Unit 1 - Siltstone: light pinkish-tan both surfaces, sightly argillaceous, calcareous,
structureless. Unit weathers to popcorn slope. Contactsharp with 2.

member 2

Base of the formation not exposed

Total thickness measured

Appendix B-14

Location 14 on Figure 2.2 (Red Clay Mesa section)
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Measured by Jacob staffand tape measure on July 11, 1997

Field Assistant: Amy Morrison

Location: Navajo Reservation, Indian Wells 7.5' Quadrangle, N 35° 28.992' by W 110° 01.943' Southeast

side of mesa, northeast of corrals, just west of straight cliff face.
Outcrop Attitude: N30E 8N'W measured from unit number 6

Measured bottom up

#14 Red Clay Mesa Meters

Top of mesa, no further exposure

Unit 20 - Mafic lava: black both surfaces, aphanitic, thins to the east. Unit weathers to cliff. NM
(est.
~5)

Unit 19 - Mafic tuff: brownish-green both surfaces, fine to coarse lapilli, clast supported, NM

calcareous, slightly normal graded, thin to thick planar-tabular bedded. Unit weathers to large (est.

cliff. Contact sharp with 20. ~15)

Unit 18 - Tuff sandstone: greenish-brown both surfaces, very fine-grained at base but 1.7

coarsens upwards, mafic, contains accidental clasts (Wingate Fm and lower Bidahochi units),

calcareous, finely wavy laminated, some lenticular beds, trough and planar cross-bedded,

contains antidunes and bomb sags. Unit weathers to cliff. Contact sharp with 19.

Unit 17 - Silty claystone and sandy siltstone. Silty claystone: light gree nish-white both 4.3

surfaces, very calcareous, structureless. Sandy siltstone: brownish-green both surfaces,

volcaniclastic, contains ma fic Hopi B uttes material, calcareous, structureless. Two small

sandy siltstone layers occur at 1.5 and 2.1 m. Near top of unit silty claystone contains patchy

areas of Hopi Buttes volcanic material. Unit weathers to popcorn slopes. Contact sharp with

18.

contact members4/5 - 1.5 m from base of unit 17

Unit 16 - Siltstone: light pinkish-tan both surfaces, calcareous, moderately indurated, 0.75

structureless. Unit weathers to small ledge. Contact sharp with 17.

Unit 15 - Silty claystone: light greenish-white both surfaces, very calcareous, structureless. 0.3

Unit weathers to popcorn slopes. Contact sharp with 16.

Unit 14 - Siltstone: light pinkish-orange tan fresh surface, light pinkish-tan weathered 1.9

surface, calcareous, structureless. Unit weathers to calcified slopes. Contact sharp with 15.

Unit 13 - Silty claystone, light pink fresh surface, light pinkish-red weathered surface, very 33

calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 14. Sample

#970711.

Unit 12 - Siltstone: light pinkish-tan both surfaces, slightly argillaceous, calcareous, 0.1

structureless. Unit weathers to calcified slopes. Contact sharp with 11.
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Unit 11 - Silty claystone, light olive green fresh surface, light greenish-white weathered 0.09
surface, very calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with
12.

Unit 10 - Siltstone: light pinkish-tan both surfaces, slightly argillaceous, calcareous, 1.3
structureless. Unit weathers to calcified slopes. Contact sharp with 11.

Unit 9 - Claystone: dark olive green fresh surface, light greenish-white weathered surface, 1.6
very calcareous, laminated, slightly shaley habit. Unit weathers to popcorn slope. Contact
sharp with 10. Sample #9707111 collected near base.

Unit 8 - Siltstone: light olive green fresh surface, light greenish-white weathered, contains red 0.8
streaked areas on fresh surfaces and has iron-oxide staining on weathered surfaces,

calcareous, structureless. Unit becomes argillaceous near top. Unit weathers to slopes.

Contact gradational with 9 noted by a dominance of claystone. Sample #970711H collected

near base.

contact members 3/4

Unit 7 - Siltstone: light pinkish-tan both surfaces, calcareous, weakly thin to medium planar- 15.7
tabular bedded. At 10.8 m siltstone is more indurated. Unit weathers to calcified slopes then
cliff. Contactsharp with 8.

Unit 6 - 13.71 Ma ash bed: light grayish-white, fine-grained, felsic, vitric, calcareous, wavy 0.28
laminated. Unit weathers to prominent ledge. Contact gradational with 7 due to reworked
upper surface of ashbed. Sample #970427A collected east of this location on south side of

Triplets Mesa .

Unit 5 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to 2.15
calcified slopes. Contact sharp with 6.

Unit 4 - Claystone: lightolive green fresh surface, light greenish-white weathered surface, 1.35
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact sharp
with 5. Sample #970711G collected near base.

Unit 3 - Siltstone and ash beds. Siltstone: light pinkish-tan both surfaces, calcareous, 6.9
structureless. Blue-gray #1 and 2 ash beds: blue-gray both surfaces, very fine-grained, entire

bed is very wavy (20 cm amplitude). Two ash beds occur at 6.1 and 6.7 m. Unit weathers to

calcified slope. Contact sharp with 4. Sample #970711F collected at 6.8 m. Sample

#970711L of upper ash bed. Sample #970711K of lower ash bed.

Unit 2 - Siltstone: light greenish-white both surfaces, calcareous, sparkles, structureless. Unit 0.1
weathers to popcorn slope. Contact gradational with 3 noted by a color change.

Unit 1 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to NM
popcorn slope. Contact gradational with 2 noted by a color change.

Base of the formation not exposed

Total thickness measured 42.62

Appendix B-15

Location 15 on Figure 2.2 (Shonto Butte Canyon section)
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Measured by Jacob staffand tape measure on August 3, 1997

Field Assistant: Tara Krapf

Location: Navajo Reservation, Dilkon 7.5' Quadrangle, N 35° 25.094' by W 110° 21.888"' Located north
of yellow butte onthe southeast end of Shonto Butte in a deep canyon cut back into mesa. Section
is accessed via a small jeep trail that cuts up canyon. Section begins in draw where white ash is
exposed in road and proceeds upstream to where mounds of pink siltstone are located. Section then

goes north up through se diments.

Outcrop Attitude: N8OE 10NW measured from unit number 18. Units 9-18 were measured horizontal and
then cormrected for apparent dip of unit 18. Attitude changed at base of 25 to N60OE 4NW.

Measured bottom up

#15 Shonto Butte Canyon Meters

Edge of lava filled maar rim

Unit 37 - Mafic lava: N1 black both surfaces, porphyritic - small crystals of olivine and 6+
pyroxene/amphibo le. Unit weathers cliff.

Unit 36 - Volcaniclastic sandstone and siltstone. Sandstone: 10 R 5/4 pale reddish brown 2.1
fresh surface, fine- to coarse-grained, angular, contains mafic clasts up to boulder size of

Hopi B uttes material, calcareous, planar-tabular bedded. Siltstone: 10Y R 8/2 very pale

orange fresh surface, calcareous, structureless. Unit is at angular discord ance with low er units

(N20W 68NE) and dips toward maar crater. Unit weathers to ledge. Contact sharp with 37.

Unit 35 - Claystone: 10Y 6/2 pale olive fresh surface, slightly silty, very calcareous, 3.2
structureless. Unit contains breccia blocks of siltstone and mafic aphanitic rock that ap pear to

be out of place and jumbled with claystone. Unit covered by mafic colluvium. Contact scour

with 36.

Unit 34 - Silty micritic limestone (marl): N9 white both surfaces, sparkles, laminated to 0.3
structureless, contains ostracods. Unit weathers to break in slope. Contact sharp with 35.
Sample 970803B.

Unit 33 - Claystone: 10Y 6/2 pale olive fresh surface, weathered surface covered, slightly 0.65
silty, very calcareous, sparkles, structureless. Unit weathers to popcorn slope. Contact sharp
with 34.

Unit 32 - Interbedded claystone and silty claystone. Claystone: 5Y 5/2 light olive gray fresh 7.0
surface, 5Y 6/2 yellowish-olive gray weathered surface, very calcareous, weakly laminated.

Silty claystone: 5Y 7/2 yellowish-gray both surfaces, calcareous, structureless, blocky

fracture. Unit is more clay-rich at base and more silt-rich near top. Unit weathers to popcorn

slope and is partially covered by mafic colluvium. Contact sharp with 33.

Unit 31 - Silty claystone: 5Y 7/2 yellowish-gray both surfaces, calcare ous, structureless, 3.4
blocky fracture. Unit weathers to popcorn slope. Contactsharp with 32.

Unit 30 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 6/2 yellowish-olive gray 1.05
weathered surface, very calcareous, weakly laminated. Unit weathers to popcorn slope.
Contact sharp with 31.
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Unit 29 - Silty micritic limestone (marl): 5Y 7/1 pale green yellow both surfaces, sparkles,
structureless, contains ostracods. Unit weathers to break in slope. Contact sharp with 30.
Sample 970803 A.

Unit 28 - Silty claystone: 5Y 7/2 yellowish-gray both surfaces, calcare ous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contact sharp with 29.

Unit 27 - Sandstone: 5Y 8/1 yellowish-gray both surfaces, fine-grained, moderately sorted,
subangular, calcareous, structureless, contains ostracods. Unit weathers to break in slope.
Contact sharp with 28. Sample #9804 18B.

contact members 2/5

Unit 26 - Silty claystone: 5Y 7/2 yellowish-gray both surfaces, calcare ous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contact sharp with 27.

Unit 25 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 6/2 yellowish-olive gray
weathered surface, very calcareous, laminated defined by red (oxidized) p artings. Unit

weathers to popcorn slope. Contact gradational with 26 noted by color change and increase in

silt.

Unit 24 - Siltstone: 5Y 8/1 yellowish-gray both surfaces, calcareous, moderately indurated,
sparkles, structureless. Unit weathers to ledge. Contact sharp with 25.

Unit 23 - Claystone: 5Y 7/2 yellowish-gray both surfaces, slightly silty, very calcareous,

structureless, blocky fracture. Unit very silty at base and top. Unit weathers to popcorn slope.

Contact gradational with 24 noted by dominance of silt.

Unit 22 - Argillaceous siltstone: 10YR 7/2 pale grayish-yellow orange both surfaces,
calcareous, moderately indurated, structureless. Unit weathers to popcorn slope. Contact
sharp with 23.

Unit 21 - Sandstone: 10YR 7/2 pale grayish-yellow orange both surfaces, very fine-grained,
contains mafic minerals, calcareous, poorly indurated, laminated, contains ostracods and
mollusk fragments. Unit weathers to small ledge. Contact sharp with 22. Sample 980418A.

Unit 20 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 6/2 yellowish-olive gray

weathered surface, very calcareous, laminated. Unit weathers to popcorn slope. Contact sharp

with 21.

Unit 19 - Argillaceous siltstone: 10YR 7/2 pale grayish-yellow orange both surfaces,
calcareous, structureless. Unit weathers to popcornslope. Contact sharp with 20.

Unit 18 - Claystone: 5Y 5/2 light olive gray fresh surface, SY 6/2 yellowish-olive gray

weathered surface, very calcareous, laminated. Unit weathers to popcorn slope. Contact sharp

with 19.

Unit 17 - Siltstone: 5Y 8/1 yellowish-gray both surfaces, calcareous, sparkles, single bed.
Unit weathers to ledge. Contact sharp with 18.

Unit 16 - Claystone with siltstone interbeds. Claystone: 5Y 7/2 yellowish-gray both surfaces,

very calcareous, structureless, blocky fracture. Siltstone: 10YR 7/2 pale grayish-yellow
orange both surfaces, calcareous, structureless. Siltstone interbeds vary from 5-10 cm thick
and occur above 0.5 m from the base. Unit weathers to popcorn slopes with break in slopes.
Contact sharp with 17.
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Unit 15 - Argillaceous siltstone: 10YR 7/2 pale grayish-yellow orange both surfaces,
calcareous, structureless. Unit weathers to popcornslope. Contact sharp with 16.

contact members 1/2

Unit 14 - Claystone: 5Y 7/2 yellowish-gray both surfaces, very calcareous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contactsharp with 15.

Unit 13 - Argillaceous siltstone and siltstone. Argillaceous siltstone: 10YR 7/2 pale grayish-
yellow orange both surfaces, calcareous, structureless. Siltstone: 10YR 7/2 pale grayish-
yellow orange both surfaces, calcareous, laminated. Laminated siltstone bed (7 c¢cm thick)
occurs 0.7 m from base. Unit weathers to popcorn slope and break in slope. Contact sharp
with 14.

Unit 12 - Claystone: 5Y 8/1 yellowish-gray bo th surfaces, slightly silty, very calcareous,
sparkles, structureless, very blocky fracture. Unit weathers to popcorn slope. Contact sharp
with 13.

Unit 11 - Argillaceous siltstone and silty claystone. Argillaceous siltstone: 10YR 7/2 pale
grayish-yellow orange both surfaces, structureless. Claystone: 5Y 8/1 yellowish-gray both
surfaces, slightly silty, very calcareous, sparkles, structureless, very blocky fracture.
Claystone bed (10 cm thick) occurs at 1.2 m from base. Unit weathers to popcorn slope.
Contact sharp with 12.

Unit 10 - Claystone: 5Y 8/1 yellowish-gray both surfaces, slightly silty, very calcareous,
sparkles, structureless, very blocky fracture. Unit weathers to popcorn slope. Contact sharp
with 11.

Unit 9 - Silty claystone: 10YR 7/2 pale grayish-yellow orange both surfaces, calcareous,
structureless. Unit weathers to popcorn slope. Contact sharp with 10.

Unit 8 - Covered slope

Unit 7 - Claystone: 5Y 8/1 yellowish-gray fresh surface,5Y 7.5/1 yellowish-gray weathered
surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
sharp with 8.

Unit 6 - Ash bed: N9 white both surfaces, felsic, partially bentonized, calcareous,
structureless. Unit weathers to ledge. Contact gradational with 7 due to reworked upper
surface of ash. Sample 970809A.

Unit 5 - Claystone: 5Y 8/1 yellowish-gray fresh surface,5Y 7.5/1 yellowish-gray weathered
surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
sharp with 6.

Unit 4 - Argillaceous siltstone: 10YR 7/2 pale grayish-yellow orange both surfaces,
calcareous, structureless. Unit weathers to popcorn slope. Contact sharp with 5.

Unit 3 - Tuffaceous claystone: N 8.5 light gray white both surfaces, contains ash from unit
below, calcareous, structureless. Unit weathers to popcorn slope. Contact sharp with 4.

Unit 2 - Echo Spring Mountain ash bed: N9 white both surfaces, felsic, partially bentonized,
calcareous, well indurated, structureless. Unit weathers to ledge. Contact gradational with 3
due to rew orked up per surface of ash. Sample 9708 03C.

244

0.49

2.07

2.95

0.49

2.66

0.69

0.5

0.06

0.35

0.65

0.3



Unit 1 - Claystone: 10YR 6.5/3 pale yellowish-brown bo th surfaces, slightly silty, calcareous, NM
structureless. Unit weathers to popcorn slope. Contact sharp with 2.

Base of the formation not exposed
Total thickness measured 56.97

Appendix B-16

Location 16 on Figure 2.2 (SW W ood Chop Mesa Section)

Measured by Jacob staffand tape measure on July 19, 1997

Field Assistant: Bo Burgess

Location: Navajo Reservation, Indian Wells 7.5' Quadrangle, N 35° 25.454' by W 110° 02.427' Located
along the southwestern side of W ood Chop mesa. A small dirt trail leads to a flat terrace just east
of section location. This terrace is the first one west of the Clark houses in the valley. Walk down
to red hill located at the base of second point projecting from the mesa.

Outcrop Attitude: N8OW 8NE measured from unit number 51

Measured bottom up

#16 SW Wood Chop Mesa Meters

Cliff to top of mesa, no further exposure

Unit 65 - Mafic lava: N 1 black both surfaces, slightly rubbley base. Unit weathers to cliff. NM
(~20 m)
Unit 64 - Interbedded tuff sandstone and siltstone: Tuff sandstone: 10YR 5/6 yellowish- 1.1

orange brown both surfaces, medium- to coarse-grained, poorly to moderately sorted,
subangular, calcareous, well indurated, thin- to medium-bedded. Tuff siltstone: 10 YR 5/6
yellowish-oran ge brown both surfaces, calcareous, moderately indurated, structureless. Unit
weathers to cliff. Contact sharp with 65.

