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The Late Cenozoic Geology of the White Mountains,
Apache County, Arizona

By
Robert K. Merrill' and Troy L. Pewe"

ABSTRACT

The White Mountains. in southern Apache County. Arizona. are
remnants of the Mount Baldy Volcano of middle Tertiary age. a lava
cone constructed of latite and quartz latite lava flows. The White
Mountains were glaciated during Quaternary time. and the glacial
record is similar to that at the San Francisco Peaks. Arizona. the other
glaciated mountain in the southern Rocky Mountains.

The earliest activity of the Mount Baldy Volcano was the eruption
of latite (55 percent Si02) from a central vent onto a surface of
moderate relief cut into faulted volcanic and volcaniclastic rocks of
middle Tertiary age. Granitoid and metamorphic cobbles in the
volcaniclastic sediments indicate that the sediments were deposited by
streams flowing from the south. The latite volcanism was followed by
a brief period of explosive activity during which a local lahar was
deposited. Subsequently. light latite (63 percent Si02). alkali trachyte
(61 percent Si02). and quartz latite (68 percent Si02) lavas were
extruded to a thickness of 600 to 700 m. An age of 8.6 ± 0.4 m. y. has
been determined for one of the late quartz latite flows. A basalt flow
having an age of8.9 ± 0.9 m. y. overlies the Mount Baldy lavas at the
base of the lava cone. The Mount Baldy lavas have not been faulted.

The latest period of volcanism was characterized by alkali-olivine
basalt eruptions. This activity of late Tertiary and Quaternary age
built up a plateau of basalt in lava flows and cinder cones which
comprise the bulk of the White Mountain Volcanic Field.

Evidence for at least four late Quaternary glaciations can be
recognized in the White Mountains. The earliest episode is assigned a
pre-Wisconsinan age. Evidence for this Purcell Glaciation consists
primarily of U-shaped valleys and. where present, highly subdued
moraines. Two substages of the Wisconsinan can be recognized.
Evidence for the early Wisconsinan Smith Cienega Glaciation con-
sists of moderately subdued moraines and fluvial and lacustrine
deposits. The late Wisconsinan Baldy Peak Glaciation has sharp-
crested moraines in the higher valleys. Two advances of the Baldy
Peak Glaciation are thought to have occurred. A single, well-
preserved, very bouldery moraine represents the least extensive and
youngest glaciation-the Mount Ord Glaciation-of Holocene age.
A carbon-14 date of material from behind the moraine indicates that
this small glaciation occurred about 3,000 years ago.

Pollen analysis and evaluation of the equilibrium line altitude
suggest that the mean annual temperature during periods of glaciation
was 5°C to 6°C lower and precipitation 20 to 25 percent higher than
today. Evaluation of the equilibrium line altitude suggests that the
climatic snowline was at' 3,140 m in Purcell time, 3,190 m in Smith
Cienega time, 3,230 m in Baldy Peak time and 3,380 m in Mount Ord
time as compared with the present snowline which is at about 3,900 m.
These values are in agreement with other glaciated areas in the
southwestern United States.

'Cities Service Oil Company, Tulsa, Oklahoma 74102.
'Department of Geology, Arizona State University, Tempe,
Arizona 85291.

INTRODUCTION

The White Mountains in east-central Arizona (fig. I)
were the site of middle to late Cenozoic volcanism. The
lava flows, volcaniclastic, and epicIastic rocks can be
separated into two age groups: the first of Oligocene and
Miocene age and a later one of late Miocene-Pleistocene
age. The first period of activity preceded the delineation of
the Colorado Plateau and Basin and Range geologic
provinces, and is contemporaneous with volcanism in the
Mogollon Plateau region of New Mexico. The second
period of volcanism, which postdates the formation of the
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Colorado Plateau, consists of late Miocene epiclastic
sedimentary rocks, trachyte, latite, and quartz latite lavas of
the Mount Baldy Volcano, and late Miocene to Pleistocene
basaltic lava flows and cinder cones which comprise the
bulk of what is now called the White Mountain Volcanic
Field. The Mount Baldy Volcano is in the zone separating
the Colorado Plateau and Basin and Range Provinces
(fig. 1).

During late Quaternary time alpine glaciation occurred
on the remnants of the Mount Baldy Volcano. Evidence for
at least four periods of glaciation exists, but no glaciers
remain today on Baldy Peak (elev. 11,400 feet (3,475 mj),"
the highest peak in the White Mountains.

LOCATION

The Mount Baldy area is in southern Apache County,
Arizona. The area included in this report lies between
33°47' and 34°03' north latitude and longitude 109°27' and
109°48' west. It incl udes an area of about 600 krn". U. S.
Geological Survey topographic maps of the area include
(pI. I):

Big Lake
Mount Ord
Hawley Lake East
Hawley Lake West
Corn Creek Plateau
Marshall Butte
Bonito Rock
Greens Peak
Horseshoe Cienega

1:62,500
1:24,000
1:24,000
1:24,000
1:24,000
1:24,000
1:24,000
1:24,000
1:24,000

1958
1967
1967
1967
1967
1967
1967
1968
1968

PREVIOUS STUDIES

The geology of the White Mountains has been previously
studied onl y in a reconnaissance fashion. The general
structure and lithology was described first by the Wheeler
Survey (Gilbert, 1875), with later studies conducted by
Reagan (1903) and Darton (1925), although Reagan was
concerned primarily with the geology of the Fort Apache
region to the southwest. The general geology is outlined on
the geologic map of Navajo and Apache Counties, Arizona
(Wilson and others, 1960). The mineral resources of the
Mount Baldy Primitive Area were studied by Finnell and
others (1967) as part of the Wilderness Act. Melton (1961)
reported a pre-Wisconsinan and a Wisconsinan glaciation in
the White Mountains.

Merrill (1970) first described the glacial chronology in
detail and this was elaborated upon by Merrill and Pewe
(1972). Merrill (1970) also briefly described the volcanic
and volcaniclastic rocks of the Mount Baldy Volcano;
Merrill and Pewe (1971) described the epiclastic rocks.

'To conform to topographic maps, elevations are given in feet and
meters; other measurements are in the metric system.