Unit 63 - Mafic tuff: 10YR 5/4 moderate yellowish-brown both surfaces, fine- to medium 0.33
lapilli, little or no matrix, clast supported, abundant biotite noted, calcareous, medium
bedded, weakly welded. Unit weathers to cliff. Contact sharp with 64.

Unit 62 - Interbedded tuff sandstone and siltstone: Tuff sandstone: 10YR 5/6 yellowish- 0.9
orange brown both surfaces, medium- to coarse-grained, poorly to moderately sorted,

subangular, mafic, calcareous, well indurated, weakly normal graded, thin- to medium-

bedded. Tuff siltstone: 10YR 5/6 yellowish-orange brown both surfaces, mafic, calcareous,
moderately indurated, structureless. Unit weathers to cliff. Contact sharp with 63.

contact member 4/5
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Unit 61 - Siltstone fining upwards to claystone. Siltstone: 10Y 8/2 pale greenish-yellow fresh
surface, 5SGY 9/1 pale light greenish-gray weathered surface, contains iron oxide staining at
base, calcareous, structureless. Claystone: 10Y &2 pale greenish-yellow fresh surface, 5GY
9/1 pale light greenish-gray weathered surface, very calcareous, compacted, structureless,
blocky fracture. Unit fines to claystone by 1.2 m from base. Unit weathers to slope and cliff
due to overlying resistant beds. Contact scour with 62. Sample #980419E ofclaystone 0.5 m
from top o f unit.

contact member 3/4

Unit 60 - Siltstone with ash bed. Siltstone: 10YR 8/4 grayish-yellow orange both surfaces,
slightly argillaceous, calcareous, moderately indurated, structureless. Ash bed: N6 gray both
surfaces, friable, single discontinuous bed. Ash bed occurs at 2.2 m from base. Unit weathers
to calcified slope. Contactsharp with 61.

Unit 59 - Claystone: 10Y 7/4 moderate greenish-yellow fresh surface, 10Y 8/3 greenish-
yellow weathered surface, very calcareo us, structureless, blocky fracture. Unit weathers to
popcorn slope. Contactsharp with 60.

Unit 58 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, slightly argillaceous,
calcareous, moderately indurated, structureless. Unit weathers to calcified slope. Contact
sharp with 59.

Unit 57 - Claystone: 10Y 7/4 moderate greenish-yellow fresh surface, 10Y 8/3 greenish-
yellow weathered surface, very calcareo us, structureless, blocky fracture. Unit weathers to
popcorn slope. Contact sharp with 58.

Unit 56 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, slightly argillaceous,
calcareous, moderately indurated, structureless. Unit weathers to calcified slope. Contact
sharp with 57.

Unit 55 - Claystone: 10Y 7/4 moderate greenish-yellow fresh surface, 10Y 8/3 greenish-
yellow weathered surface, very calcareo us, structureless, blocky fracture. Unit weathers to
popcorn slope. Contactsharp with 56.

Unit 54 - Siltstone and sandy siltstone. Siltstone: 10Y R 8/4 grayish-yellow orange both
surfaces, no clay noted, calcareous, moderately indurated, structureless. Sandy siltstone:
10YR 8/4 grayish-yellow orange both surfaces, calcareous, well indurated, one bed. Sandy
bed occurs at3.5 m from base. Unit weathers to cliff. Contact sharp with 55.

Unit 53 - Stan Butte ash bed: 5B 9/1 bluish-white both surfaces, fine-grained, felsic, vitric,
weakly calcareous, wavy laminated. Unit weathers to ledge. Contact gradational with 54 due
to reworked upper surface of ashbed. Sample #971004L.

Unit 52 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, no clay noted, calcareous,
moderately indurated, structureless. Unit weathers to cliff. Contact sharp with 53.

Unit 51 - 13.71 M a ash bed: N9 white both surfaces, fine-grained, felsic, vitric, weakly
calcareous, wavy laminated. Unit weathers to prominent ledge. Contact gradational with 52
due to reworked upper surface ofashbed. Sample #971004K.

Unit 50 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, no clay noted, calcareous,
moderately indurated, structureless. Unit weathers to cliff Contactsharp with 51.
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Unit 49 - Claystone: 10Y 7/4 moderate greenish-yellow fresh surface, 10Y 8/3 greenish-
yellow weathered surface, very calcareo us, structureless, blocky fracture. Unit weathers to
popcorn slope. Contactsharp with 42.

Unit 48 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, no clay noted, calcareous,
moderately indurated, structureless. Unit weathers to cliff. Contactsharp with 49.

Unit 47 - Tuffaceous siltstone: 5Y8/1 yellowish-gray both surfaces, tuffaceous, calcareous,
single undulatory bed. Unit appears to contain some glass material. Unit weathers to cliff.
Contact sharp with 46. (Blue-gray #2 ashbed?)

Unit 46 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, no clay noted, calcareous,
moderately indurated, structureless. Unit weathers to cliff Contactsharp with 47.

Unit 45 - Tuffaceous siltstone: 5Y 8/1 yellowish-gray both surfaces, calcare ous, single
undulatory bed. Unit weathers to cliff. Contact sharp with 46.

Unit 44 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, no clay noted, calcareous,
moderately indurated, structureless. Unit weathers to cliff. Contact sharp with 45.

Unit 43 - Tuffaceous siltstone: 5Y 8/1 yellowish-gray both surfaces, calcareous, single
undulatory bed. Unit weathers to cliff. Contact sharp with 44.

Unit 42 - Siltstone: 10YR 8/4 grayish-yellow orange both surfaces, no clay noted, calcareous,
moderately indurated, structureless. Unit weathers to cliff. Contactsharp with 43.

contact member 2/3

Unit 41 - Interbedd ed claystone and micritic limestone (marl). Claystone: 10Y 7/4 moderate
greenish-yellow fresh surface, 10Y 8/3 greenish-yellow weathered surface, very calcareous,
structureless at base but laminated otherwise, blocky fracture. Micritic limestone: 10Y 7/4
moderate greenish-yellow fresh surface, 10Y 8/3 greenish-yellow weathered surface,
structureless. Unit weathers to popcorn slope. Contactsharp with 42. Sample #980419D of
micritic limestone 30 cm from base.

Unit 40 - Blue-gray #3 ash bed: N9 white fresh surface, felsic, vitric, weakly calcareous,
poorly indurated, laminated. Unit we athers to ledge. Contact gradational with 41 due to
reworked upper surface of ash bed. Samples #970719F, 9710041J.

Unit 39 - Silty claystone: 10Y 7/4 moderate greenish-yellow fresh surface, 10Y 8/3 greenish-
yellow weathered surface, very calcareous, structureless, blocky fracture. At 1.1 m unit is
very blocky with weak to strong lamination defined by alternating shades of green. Unit
weathers to popcorn slope. Contactsharp with 40.

Unit 38 - Siltstone: 10YR 7.5/6 pale yellowish-orange fresh surface, 10YR 8/4 grayish-
yellow orange weathered surface, slightly argillac eous, calcareous, structureless. Unit
weathers to slope. Contact sharp with 39.

Unit 37 - Claystone: 5Y 5/2 light olive gray fresh surface, 10YR 8/4 grayish-yellow orange
weathered surface, very calcareous, structureless. Unit weathers to popcorn slope. Contact
sharp with 38.

Unit 36 - Siltstone: 10YR 7.5/6 pale yellowish-orange fresh surface, I0YR 8/4 grayish-
yellow orange weathered surface, slightly argillac eous, calcareous, structureless. Unit
weathers to slope. Contact sharp with 37.

247

3.5

0.05

1.6

0.05

0.05

1.4

0.09

3.6

0.26

0.6



Unit 35 - Claystone: 5Y 5/2 light olive gray fresh surface, l0YR 8/4 grayish-yellow orange 0.2
weathered surface, no selenite noted, very calcareous, structureless. Unit weathers to popcorn
slope. Contact sharp with 36.

Unit 34 - Siltstone: 10YR 7.5/6 pale yellowish-orange fresh surface, 10YR 8/4 grayish- 2.1
yellow orange weathered surface, calcareous, structureless. Unit weathers to slope. Contact
sharp with 35.

Unit 33 - Claystone: 5Y 5/2 light olive gray fresh surface, 10YR 8/4 grayish-yellow orange 2.7
weathered surface, selenite abund ant, contains iron oxide staining, very calcareous,
structureless. Unit weathers to popcorn slope. Contactsharp with 34.

Unit 32 - Wood Chop D ash bed: SGY 7.5/1 light greenish-gray fresh surface, biotite noted, 0.09
calcareous, sparkles, wavy laminated. Unit weathers to ledge. Contact gradational with 29
due to reworked upper surface of ash bed. Samples #970719E, 9710041.

Unit 31 - Claystone: 5Y 5/2 light olive gray fresh surface, 10YR 8/4 grayish-yellow orange 0.6
weathered surface, slightly silty, selenite abundant, contains iron oxide staining, very

calcareous, laminated defined by silty iron oxide layers. Unit weathers to popcorn slope.

Contact sharp with 32.

Unit 30 - Siltstone with tufface ous siltstone. Siltstone: S5YR 6.5/2 grayish-orange pink both 0.4
surfaces, calcareous, structureless. Tufface ous siltstone (W ood Chop C ash bed): N9 white

fresh surface, structureless. Tuffaceous bed is basal 9 cm of unit. Unit weathers to ledge and

slope. Contact sharp with 31. Sample #971004H of tuffaceous bed.

Unit 29 - Claystone: 5Y 5/2 light olive gray fresh surface, 10YR 8/4 grayish-yellow orange 1.5
weathered surface, has a brown castto upper layers, slightly silty, very calcareous, laminated
defined by silt-rich partings. Unit weathers to popcorn slope. Contactsharp with 30.

Unit 28 - Wood Chop B ash bed: N9 white fresh surface, calcareous, sparkles, weakly 0.17
laminated. Unit weathers to ledge. Contact gradational with 29 due to reworked upper surface
of ash bed. Samples #970719D,971004G.

Unit 27 - Claystone: 5Y 5/2 light olive gray fresh surface, 10YR 8/4 grayish-yellow orange 1.0
weathered surface, slightly silty, gypsum common, very calcare ous, laminated defined by silt-
rich partings. Unit weathers to popcorn slope. Contact sharp with 28.

Unit 26 - Siltstone: SYR 6.5/2 grayish-oran ge pink surfaces, no selenite noted, calcareous, 0.16
structureless. Unit weathers to break in slope. Contact sharp with 27.

Unit 25 - Claystone: 5Y 5/2 light olive gray fresh surface, 10YR 8/4 grayish-yellow orange 2.4
weathered surface, very little selenite noted, slightly silty, contains iron oxide staining bottom

half of unit, very calcareous, laminated defined by silty iron oxide layers. Unit weathers to

popcorn slope. Contact sharp with 26.

Unit 24 - Wood Chop A ash bed: N9 white fresh surface, calcareous, sparkles, structureless. 0.05
Unit weathers to slope. Contact gradational with 25 due to reworked upper surface of ash
bed. Sample #971004F.

Unit 23 - Siltstone: 5YR 6.5/2 grayish-orange pink surfaces, selenite common, little or no 0.6
clay present, calcareous, structureless. Unit has vertical fractures that have iron oxide
staining. Unit weathersto break in slope. Contact sharp with 24.
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Unit 22 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7/2 yellowish-gray weathered 0.1
surface, selenite abundant, slightly silty, very calcareous, structureless, blocky fracture. Unit
weathers to popcorn slope. Contactsharp with 23.

Unit 21 - Siltstone: 5YR 6.5/2 grayish-orange pink surfaces, selenite common, little or no 0.08
clay present, calcareous, structureless. Unit weathers to break in slope. Contactsharp with 22.

Unit 20 - Claystone with tuffaceous zone. Claystone: 5Y 5/2 light olive gray fresh surface, 0.35
5Y 7/2 yellowish-gray weathered surface, selenite common, slightly silty, very calcareous,
structureless, blocky fracture. Tuffaceous zone (~12 cm): N9 white fresh surface, contains

some glass shards, sparkles, structureless. Tuffaceous zone occurs in center of unit. Unit

weathers to popcorn slope with tuffaceous bed forming break in slope. Contact sharp with 17.

Sample #98041 9B of tuffaceous unit.

Unit 19 - Siltstone: 5YR 6.5/2 grayish-orange pink surfaces, selenite common, little or no 0.7
clay present, calcareous, structureless. Unit weathers to break in slope. Contact sharp with 20.

Unit 18 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7/2 yellowish-gray weathered 0.5
surface, selenite common, slightly silty, very calcareous, structureless, blocky fracture. Unit
weathers to popcorn slope. Contactsharp with 19.

Unit 17 - Siltstone: 10R 4/4 reddish-brown fresh surface, 10R 8/4 orange pink weathered 0.1
surface, selenite common, calcareous, structureless. Unit weathers to popcorn slope. Contact
sharp with 18.

Unit 16 - Claystone with tuffaceous bed. Claystone: 5Y 5/2 lightolive gray fresh surface, 5.7
10YR 8/4 grayish-yellow orange weathered surface, selenite abundant, slightly silty, very

calcareous, laminated defined by silty iron oxide stained layers. Unit has abundant iron oxide

staining but becomes less abundant last ~2 m. Tuffaceous bed: N9 white fresh surface,

contains some glass shards, sparkles, structureless. Unit weathers to popcorn slope with

tuffaceous bed forming break in slope. Contact sharp with 17. Sample #980419C of

tuffaceous unit.

Unit 15 - Siltstone: 10R 4/4 reddish-brown fresh surface, 10R 8/4 orange pink weathered 0.4
surface, selenite common, calcareous, structureless. Unit weathers to popcorn slope. Contact
sharp with 16.

Unit 14 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7/2 yellowish-gray weathered 0.2
surface, selenite common, slightly silty, very calcare ous, structureless, blocky fracture. Unit
weathers to popcorn slope. Contactsharp with 15.

Unit 13 - Argillaceous siltstone: 10R 4/4 reddish-brown fresh surface, 10R 8/4 orange pink 0.25
weathered surface, selenite common, calcareous, structureless. Unit weathers to popcorn
slope. Contact sharp with 12.

Unit 12 - Claystone: 5SY 5/2 light olive gray fresh surface, 10YR 8/4 grayish-yellow orange 5.9
weathered surface, selenite abund ant especially at top, slightly silty, very calcareous,

structureless, blocky fracture. Unit has abundant iron oxide staining 50 cm from base which

becomes less abundantlast ~2 m. Unit weathers to popcorn slope. Contact sharp with 13.

Unit 11 - Argillaceous siltstone :10R 4/4 reddish-brown fresh surface, 10R 8/4 orange pink 0.6
weathered surface, selenite common, calcareous, structureless. Unit weathers to popcorn
slope. Contact sharp with 12.
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Unit 10 - Claystone: 5Y 5/2 light olive gray fresh surface, 5Y 7/2 yellowish-gray weathered
surface, selenite abundant especially at top, slightly silty, very calcareous, structureless,
blocky fracture. Unit weathers to popcorn slope. Contactsharp with 11.

Unit 9 - Argillaceous siltstone:10R 4/4 reddish-brown fresh surface, 10R 8/4 orange pink
weathered surface, selenite abundant especially at base, calcareous, structureless. Unit
weathers to popcorn slope. Contactsharp with 10.

Unit 8 - Sandy siltstone with ash fines upward into silty micritic limestone (marl). Sandy
siltstone: 10Y 7/2 greenish-yellow olive fresh surface, 5Y 7/2 yellowish-gray weathered
surface, contains medium-grained chert and quartz clasts, calcare ous, structurele ss with
middle of unit weakly wavy laminated. East point biotite ash bed: N9 white fresh surface,
contains abundant bio tite, mixed with sandy siltstone. Silty micritic limestone: 10Y 7/2
greenish-yellow olive fresh surface, 5Y 7/2 yellowish-gray we athered surface, contains quartz
and chert clasts, selenite common, structureless. Unit changes into micritic limestone 60 cm
from base. Unit weathers to slope and ledge. Contact sharp with 9. Samples #980419A and
971004E of ash, #970719C of micritic limestone.

contact member %2

Unit 7 - Interbedded claystone and silty claystone with one siltstone layer. Claystone: 10R
4/4 reddish-brown fresh surface, 10R 6/4 reddish-orange weathered surface, selenite
abundant crystals and roses with crystals up to 2 cm long, calcareous, partially laminated,
some portions appear to have microstructures - small spherical balls and wavy lines. Silty
claystone: 10R 4/4 reddish-brown fresh surface, 10R 6/4 reddish-orange weathered surface,
calcareous, laminated. Silty claystone: 5Y 7/2 yellowish-gray fresh surface, very calcareous,
structureless. Green silty claystone occurs asone 6 cm bed 80 cm from base. Siltstone: 10R
6/4 reddish-orange both surfaces, calcareous, structureless, occursas one 12 cm bed 2.6 m
from base. Gypsum tends to occur in more claystone rich layers but is not restricted to one
bedding plane but crosses bedding and has no preferred orientation. Entire unit is thin bedded
to laminated and varies due to silt content. Unit weathers to popcorn slope with small breaks
in slope. Contact sharp with 8. Sample #980318A collected of claystone with spherical
nodules.