PRESENT WORK

The present work represents the culmination of three
field seasons in the White Mountains-June 1 to August
23, 1968, July 1 to August 20, 1970, and June 1 to August
25, 1971. Field checking was done in 1972. The first season
was mainly devoted to mapping surficial deposits and
determining stratigraphic relations of the unconsolidated
and partially consolidated sediments of late Tertiary and
Quarternary age representing alluvial, lacustrine, colluvial,
and glacial deposits. The latter two seasons were in large
part devoted to mapping the volcanic and associated
volcaniclastic rocks of the Mount Baldy Volcano. Mapping
was on topographic maps at a scale of 1:24,000. The maps
were supplemented by vertical aerial photographs of the
U. S. Geological Survey and the U. S. Forest Service.
Chemical analyses of the volcanic rocks were done to assist
in petrologic interpretations. Palynological studies were
undertaken at various sites in an effort to collect supportive
data for late Quaternary paleoclimatic interpretations.

PHYSICAL SETTING

The White Mountains, in the Datil Section of the
Colorado Plateau Province (Fenneman, 1931), are charac-
terized by irregular topography formed by cinder cones,
lava-capped mesas, and deep canyons formed during late
Tertiary and Quaternary time. The elevation at Greer
(fig. 2) is 8,500 feet (2,591 m) and slopes rise abruptly
southwest, towards Mount Baldy, reaching an elevation of
about 9,200 feet (2,804 m) at Sheep Crossing at the base of
the mountain. Mount Baldy and Mount Ord, the two
principal peaks in the area, are 11,404 feet (3,476 m) and
11,357 feet (3,462 m) above sea level, respectively. Mount
Thomas (pl. 1), 1.2 km northeast of Baldy Peak, attains an
elevation of 11,121 feet (3,390 m) and Mount Warren
(pI. 1), 1.9 km northwest of Baldy Peak, has an elevation of
11,036 feet (3,364 m).

The White Mountains are drained by three major river
systems (fig. 2): White River to the north and west, which
joins the Salt River system southwest of the area; Black
River, which drains the southeast and eastern slopes of the
mountain and also a tributary to the Salt River drainage; and
Little Colorado River, which flows to the northeast and
then northwest, ultimately joining the Colorado River north
of the San Francisco Volcanic Field (figs. 1,2).

Major tributaries of the Little Colorado River include
East and West Forks of the Little Colorado, Benny Creek,
and Hall Creek. White River is joined by Ord, Smith, and
Paradise creeks on the north, and by the East Fork of White
River on the west. Black River tributaries include East and
West Forks of Black River, draining the east and southeast
slopes of the mountain, Pacheto Creek on the south, and
Big and Little Bonito creeks on the southwest.

2
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GEOLOGIC STRUCTURE

The White Mountains are on the southern edge of a
structural subdivision of the Colorado Plateau called the
Mogollon Slope (Kelley and Clinton, 1960). Strata dip
gently to the northeast, and the Mogollon Slope may be
thought of as a broad homocline extending from the
Mogollon Rim on the south to the Black Mesa Basin and
Defiance Uplift on the north. Kelley and Clinton (1960)
suggested that most folds plunge to the northwest, but
Akers (1964) showed them plunging to the southeast. The
amplitude of folding is very small and the plunge may vary
from place to place.

Faults are not common on the Mogollon Slope, but those
that are present generally are small and trend northwest.
Alignment of cinder cones suggests a regional trend
towards the northwest, and joint systems generally strike
N. 55 W. and N. 30E.

South of the Rim, a few faults cut the volcanic rocks.
These faults trend north-northeast and displacements as

great as 300 m or more are recorded (Ratte and others,
1969). However, faults trending essentially east-west are
also present. The Red Mountain Caldera and the andesitic
volcano on which it sits are located at the junction of two
major faults. This volcanic center is about 110 km southeast
of Mount Baldy and is reported to have an age of about 20
million years (Ratte and others, 1969), indicating that
tectonism and associated volcanism were active in the
vicinity of the White Mour..ains during Oligocene-early
Miocene time.

The attitude of the Oligocene-Miocene rocks suggests
that lavas of the Mount Baldy Volcano flowed onto the
relatively unfaulted Colorado Plateau on the north and to
lower elevations on the southwest over faulted lavas, vol-
caniclastic, and epiciastic rocks. Much remains obscured
today, but drainage had definitely been established towards
the south prior to the eruption of the Mount Baldy Volcano
which implies that the delineation of the Colorado Plateau
and the Basin and Range Provinces had become established
by that time.

3



CLIMATE

Climatic vanation is an important aspect of the late
Cenozoic history and will be discussed in some detail.
Today the climate of the White Mountain area is humid to
moist subhumid (Thornthwaite, 1948). The mean annual
precipitation in the vicinity of Mount Baldy ranges from
76 cm at Sheep Crossing at an elevation of 9,200 feet
(2,804 m) to 93 ern at the Mount Baldy precipitation gauge
at an elevation of11, 120 feet (3,389 m.)" (U. S. Forest
Service, unpublished data). Nearly one-half of the precipi-
tation occurs between May and September as afternoon
thundershowers of moderate intensity. On Mount Ord snow
depth on February 15 averages about 200 ern (Soil Conser-
vation Service, unpublished data), and commonly persists
into July and occasionally August.

~=~==~~;::~nl....,......,,.....,r-rSpringerVille
~ 6,978 ft (2,123 m)

McNary
7,320 ft (2,231 m)

Alpine
8,020 ft (2,444 m)

Thomas Creek
8,400 ft (2,560 m)

Greer
8,490 ft (2,588 m)

Pole Knoll
9,200 ft (2,743 m)

Hannagan Meadow
9,000 ft (2,743 m)

Willow Creek
9,000 ft (2,743 m)

Maverick Fork
9,050 ft (2,758 m)

Burro Mountain
9,100 ft (2,774 m)

EX PLANA TION

Sheep Crossing
9,125 ft (2,781 m)

l~~:M~e:a~n~ ••••••Lr-T"'""]!~~~~~~~MountBaldy
Temperature 11,200 ft (3,414 m)

-20 -10 0 10

temperature (oC)
20 40 40 60 80 100

precipitation (em)

Figure 3.- Temperature and precipitation data for stations in the White
Mountain area. See Figure 2 for the location of the stations.

Mean temperatures for the months of July and January
for stations in the White Mountains are given in figure 3.
Extrapolating from curves based on the lapse rate (fig. 4),
the mean temperatures at the top of Baldy Peak should be
6.7°C for July and -8.9°C for January; the mean annual
temperature would be about -l.loC.