Unit 6 - Claystone grading into silty claystone. Claystone: 10R 4/4 fresh surface, 1 0R 6/4
reddish-orange weathered surface, selenite abundant crystals and roses with crystals up to 2
cm long, calcareous, partially laminated. Silty claystone: 5Y 7/2 yellowish-gray fresh surface,
very calcareous, structureless. Unit grades to silty claystone at 0.37 m. Unit weathers to
popcorn slope. Contact gradational with 7 noted by a color change.

Unit 5 - Argillaceous siltstone: 10R 5/4 pale reddish-brown fresh surface, 10R 6/4 reddish-
orange weathered surface, calcareous, structureless. Unit weathers to popcorn slope. Contact
sharp with 6.

Unit 4 - Siltstone: 5YR 7/2 grayish-orange pink both surfaces, no clay present, contains some
very fine sand, slightly calcareous, poorly indurated, structureless. Unit weathers to popcorn
slope. Contact gradational with 5 noted by app earance of clay.

Unit 3 - Echo Spring Mountain ash bed: 5Y 8/1 yellowish-gray fresh surface, N9 white
weathered surface, felsic, extensively bentonized, weakly laminated. U nit weathers to small
ledge. Contact gradational with 4 due to reworked upper surface of ash bed. Sample
#970719B.
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Unit 2 - Bidahochi Formation - Siltstone and sandstone. Siltstone: 10R 5/4 pale reddish- 14.45
brown fresh surface, 10R 6/4 reddish-orange weathered surface, contains small pebbles of

quartz and chert at the base, contains isolated (matrix supported) c oarse-sand grains,

calcareous, structureless. Sandstone: 5YR 7/4 grayish-orange pink both surfaces, very fine-

grained, laminated to ripple laminated. Sandstone occurs as thin (1-7 cm thick) beds and

lenses throughout unit with an increase of beds at 11 m. Unit weathers to popcorn slope and

ledges. Contact sharp with 3. Sample #970719A collected of siltstone, #971004 D of pebbles.

contact Wingate Formation/member 1 Bidahochi Formation

Unit 1 - Wingate Formation - Siltstone: 10YR 7/6 yellowish-gray orange both surfaces, NM
calcareous, well indurated, structureless. Unit is mottled and oxidized at upper surface. Unit
weathers to calcified slopes. Contact disconformity with 2. Sample #971004C.

Total thickness measured 95.45
Appendix B-17
Location 17 on Figure 2.2 (East of Martinez Spring Section)
Measured by Jacob staffand tape measure on July 12, 1997
Field Assistant: Amy Morrison

Location: Navajo Reservation, Greasewood Spring 7.5' Quadrangle, N 35° 26.428' by W 109°58.252"' On
the eastside of mesa across from the spring, on the north side of canyon

Attitude: N12E 5NW measured from unit number 11

Measured bottom up

#17 East of Martinez Spring Meters

Top of mesa, no further exposure

Unit 19 - Mafic lava: black both surfaces, aphanitic, appears granular with lots of white NM
specks?, rounded surfaces, appears bedded, apparent pillow structures. Unit wea thers to cliff.

contact member 4/5

Unit 18 - Silty claystone: brown fresh surface, light pinkish-brown weathered surface, very 0.5
calcareous, structureless, blocky fracture. Unitvaries in thickness due to contact with lava.
Unit weathers to popcorn slope. Contact scour with 19.

Unit 17 - Silty claystone: light olive green fresh surface, light greenish-white weathered 2.3
surface, iron-oxide staining at base, very calcareous, structureless, blocky fracture. Unit
weathers to popcorn slope. Contact gradational with 18 noted by color change.

contact member 3/4

Unit 16 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to 5.1
calcified slopes. Contactsharp with 17.
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Unit 15 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope.
Contact sharp with 16.

Unit 14 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
calcified slopes. Contact sharp with 15.

Unit 13 - Claystone: lightolive green fresh surface, light greenish-white weathered surface,
slightly silty, very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope.
Contact sharp with 14.

Unit 12 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
calcified slopes. Contact sharp with 13.

Unit 11 - 13.71 Ma ash bed: light grayish-white with bottom 6 cm more gray cast, fine-
grained, felsic, vitric, calcarcous, wavy laminated. Unit weathers to prominent ledge. Contact
gradational with 12 due to reworked upper surface of ash bed. Sample #970712C collected
above 6 cm. Sample #970712D collected lower 6 cm.

Unit 10 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
calcified slopes. Contact sharp with 11.

Unit 9 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact sharp
with 10.

Unit 8 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
calcified slopes. Contactsharp with 9.

Unit 7 - Blue-gray #1 ash bed: blue-gray both surfaces, vitric, weakly laminated, undulatory
bed. Unit weathers to small ledge. Contact gradational with 8 due to reworked upper surface
of ash bed. Sample #970712B collected atbase.

Unit 6 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
calcified slopes. Contactsharp with 7.

Unit 5 - Blue-gray #2 ash bed: blue-gray both surfaces, vitric, weakly laminated, undulatory
bed. Unit weathers to break in slope. Contact gradational with 6 due to reworked upper
surface of ash bed. Sample #970712A collected at base.

Unit 4 - Siltstone: light pinkish-tan both surfaces, slightly argillaceous, calcareous,
structureless. Unit weathers to calcified slopes. Contact sharp with 5.

Unit 3 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact sharp
with 4.

Unit 2 - Siltstone: light olive green fresh surface, light greenish-white weathered surface,
calcareous, sparkles, structureless. Unit weathers to popcorn slope. Contactsharp with 3.

Unit 1 - Siltstone: light pinkish-tan both surfaces, slightly argillaceous, calcareous,
structureless. Unit weathers to popcorn slopes. Contact gradational with 2 noted by a color
change.

Base of the formation not exposed
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Total thickness measured 32.62

Appendix B-18

Location 18 on Figure 2.2 (Greasewood anticline section A):

Measured by Jacob staffand tape measure on July 04, 1997.

Field Assistant: Elizabeth Tyack

Location: Navajo Reservation, Arrowhead Butte NE 7.5' Quadrangle, N 35°26.998', W 109° 51.389"
Section is accessible from small trail that leads to aband on house northeast of anticline knob. W alk
1 km to north side of knob. Upper portion is measured on the northwest side of the second
projection to the north. The lower portion (N 35°26.231', W 109°52.215") of the section is 2 km to
the southwest and can be accessed via this route or from entering the area from the west. This

section is measured at small cliff that faces westward.

Outcrop attitude: NSOE 07SE measured from unit 28 atthe eastern outcrop location and N35W 05SW
measured from unit 14 at the western outcrop location

Measured bottom up

#18 Greasewood anticline composite Meters

Unit 33 - Quaternary fill - unconsolidated conglomerate and siltstone. Cobble conglomerate: 1.5
light tan to orange, well round ed, contains percussion marks, matrix composed of medium to

coarse sand, subrounded, contains clasts of chert, many varieties of quartz and well indurated
sandstone clasts of member 6. Siltstone: reddish-orange, arenaceous, mottled, lenticular. Unit
weathers to loose humm ocky slopes.

Unit 32 - Claystone: light olive green fresh surface, light greenish white weathered surface, 0.4
calcareous, iron-oxide staining common near base, structureless. Red claystone unit occurs

above this green one a few m to the east (NM or included here). Unit weathers to popcorn

slopes. Contact disconformity with 33.

contact members 3/4

Unit 31 - Siltstone: light pinkish-tan both surfaces, calcare ous, structureless. Unit weathers to 0.35
calcified crusted slopes. Contact sharp with 32.

Unit 30 - Ash bed: greenish-gray both surfaces, calcareous, moderately indurated, 0.06
structureless. Unit weathers to small ledge. Contact gradational with 31. Sample number
970704G.

Unit 29 - Siltstone, claystone, and ash bed. Siltstone: light pinkish-tan both surfaces, 7.0
calcareous, structureless. Claystone: olive gray fresh surface, greenish-white weathered

surface, calcareous, structureless. Satan Butte ash bed: grayish-white both surfaces,

calcareous, structureless, discontinuous. The 3 ¢m thick ashbed occurs 70 cm from base of

unit. The 30 cm thick green claystone occurs 5.6 m from the base of unit. Unit weathers to

calcified crusted slopes with small ledge. Contact sharp with 30. Sample #98042 0B of ash

bed.
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Unit 28 - 13.71 Ma ash bed: white, fine grained, felsic, vitric, calcareous, wavy laminated.
Unit weathers to prominent ledge. Contact gradational with 29. Sample #970704F.

Unit 27 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
calcified crusted slopes. Contact sharp with 28.

Unit 26 - Siltstone fining up wards into claystone. Siltstone: light greenish-white both
surfaces, calcareous. Claystone: light olive green fresh surface, light greenish-white
weathered surface, very calcareous, slightly tuffaceous. Unit weathers to popcorn slopes.
Contact gradational with 27 noted by a color change.

Unit 25 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
calcified crusted slopes. Contact gradational with 26 noted by color change.

Unit 24 - Blue-gray #1 ash bed: grayish-white, calcareous, poorly indurated, structureless,
bed is undulatory. Unit weathers to small ledge. Contact gradational with 25 due to reworked
upper surface ofash bed. Sample #970704E.

Unit 23 - Siltstone: light pinkish-tan both surfaces, calcare ous, structureless. Unit weathers to
calcified crusted slopes. Contact sharp with 24.

Unit 22 - Blue-gray #2 ash bed: blue-gray both surfaces, calcareous, poorly indurated,
weakly laminated, bed is undulatory. Unit weathers to small ledge. Contact gradational with
23. Sample #970704D.

Unit 21 - Sandstone and siltstone. Siltstone: light pinkish-tan both surfaces, slightly
arenaceous, calcareous, well indurated in areas of heavy calcification. Sandstone: light
pinkish-tan both surfaces, very fine-grained, calcareous, structureless. Unit fines to siltstone
0.5 m from base. Unit weathers to calcified crusted slopes. Contact sharp with 22.

Unit 20 - Siltstone fining upwards into claystone. Siltstone: yellowish-green fresh surface,
light greenish-white weathered surface, very calcareous, structureless. Claystone: olive gray
fresh surface, greenish-white weathered surface, slightly tuffaceous, calcareous, structureless.
Unit fines to claystone 30 cm above the base. Unit weathers to popcorn slopes. Contact
gradational with 21 noted by color change.

contact members 2/3

Unit 19 - Siltstone and ash bed. Siltstone: light orangish-tan both surfaces, arenaceous lower
half - fines upward, very calcareous, structureless. Blue-gray #3 ash bed: light blueish-gray
both surfaces, friable, wavy laminated. The 5 cm thick ash bed occurs 5.95 m above base.
Unit weathers to calcified crusted slopes with ash bed forming small ledge. Contact
gradational with 20 noted by color change. Sample #970704C of ash bed.

Unit 18 - Siltstone fining upwards into claystone. Siltstone: yellowish-green fresh surface,
light greenish-white weathered surface, iron-oxide staining at base, very calcareous,
structureless. Claystone: olive gray fresh surface, greenish-white weathered surface,
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 19.

Unit 17 - Siltstone and ash bed. Siltstone: tan fresh surface, light tan weathered surface,
arenaceous lower third - fines upwards, very calcareous, structureless. W ood Chop D ash
bed: N9 white fresh surface, weathered surface covered, calcareous, mixed with surrounding
siltstone, one 5 cm thick bed. Ash bed occurs 0.6 m above base. Unit weathers to calcified
crusted slopes with a small led ge. Contact gradational with 18 noted by color change. Sample
#980420A of ash bed.
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Unit 16 - Wood Chop C ash bed: light grayish-white both surfaces, slightly calcareous,
poorly indurated, weakly laminated, re worked with light brown siltstone. Unit weathers to
small ledge. Contact grad ational with 17 due to reworked upper surface of ash bed. Sample
#970704B.

Unit 15 - Sandstone fining upward to siltstone. Sandstone: light brownish-tan fresh surface,
light tan weathered surface, very fine-grained, very calcareous, very silty, structureless.
Siltstone: light brown fresh surface, whitish-brown weathered surface, arenaceous,
calcareous, structureless. Unit fines to siltstone 0.5 m from base. Unit weathers to calcified
crusted slopes. Contact sharp with 16.

transfer northeast along ash bed to upper section location

Unit 14 - Wood Chop B ash bed: grayish-white both surfaces, slightly calcareous, poorly
indurated, finely laminated at base but reworked abo ve with light brown siltstone similar to
unit 1. Unit weathers to smallledge. Contact gradational with 15. Sample #970704A.

Unit 13 - Siltstone: light brownish-tan fresh surface, light tan weathered surface, arenaceous,
calcareous, structureless. Unit weathers to calcified crusted slopes. Contact sharp with 14.

Unit 12 - Claystone: dark olive green fresh surface, light greenish-white weathered surface,
very calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 13.

Unit 11 - Siltstone: light brownish-tan fresh surface, light tan weathered surface, arenaceous,
calcareous, structureless. Unit weathers to calcified crusted slopes. Contact sharp with 12.

Unit 10 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
very calcareous, iron-oxide staining abundant esp ecially at base, structureless to slightly
shaley near top ofunit. Unit weathers to popcorn slopes. Contactsharp with 11.

contact members 1/2

Unit 9 - Siltstone: light pinkish-tan both surfaces, calcare ous, structureless. Unit weathers to
calcified crusted slopes. Contact sharp with 10.

Unit 8 - Claystone: light brownish-olive green fresh surface, light greenish-white weathered
surface, very calcareous, structureless. Unit weathers to popcornslopes. Contact sharp with 9.

Unit 7 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
calcified crusted slopes. Contact sharp with 8.

Unit 6 - Volcaniclastic sandstone: light brownish-green fresh surface, light greenish-brown
weathered surface, very fine-grained, contains abundant mafic clasts, calcareous, one bed.
Unit weathers to small ledge. Contact sharp with 7. Sample #9707041.

Unit 5 - Interbedded claystone and siltstone: Claystone: reddish-brown fresh surface, light
reddish-brown weathered surface, calcareous, structureless, blocky fracture. Siltstone: light
pinkish-tan both surfaces, calcareous, structureless. Claystone occurs at base and then

altemates with siltstone - measured subunits are: 1.4 m, 035 m, 0.2m, 0.28 m, 0.33 m, 0.4 m,

0.4m,0.2m,0.65m,1.15m, 0.7 m, 1.5 m, and 1.1 m. Unit weathers to popcorn and
calcified crusted slopes. Contact sharp with 6.

Unit 4 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
very calcareous, structureless. Unit weathers to popcorn slopes. Contact gradational with 5
noted by a color change.
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Unit 3 - Sandstone fining upward into siltstone. Sandstone: light brown fresh surface, light
tan weathered surface, very calcareous, structureless. Siltstone: light pinkish-tan both
surfaces, calcareous, structureless. Unit weathers to calcified crusted slope. Contact sharp
with 4.

Unit 2 - Echo Spring Mountain (?) ash bed: light grayish-white fresh surface, light greenish-
white weathered surface, silty, calcareous, well indurated, shaley. Unit weathers to small
ledge. Contact gradational with 3 due to reworked upper surface of ash bed. Sample
#970704H.

Unit 1 - Siltstone: light reddish-brown fresh surface, very light reddish-brown weathered
surface, argillaceous, calcareous, structureless. Unit weathers to popcorn slopes. Contact
sharp with 2.

Base of formation not exposed

Total Bidahochi thickness measured

Appendix B-19
Location 19 on Figure 2.2 (Greasewood M esa South):
Measured by Jacob staffand tape measure on July 05, 1997.