The White Mountain area has the highest number of days
per year in which the temperature fluctuates across the
O°C mark in Arizona (fig. 5) frost alternation dates. Frost

'The figures at this elevation may be low because the gauges are not
checked daily and evaporative loss occurs, particularly in winter.
These figures therefore represent a minimum precipitation.
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Figure 4.- Temperature decrease as a function of the lapse rate in the
White Mountain area, Arizona.

wedging activity is directly proportional to the number
of frost alternation days. It is likely that there are at
least 262 frost alternation days per year throughout the
White Mountains.

VEGETATION

In 1890 Merriam established the zonation of animal life
and vegetation of the San Francisco Peaks, about 322 km
northwest of the White Mountains. Merriam found that
specific plants and animals are found within certain altitudi-
nal ranges and assigned a name to these ranges or zones.
The zones he recognized are now applied throughout the
southwest and are listed below with their characteristic tree:

I. Hudsonian Zone
2. Canadian Zone
3. Transition Zone
4. Upper Sonoran Zone

(Engelmann spruce)
(Douglas fir)
(Ponderosa pine)
(Juniper-Salt bush)

->250...:*f....::..... .
~~~~~ ..... .
1 ~~::::. :

'" ......... .. . . ....... .... . . .... " ... ., .
~
200 - 250

lIIIlIIIIIIll
150-200

I' ,. .
100 - 150

I i
SO - 100

<50

Figure 5.-Frost-alternation days in Arizona expressed as the number
of days.
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Zones I, 2, and 3 are present in the Mount Baldy area and
representatives of the Upper Sonoran Zone are present
about JO km northeast of Sheep Crossing.

The upper limit of the ponderosa pine-juniper ecotone, or
transition between the two zones, which for all practical
purposes constitutes the lower limit of the Transition Zone,
occurs at the elevation of Greer on the northeastern side of
the White Mountains. Ponderosa pine or yellow pine, the
characteristic tree of the Transition Zone, is found to an
elevation of 9,600 feet (2,926 m) in favorable exposures.
The common trees of the White Mountains are listed in
figure 6.

Elevation (rn)

ALPINE ZONE

Picco engrlmunii Parry
Abies lasiocarpa var. arizonica HUDSON IAN ZONE

(Merriam) Lerum.

Picea pungcns Engelm.
Pseudotsuga mrnrjesi:

(rnirb.) Franco CANADIAN ZONE
Pinusflexilis James
Abies COIICO/O"

(Gord . & Glend.) Hoopes

Pinus ponderosa Laws. TRANSITION ZONE

UPPER SONORAN ZONE

3.500

3.000

2.500

Figure 6.-Ecologic zones of the southwestern United States and
characteristic trees found in the White Mountains. Apache County.
Arizona. (Zones after Merriam. 1890.)

Treeline is strongly controlled by wind on the summits of
Mount Ord and Mount Baldy (fig. 7). Although many
species of plants occurring in the area may be classed as
alpine, no Alpine Zone as such is identified, and treeline is
not controlled by altitude. High precipitation promotes the
growth of Engelmann spruce and corkbark fir almost to the
summits of Mount Baldy and Mount Ord. The most
common shrub is Juniperus communis L. and occurs in the
Hudsonian and Canadian Zones. Populus tremuloides
Michs. (quaking aspen) is found as a seral tree throughout
the White Mountain area and is one of the first species to
return following a fire.

Below an elevation of about 10,000 feet (3,050 m)
subalpine meadows are. common. Where soil moisture is
high, species of Carex and Juncus (sedges and rushes) are
common. In Smith Cienega at an elevation of 10,000 feet
(3,050 m) three different species of Sphagnum occur includ-
ing Sphagnum squarrosum and Sphagnum subsecundum.
At an elevation of 9,400 feet (2,865 m), Drepanclodus
exannulatus was identified (Ryan Dypdall, oral commun.,
1968) in a bog near Benny Creek; this species is charac-
teristic of alpine meadows and swamps (Wynne, 1944).

Tufted hair grass Deschapasia caespitosa (Beauv.) and
several species of fescue (F estuca) are important grasses in
drier meadows. In the meadows of the Transition Zone
large bunchgrasses are common: e.g. Festuca arizonica
Vasey (Arizona fescue) and Mulenbergia montana (Nutt.)
Hitch. (mountain muhly).
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PRE-OLIGOCENE STRATIGRAPHY

Late Paleozoic sediments lie directly on Precambrian
basement rocks near the Mogollon Rim in eastern Arizona.
The Supai Formation (Pennsylvanian (Pennsylvanian-
Permian» occurs in the Whiteriver area southwest of the
White Mountains (fig. 2) (Moore, 1968, pI. 2), and field
evidence suggests that it extends an unknown distance
beneath the early volcanic and volcaniclastic rocks and the
White Mountain Volcanic Field (pl. 2). To the northwest,
the Permian Coconino and Kaibab Formations are exposed.
North of the White Mountain Volcanic Field the Moenkopi
and Chinle Formations of Triassic age crop out (Wilson
et aI., 1960).
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Figure 7 .-Oblique aerial view of Mount Baldy. Note that treeline extends almost to the summit of Baldy Peak. View looking northeast. (Photograph
no. 2627 by T. L. Pewe, June 14, 1968.)

Rehkemper (1956) and Rutledge (1956) in their studies of
the Springerville area found late Cretaceous-early Tertiary
sandstone, shale, and conglomerate, which they termed the
Eagar Formation. Sirrine (1958, p. 70) thought that the
Eagar Formation is transitional in its upper part to the
overlying volcaniclastic rocks which he correlated with the
Datil Formation. A summary of the pre-Quaternary strati-
graphy in the White Mountain area as collated from the
literature is presented in table 1.

EARLY VOLCANIC AND
VOLCANICLASTIC ROCKS