Field Assistant: Elizabeth Tyack

0.25

0.08

3.8+

48.825

Location: Navajo Reservation, Arrowhead Butte NE 7.5' Quadrangle, N 35°28.228', W 109°50.015'
Lower portion is located near Y in road at badlands area. Upper portion (N 35°28.833', W 109°
49.333' - topo estimation) is back against mesa to the east on north side of westward projection.

Outcrop attitude: N18E 04SE measured from unit 12

Measured bottom up

#19 Greasewood Mesa South

Meters

Unit 47 - Sandstone: light tan both surfaces, fine-grained, well sorted, rounded, quartzose,
contains some mafic volcanic clasts and areas of white ash material, calcareous, po orly
indurated, high-angle planar cross-bedded. U nit weathers to loose slopes.

Unit 46 - Siltstone: light pinkish-tan fresh surface, light tan weathered surface, arenaceous,
calcareous, structureless. Unit weathers to cliff. Contact sharp with 47.

Unit 45 - Sandstone: light tan fresh surface, light grayish-tan weathered surface, very fine-
grained to medium grained, poorly sorted, subangular to rounded, contains abund ant mafic
volcanic clasts, calcareous, planar cross-bedded. Unit weathers to cliff. Contact sharp with
46.

Unit 44 - Volcaniclastic siltstone: banded white and tan weathered surface, contains abundant

matrix supported sand sized euhedral pyroxene and other mafic volcanic clasts, calcareous,
moderately indurated, structureless. Unit weathers to cliff. Contact sharp with 45.
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Unit 43 - Sandstone: light tan fresh surface, light grayish-tan weathered surface, very fine-
grained to medium grained, poorly sorted, subangular to rounded, contains abundant coarse
mafic volcanic clasts, calcareous, planar and trough cross-bedded, convoluted bedding,
contains minor siltstone lamina. Paleocumrent reading of205 from axial planeofa 18 cm
thick trough. Unit weathers to cliff. Contact sharp with 44.

contact members 5/6

Unit 42 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 43.

Unit 41 - Claystone: light brown fresh surface, tan weath ered surface, slightly silty,
calcareous, structureless. Unit weathers to popcorn slopes. Contact gradational with 42 noted
by color change.

Unit 40 - Siltstone: light pinkish-tan fresh surface, light tan weathered surface, arenaceous
with abundant volcanic material, calcareous, structureless. Unit weathers to calcified crusted
slopes. Contact sharp with 41.

Unit 39 - Sandstone: pinkish-brown fresh surface, light pinkish-tan weathered surface, fine-
grained, well sorted, subrounded to rounded, calcareous, laminated with small beds of
volcanic material, trough cross-bedded. Unit weathers to calcified crusted slopes. Contact
sharp with 40.

Unit 38 - Arenaceous siltstone: light pinkish-tan both surfaces, calcarcous, weakly laminated,
more sandy near top. Unit weathers calcified crusted slopes. Contact gradational with 39
noted by a structural change.

Unit 37 - Claystone: light brown fresh surface, tan weathered surface, slightly silty,
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 38.

Unit 36 - Sandstone and claystone. Sandstone: pinkish-brown fresh surface, light pinkish-tan
weathered surface, fine-grained, well sorted, subrounded to rounded, calcareous, laminated
with small beds of volcanic material, planar cross-bedded atbase. Claystone: light brown
fresh surface, tan weathered surface, slightly silty, calcareous, structureless. Claystone bed 40
cm thick occurs 65 cm from base. Unit weathers to calcified crusted slopes. Contact sharp
with 37.

Unit 35 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 36.

Unit 34 - Volcaniclastic siltstone interbedded with claystone. Volcaniclastic siltstone:
greenish-white fresh surface, light tan weathered surface, medium-grained, poorly sorted,
rounded to subangular, contains abundant matrix supported sand sized euhedral pyroxene and
other mafic volcanic clasts, calcareous, moderately indurated, structureless. Claystone: light
pinkish-tan both surfaces, calcareous, structureless. Unit weathers to calcified crusted slopes
and ledges. Contact sharp with 35.

Unit 33 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
silty, calcareous, structureless, blocky fracture. Red silt rich layers oc cur near top of unit.
Unit weathers to popcorn slopes. Contact sharp with 34.
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Unit 32 - Claystone: light brown fresh surface, tan weathered surface, slightly silty,
calcareous, structureless. Unit weathers to popcorn slopes. Contact gradational with 33 noted
by color change.

Unit 31 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, more silty near top, calcareous, structureless. Silt content varies throu ghout unit with
fining upward cycles apparent. Unit weathers to popcorn slopes. Contact gradational with 32
noted by color change.

Unit 30 - Volcaniclastic sandstone: greenish-w hite both surfaces, medium-grained, po orly
sorted, rounded to subangular, contains abund ant euhedral pyroxene and other mafic volcanic
clasts, fines upward, calcareous, moderately indurated, structureless. U nit weathers to
calcified crusted slopes. Contactsharp with 31.

Unit 29 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, contains class shards? and volcanic material, calcareous, structureless. Unit weathers
to popcorn slopes. Contact sharp with 30.

Unit 28 - Argillaceous siltstone , light tan fresh surface, light pinkish-tan weathered surface,
very calcareous, moderately indurated, blocky fracture. Unit weathers to small ledge. Contact
sharp with 29.

Unit 27 - Volcaniclastic siltstone interbedded with claystone. Volcaniclastic siltstone:
greenish-white both surfaces, medium-grained, poorly sorted, rounded to subangular, contains
abundant matrix supp orted sand sized euhedral pyroxene and other mafic volcanic clasts,
calcareous, moderately indurated, structureless. Claystone: light greenish white both surfaces,
calcareous, structureless. Claystone occurs astwo small cm thick beds 15 and 17 cm from
base. Unit weathers to calcified crusted slopes and ledges. Contact gradational with 28 noted
by a color change. Sample number 970705A.

contact members 4/5

Unit 26 - Siltstone fining upwards to claystone. Siltstone: light olive green fresh surface, light
greenish-white weathered surface, calcare ous, iron-oxide staining abundant, structureless.
Claystone: light olive green fresh surface, light greenish-white weathered surface, calcareous,
structureless, blo cky fracture. Unit fines upward to claystone 22 cm abo ve base. Unit
weathers to popcorn slopes. Contact sharp with 27.

Unit 25 - Conglomerate, sand stone, and claystone. Granule conglomerate: grayish-red fresh
surface, light reddish-brown weathered surface, consist primarily of chert, quartz, and
petrified wood clasts, sandy matrix, calcareous, trough cross-bedded, fines upward.
Sandstone: light tan both surfaces, fine to medium grained, poorly sorted, well rounded,
calcareous, thin bedded, undulatory beds, laterally interfingers with conglomerate. Claystone,
reddish-brown both surfaces, calcareous, interbedded with channel material and sandstone
beds. Unit weathers to pebble strewn slopes and ledges. Contact sharp with 26. Sample
number 971004A.

Unit 24 - Claystone interbedded with siltstone and sandstone. Claystone: brick red fresh, red
weathered, very calcareous, structureless, blocky fracture. Siltstone: red both surfaces,
calcareous. Sandstone, red both surfaces, very fine-grained, calcareous. Siltstone and
sandstone occur every 1.5 to 2.5 m throughout unit with a 1 meter thick siltstone unit 16 m
above the base. Interbedded siltstone and sandstone give unit appearance of thick bedding.
Unit weathers to pop corn slopes with small breaks in slope caused by silt and sand layers.
Contact gradational with 25.
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Unit 23 - Siltstone: light brown both surfaces, calcareous, moderately indurated, 0.2
structureless. Unit weathers to small ledge. Contact sharp with 24.

Unit 22 - Claystone: brick red fresh, red weathered, very calcareous, structureless, blocky 0.6
fracture. Unit weathers to popcorn slope. Contactsharp with 23.

Unit 21 - Arenaceous siltstone: light brown both surfaces, calcareous, moderately indurated, 0.5
structureless. Unit weathers to small ledge. Contact shap with 22.

Unit 20 - Siltstone fining upwards to claystone. Siltstone: light olive green fresh surface, light 43
greenish-white weathered surface, calcare ous, iron oxide staining abundant, structureless.

Claystone: light olive green fresh surface, light greenish-white weathered surface, calcareous,
structureless, blo cky fracture. Unit fines to claystone 40 cm above base. Unit changes color to

light brown upper 10 cm. Unit weathers to popcorn slopes. Contactsharp with 21.

contact members 3/4

Unit 19 - Siltstone: light pinkish-tan both surfaces, arenac eous, calcareous, structureless. Unit 3.7
weathers to calcified crusted slopes. Contact gradational with 20 noted by color change.

Unit 18 - Claystone: light olive green fresh surface, light greenish-white weathered surface, 0.1
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 19.

Unit 17 - Siltstone: light pinkish-tan both surfaces, arenac eous, calcareous, structureless. Unit 3.0
weathers to calcified crusted slopes. Contact sharp with 18.

Unit 16 - Claystone: light olive green fresh surface, light greenish-white weathered surface, 0.4
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 17.

Unit 15 - Siltstone: light pinkish-tan both surfaces, arenac eous, calcareous, structureless. Unit 4.0
weathers to calcified crusted slopes. Contact sharp with 16.

Unit 14 - Ash bed: grayish white both surfaces, calcareous, moderately indurated, 0.08
structureless, rew orked with siltstone. Unit weathers to small led ge. Contact gradational with
15 due to reworked upper surface of ash bed.

Unit 13 - Siltstone coarsens upwards into sand stone. Siltstone: light pinkish-tan bo th 6.7
surfaces, slightly arenaceous, calcareous, structureless. Sandstone light p inkish-tan both

surfaces, very fine-grained, quartzose, mo derately to well indurated, struc tureless. Unit

changes to dominantly sandstone 1.8 m from base. Unit weathers to calcified crusted slopes.

Contact sharp with 14.

transfer east to edge of mesa where ash bed is exposed at base of outcrop

Unit 12 - 13.71 Ma ash bed: white, fine grained, felsic, vitric, calcareous, wavy laminated. 0.28
Unit weathers to prominentledge. Contact gradational with 13. Sample number 970628A.

Unit 11 - Siltstone: 10YR 7/2 pale grayish orange both surfaces, calcareous, structureless. 1.05
Unit weathers to calcified crusted slopes. Contact sharp with 12.

Unit 10 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 7/2 pale yellowish olive 0.6
weathered surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 11.
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Unit 9 - Siltstone: 10Y 7/3 greenish yellow fresh surface, 10Y 8/2 pale greenish yellow
weathered surface, slightly argillaceous, calcareous, structureless. Unit weathers to calcified
crusted slopes. Contact gradational with 10 noted by increased clay content.

Unit 8 - Siltstone: 10Y R 7/2 pale grayish oran ge both surfaces, calcare ous, structureless. Unit
weathers to calcified crusted slopes. Contact sharp with 9.

Unit 7 - Blue-gray #1 ash bed: 5B 8/1 pale blue both surfaces, friable, laminated. U nit
weathers to smallledge. Contact gradational with 8 due to reworked upper surface of ash bed.
Sample #970628B.

Unit 6 - Siltstone: 10Y R 7/2 pale grayish oran ge both surfaces, calcare ous, structureless. Unit
weathers to calcified crusted slopes. Contact sharp with 7.

Unit 5 - Blue-gray #2 ash bed: 5PB 7/2 pale blue both surfaces, friable, laminated. Unit
weathers to smallledge. Contact gradational with 6 due to reworked upper surface of ash bed.
Sample #970315D.

Unit 4 - Siltstone: 10Y R 7/2 pale grayish oran ge both surfaces, calcare ous, structureless. Unit
weathers to calcified crusted slopes. Contact sharp with 5.

Unit 3 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 7/2 pale yellowish olive weathered
surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
sharp with 4.

moved along slope to location below ash beds

Unit 2 - Siltstone: 10Y 7/3 greenish yellow fresh surface, 10Y 8/2 pale greenish yellow
weathered surface, slightly argillaceous, calcareous, structureless. Unit weathers to calcified
crusted slopes. Contact sharp with 3.

Unit 1 - Siltstone: 10YR 7/2 pale grayish orange both surfaces, slightly argillaceous,
calcareous, structureless. Unit weathers to calcified crusted slopes. Contact sharp with 2.

member 3
Base of formation not exposed
Total thickness measured
Appendix B-20
Location 20 on Figure 2.2 (Elephant Butte section)
Measured by Jacob staffand tape measure on July 31, 1997

Field Assistant: Tara Krapf

0.1

2.2

0.8

3.5

1.6

0.5

NM

104.82

Location: Navajo Reservation, Montezumas Chair 7.5' Quadrangle, N 35°21.884' by W 110° 30.539'

Located on the east side of butte in a large ravine cut into side. Section starts above the

Entrada/Cretaceous cross-bedded sandstone units.

Outcrop Attitude: Measured using NSOE 10 NW from Entrada Fm? this is probably notthe attitude of

Bidahochi Fm - very difficult to determine contact or attitude measurement.
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Measured bottom up

#20 Elephant Butte

Meters

Cliff to top of butte, no further exposure

Unit 17 - Mafic lava: N1 black both surfaces, porphyritic - large crystals of pyroxene,
amphiboles, and olivine, columnar jointed. Unit weathers cliff.

Unit 16 - Colluvium covered slope.

Unit 15 - Siltstone: 10R 3/4 dark reddish-brown, fresh surface, 10R 8/4 orange pink
weathered surface, slightly argillaceous, calcareous, structureless. Unit weathers to calcified
slopes. Contact covered with 16.

Unit 14 - Argillaceous siltstone: 10Y 7/2 pale greenish olive fresh surface, 10Y 8/2 pale
greenish-yellow weathered surface, calcareous, structureless. Unit weathers to popcorn slope.
Contact sharp with 15.

Unit 13 - Sandstone fining upwards to siltstone. Sandstone: 5Y 8/1 yellowish-gray both
surfaces, medium-grained, poorly sorted, subrounded, very calcareous, planar cross-bedded.
Siltstone: SY 8/1 yellowish-gray both surfaces, argillaceous, calcareous, structureless. At 4.1
m unit fines to siltstone. Unit weathers to break in slope and slope. Contact sharp with 14.

Unit 12 - Interbedded siltstone and claystone. Siltstone: 10YR 8/4 pale yellowish orange

fresh surface, S5YR 7/1 yellowish gray weathered surface, calcareous, structureless. Claystone:

red and green colored - 10Y 6/4 greenish olive and 5Y R 4/4 moderate brown fresh surfaces,
very calcareous, structureless. Siltstone is dominant lithology with claystone beds only 2-3
cm thick. Unit weathers to calcified slope. Contactsharp with 13.

Unit 11 - Sandstone: 5Y 8/1yellowish-gray both surfaces, very fine-grained, slightly silty,
calcareous, structureless. Silty component concentrated near base. Unit weathers to slope.
Contact sharp with 12.

Unit 10 - Interbedded siltstone and sandstone. Siltstone: 5YR 3/2 grayish-brown fresh
surface, 10R 3/6 dark reddish-brown weathered surface, calcareous, structureless. Sandstone:
N9 white b oth surfaces, very fine-grained, calcareous, structureless. Sandstone beds are 2-3
cm thick at base and increase in thickness near top. Unit weathers loose slopes. Contact sharp
with 11.

Unit 9 - Silty claystone: banded 5R 2/6 very dark red and 10Y 6/2 pale olive fresh surfaces,
weathered surface covered, calcareous, structureless. Unit weathers to slope. Contact sharp
with 10.

Unit 8 - Interbedded siltstone and sandstone then coarsens upwards to sandstone. Siltstone:
5YR 5/6 light brown both surfaces, structureless, blocky fracture. Sandstone: 5YR 5/6 light
brown both surfaces, very fine-grained, calcareous, p lanar cross-bedded. At 4.5 m unit
coarsens into sandstone: 10R 3/6 dark reddish-brown fresh surface, 5YR 4/6 moderate brown
weathered surface, fine-grained, well sorted, rounded, calcareous, low-angled planar cross-
bedded. Unit weathers to calcified slopes. Contact sharp with 9.

Unit 7 - Siltstone: 10YR 7/4 grayish-orange fresh surface, I0YR 7/2 pale yellowish orange
weathered surface, contains abund ant white patchy areas, calcareous, structureless. Unit
weathers to break in slope. Contact sharp with 8.
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Unit 6 - Sandstone: 10YR 7/4 grayish-orange fresh surface, 10YR 7/2 pale yellowish orange 0.8
weathered surface, fine-grained, poorly sorted, subrounded, quartzose, friable, high-angled

planar cross-bedded. Paleocurrent reading of 115 from 0.8 m forset bed near base. Unit

weathers to slopes. Contact gradational with 7.