GENERAL CHARACTER

The oldest rocks cropping out in the Mount Baldy area
consist of subarkosic sandstone, conglomerate, breccia, and
intrusive and extrusive volcanic rocks. The volcaniclastic
rocks include many tuffaceous conglomerates and breccias
containing clasts of volcanics of unknown affinity, as well
as granitoid and metamorphic rocks (fig. 8). Interbedded
with the conglomerate and sandstone are lava flows of

basaltic composition and some rhyolite (?) tuffs. Locally
domes or small volcanoes occur.

The thickness of the early volcanic and volcaniclastic
rocks is presumed to be at least 700 to 1,000 m. The rocks
are in contact with the Fort Apache Limestone Member of
the Supai Formation at an elevation of about 6,000 feet
(l ,800 m) east of Whiteriver and disappear beneath what are
mapped as the younger basalts at an elevation of 8,200 feet
(2,499 m) (pI. I). The maximum elevation at which this
unit has been found in the Mount Baldy area is about 10,100
feet (3,078 m). The role of faulting in bringing the rocks to
this elevation is not known. However, if tectonic activity
played no role in placing the rocks at the higher elevation,
the early volcanic and volcaniclastic rocks may have been
as much as 1,300 m thick.

Only isolated instances of faulting have been noted in the
Mount Baldy area. Mount Baldy lavas were able to flow to
much lower altitudes on the southwest side of the mapped
area which suggests that major displacements of up to
300 m may have occurred. However, those faults which are
evident, such as along Paradise Creek, have displacements
on the order of only tens of meters. Large, block landslides,
and perhaps faulting, are responsible for the rugged topog-
raphy south of Horse Mesa.
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PETROLOGY

The early volcanic and volcaniclastic rocks are composed
of a wide variety of types, including tuff, breccia, conglom-
erate, subarkosic sandstone, and lava flows. The extrusive
rocks range in composition from basalt to trachyandesite in
the Mount Baldy area, but rhyolite is present to the south
and east.

Tuff and partially welded tuff occur throughout the unit.
Partially welded tuff about 5 m thick is interbedded with
tuffaceous sandstone on Escudilla Mountain about 40 km to
the east of Mount Baldy. Tuff surrounds the trachyandesite
dome of Bonito Rock along Little Bonito Creek (pI. 1).
Blocks up to I m in diameter are present in the Bonito Rock
tuff. A single bed of tuff occurs about 3.8 km southwest of
Sheep Crossing near the base of the exposed older rocks.
The matrix is light bluish-gray (5B 7/1) to white (N 9) and
it contains fragments of perlitic glass up to I cm across.
Quartz, sanidine, and hornblende as large as a few
millimeters are also present.

The conglomerate beds contain pebbles and cobbles of
dacite, basalt, and sandstone or quartzite. The cobbles, 10
to 20 cm long, are set in a matrix of rounded to subangular
quartz, feldspar, basalt, and dacite (?) fragments. The color
is commonly grayish-red to light brown-gray. Breccias are
composed of volcanic rocks whose provenance has usually
not been identified. The volcanic clasts may be as large as
30 em or more.

The sandstone beds are subarkosic and usually tuffaceous.
They are grayish-red to light gray or light brown-gray.
Pumice lapilli and mafic minerals including hornblende

Figure 8.-Early volcaniclastic rocks on the west side of the Mount Baldy
massif on the south side of Horse Mesa. (Photograph no. 3199 by T. L.
Pewe , August 12, 1971.)

Table I. Pre-Quaternary stratigraphy in the White Mountain area, southern Apache County, Arizona
(after Akers, 1964; Cooley, 1959; Rehkemper, 1956; and Moore, 1968).

SYSTEM SERIES FORMATION MEMBER DESCRIPTION

Pliocene Extrusives of the White Mountain Volcanic Field

Miocene Reddish-brown to gray sandstone, mudstone, and

Oligocene
conglomerate; beds of volcanic ash; many volcanic pebbles

Tertiary Eocene "Datil"

Paleocene Eagar Reddish sandstone, shale, and conglomerate

Cretaceous Dakota (ry) Sandstone. shale. and siltstone

Moenave Reddish-buff sandstone

Petrified Forest

Triassic Chinle Mesa Redondo Variegated clays, silicified wood. vertebrate bones

Shinarump Conglomerate

Moenkopi Holbrook Brown and red thin-bedded. micaceous shale.
ripple-marked; gray and red sandstone

Permian Kaibab Grayish-brown to gray sandy limestone. gray limestone.
some red shale

Coconino White to buff sandstone

Pennsylvanian Supai-Naco Fort Apache Ls. Red sandstone. dolomitic gypsum, anhydrite. salt.
red to dark gray shale, limestone

Precambrian Granite
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Table 2. Chemical and normative compositions of the early volcanic rocks.

Sample No. 8237 8238 8244 8246 8258 8259 8260 8261

weight percent of ox ides

Si02 .. . . . . . ... . . . 47.91 50.85 53.94 59.00 48.22 51.27 46.71 50.68
AhO" . ..................... 17.02 19.25 18.95 18.46 17.01 18.17 17.17 17.58
total Fe as FeO 11.05 11.19 10.26 7.51 11.01 9.65 10.73 9.84
MgO . . . . . . . . . . . . . . . . .. ..... . 5.02 2.62 1.57 1.23 5.06 3.08 4.96 3.06
CaO ................. 8.10 7.30 1.52 4.05 8.63 704 8.61 6.16
Na20 ....................... 3.51 4.81 5.21 5.48 3.59 3.18 3.65 4.39
K20. ................. 1.96 1.47 2.17 2.84 2.27 2.04 2.63 2.06
H2O ......................... 1.48 1.49 1.37 1.15
r.o, 1.45 1.53 1.42 1.05 2.00 1.55 1.81 1.92
MnO . . . . . . . . . . . . .. .... .. . 0.17 0.23 0.24 0.22 0.21 0.15 0.18 0.22

total 97.67 100.74 96.65 100.99 98.00 96.13 96.45 95.91

normative compositions (CIPW)

Q 15.86 15.88 0.19
C . . . . . .... . . ... . .... . ... ... . 9.80
Or ........................... 10.23 7.75 8.74 12.88 11.74 9.22 13.90 10.89