Unit S - Siltstone: 5YR 5/6 light brown fresh surface, 5YR 6/6 lightbrown weathered 0.6
surface, slightly argillac eous, calcareous, thin to laminated bed ded. Clay c ontent varies within

unit - areas of clayrich green sparkly siltstone. Unit weathers to slope. Unit contains green

and white mottled looking areas. Contact sharp with 6. Sample #970731A of green siltstone.

Contact Mesozoic units / Bidahochi Fm member 1

Unit 4 - Entrada Fm? - Sandstone: 5YR 7/4 orange brown fresh surface, 5Y 8/2 gray yellow 15.7
weathered surface, fine- to very fine-grained, moderately sorted, subangular to subrounded,

quartzose, mafic minerals common, silty, calcareous, poorly indurated, planar cross-bedded.

Unit weathers to slopes. Contact sharp with 5.

Unit 3 - Entrada Fm? - Sandstone: 5Y 8/2 gray yellow fresh surface, 10YR 7/2 pale grayish- 31.5
orange brown weathered surface, fine-grained, moderately sorted, subangular to subrounded,
quartzose, mafic minerals common, very calcareous, well indurated, laminated, high-angled

planar cross-bedded. Paleocurrent reading of 122 from 2.15 m forset bed at 7.8 m from base.

Unit weathers to cliffs and ledges. Contact gradational with 4 noted by a change in induration.

Sample #971003A.

Unit 2 - Entrada Fm? - Siltstone: SGY 7/1 greenish-gray both surfaces, calcareous, 0.12
structureless. Unit weathers beneath cliff ofunit above. Contactsharp with 3.

Unit 1 - Wingate Fm - Sandy siltstone: 10YR 6.5/6 dark yellowish-orange both surfaces, very NM
calcareous, well indurated, structureless, nodular. Unit weathers to cliffs and slopes. Contact
sharp with 2.

Total thickness measured 75.97
Total determined Bidahochi Fm 28.65

Appendix B-21

Location 21 on Figure 2.2 (Lee Windmill section)

Measured by Jacob staffand tape measure on July 25, 1997

Field Assistant: Carey Lang

Location: Navajo Reservation, Na Ah Tee Canyon 7.5' Quadrangle, N 35°23.512' by W 110°12.012'
Located along the slop e below and to the south of the windmill tower. Section starts in red units in
long flatravine where ash outcrops are visible.

Outcrop Attitude: No suitable attitude was obtainable - according to orientation of units app ears horizontal.

Measured bottom up

#21 Lee Wind mill Meters

Top of outcrop, no further exposure
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Unit 28 - Quaternary alluvium - Loosely consolidated sand and silt: orange, tan, and yellow
colored with speckled black grains, contains abundant Hopi Buttes volcanic material and
clasts of Wingate and B idahochi units, clasts are generally rounded and weathered. Unit is
trough cross-bedded. Unit weathers to calcified slopes with soil profile at top.

contact member 2 and Quaternary alluvium

Unit 27 - Silty claystone: N9 white both surfaces, contains some sand-sized material, very
calcareous, structureless. Unit weathers to popcorn slope. Contact disconformity with 28.

Unit 26 - Claystone: 5Y 3/3 olive gray fresh surface, 10Y 6/2 pale olive weathered surface,
slightly silty, very calcareous, structureless, blocky fracture. Top of unit contains abundant
silt. Unit weathers to popcorn slope. Contact sharp with 27.

Unit 25 - Silty claystone: 10YR 7/4 grayish-orange fresh surface, 10YR 8/4 pale grayish-
orange weathered surface, calcareous, structureless. Unit weathers to popcorn slope. Contact
gradational with 26 but easily noted by a sharp color change.

Unit 24 - Interbedded claystone and argillaceous siltstone. Claystone: 5Y 7/2 yellowish-gray
fresh surface, 10YR 6/2 pale yellowish-brown weathered surface, slightly silty, calcareous,
structureless, blo cky fracture. Argillaceous siltstone: 10Y R 7/2 orange yellowish-brown both
surfaces, calcareous, structureless. Siltstone beds are 10-20 cm thick and make unit medium
bedded. Unit weathers to pop corn slope with small breaks in slope. C ontact grad ational with
25.

Unit 23 - Claystone: 5Y 4/2 olive gray brown and 10R 3.5/4 dark red dish-brown fresh
surfaces, 10YR 6/3 yellowish-orange brown weathered surface, calcareous, laminated defined
by pink and green bands, blocky fracture. Iron-oxide staining abundant in partings of
laminated clays. Red coloration diminishes up through unit. Unit weathers to popcorn slope.
Contact gradational with 24. Sample 970725E of red claystone.

Unit 22 - Claystone: 5Y 4/2 olive gray brown fresh surface, 10YR 6/2 pale yellowish-brown
weathered surface, calcareous, laminated, blocky fracture. Iron-oxide staining abundant in
partings of laminated clays. Unit weathers to popcornslope. Contact gradational with 23.

Unit 21 - Claystone: 5Y 7/2 yellowish-gray fresh surface, 10YR 6/2 pale yellowish-brown
weathered surface, slightly silty, calcareous, laminated, blocky fracture. Basal 40 cm weathers
to same color as fresh surface. Unit weathers to popcorn slope. Contact gradational with 22.

Unit 20 - Argillaceous siltstone: 10YR 7/2 orange yellowish-brown b oth surfaces, calcareous,
structureless. Unit weathers to break in slope. Contact gradational with 21.

Unit 19 - Claystone: 5Y 7/2 yellowish-gray fresh surface, I0YR 6/2 pale yellowish-brown
weathered surface, slightly silty, calcareous, structureless, blocky fracture. Unit weathers to
popcorn slope. Contactgradational with 20.

Unit 18 - Argillaceous siltstone: 10YR 7/2 orange yellowish-brown b oth surfaces, calcareous,
structureless. Unit weathers to break in slope. Contact gradational with 19.

Unit 17 - Claystone: 5Y 7/2 yellowish-gray fresh surface, 5YR 7/2 grayish-orange pink
weathered surface, slightly silty, calcareous, structure less, blocky frac ture. Unit weathers to
popcorn slope. Contact gradational with 18.

Unit 16 - Argillaceous siltstone: 10YR 7/2 orange yellowish-brown b oth surfaces, calcareous,
structureless. Unit weathers to break in slope. Contact gradational with 17.
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Unit 15 - Claystone: 5Y 7/2 yellowish-gray fresh surface, SYR 7/2 grayish-orange pink
weathered surface, slightly silty, calcareous, structureless, blocky fracture. Unit weathers to
popcorn slope. Contact gradational with 16.

Unit 14 - Siltstone: 10YR 7/4 grayish-orange fresh surface, SYR 7/4 light brown orange pink
weathered surface, calcareous, structureless. Unit weathers to calcified slope. Contact sharp
with 15.

Unit 13 - Silty claystone: 5Y 7/2 yellowish-gray fresh surface, 10Y 8/2 pale greenish-yellow,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact
sharp with 14.

Unit 12 - Siltstone: 10YR 7/4 grayish-orange fresh surface, SYR 7/4 light brown orange pink
weathered surface, calcareous, structureless. Unit weathers to calcified slope. Contact sharp
with 13.

Unit 11 - Claystone: 5Y 7/2 yellowish-gray fresh surface, 5Y 8/1 yellowish-gray, slightly
silty, very calcareous, structureless, slightly shaley. Unit weathers to popcorn slope. Contact
sharp with 12.

contact members 1/2

Unit 10 - Interbedd ed siltstone and silty claystone with ash bed. Siltstone: 10YR 7.5/4
grayish-orange both surfaces, calcareous, structureless. Silty claystone: 10R 5/5 reddish-
brown both surfaces, structureless, blocky fracture. East point biotite ash bed: N9 white,
biotite abundant, contains black clay-like material, structureless, discontinuous. Ash bed (10
cm thick) occurs 0.3 m from base. Unit weathers breaks in slope and slopes. Contact sharp
with 11. Sample 970725C of ash bed.

Unit 9 - Tuffaceous siltstone: N9 white both surfaces, calcareous, structureless. Unit weathers
to ledge. Contact gradational with 10 due to reworked upper surface. Sample #970725B.

Unit 8 - Silty claystone: 10R 5/5 reddish-brown both surfaces, structureless, blocky fracture.
Unit weathers to popcorn slopes. Contact sharp with 9.

Unit 7 - Siltstone: 10Y R 7.5/4 grayish-orange both surfaces, calcareous, structureless. Unit
weathers to break in slope. Contact sharp with 8.

Unit 6 - Silty claystone: 10R 5/5 reddish-brown both surfaces, structureless, blocky fracture.
Unit weathers to popcorn slopes. Contact sharp with 7.

Unit 5 - Siltstone: 10Y R 7.5/4 grayish-orange both surfaces, calcareous, structureless. Unit
weathers to break in slope. Contact sharp with 6.

Unit 4 - Silty claystone: 10R 5/5 reddish-brown both surfaces, structureless, blocky fracture.
Unit weathers to popcorn slopes. Contact sharp with 5.

Unit 3 - Siltstone: 10R 8/3 grayish orange pink both surfaces, contains patches of ash from
unit below, calcareous, structureless. Unit weathers to ledge. Contact gradational with 4 noted
an increase in clay content.

Unit 2 - Echo Spring Mountain ash bed: N9 white both surfaces, partially bentonized,
structureless to slightly wavy laminated. Unit weathers to ledge. Contact gradational with 3
due to reworked upper surface of ash bed. Sample #970725A.
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Unit 1 - Argillaceous siltstone coarsening upward to siltstone. Argillaceous siltstone: 10R 5/6 3.8+
reddish-brown fresh surface, SY R 6/4 light brown, weathered surface, calcareous,

structureless. Siltstone: 10Y R 7.5/4 grayish-orange, calcareous, structureless. At 2.4 m unit

contains green clay rich patches that sparkle. Unit coarsens to siltstone at 3.5 m. Unit

weathers to slope. Contact sharp with 2.

Base of the formation not exposed
Total thickness measured 39.89
Appendix B-22
Location 22 on Figure 2.2 ( East point Section)
Measured by Jacob staffand tape measure on July 12, 1997
Field Assistant: Amy Morrison

Location: Navajo Reservation, Greasewood Spring 7.5' Quadrangle, N 35° 23.335' by W 109°57.032"' On
the eastern most point of mesa, started in eastward flowing ravine where 2 ash beds are exposed

Outcrop Attitude: N4SE 2N'W measured from unit number 51

Measured bottom up

#22 East point Meters

Top of mesa, no further exposure

Unit 57 - Mafic lava: black both surfaces, porphyritic, contains phenocrysts of olivine and 3+
pyroxene up to 5 mm long, slightly rubbley base. Unit weathers to cliff.

Unit 56 - Mafic tuff: brownish-green both surfaces, clast supported, calcareous, medium 1.65
bedded. Unit not always present between mafic lava and unit 55. Unit we athers to cliff.
Contact sharp with 57.

Contact members 4/5

Unit 55 - Claystone: olive green tan fresh surface, light greenish-white weathered surface, 4.4
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 56.

Unit 54 - Siltstone: light pinkish-tan both surfaces, calcareous, moderately indurated, 0.4
structureless. Unit weathers to calcified slopes. Contact sharp with 55.

Unit 53 - Claystone: olive green tan fresh surface, light greenish-white weathered surface, 0.4
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 54.

contact members 3/4

Unit 52 - Siltstone: light pinkish-tan both surfaces, calcareous, moderately indurated, 6.3
structureless. Unit weathers to calcified slopes. Contact sharp with 53.
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Unit 51 - 13.71 Ma ash bed: white both surfaces, fine-grained, felsic, vitric, calcareous, wavy
laminated. Unit weathers to prominent ledge. Contact gradational with 52 due to reworked
upper surface of ashbed. Sample #9707120 collected ofash bed.

Unit 50 - Siltstone: light pinkish-tan both surfaces, calcareous, moderately indurated,
structureless. Unit weathers to calcified slopes. Contact sharp with 51.

Unit 49 - Claystone: olive green tan fresh surface, light greenish-white weathered surface,
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 50.

Unit 48 - Siltstone: light greenish-white both surfaces, tuffaceous, calcareous, structureless.
Unit weathers to calcified slopes. Contact sharp with 49.

Unit 47 - Siltstone: light pinkish-tan both surfaces, calcareous, moderately indurated,
structureless. Unit weathers to calcified slopes. Contact gradational with 48 noted by a color
change.

Unit 46 - Blue-gray #1 ash bed: blue-gray both surfaces, calcareous, weakly laminated,
undulatory bed, pinches in and out. Unit covered in slope. Contact gradational with 47 due to
reworking of ash bed. Sample #970712N collected at base.

Unit 45 - Siltstone: light pinkish-tan both surfaces, calcareous, moderately indurated,
structureless. Unit weathers to calcified slopes. Contact sharp with 46.

Unit 44 - Blue-gray #2 ash bed: blue-gray both surfaces, felsic, vitric, very friable, weakly
laminated, undulatory bed. Unit covered in slope. Contact gradational with 45 due to
reworked upper surface of ash bed. Sample #970712M collected at base.

Unit 43 - Siltstone: light pinkish-tan both surfaces, calcareous, moderately indurated,
structureless. Unit weathers to calcified slopes. Contact sharp with 44.

Unit 42 - Claystone: light brownish-green fresh surface, light greenish white weathered
surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
sharp with 43.

Unit 41 - Siltstone: light tanish-white both surfaces, tuffaceous, very calcareous, well
indurated, structureless. Unit weathers to ledge. Contact sharp with 42.

Unit 40 - Claystone: light brownish-green fresh surface, light greenish white weathered
surface, calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
sharp with 41.

Unit 39 - Siltstone: light greenish-white both surfaces, calcareous, moderately indurated,
structureless. Unit weathers to break in slope. Contact sharp with 40.

Unit 38 - Siltstone: light pinkish-tan both surfaces, slightly sandy, calcareous, structureless.
Unit weathers to break in slope. Contact gradational with 39 noted by color change.

Unit 37 - Blue-gray #3 ash bed: blue-gray both surfaces, felsic, vitric, calcareous, wavy
laminated. Unit weathers to ledge. Contact gradational with 38 due to reworked upper surface
of ash bed. Sample # 970712L of ash.

Unit 36 - Siltstone: light pinkish-tan both surfaces, slightly sandy, calcareous, structureless.
Unit weathers to break in slope. Contactsharp with 37.
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Unit 35 - Sandstone: light pinkish-tan both surfaces, medium-grained, moderately sorted,
well rounded to subangular, contains mafic sand-sized clasts, calcareous, weakly trough
cross-bedded. Unit varies in thickness due to scour contact. Unit weathers to ledge. Contact
sharp with 36.

Unit 34 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
break in slope. Contact scour with 35.

contact members 2/3

Unit 33 - Silty claystone: olive green fresh surface, weathered surface covered, very

calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 34.

Unit 32 - Wood Chop D ash bed: brown and white layers both surfaces, calcareous, well
indurated, lamination defined by brown claystone within white ash. Unit weathers to ledge.
Contact gradational with 33 due to reworked nature of ash bed. Sample #970712K of ash rich
layers.

Unit 31 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
break in slope. Contact sharp with 32.

Unit 30 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
contains iron-oxide staining, very silty and slightly tuffaceous at base, very calcareous,
sparkles, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp with
31.

Unit 29 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
break in slope. Contact sharp with 30.

Unit 28 - Claystone: light olive green fresh surface, light greenish-white weathered surface,
contains iron-oxide staining, very calcareous, sparkles, structureless, blocky fracture. Unit
weathers to popcorn slopes. Contact sharp with 29.

Unit 27 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
break in slope. Contact sharp with 28.

Unit 26 - Silty claystone and two ash beds. Silty claystone: light olive green fresh surface,
light greenish-white weathered surface, contains iron-oxide staining especially at base, very
calcareous, sparkles, structureless, blocky fracture. Ash beds: olive green fresh surface,
grayish-white weathered surface, calcareous, structureless, mixed with surrounding claystone.
Wood Chop B ash bed (12 cm thick) is 0.7 m from base. Wood Chop C ash bed (6 cm thick)
is 1.8 m from base. Unit weathers to popcorn slopes. Contact sharp with 27. Sample
#980118F of Wood Chop B ash bed. Sample #980118G of Wood Chop C ash bed.