Ab 25.83 34.68 31.89 37.76 20.39 21.84 14.61 35.26
An ........................... 21.99 23.74 5.14 13.35 20.66 22.40 20.30 19.85
Ne .............. 1.00 1.93 3.91 7.35
Wo .......................... 6.75 4.29 1.04 8.41 2.16 8.95 3.75
En ................. 4.03 1.86 7.39 6.00 5.21 15.13 5.32 4.78
Fs 2.72 2.44 14.87 6.08 3.21 13.82 3.63 4.28
Fo ........................... 11.27 6.21 10.08 6.07
Fa ......................... 7.60 8.14 6.21 6.82 5.44
Mt. 4.12 4.21 2.95 4.21 4.07 3.12 3.49 3.71
Hm ..........................
II . . . . . . . . . . . . . . . . . . . .. . .... . . 4.46 4.76 3.57 2.81 6.10 4.13 5.64 5.98

total 100.00 100.01 100.01 100.01 99.99 100.01 100.00 100.01

salic 59.05 68.10 71.43 79.87 56.70 61.65 56.16 66.00
femic .................. 40.95 31.91 28.58 20.14 43.29 30.36 43.84 34.01
total plagioclase . 47.82 58.42 37.03 5l.l0 41.05 44.24 34.91 55.11
percent An in plagioclase 46 41 14 26 50 51 58 36

8237 Olivine andesine traehybasalt; NE, SW, See 19, T7N, R26E; Hawley Lake East Quadrangle
8238 Pigeonite andesite; NE, NW, See 20, T6N, R25E; Hawley Lake East Quadrangle
8244 Olivine trachyandesite; SE, SW, See 36, T7N, R25E; Hawley Lake East Quadrangle
8246 Traehyandesite; SW, NE, See 5. T4N, R26E; Bonito Rock Quadrangle
8258 Olivine trachyandesite; NW, NE, See 2, T6N, R25E; Hawley Lake East Quadrangle
8259 Olivine traehyandesite; NE, SE, See 2, T6N, R25E; Hawley Lake East Quadrangle
8260 Olivine andesine trachybasaJt; NW, SE, Sec 12, T6N. R26E; Hawley Lake East Quadrangle
8261 Olivine trachyandesite; NW, NW, See 29, T6N, R25E; Hawley Lake East Quadrangle

and biotite are common. The shape of the clasts is usually
subangular although they range from subangular to rounded.

The lava flows included in the early volcanic and
volcaniclastic rocks are basaltic to andesitic in composition
(table 2). The chemistry of the basaltic rocks is variable,
but two general types were identified in thin section. The
first has plagioclase laths 0.3 to 0.6 mm long in a felted
mass having an intergranular texture. Augite is usually
interstitial to subophitic with the plagioclase. Olivine
phenocrysts as large as 0.4 mm are altered to iddingsite.
Olivine occurs as single crystals and as glomeroporphyritic
masses. The second basalt type exhibits a trachytic texture
with the plagioclase phenocrysts less than 0.15 mm long.
Augite is present in the groundmass. The plagioclase is

similar in composition in both basalt types (An 40-50).
Modal analyses are presented in table 3.

Table 3. Modal analyses of early volcanic rocks.

Sample No. 8237 8239 8244 8246

% phenocrysts 77.2 60.9 8.1 45.4
Plagioclase 80.1 76.0 98.7 76.1
Olivine 13.1 16.4
Augite 6.3 5.7 0.8
Hornblende 17.7
Apatite 0.8
Opaque 0.3 I.7 1.2 4.6

Bonito Rock was the only non-basalt sampled in this
unit. It is a trachyandesite dome surrounded by a tuff ring
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(pI. I). Amphibole is present as oxyhornblende pheno-
crysts, usually less than 2.8 mm long, although a few are 20
mm or more long. Oxyhornblende occurs as single crystals
and as glomeroporphyritic masses having individual crystals
less than 3.5 mm long. Single crystals less than 1.5 mm
across also occur. The plagioclase is zoned and some
phenocrysts show the effects of melting. The trachyandesite
tends toward a pilotaxitic texture.

ORIGIN AND AGE

The early volcanic and volcaniclastic rocks represent a
general middle Tertiary episode of volcanism in eastern
Arizona and western New Mexico. Wrucke (1961, p. IS)
assigned similar deposits near Alpine (fig. 2) a middle
Tertiary age. Sirrine (1958, p. 79) correlated these sedi-
ments with the "volcanic sedimentary facies of the Datil
Group." These rocks were deposited during and after
eruption of the Datil Volcanics in New Mexico and
volcanic rocks of the Mogollon Mountains in New Mexico
as well as mountains in adjacent Arizona during middle
Tertiary time. The volcaniclastic rocks which compose this
lower unit underlie the Mount Baldy Volcanics and crop
out throughout the study area where overlying volcanic
flows are not obscuring them.

The early volcanic and volcaniclastic rocks are overlain
by lava from the Mount Baldy Volcano which is older than
8 million years. Near Springerville, the early volcanic and
volcaniclastic rocks overlie the Eagar Formation, thought
to be late-Cretaceous to Eocene in age (Sirrine, 1958,
p. 70). The younger, Mount Baldy lavas, have not been
faulted to any obvious degree even though resting astride
the transition between the Basin and Range and the
Colorado Plateau Provinces. Further, the Mount Baldy
lavas were erupted onto a surface of high relief. The
quieting of tectonic activity and the extensive erosion thus
demonstrated imply a substantial amount of time passing
between the deposition of the volcanic-volcaniclastic
sequence and the eruption of Mount Baldy.

The presence of granitoid and metamorphic clasts in the
sedimentary portion of the sequence indicates that these
rocks were probably deposited prior to about 12 million
years ago, the approximate time when streams no longer
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flowed from the south, the only source for these clasts, onto
what is now known as the Colorado Plateau (Paul Damon,
oral commun., 1972).

Prior to 12 million years ago, volcanoes were erupting to
the south, east, and west of the site of Mount Baldy. Silicic
volcanism was particularly important to the south in the
Blue Range where more than 1,500 m of volcanic rocks
were erupted (Ratte and others, 1969). To the east,
volcanism was occurring in the Mogollon Mountains of
New Mexico where at least 2,000 m of volcanic rocks were
erupted (Elston, et aI., 1968). Both centers of volcanism