Unit 25 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
break in slope. Contact sharp with 26.

Unit 24 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, very calcareous, sparkles, structureless, blocky fracture. Unit weathers to popcorn
slopes. Contact sharp with 25.
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Unit 23 - Silty claystone and ash bed. Silty claystone: light olive greenish-brown fresh
surface, light greenish-white weathered surface, calcareous, sparkles, structureless, blocky
fracture. Wood Chop A ash bed: grayish-white, felsic, calcareous, structureless. Ash bed
(6cm thick) is 0.5 m from base. Unit weathers to po pcorn slopes with ash forming break in
slope. Contact gradational with 24 noted by color change. Sample #980118E collected of ash
bed.

Unit 22 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. U nit weathers to
break in slope. Contact sharp with 23.

Unit 21 - Claystone: yellowish-olive green fresh surface, light yellow greenish-white
weathered surface, contains iron-oxide staining espe cially at base, very calcareous, weakly
laminated, shaley. Unit weathers to popcorn slopes. Contact sharp with 22.

Unit 20 - Siltstone: light pinkish-tan both surfaces, calcareous, structureless. Unit weathers to
break in slope. Contact sharp with 21.

Unit 19 - Claystone: yellowish-olive green fresh surface, light yellow greenish-white
weathered surface, contains iron-oxide staining, very calcareous, we akly laminated, shaley.
Unit weathers to popcorn slopes. Contact sharp with 20. Sample #9707127J.

Unit 18 - Silty claystone: light olive green fresh surface, light greenish-white weathered
surface, contains 50 cm iron-oxide stain atbase, very calcareous, structureless, blocky
fracture. Unit weathers to popcorn slopes. Contact gradational with 19 noted by structural
change. Sample #9707121 collected near base.

contact members %2

Unit 17 - Siltstone: light reddish-brown fresh surface, light pinkish-tan weathered surface,
calcareous, structureless. Unit weathers to popcornslopes. Contact sharp with 18.

Unit 16 - Claystone: olive green fresh surface, light greenish-white weathered surface, very
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 17.

Unit 15 - Siltstone: light reddish-brown fresh surface, light pinkish-tan weathered surface,
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 16.

Unit 14 - Volcaniclastic sandstone : light tanish-gray both surfaces, very fine-grained, biotite
and mafic minerals noted, calcareous, single bed. Unit weathers to small ledge. Contact sharp
with 15. Sample #970712H.

Unit 13 - Siltstone: light reddish-brown fresh surface, light pinkish-tan weathered surface,
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 12.

Unit 12 - Silty claystone: light reddish-brown fresh surface, light pinkish-brown weathered
surface, calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 13.

Unit 11 - Siltstone: light reddish-brown fresh surface, light pinkish-tan weathered surface,
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 12.

Unit 10 - Covered slope

Unit 9 - Silty claystone: light reddish-brown fresh surface, light pinkish-brown weathered
surface, calcareous, structureless. Unit weathers to popcorn slopes. Contactcovered.
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Unit 8 - Siltstone: light reddish-brown fresh surface, light pinkish-tan weathered surface, 0.6
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 9.

Unit 7 - Claystone: brick red fresh surface, light pinkish-red weathered surface, calcareous, 1.8
structureless, blo cky fracture. Unit weathers to popcorn slopes. Contact sharp with 8. Sample
#970712G.

Unit 6 - Siltstone: light reddish-brown fresh surface, light pinkish-tan weathered surface, 0.6
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 7.

Unit 5 - Claystone: dark olive green with red patches and layers fresh surface, light pinkish- 0.7
tan and gree nish-white weathered surface, calcareous, structureless, blocky fracture. Unit
weathers to popcorn slopes. Contact sharp with 6.

Unit 4 - Siltstone: light reddish-brown fresh surface, light pinkish-tan weathered surface, 0.4
calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp with 5.

Unit 3 - East point biotite ash bed: light green at base and pinkish-white fresh surface, 0.09
whitish-gray weathered surface, biotite abundant, poorly calcareous, structureless. Crystal

rich layer at base. Unit weathers to small ledge. Contact gradational with 4 due to reworked

upper surface of ash bed. Sample #970712F, 980118C collected at base.

Unit 2 - Claystone: reddish-brown fresh surface, light pinkish-brown tan weathered surface, 0.9
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 3.

Unit 1 - Echo Spring M ountain ash bed: white lower portion and green upp er portion fresh 0.12
surface, tanish-white weathered surface, felsic, poorly calcareous, structureless. Unit weathers

to small ledge. Contact gradational with 2 due to reworked upper surface of ash bed. Sample
#970712E, 980118D collected at base.

Base of the formation not exposed
Total thickness measured 70.27

Appendix B-23

Location 23 on Figure 2.2 (East Twin Butte Composite Section)

Measured by Jacob staffand tape measure on July 18 and August 7, 1997

Field Assistants: Anthony Burgess and Tracey Fitzner

Location: Navajo Reservation, Greasewood Spring 7.5' Quadrangle, N 35° 24.118' by W 109° 53.834'
(eastern portion), N 35°24.101' by W 109° 53.666' Composite section: lower section is exposed
where stream valley cuts up into butte. Section starts on south bank of stream valley in a small
tributary below the exposed slope under cliff. The upper portion is measured on a erosional scarp
cut into northeastern part o f the eastern butte.

Outcrop Attitude: measured flat - essentially zero dip measured on unit38

measured bottom up
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#23 East Twin Butte Composite

Meters

Cliff to top of mesa, no further exposure

Unit 45 - Mafic lava: N 1 black both surfaces, aphanitic, slightly glassy. Unit scours into
claystone below. Unit weathers to cliff.

contact members 4/5

Unit 44 - Claystone: 10Y 8/1 pale greenish-yellow both surfaces, very calcareous,
structureless, blo cky fracture. Unit weathers to cutback under cliff above. C ontact scour with
45.

contact members 3/4

Unit 43 - Siltstone: 10Y R 7/4 grayish orange both surfaces, very little or no clay present,
calcareous, wavy thin-to medium-bedded. Unit weathers to calcified slope. Contact sharp
with 44.

Unit 42 - Claystone: 10Y 6.5/2 pale olive fresh surface, slightly silty, calcareous,
structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp with 43.

Unit 41 - Siltstone: 10Y R 7/4 grayish orange b oth surfaces, very little or no clay present,
calcareous, wavy thin-to medium-bedded. Unit weathers to calcified slope. Contact sharp
with 42.

Unit 40 - Claystone: 10Y 6.5/2 pale olive fresh surface, slightly silty, calcareous,
structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp with 41.

Unit 39 - Siltstone: 10Y R 7/4 grayish orange both surfaces, very little or no clay present,
calcareous, wavy thin-to medium-bedded. Unit weathers to calcified slope. Contact sharp
with 40.

Unit 38 - 13.71 Ma ash bed: N9 white both surfaces, fine-grained, felsic, vitric, calcareous,
wavy laminate d. Unit weathers to prominent ledge. Contact gradational with 39 due to
reworked uppersurface of ash bed. Sample #9707 18H.

Unit 37 - Siltstone: 10Y R 7/4 grayish orange both surfaces, very little or no clay present,
calcareous, wavy thin-to medium-bedded. Unit weathers to calcified slope. Contact sharp
with 38.

Unit 36 - Claystone: 10Y 8/2 pale greenish-yellow both surfaces, slightly silty, tuffaceous (?),
calcareous, wavy bedded (30 cm amplitude), blocky fracture. Unit weathers to popcorn slope.
Contact sharp with 37.

Unit 35 - Siltstone: 10Y R 7/4 grayish orange b oth surfaces, very little or no clay present,
calcareous, wavy thin-to medium-bedded. Unit weathers to calcified slope. Contact sharp
with 36.

Unit 34 - Tuffaceous siltstone fining up wards into claystone. Tu ffaceous siltstone: 10Y 8/1
pale greenish-yellow both surfaces, calcareous, structureless. Claystone: 10Y 8/1 pale
greenish-yellow both surfaces, calcareous, structureless. Unit fines to claystone 35 cm from
base. Unit weathers to break in slope. Contact gradational with 35 due to mixing of two units.

Unit 33 - Silty claystone: 10Y 8/2 pale greenish-yellow both surfaces, very calcareous,
structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp with 34.
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Unit 32 - Siltstone: 10Y R 7/4 grayish orange both surfaces, very little or no clay present,
mafic grains common, calcareous, planar-tabular thin-bedded. Unit weathers to calcified
slope. Contact sharp with 33.

Unit 31 - Blue-gray #3 ash bed: 5Y 7/1 yellowish-olive gray both surfaces, felsic, calcareous,
wavy bedded. Unit weathers to small ledge. Contact gradational with 32 due to reworked
upper surface of ash bed. Sample #970807H.

Unit 30 - Siltstone coarsening to sandstone. Siltstone: 10Y R 7/4 grayish orange both
surfaces, slightly argillaceous, calcareous, structureless. Sandstone; 10YR 6/2 pale yellowish-
brown both surfaces, fine-grained, moderately sorted, round with some euhedral grains,
contains abundant black mafic grains, calcareous, thin bedded, low-angled trough cross-
bedded and laminated planar-tabular bed ded. At 4.85 m unit changes to sandstone with
interbeds of siltstone. Unit weathers to break in slopes and ledges. Contact sharp with 31.
Sample #970807G of abundant ma fic mineral component.

contact members 2/3

Unit 29 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, slightly silty, very calcareous, structureless, blocky fracture. Unit weathers
to slopes. Contact sharp with 30.

Unit 28 - Siltstone: 10YR 7/4 grayish orange both surfaces, slightly argillaceous, calcareous,
structureless. Unit weathers to break in slope. Contact sharp with 29.

Unit 27 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, slightly silty - reworked ash from below, very calcareous, structureless,
blocky fracture. Unit weathers to slopes. Contact sharp with 28.

Unit 26 - Wood Chop C ash bed: 5Y 7/1 yellowish-olive gray both surfaces, medium-
grained, calcareous, structureless. Unit weathers to small ledge. Contact gradational with 27
due to reworked upper surface of ash bed. Sample #970807F.

Unit 25 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, slightly silty - reworked ash from below, very calcareous, structureless,
blocky fracture. Unit weathers to slopes. Contact sharp with 26.

Unit 24 - Wood Chop B ashbed: 5Y 7/1 yellowish-olive gray both surfaces, medium-
grained, calcareous, thin bedded. Unit weathers to ledge. C ontact grad ational with 25 due to
reworked upper surface of ash bed. Sample #970807E.

Unit 23 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, silty at base, very calcareo us, sparkles, structureless, blocky fracture. Unit
weathers to slopes. Contact sharp with 24.

Unit 22 - Sandstone: 10YR 7/4 grayish orange both surfaces, very fine-grained, quartzose,
calcareous, trough cross-bedded. Unit weathers to ledge. Contact sharp with 23.

Unit 21 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, slightly silty, very calcareous, structureless, blocky fracture. Unit weathers
to slopes. Contact wavy with 22.

Unit 20 - Siltstone: 10YR 6/2 pale yellowish-brown both surfaces, slightly argillaceous,
calcareous, structureless. Unit weathers to break in slope. Contact sharp with 21.
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Unit 19 - Member 2 felsic ash bed: N9 white both surfaces, felsic, vitric, calcare ous, weakly
laminated to structureless. Unit weathers to ledge. Contact gradational with 20 due to
reworked upper surface of ash bed. Sample #970807D.

Unit 18 - Siltstone: 10YR 6/2 pale yellowish-brown both surfaces, slightly argillaceous,
calcareous, structureless. Unit weathers to break in slope. Contact sharp with 19.

Unit 17 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, slightly silty, very calcareous, structureless, blocky fracture. Unit is very
silty, basal 10 cm. Unit weathers to slopes. Contact sharp with 18.

Unit 16 - Siltstone: 10YR 6/2 pale yellowish-brown both surfaces, slightly argillaceous,
calcareous, structureless. Unit weathers to break in slope. Contact sharp with 17.

Unit 15 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, slightly silty, iron-oxide staining abundant, selenite abundant, very
calcareous, structureless, blocky fracture. Unit is very silty at top. Unit weathers to slopes.
Contact sharp with 16.

Unit 14 - Siltstone: 10YR 6/2 pale yellowish-brown both surfaces, slightly argillaceous,
calcareous, structureless. Unit weathers to popcornslope. Contact sharp with 15.

Unit 13 - Claystone: 10Y 7/2 greenish-yellow olive fresh surface, 10Y 6/2 pale olive
weathered surface, slightly silty, iron-oxide staining occurs as blotchy patches, very
calcareous, structureless, blocky fracture. Unit weathers to popcorn slopes. Contact sharp
with 14.

transfer section to north

Unit 12 - Argillaceous siltstone, claystone, and siltstone. Argillaceous siltstone: 10R 5/6
reddish-brown fresh surface, 10R 7/2 grayish-orange pink weathered surface, calcareous,
structureless to slightly shaley. Claystone: 10R 4/4 reddish-brown fresh surface, 10R 5/4 pale
reddish-brown weathered surface, calcareous, structureless, blocky fracture. Siltstone: 10R
5/6 reddish-brown fresh surface, 10R 7/2 grayish-orange pink weathered surface, calcareous,
structureless. At 6 m unit is pred ominantly siltstone with minor clay content. At 11.5 m unit is
interbedded siltstone and claystone with siltstone the dominant lithology over small 8-15 cm
thick claystone interbeds. U nit weathers to p opcorn slopes but is partially and completely
covered in some areas by mafic scree. Contact sharp with 13.

contact? members1/2 at 11.5 m from base of unit 12

Unit 11 - Claystone: 10Y 7/2 pale greenish-olive fresh surface, weathered surface covered,
calcareous, weakly laminated. Unit is tufface ous at top with a zone of N9 white color. Unit
weathers to popcorn slopes. Contact sharp with 12.

Unit 10 - Silty claystone: 10R 4/4 reddish-brown fresh surface, l0R 5/4 pale reddish-brown
weathered surface, calcareous, structureless, blocky fracture. Gypsum common in scree but
not observed in-situ. Unit weathers to popcornslopes. Contact sharp with 11.

Unit 9 - Siltstone: 10R 6/4 orange reddish-brown fresh surface, 10R 7/4 moderate orange
pink weathered surface, calcareous, structureless. Unit weathers to popcorn slope. Contact
sharp with 10.
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Unit 8 - Silty claystone: 10R 4/4 reddish-brown fresh surface, 10R 5/4 pale reddish-brown 0.3
weathered surface, calcareous, structureless. Unit weathers to popcorn slopes. Contact sharp
with 9.

Unit 7 - Siltstone: 10R 6/4 orange reddish-brown fresh surface, 10R 7/4 moderate orange 5.9
pink weathered surface, slightly argillaceous, arenaceous in upper half, calcareous,

structureless. Gypsum common in scree but not observed in-situ. Unit weathers to popcorn

slope. Contact sharp with 8.

Unit 6 - Silty claystone and sandstone. Silty claystone: 10R 4/4 reddish-brown fresh surface, 6.25
10R 5/4 pale reddish-brown weathered surface, gypsum common, calcareous, structureless.

Sandstone: 10YR 7/6 yellowish-orange both surfaces, medium-grained, moderately sorted,

rounded, calcareous, lenticular. Sand stone occurs as small lenses throughout unit. At 3 m unit

contains abundant gypsum as fracture fillings. Unit weathers to popcorn slope. Contact sharp

with 7.

Unit 5 - Sandstone: 5YR 6/6 light brown both surfaces, very fine-grained, contains rip-up 1.7
clasts of mudstone, argillaceous at top, calcareous, structureless. Unit weathers to slope.
Contact sharp with 6.

Unit 4 - Siltstone: 10R 3/4 dark reddish-brown fresh surface, 10R 5/6 reddish-brown 0.55
weathered surface, calcareous, structureless. Unit weathers to slope. Contact sharp with 5.

Unit 3 - Sandstone: 10YR 7/6 yellowish-orange both surfaces, medium-grained, moderately 0.3
sorted, rounded, calcareous, structureless. Unit weathers to slope. Contactsharp with 4.

Unit 2 - Bidahochi Fm - Conglomerate: 10YR 7/6 yellowish-orange both surfaces, consists of 0.07
pebbles of chert, quartz, and petrified wood, structureless. Unit weathers to ledge. Contact
sharp with 3. Sample #971003X

contact Wingate Fm/Bidahochi member 1

Unit 1 - Wingate Fm - Argillaceous siltstone: 10R 4/4 gray reddish-brown fresh surface, 5YR NM
5/6 light brown weathered surface, contains veins of gyp sum, calcare ous, mod erately to well

indurated, medium to thick bedded. Unit weathers to calcified slope. Contact discon formity

with 2.

Total thickness measured 82.14

Appendix B-24

Location 24 on Figure 2.2 (Echo Spring Mountain Section)

Measured by Jacob staffand tape measure on August 7, 1997

Field Assistant: Tracy Fitzner

Location: Navajo Reservation, French Butte 7.5' Quadrangle, N 35° 18.017' by W 110° 20.133' Located
along the western cliff exposure of the mesa. A small jeep trail leads out to mesa just south of the
former Castle Butte Trading Post. The section was measured in the valley on the south side of the

projection that meets trail. Measuring continues to the south in next canyon starting at unit 17.

Outcrop Attitude: measured flat - essentially zero dip measured on unit 5
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Measured bottom up

#24 Echo Spring Mountain

Meters

Top of mesa, no further exposure

Unit 32 - Mafic lava: N 1 black with white spots both surfaces, ap hanitic with some small
phenocrysts of olivine, amygdulized. U nit weathers to cliff.

contact members 2/5 in covered slope?
Unit 31 - Covered slope - colluvium. Contact difficult to determine with 32.

Unit 30 - Claystone: 10Y 6/2 pale olive fresh surface, 10Y 8/2 pale yellowish gray weathered
surface, very calcareous, weakly laminated, blocky fracture. Unit weathers to slope. Contact
colluvial with 31 noted by slump blocks and rotated bedding.

Unit 29 - Interbedded sandstone and silty claystone. Sandstone: 10Y 8/2 pale greenish-yellow
both surfaces, very fine-grained, contains some fine sand-sized grains, calcareous. Silty
claystone: 10Y 8/2 pale greenish-yellow both surfaces, very calcare ous, structureless.
Sandstone beds occur at base and top of unit. Lower sandstone is 10 cm thick and
structureless. Upper bed is 15 cm thick, fine-grained, moderately sorted, rounded, quartzose,
calcareous, rippled laminated, wavy contact with underlying claystone. Unit weathers to
slopes and popcorn slopes. Contact sharp with 30.

Unit 28 - Siltstone: 10YR 7/2 pale orange yellowish brown both surfaces, argillaceous lower
third of unit, calcareous, structureless. At 1.0 meter unit becomes arenaceous. Unit weathers
to calcified slope. Contactsharp with 29.

Unit 27 - Sandstone: 10Y 8/2 pale greenish-yellow both surfaces, very fine-grained, poorly
sorted - contains medium sand-sized grains of quartz, chert, and some mafic minerals, very
calcareous, structureless. Some areas have concentration of mafic minerals. Unit weathers to
ledge. Contact sharp with 28. Sample #9805027B of mafic concentrated area.

Unit 26 - Silty claystone: 10YR 7/2 pale orange yellowish brown b oth surfaces, calcareous,
structureless. Unit weathers to calcified slope. Contactsharp with 27.

Unit 25 - Claystone: 10 YR 4/2 dark yellowish-brown fresh surface, 10Y R 5/4 mo derate
yellowish-brown weathered surface, calcareous, structureless. Unit weathers to popcorn
slope. Contact gradational with 26 noted by a color change.

Unit 24 - Silty claystone: 10Y 8/2 pale greenish-yellow both surfaces, very calcareous,
structureless. Unit changes color at 20 cm from base to 10 YR 7/2 pale orange yellowish
brown. Unit weathers to calcified slope. Contact gradational with 25 noted by a color change.

Unit 23 - Ash bed: N9 white both surfaces, mica minerals noted, partially bentonized,
calcareous, structureless. Unit weathers to ledge. Contact sharp with 24.

Unit 22 - Siltstone: 10YR 7/2 pale orange yellowish brown both surfaces, arenaceous,
calcareous, ripple laminated. Unit weathers to break in slope. Contact sharp with 23.
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Unit 21 - Silty claystone: 10Y 8/2 pale greenish-yellow both surfaces, very calcareous,
structureless, blocky fracture. Unit weathers to slope. Contact gradational with 22 noted by
lose of clay content.

Unit 20 - Siltstone: 10YR 7/2 pale orange yellowish brown both surfaces, arenaceous,
calcareous, basal 0.7 m is ripple laminated, upper beds are medium to thick bedded. Unit
weathers to break in slope. Contact sharp with 21.

Unit 19 - Siltstone fining upwards into claystone. Siltstone: 10Y 6/2 pale olive both surfaces,
calcareous, structureless. Claystone: 10Y 6/2 pale olive both surfaces, contains some biotite
and mafic minerals in partings, very calcareous, laminated, shaley. Unit fines to claystone at
0.2 m from base. Iron-oxide staining common in partings. At 1.4 m unit has red bands of
claystone. At 1.8 m unit changes color to 10YR 4/2 dark yellowish-brown. Unit weathers to
popcorn slope. Contactsharp with 20.

Unit 18 - Claystone: 10YR 7/2 pale orange yellowish brown both surfaces, calcareous,
structureless, blocky fracture. Unit has red blotchy areas at top. Unit weathers to popcorn
slope. Contact sharp with 19.

Unit 17 - Siltstone: 10YR 7/4 pale orange yellowish brown both surfaces, arenaceous,
calcareous, structureless. Unit weathers to ledge. Contact gradational with 18 noted by a grain
size change.

Unit 16 - Silty claystone: 10 YR 7/2 pale orange yellowish-brown fresh surface, 10YR 6.5/3
pale yellowish-brown weathered surface, mafic minerals comm on, calcareous, structureless,
blocky fracture. Unit weathers to popcorn slope with small breaks in slope. Contact
gradational with 17 noted by a color change.

Unit 15 - Argillaceous siltstone fining upwards into claystone. Argillaceous siltstone: 5Y 7/2
yellowish-gray fresh surface, 5Y 7.5/1 yellowish-gray weathered surface, calcareous,
structureless. Claystone: 5SGY 6/1 greenish-gray fresh surface,5Y 6/1 light olive gray
weathered surface, calcareous, laminated. Iron-ox ide staining common in p artings. Unit
weathers to popcorn slope. Contactsharp with 16.

Unit 14 - Silty claystone and sandstone. Silty claystone: 10YR 7/2 pale orange yellowish-
brown fresh surface, 10Y R 6.5/3 pale yellowish-brown weathered surface, contains mafic
minerals, calcareous, structureless, blocky fracture. Sandstone: 10YR 7/2 pale orange
yellowish-brown fresh surface, 10YR 6.5/3 pale yellowish-brown weathered surface, very
fine-grained, calcareous, lenticular. Siltis concentrated in some beds. Sandstone lense occurs
near top of unit. Iron-oxide staining comm on. Unit weathers to popcorn slope with small
breaks in slope. Contact sharp with 15. Sample #970807C.

Unit 13 - Silty claystone and siltstone. Silty claystone: 10YR 5.5/3 yellowish-brown fresh
surface, 10 YR 6/2 pale yellowish-brown we athered surface, selenite no dules abun dant,
calcareous, structureless. Siltstone: SYR 8/2 gray orange fresh surface, SYR 7/3 grayish-
orange pink weathered surface, slightly ar gillaceous, selenite roses and booklets abundant,
calcareous, structureless. Siltstone bed (20 cm thick) occurs at 3.5 m. Unit weathers to
popcorn slopes and break in slope. Contact sharp with 14.

Unit 12 - Argillaceous siltstone: 5Y 7/2 yellowish-gray light brown fresh surface, slightly
sandy - contains some ma fic minerals, calcareous, sparkles, structureless. Unit weathers to
slope. Contact sharp with 13.
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Unit 11 - Siltstone fining upwards into silty claystone. Siltstone: 5YR 8/2 gray orange fresh
surface, S5YR 7/3 grayish-orange pink weathered surface, slightly argillaceous, selenite roses
and booklets abundant, calcareous, structureless. Silty claystone: 10YR 5.5/3 yellowish-
brown fresh surface, 10YR 6/2 pale yellowish-brown weathered surface, selenite nodules
abundant, calcareous, structureless. Unit grades to silty claystone at ~ 2.3 m. Unit weathers to
popcorn slope. Contactsharp with 12.

Unit 10 - Silty claystone: 5Y 7/1 yellow gray both surfaces, calcareous, structureless to
medium bedded. Unit varies in silt content throughout. Unit weathers to popcorn slope.
Contact sharp with 11.

Unit 9 - Sandstone: SYR 8/2 gray orange pink both surfaces, very fine-grained, poorly sorted
- contains medium sand-sized grains, calcareous, single bed, wavy surfaces. Unit weathers to
slope. Contact sharp with 10.

Unit 8 - Claystone: 5Y 7/2 yellowish-gray fresh surface, weathered surface covered in slope,
very calcareous, structureless. Unit weathers to popcorn slope. Contactsharp with 9.

Unit 7 - Silty claystone: N9 white both surfaces, contains mafic minerals, calcareous,
laminated, discontinuous. Unit weathers to discontinuous ledge. Contact sharp with 8. Sample
#970807B.

contact members 1/2

Unit 6 - Silty claystone: S5YR 8/2 gray orange pink fresh surface, 5YR 7/3 grayish-orange
pink, calcareous, structureless, weakly blocky fracture. Unitis silty at base. Clay rich areas
have slight color variance of 10YR 8/3 pale grayish orange. Unit weathers to break in slope
and pop corn slope. Contact sharp with 7.

Unit 5 - Echo Spring Mountain ash bed: N9 white fresh surface, SYR 8/2 gray orange pink
weathered surface, felsic, bentonized, silty, calcareous, lower third of unit is structureless -
rest is laminated bedded. Upper 2/3 of unit is reworked with silty claystone. Unit weathers to
prominent ledge. Contact gradational with 6 due toreworked uppersurface of ash bed.
Sample #970617A.

Unit 4 - Silty claystone: 5YR 5/6 light brown fresh surface, 5YR 5/5 light brown weathered
surface, calcareous, structureless. At 1.5 m, a 60 cm thick area chan ges color to 5Y 8/1
yellowish-gray. Unit weathers to popcorn slope. Contactscour with 5.

Unit 3 - Silty micritic limestone (marl): N9 white both surfaces, structureless, discontinuous.
Unit weathers to discontinuous ledge. Contact gradational with 4 due to discontinuous nature.
Samples #970807A, 980418C.

Unit 2 - Bidahochi Formation - Argillaceous siltstone, silty claystone, and sandstone.
Argillaceoussiltstone: SYR 5/6 light brown fresh surface, S5YR 5/5 light brown weathered
surface, sandy at the base, calcareous, structureless. Silty claystone: SYR 5/6 lightbrown
fresh surface, SYR 5/5 light brown weathered surface, calcareous, structureless. Sandstone:
calcareous, fine-grained, moderately sorted, rounded, quartzose, weakly trough cross-bedded.
Lower 60 cm of unit is mottled. Just above the base unit grades into silty claystone. At 2 m a
10 cm thick sandstone bed occurs. At 6.7 m a bed (9 cm thick) of silty claystone changes
color to 5GY 8/1 light greenish-gray fresh surface and is mottled looking. Small selenite
crystals are observed in this unit. Unit weathers to popcorn slopes and ledges. Contact sharp
with 3.
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contact Entrada Formation/member 1 Bidahochi Formation

Unit 1 - Entrada Formation - Siltstone: S5YR 6/4 light brown fresh surface, 5YR 5/5 light
brown we athered surface, calcare ous, mod erately to well indurated, planar cross-bedded. Unit
weathers to cliffs and slopes. Contact disconformity with 2 noted by a white sandstone layer.

Total thickness measured
Appendix B-25
Location 25 on Figure 2.2 (Vertical Cliff Section)
Measured by Jacob staffand tape measure on July 23, 1997

Field Assistant: Carey Lang

NM

95.17

Location: Navajo Reservation, Sunflower Butte 7.5' Quadrangle, N 35°20.037' by W 110° 12.658'
Located along the cliff to the northeast of Sunflower Butte. The section was measured below the
small vent just west of where the mesa projects towards Sunflower Butte. The locality can be

entered from above and access isalong dirt trails from highway 15.
Outcrop Attitude: N60W 3N E measured from a clay parting

Measured bottom up

#25 Vertical Cliff near Sunflower Butte Meters
Top of mesa, no further exposure

Unit 46 - Mafic lava: N 1 black both surfaces, contains small phenocrysts of olivine, slightly 2+
rubbley base. Unit weathers to cliff.

Unit 45 - Mafic tuff: 10 YR 5/2 yellowish-brown both surfaces, coarse lapilli, clast 1.2
supported, contains abundant euhedral pyroxene, amphibole, and wall rock lithologies, has

calcite amygdules, very calcareous, structureless. Unit weathers to ledge. Contact scour with

46.

Unit 44 - Interbedded tuff sandstone and siltstone: Tuff sandstone: 5YR 6/2 yellowish-olive 1.2
gray both surfaces, medium- to coarse-grained, poorly to moderately sorted, subangular,

mafic, contains granule-sized clasts, calcareous, well indurated, thin- to medium-bedd ed. Tuff
siltstone: SYR 6/2 yellowish-olive gray both surfaces, mafic, calcareous, moderately

indurated, structureless. Unit weathers to cliff. Contact sharp with 45.

Unit 43 - Siltstone: 10R 6/4 reddish-orange brown fresh surface, 10R 7/6 reddish-orange pink 0.08
weathered surface, calcareous, well indurated, single bed, displays soft-sediment deformation.

Unit weathers to cliff. Contact sharp with 44.

Unit 42 - Interbedded tuff sandstone and siltstone: Tuff sandstone: S5YR 6/2 yellowish-olive 3.5

gray both surfaces, medium- to coarse-grained, poorly to moderately sorted, subangular,
mafic, contains granule-sized clasts, calcarecous, well indurated, thin- to medium-bedd ed. Tuff
siltstone: 5YR 6/2 yellowish-olive gray both surfaces, mafic, calcareous, m oderately
indurated, structureless. Unit weathers to cliff. Contact sharp with 43.
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Unit 41 - Interbedded claystone and siltstone. Claystone: 10Y 7/2 pale olive yellow fresh 0.62
surface, 5Y 8/2 pale yellowish gray weathered surface, slightly silty, very calcareous,

structureless, blocky fracture. Siltstone: 10YR 6/4 gray yellowish orange fresh surface,

calcareous, structureless. Unit contains som e matrix-supp orted, sand -sized mafic volcanic

clasts throughout. Unit weathers to slope. Contact sharp with 42.

Unit 40 - Interbedded tuff sandstone and siltstone: Tuff sandstone: 10YR 5/6 yellowish- 1.5
orange brown both surfaces, medium- to coarse-grained, poorly to moderately sorted,

subangular, mafic, contains mafic clasts up to 13 cm long near top, calcareous, well

indurated, weakly normal graded atbase, trough cross-bedded above 70 cm. Tuff siltstone:

10YR 5/6 yellowish-orange brown both surfaces, mafic, calcareous, moderately indurated,
structureless. Tuff siltstone occurs as small lenticular beds (<2c¢m thick) and at the upper 10

cm of unit Unit weathers to ledge. Contact sharp with 41.

Unit 39 - Mafic tuff: 10 YR 5/2 yellowish-brown both surfaces, coarse lapilli, clast 0.44
supported, contains abundant euhedral pyroxene, amphibole, and wall rock lithologies, has

calcite amygdules, very calcareous, structureless. Unit weathers to ledge. Contact sharp with
40.

Unit 38 - Claystone: 10Y 7/2 pale olive yellow fresh surface, 5Y 8/2 pale yellowish gray 2.5
weathered surface, slightly silty, very calcareous, sparkles, structureless to laminated in areas,

some blocky fracture. At 1.65 m unit contains matrix-supported, sand-sized, mafic clasts from

the Hopi Buttes volcanic field. Volcanic material increase towards top of unit. Unit weathers

to slope. Contact scour with 39.

contact member 2/5 at 1.65 m from base of unit 38

Unit 37 - Argillaceous siltstone: 10YR 6/4gray yellowish orange fresh surface, calcareous, 0.5
structureless. Unit weathers to popcorn slope. Contactsharp with 38.

Unit 36 - Claystone: 10Y 7/2 pale olive yellow fresh surface, 5Y 8/2 pale yellowish gray 0.4
weathered surface, slightly silty, very calcareous, sparkles, structureless to laminated in areas,
some blocky fracture. Unit weathers to slope. Contact sharp with 37.