were active between 38 and 20 million years ago. These
volcanic rocks may be the source for the volcanic frag-
ments. If so, then the early volcanic and volcaniclastic
rocks were deposited between 38 million and 12 million
years ago. It is thought that volcanic eruptions probably
continued intermittently throughout that time.

THE MOUNT BALDY VOLCANO

GENERAL FEATURES OF THE VOLCANO

The Mount Baldy lava cone rises 671 m above the lava
plateau which surrounds it on the north, south and east. On
the west and southwest, slopes are more abrupt and the
terrain rises 1,000 m from canyon floors to the summit of
Mount Baldy. The present slope of the dissected volcano is
about J00 and at the time the volcano became extinct it is
thought that the slope may have been between 15° and 20°
(fig. 9).

The lavas from the volcano are herein called the Mount
Baldy Formation after the highest peak of the White
Mountain Massif. The type locality of the Mount Baldy
Formation is along the ridge between the East Fork of the
Little Colorado River and West Fork of the Black River
where many of the diverse lithologies of the Mount Baldy
Formation are exposed (pl. 1). The Mount Baldy For-
mation was erupted onto a landscape characterized by as
much as 600 m of relief. As the valleys slowly filled with
lavas the volcano began to take the shape of a broad lava
dome. Today the lavas have been eroded to the extent that
it is difficult to correlate them over large distances.

Mount Baldy

--------!
SE

- - - __ ~ Projected final configuration of the volcano

? ?
scale in kilometers

vertical exoQoeration - 2 X

Figure 9.- Topographic profile across the White Mountains showing the possible final configuration of the volcano.
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The aggregate thickness of the Mount Baldy lava flows is
less than 500 m and individual flows vary in thickness from
16 to 45 m. Platy or blocky jointing is common in most
flows. The total volume of lava extruded from the Mount
Baldy Volcano was approximately 280 krn".

The main rock type of Mount Baldy is latite which can be
separated into two units which here are informally called
the lower and upper members. The lower member has the
lesser volume and is composed primarily of latite. The
upper member has a higher percentage of quartz latite flows
intercalated with alkali trachyte, latite , and quartz latite.

Practically no pyroclastic material is interbedded with the
flows. However, an alkali trachyte tuff occurs in isolated
outcrops along the west side of Paradise Creek where it is
about 3 m thick, between Squaw Creek and Little Bonito

Creek where it is about 4 m thick, and between Firebox
Creek and Diamond Creek where it is about 4 m thick. In
all the localities visited, it marks the boundary between the
lower and upper members, and it is here considered the base
of the upper member. The partially welded character
suggests that the tuff was deposited from eruptions of the
nuee ardente type.

PETROLOGY

LOWER MEMBER

General character. The earliest lava to be extruded from
the Mount Baldy Volcano was the latite of the lower
member of the Mount Baldy Formation. These lavas
flowed down the valleys as far as 17 km from the probable
vent thought to be near the present summit of Mount Baldy.

Table 4. Chemical and normative compositions of the lower member of the Mount Baldy Formation.

Sample No. 8~~6 8~~9 8~39 8~40 8241 8245 8254

weight percent of ox ides

SiO" ....................... 54.92 56.93 54.88 56.38 54.98 55.81 59.66
AI"O" ..................... 19.10 18.02 18.91 18.98 19.11 18.29 17.52
total Fe as FeO 7.93 6.53 9.20 8.57 9.10 8.77 5.80
MgO . . . . . . . . . . . . . . . . . 0.81 1.19 0.84 0.86 0.93 0.64 0.95
CaO ......................... 3.36 4.32 2.00 2.82 z.o: 2.19 3.77
Na"O ....................... 4.17 4.89 4.80 4.76 4.53 5.10 4.61
K"O. 4.97 4.02 4.75 4.85 4.74 4.75 3.15
H"O ......................... 1.53 0.90 1.94 1.84 2.10 1.33
TiO" 1.03 1.09 U2 1.29 U3 1.26 1.19
MnO . . . . . . . . . . . . . . . . . . . . 0.23 0.19 0.26 0.21 0.28 0.26 0.12

total 98.03 98.08 98.90 100.56 99.11 98.40 96.77

normative compositions (CIPW)

Q. ..................... 9.05 11.01 8.55 7.58 13.74 3.50 35.15
C ........................... 1.75 5.04 1.78 6.12 1.89
Or ~5.09 20.35 23.17 24.11 21.85 25.02 12.65
Ab . . . . ..... . . . . . . . . . . . . . . . 32.00 37.62 35.59 35.96 3 J.74 40.83 28.14
An ........... , 14.25 13.15 8.20 11.77 7.78 9.69 12.11
Ne ...........................
Wo ................. 2.61 0.30
En 4.78 5.09 4.79 4.99 5.01 3.94 4.21
Fs 3.75 J.74 3.84 3.34 3.58 4.00 0.96
Ro. . ............
Fa
Mt. 6.27 5.17 7.02 6.67 6.57 7.22 3.65
Hill
11. . . . . . . . . . . . . . . . . . . . . . . .. . 3.07 3.25 3.80 3.78 3.61 3.91 2.82

total 100.01 99.99 100.00 9988 100.00 100.00 99.99

salic .. . . . . . . . . .. . . . 82.14 82.13 80.55 81.20 81.23 80.93 88.05
femic ... 17.87 17.86 19.45 18.78 18.77 19.07 11.94
totalplagioclase 46.25 50.77 43.79 47.73 39.52 50.52 55.44
percent An in plagioclase 31 26 19 25 20 19 30

8226 Latire; SE. SW. See B. T7N. R26E; Greens Peak Quadrangle
8229 Larue: W. SW. Sec 21. T6 . R27E; Nutrioso #2 NW Quadrangle
8239 Latite; NW. SE. See 35. T7N. R25E; Hawley Lake East Quadrangle
8240 Larite; SE. NW. Sec 17. T7 . R26E; Mount Ord Quadrangle
8241 Latite; E. SW. See 22. T6N. R25E; Hawley Lake East Quadrangle
8245 Latite; NE. SE. See 33. T7N. R25E; Hawley Lake East Quadrangle
8254 Trachyandesite: SE. SW. See 22. T6N. R27E; Mount Ord Quadrangle
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It appears that more than one extrusive center may have
produced these lavas, for what seem to be small volcanoes
occur along Paradise Creek and the North Fork of White
River. Today, the lower lavas protrude from beneath the
upper member along the margins of the volcano (pl. 1). The
lower unit may have reached a maximum thickness of about
200 m with individual flows averaging 20 to 30 m.

The lower member is generally light to medium gray on a
fresh surface and weathers to a somewhat lighter gray or
rarely to grayish-purple to dusky red (5P 4/2 to 5R 3/4).
Megascopically, the outstanding characteristic of these
rocks is the large (up to 15 mm long) euhedral to subhedral,
mantled plagioclase phenocrysts.

Chemically, the lower member of the Mount Baldy
Formation is a latite (table 4) according to the Rittman
(1952) classification. The corresponding modal analyses are
presented in table 5. One sample (ASU #8254) from the
east side of the mountain is a trachyandesite. The relation-
ship between the latite and trachyandesite is not clear; both
underlie the upper member of the Mount Baldy Formation
and the younger basalts. For lack of further evidence, the
trachyandesite, which is extremely fine grained, is placed in
the lower member of the Mount Baldy Formation.

Table S. Modal composition of selected samples of
the lower member of the Mount Baldy Formation.

Sample No. 8266 8229 8238 8240 8241 8245

% phenocrysts 20.7 38.8 22.2 46.0 39.1 26.5
Sanidine 27.1 43.0 30.7 34.1
Plagioclase 68.6 52.3 51.8 59.9 86.0 97.3
Augite 0.9 2.0 1.0 6.3 1.1
Olivine 1.4 10.9 1.5 1.5
Apatite 0.4 0.2 3.6 0.6 3.0
Opaque 1.4 2.3 2.7 5.3 3.0

Texture. The texture of the various flows varies consid-
erably. The majority of flows are intersertal to pilotaxitic to
trachytic. More rarely the lavas may have an hyalopilitic
texture. The ground mass usually consists of a holocrystal-
line mixture of sodic plagioclase, potassium feldspar, glass,
and scattered pyroxene and opaque minerals.
Mineralogy. Plagioclase occurs in three habits. One of the
definite features of this member is the large glomero-
porphyritic plagioclase clots which may be as large as 15
mm but average 4 to 5 mm. Usually a common rim zone is
present around the clot. Single crystals of euhedral to sub-
hedral shape range in size from 0.2 to 1.0 mm but are more
commonly between 0.3 and 0.5 mm. Finally, plagioclase
occurs in the lower-member lavas as small groundmass
crystals down to microlite size. Plagioclase phenocrysts are
usually polysynethetically twinned and exhibit zoning. The
anorthite content of the large plagioclase crystals averages
between 40 and 50 percent, but on smaller, single crystals
the anorthite content may run as low as 20 percent.

Potassium feldspar occurs as subhedral crystals up to 0.5
mm long, as mantles around plagioclase phenocrysts or

glomeroporphyritic clots, and as microlites in the ground-
mass. The composition of the feldspars is covered in more
detail in the discussion of the upper member.

Olivine occurs as euhedral to subhedral crystals about
0.5 mm long and as glomeroporphyritic clots up to I mm in
diameter. Characteristically, the olivine crystals are altered
to iddingsite, magnetite, or hematite. Sometimes the olivine
is intimately associated with small apatite crystals up to 0.2
mm long. Apatite also occurs in isolated crystals as an
accessory mineral.

Pyroxene occurs as single crystals as large as 0.3 mm and
in the groundmass as microlites. Clinopyroxene is the
predominant species with a 2V of 30° to 40°.

UPPER MEMBER

General character. The upper member of the Mount Baldy
Formation is composed of lava flows containing between
60 and 70 percent Si02. Rock types include alkali trachyte,
latite, quartz latite, and rhyolite. The chemical compo-
sitions are given in table 6. The flows dip gently away from
the volcanic center near the present summit of Mount Baldy
and have an aggregate thickness of about 400 m. Individual
flows average between 20 and 40 m in thickness.

In outcrop the upper member ranges from grayish-red
(5R 4/2) to light bluish-gray (5B 7/1) and not uncommonly
the rocks are blackish-red to black (5R 2/2 to N 1).
Conspicuous anhedral to euhedral plagioclase phenocrysts
range from 5 mm to 20 mm in size. Euhedral plagioclase
phenocrysts as large as 30 mm do occur, but are usually
restricted to dikes. Pyroxene crystals may be as large as
2 mm. Subhedral to euhedral biotite phenocrysts are
common and are up to 2 mm in diameter. Modal com-
positions are given in tables 7 through 11.
Texture. The texture of the alkali trachyte flows is com-
monly trachytic. The latite usually exhibits pilotaxitic to
intersertal textures and more rarely a hyalopilitic texture.
Quartz latite flows have intersertal to hyalopilitic textures,
and very rarely does a rock have a vitrophyric texture.
Mineralogy. Quartz is a minor constituent and occurs as
small, partially resorbed phenocrysts less than 2 mm in
diameter. More commonly it constitutes part of the holo-
crystalline groundmass.

Sanidine occurs as 0.1 to 0.5 mm phenocrysts in many
lava flows and constitutes as much as 90 percent of the total
phenocrysts. Generally, sanidine occurs as single subhedral
to euhedral crystals, but it may be present in glomero-
porphyritic clots. Alkali feldspar commonly rims resorbed
plagioclase phenocrysts. X-ray analysis of the sanidine
indicates that the composition ranges from 80 to 100 percent
orthoclase. Much of the alkali feldspar present contains a
significant amount of Na with the albite content approach-
ing 50 percent in some rocks.

Plagioclase phenocrysts occur as large glomeroporphyritic
aggregates up to 4 mm in diameter, as single crystals up to
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Table 6. Chemical and normative compositions of selected samples of the upper member of the Mount Baldy Formation.