Unit 35 - Argillaceous siltstone: 10YR 6/4gray yellowish orange fresh surface, calcareous, 0.25
structureless. Unit weathers to popcorn slope. Contactsharp with 36.

Unit 34 - Claystone: 10Y 7/2 pale olive yellow fresh surface, SY 8/2 pale yellowish gray 1.25
weathered surface, slightly silty, very calcareous, sparkles, structureless to laminated in areas,

some blocky fracture. Unit very contains abundant siltstone (like unit 33) in basal 50 cm. Unit
weathers to slope. Contact sharp with 35.

Unit 33 - Argillaceous siltstone: 10YR 6/4 gray yellowish orange fresh surface, calcareous, 0.65
structureless. Unit weathers to popcorn slope. Contact gradational with 34 noted by
appearance of claystone.

Unit 32 - Claystone and silty micritic limestone (marl). Claystone: 10Y 7/2 pale olive yellow 2.1
fresh surface, 5Y 8/2 pale yellowish gray weathered surface, slightly silty, very calcareous,

sparkles, structureless to laminated in areas, some blocky fracture. Silty micritic limestone

(marl): N9 white weathered surface, structureless. Limestone bed (20 cm thick) occurs at

base. Unit weathers to ledge then popcorn slope. Contactsharp with 33. Sample #980418H of
limestone bed.
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Unit 31 - Sandstone: SYR 7/6light orange brown both surfaces, fine-grained, poorly sorted,
rounded, mafic minerals common, weakly calcareous, structureless. Unit weathers to break in
slope. Contact sharp with 32.

Unit 30 - Interbedd ed argillaceous siltstone and claystone. Argillaceous siltstone: S5YR 7/3
grayish-orange pink fresh surface, 10YR 8/3 pale grayish-orange weathered surface,
calcareous, structureless. Claystone: 10Y 7/2 pale olive yellow fresh surface, 5Y 8/2 pale
yellowish gray weathered surface, slightly silty, very calcareous, sparkles, structureless. U nit
is thin bedded defined by continuous repeating oftwo units. Unit weathers to slope. Contact
sharp with 31.

Unit 29 - Claystone and silty micritic limestone (marl). Claystone: 10Y 7/2 pale olive yellow
fresh surface, 5Y 8/2 pale yellowish gray weathered surface, slightly silty, very calcareous,
sparkles, structureless. Silty micritic limestone (marl): N9 white, discontinuous, structureless.
Marl occurs at base. At 1.1 m claystone changes color to 10Y 5/2 light grayish olive fresh
surface, 10Y 6/2 pale olive weathered surface, and is laminated and shaley. Unit weathers to
popcorn slope. Contact grad ational with 30 noted by a color change and increase in silt
content. Sample # 980418G of silty micritic limestone.

Unit 28 - Argillaceous siltstone: 5YR 7/3 grayish-orange pink fresh surface, 10 YR 8/3 pale
grayish-orange weathered surface, calcareous, structureless. Unit weathers to slope. Contact
sharp with 29.

Unit 27 - Claystone: 10Y 7/2 pale olive yellow fresh surface, 5Y 8/2 pale yellowish gray
weathered surface, slightly silty, very calcareous, sp arkles, structureless. Unit weathers to
popcorn slope. Contact grad ational with 28 noted by a color change and increase in silt.

Unit 26 - Argillaceous siltstone and ash bed. Argillaceous siltstone: 5YR 7/3 grayish-orange
pink fresh surface, 10YR 8/3 pale grayish-orange weathered surface, calcareous,
structureless. Wood Chop C ash bed: N9 white weathered surface, massive, structureless. Ash
bed (3cm thick) occurs at base and is mixed with surrounding siltstone. Unit weathers to
slope and break in slope. Contactsharp with 27. Sample #9804 18F of ash bed.

Unit 25 - Silty claystone: 5Y 8/2 pale yellowish gray fresh surface, 10YR 7/3 pale grayish-
orange weathered surface, some areas with abundant bands 10R 7.5/4 moderate orange pink
fresh surface, very calcareous, structureless to weakly laminated. Unit has iron oxide staining
which appears to be from red colored silt-rich partitions. Unit weathers to popcorn slope.
Contact sharp with 26.

Unit 24 - Wood Chop B ash bed: N9 white fresh surface, calcareous, sparkles, structureless.
Unit weathers to break in slope. Contact gradational with 25 due to reworked upper surface of
ash bed. Sample #970723K.

Unit 23 - Silty claystone: 5Y 8/2 pale yellowish gray fresh surface, 10YR 7/3 pale grayish-
orange weathered surface, some areas with abundant bands 10R 7.5/4 moderate orange pink
fresh surface, very calcareous, structureless to weakly laminated. Unit has iron oxide staining
which appears to be from red colored silt-rich partitions. Unit weathers to popcorn slope.
Contact sharp with 24.

Unit 22 - Silty claystone: 10Y 6.5/2 pale olive fresh surface, 10YR 8/3 pale grayish-orange
weathered surface, abundant color bands 10R 7.5/4 moderate orange pink fresh surface, no
gypsum noted, very calcareous, laminated, sparkles, shaley habit. Unit hasiron oxide staining
which appears to be from red colored silt-rich partitions. Unit weathers to popcorn slope.
Contact gradational with 23 noted by decrease in red color especially between partings.
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Unit 21 - Sandstone: 10YR 6/2 pale yellowish brown both surfaces, medium- to coarse-
grained, moderately sorted, rounded, consists entirely of platy claystone rip-up clasts,
calcareous, structureless. Upper surface of unit contains ripple structures. Unit weathers to
cliff. Contact sharp with 22. Sample #970723 1.

Unit 20 - Silty claystone and siltstone. Silty claystone: 10Y 6.5/2 pale olive fresh surface,
10Y 7/2 pale olive yellow weathered surface, selenite common, very calcareous, weakly thin-
bedded, blocky fracture. Siltstone: 10Y 6.5/2 pale olive fresh surface, 10Y 7/2 pale olive
yellow weathered surface, volcaniclastic, very calcareous, moderately indurated, weakly thin-
bedded, blocky fracture. Siltstone occurs at 1.8 m (30 cm thick bed) and 225 m (40cm thick
bed) from the base. Unit weathers to cliffs and slopes. Contact sharp with 21.

Unit 19 - Silty claystone: 10Y 6.5/2 pale olive fresh surface, 10Y 7/2 pale olive yellow
weathered surface, contains biotite and mafic minerals, selenite common, very calcareous,
laminated, shaley habit. Unit has iron oxide staining which appearsto be from red colored
silt-rich partitions. Unit is laminated lower third and structureless rest of unit. Red staining
occurs in lower two-thirds. Unit is very silty upper third. Unit weathers to popcorn slope then
cliff. Contact gradational with 20 noted lack of red staining and structural change.

Unit 18 - Silty claystone: 10Y 6.5/2 pale olive fresh surface, 10Y 7/2 pale olive yellow
weathered surface, contains biotite and mafic minerals, selenite common, very calcareous,
laminated, shaley habit. Unit has iron oxide staining which appears to be from silt-rich
partitions. Unit weathers to popcorn slope. Contact gradational with 19 noted by increase in
red color especially between partings.

Unit 17 - Sandstone: 10Y 8/3 pale greenish-yellow both surfaces, very fine-grained,
calcareous, weakly wavy laminated, contains ostracods. Unit weathers to small ledge. Contact
sharp with 18. Sample #980418E.

Unit 16 - Claystone: 10 YR 6/2 pale yellowish-brown bo th surfaces, gypsum only noted in
scree, slightly silty, very calcareous, structureless. Unit changes color to 10Y 6.5/2 pale olive
fresh surface, 10Y 7/2 pale olive yellow weathered surface, at 2.9 m. Unit weathers to
popcom slope. Contact sharp with 17. Sample #970723H.

Unit 15 - Argillaceous siltstone: 5YR 7/2 grayish-orange pink both surfaces, calcareous,
structureless. Unit weathers to slope. Contact sharp with 16.

Unit 14 - Claystone: 10 YR 4.5/2 dark yellowish brown fresh surface, 10Y 7.5/2.5 pale
greenish-yellow weathered surface, becomes more green at top, selenite nodules common,
calcareous, structureless, blo cky fracture. Unit weathers to popcorn slope. Contact sharp with
15.

Unit 13 - Argillaceous siltstone: 5YR 7/2 grayish-orange pink both surfaces, calcareous,
structureless. Unit weathers to slope. Contact sharp with 14.

Unit 12 - Claystone: 10 YR 4.5/2 dark yellowish brown fresh surface, 10Y 7.5/2.5 pale
greenish-yellow weathered surface, calcareous, structureless, blocky fracture. Unit does not
appear to have gypsum in brown claystone but has lenses of green claystone (like unit 11) and
gypsum mixture. Unit weathers to popcornslope. Contact sharp with 13. Sample #970723G.

Unit 11 - Claystone: 10Y 5/2 grayish-pale olive fresh surface, contains abundant selenite,
very calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
gradational with 12 noted by a color change.
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Unit 10 - Siltstone: 10Y R 6.5/4 grayish orange both surfaces, calcareous, structureless. Unit 0.13
weathers to slope. Contact sharp with 11.

Unit 9 - Claystone: 10Y 5/2 grayish-pale olive fresh surface, contains abund ant selenite 0.6
especially at top, very calcareo us, structureless, blocky fracture. 11 cm from top claystone is

more brownish-red and contains satin spar in the color change zone. Unit weathers to popcorn

slope. Contact sharp with 10. Sample #970723F.

Unit 8 - Claystone: 5Y R 4/4 mo derate bro wn fresh surface, weathered surface covered in 0.15
slope, calcareous, structureless, blocky fracture. Unit weathers to popcorn slope. Contact
gradational with 9 noted by a color change. Sample #970723E.

Unit 7 - Siltstone: 10Y R 6.5/4 grayish orange both surfaces, calcareous, structureless. Unit 0.22
weathers to slope. Contact sharp with 8.

Unit 6 - Tuffaceous claystone, marl, and claystone. Tufface ous claystone : N9 white b oth 1.3
surfaces, contains mafic minerals, calcareous, structureless. Marl: 5Y 8/1 yellowish gray fresh

surface, structureless. Claystone: 10Y 6/2 pale olive, has red blotchy areas, very calcareous,
structureless. Tuffaceous claystone mixed with marlin lower portion with concentration near

the base. Unit grades to green claystone near top. U nit weathers to ledge. Contact sharp with

7. Sample #970723D of ash near base.

contact members 1/2

Unit S - Siltstone: 5YR 6/4 light brown fresh surface, 5YR 6.5/4 light pinkish brown 4.3
weathered surface, slightly argillaceous, slightly sandy, selenite common, calcareous, trough
cross-bedded noted by 2 mm thick clay rich layers, blocky fracture. Unit weathers to calcified

slope. Contact sharp with 6.

Unit 4 - East point biotite ash bed: 10Y 8/2 pale greenish yellow both surfaces, contains 0.06
abundant biotite, silty, wavy laminated. Unit weathers to small ledge. Contact gradational
with 5 due to reworked upper surface of ash bed. Sample #970723C.

Unit 3 - Siltstone: 5Y R 6/4 light brown fresh surface, 5YR 6.5/4 light pinkish brown, slightly 1.4
argillaceous, selenite common, calcareous, weakly trough cross-bedded noted by clay rich
layers, blocky fracture. Unit weathers to popcorn slope. Contactsharp with 4.

Unit 2 - Bidahochi Formation - Siltstone, claystone, and ash. Siltstone: 5YR 5.5/4 light 13.35
brown both surfaces, contains small pebbles of quartz and chert at the base, slightly sandy,
calcareous, structureless. Claystone: green bo th surfaces, very calcareous, structureless.
Claystone: bright red both surfaces, calcareous, structureless. Echo Spring Mountain ash bed:
N9 white, felsic, friable, extensively bentonized, structureless, discontinuous. Green claystone
occurs as lenses and blotchy areas at 6.3 m from the base and above. Also at this horizon the
siltstone becomes argillaceous. At 7.8 m have small patches ofash mixed with claystone. Red
claystone occurs at 11.45 m. A small 10 cm thick ash bed occurs at 12 m. Selenite crystals
and nodules occur in units above ash bed. Unit weathers to popcorn slopes. Contact
gradational with 3 noted by decrease in clay content and structural change. Sample #970723A
collected of red claystone, #970723B of ash bed.

contact Wingate Formation/member 1 of Bidahochi Formation

Unit 1 - Wingate Formation - Siltstone: 5YR 5/5 light brown both surfaces, calcareous, NM
moderately to well indurated, structureless, nodular. Unit weathers to cliffs and slopes.
Contact disconformity with 2.
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Total thickness measured 79.46
Appendix B-26
Location 26 on Figure 2.2 (616 Section)
Measured by Jacob staffand tape measure on June 16, 1997
Location: Navajo Reservation, French Butte 7.5' Quadrangle, N 35° 19.151' by W 110° 17.535' Located
on west end of unnamed butte NW or Sunflower Butte. A small outcrop is visible from the dirt
road that connects east-west dirt road with north-south paved highway 60.

Outcrop Attitude: NSOE 5 SE from unit 3

Measured bottom up

#26 616 Section Meters

Toreva block, no in-situ ou tcrop available

Unit 8 - Mafic lava: N1 black fresh surface, brownish-red weathered surface, porphyritic - NM
large phenocrysts of pyroxene and amphibole. Unit is a Toreva block and is not in-situ.

Unit 7 - Interbedded claystone and siltstone. Claystone: light olive green fresh surface, gray 7.5
weathered surface, very calcareous, structureless, blocky fracture. Siltstone: orangish-tan b oth
surfaces, calcareous, structureless. Claystone is dominant lithology with siltstone beds up to

60 cm thick throughout. Unit weathers to popcorn slope. Colluvial contact with 8.

Unit 6 - Siltstone: white with yellow iron-oxid e streaks fresh surface, grayish-white 7.7
weathered surface, calcareous, sparkles, structureless. Unit becomes arenaceous, dark brown,
and weakly laminated 2 m from base. Unit weathers to pop corn slope. Contact sharp with 7.

Unit 5 - Mudstone: dark brown fresh surface, light reddish-brown weathered surface, very 6.1
calcareous, structureless. Unit weathers to popcorn slope. Contact sharp with 6.

Contact members %2

Unit 4 - Ash bed: N9 white fresh surface, orangish-tan weathered surface, felsic, slightly 0.6
bentonized, calcareous, lower 20 cm is laminated ash - upper 40 cm is ash mixed with silt -
structureless. Unit pinches outto southwest and is not apparent where section was measured -

occurs nearby innext small ravine - sits on mudstone beds ofunit 3. Unit weathers to ledge.

Contact gradational with 5 due to reworked upper surface of ashbed. Sample #970616A.

Unit 3 - Mudstone: dark brown fresh surface, light reddish-brown weathered surface, very 1.1
calcareous, structureless. Unit weathers to popcornslope. Contact sharp with 4.

Unit 2 - Bidahochi Formation - conglomerate: purplish-white both surfaces, consists of 0.4
granules and pebbles, clast supported, contains quartz, chert, petrified wood, metavolcanics,

and rare fossiliferous dolostone clasts, trough cross-bedded, lenticular and pinches-out to the
northwest. Unit weathers to ledge. Contactsharp with 3. Samples #971005B of conglomerate,

#9804 18D of fossiliferous dolostone clast.
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Unit 1 - Wingate Formation - Siltstone: orangish-brown weathered surface, calcareous, NM
moderately to well indurated, nodular. Extensive orange colored weathered horizon at top of
unit. Unit weathers to slope. Contact disconformity with 2.

Total thickness measured 23.4
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970719E Biotite Age Spectrum
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Figure C.1 Biotite age spectra.



HB96-1 Sanidine Ideogram

970315C Probability Distribution Diagram
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Appendix D - Geochemical Analyses of Glass Shards from the Bidahochi Formation
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Appendix E - X-ray Diffraction Data

This appendix contains the X-ray diffraction patterns that were used in this study. See Appendix A

for methods of analysis and text for interpretation o f results.
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Figure E.1 X-ray diffraction patterns.
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Plate 2 North to South to East Cross

Section Correlation Diagram
of the Bidahochi Formati%n
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Formation, Navajo and Hopi Nations, -
Northeastern Arizona: Northern rZona -
University
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