Sample No. 8201 8202 8203 8204 8205 8207 8212 8213 8214 8215 8216 8217 8218 8219 8220 8221

weight percent of ox ides

Si02 ................ 63.89 68.46 68.63 63.53 53.24 63.47 63.16 61.07 62.50 61.04 63.64 64.11 61.76 68.83 63.76 62.20
AhO" .................. 17.48 15.24 15.62 16.92 19.17 16.89 16.58 18.45 18.78 1836 18.08 18.5 I 17.80 16.07 16.93 17.67
total Fe as FeO ......... 3.24 3.10 2.95 3.76 8.53 3.57 3.44 3.91 3.17 4.90 3.36 3.39 3.88 2.47 3.14 4.45
MgO ...................... 0.27 0.27 0.17 0.77 0.32 0.77 0.33 0.62 0.08 0.90 0.31 0.31 0.84 0.09 0.06 0.83
CaO ................... 2.34 1.76 1.57 2.94 2.77 3.29 3.03 3.46 0.69 4.15 2.81 2.21 3.21 0.20 1.77 2.31
Na20 ...................... 4.73 4.31 4.41 4.90 5.32 4.63 4.55 5.05 6.07 4.45 4.57 5.55 5.04 6.67 5.09 4.52
K20 ....................... 4.75 4.20 4.35 3.95 4.53 3.97 4.28 3.90 5.12 3.78 4.30 4.66 4.06 5.15 4.38 4.31
H2O ......................... 0.80 0.87 1.73 0.97 1.43 0.97 0.96 1.09 0.87 0.92 1.08 0.94 0.81 0.71 0.79 0.96
Ti02 ........••...•.....•.• 0.87 0.70 062 1.02 I. 12 0.98 0.84 0.87 062 1.16 0.69 0.78 0.85 0.25 0.61 0.81
MnO ........................ 0.13 0.15 0.16 0.18 0.16 0.22 0.19 0.16 0.23 0.17 0.05 0.13 0.22 0.20 0.21 0.12

total 98.50 99.06 100.21 98.88 96.59 98.76 97.36 98.58 98.13 99.83 98.89 100.59 98.47 100.64 96.74 98.18

normative compositions (CIPW)

Q .......................... 38.34 55.40 54.83 38.01 39.92 41.20 29.45 21.52 34.12 40.64 27.93 30.73 30.33 39.82 37.31
C ......................... 0.55 0.59 1.18 - 1.27 - 4.28 1.41 0.63 - - I. 18 2.45
Or ......................... 18.76 13.27 13.83 15.41 26.06 15.25 16.77 16.95 23.74 15.23 16.38 20.03 17.31 21.19 17.29 16.47
Ab ......................... 28.39 20.70 21.31 29.05 42.40 27.04 2709 33.35 42.77 27.24 26.46 36.26 32.65 39.89 30.54 26.25
An .......................... 7.76 4.67 419 8.26 13.38 8.93 8.08 11.89 2.69 12.93 8.99 7.98 10.07 - 5.87 7.38

•..... Ne ...................... - 1.41
N Wo .......................... - 0.69 0.89 0.95 0.37 0.56 0.71- - -

En ........................ 1.25 1.00 0.63 3.02 2.20 1.06 2.78 0.43 3.68 1.38 1.56 3.47 0.40 0.28 370
Fs ..................... 1.22 1.92 1.76 1.26 1.19 1.13 0.28 - 1.50 1.70 - 3.33 1.97 2.36
Fo ........................... - - - - 1.08
Fa ...................... - 2.13
Ac .......................... - - - - - - 3.62
Mt ........................... 1.20 1.16 1.11 1.94 7.67 1.82 1.79 2.71 2.60 2.88 1.70 1.94 2.85 0.30 1.64 2.25
Hm ........... .... - - - - 0.29 - 0.07
II ......................... 2.03 1.30 1.16 2.35 3.80 2.22 1.94 2.23 1.69 2.75 1.55 1.98 2.14 0.61 1.42 1.82

total 100.00 100.00 100.00 100.00 100.00 99.99 99.99 100.02 100.00 100.01 100.01 100.01 100.00 100.02 100.01 99.99

salic ....................... 93.80 94.63 95.34 90.78 85.32 91.04 93.14 91.64 95.00 89.52 93.88 92.83 90.76 91.41 94.70 89.86
fernie ....................... 6.20 5.37 4.66 9.27 14.68 8.95 6.85 8.38 5.00 10.49 6.13 7.18 9.24 8.61 5.31 10.13
total plagioclase. 36.15 25.37 25.50 37.31 56.08 35.87 35.17 45.24 45.46 40.17 35.45 44.24 42.72 39.89 36.41 33.63
percent An in plagioclase 21 18 16 22 24 25 23 26 6 32 25 18 23 5 16 22

8201
8202
8203
8204
8205
8207
8212
8213

Light latite; SE, SE, See 8, T6N, R27E; Mount Ord Quadrangle
Quartz latite; NE, SW, See 13. T6N. R26E; Mount Ord Quadrangle
Rhyolite; SE. SE, See 14, T6N, R26E; Mount Ord Quadrangle
Quartz latite; SW, SW, See 12, T6N. R26E: Mount Ord Quadrangle
Tephritie nephel ite phonolite; SE, NW. See 5. T6N, R26E; Mount Ord Quadrangle
Quartz latite; NE, NE, See 23, T6N, R26E; Mount Ord Quadrangle
Quartz 1atite; SE, SW, See 31, T7N. R27E; Mount Ord Quadrangle
Light latite; SE, SW, See 4, T6N. R26E; Mount Ord Quadrangle

8214
8215
8216
8217
8218
8219
8220
8221

Alkali trachyte; SW, SW, See 31, T7N, R26E; Mount Ord Quadrangle
Latite; NE. SW. See 2. T6N, R26E; Mount Orti Quadrangle
Quartz latite; SE, SE, See 36. T7N. R26E; Mount Ord Quadrangle
Light latite; SE, NW, See 11, T6N. R26E; Mount Ord Quadrangle
Latite; NW, NE, See 12, T6N. R26E; Mount Ord Quadrangle
Light trachyte; SE, SW, See 6, T6N. R27E; Mount Ord Quadrangle
Light latite; SW, SE, See 29, T7N, R27E: Mount Ord Quadrangle
Latite; SW, SW, See 11, T6N. R26E; Mount Ord Quadrangle



Table 6. Coot.

Sample No. 8222 8225 8227 8230 8231 8232 8233 8234 8235 8236 8242 8247 8248 8249 8251 8263

weight percent of oxides

SiO, ................... 62.92 60.24 64.37 62.35 64.39 63.28 66.09 64.86 68.59 64.62 66.98 62.92 69.18 65.11 62.26 60.89
A120:J .................. 19.47 17.90 16.08 17.93 16.52 19.28 16.83 16.07 15.36 17.30 18.35 18.65 17.02 17.80 17.01 16.74
total Fe as FeO ............ 3.62 6.15 4.85 4.62 3.12 4.24 2.99 4.26 3.5 I 2.69 2.72 6.96 2.28 2.12 5.24 4.34
MgO ........................ 0.33 1.18 0.41 0.56 0.19 0.72 0.28 0.79 0.42 0.32 0.35 1.01 028 0.28 0.69 0.68
CaO ........... ........ 1.42 4.09 2.68 1.79 1.01 2.17 0.51 2.62 1.06 0.50 0.69 3.35 0.31 0.24 3.35 2.42
Na,O ...................... 4.80 4.33 4.21 4.29 5.24 3.87 6.00 4.68 5.01 5.5 I 5.63 4.66 6.00 6.25 4.54 6.28
K20 .................... 4.94 3.99 4.30 4.62 4.88 4.18 4.76 3.82 4.40 4.88 4.93 3.56 4.71 4.42 3.56 5.15
H20 ........................ 1.11 0.95 1.04 0.73 0.71 1.65 0.58 1.03 0.48 1.46 0.77 1.33 0.66 0.99
Ti02 ...................... 0.65 1.06 0.55 0.54 0.48 1.18 0.32 0.76 0.60 0.65 0.69 1.26 0.41 0.29 107 0.97
MnO .................. 0.18 0.17 0.09 0.14 0.31 0.05 0.25 0.10 0.14 0.21 0.15 0.11 0.28 0.20 0.08 0.13

total 99.44 100.06 98.58 97.57 96.85 100.62 98.61 98.99 99.57 98.14 101.26 103.81 101.13 100.00 100.00 97.60

normative compositions (CIPW)

Q ........................... 35.50 29.40 45.75 40.27 37.55 47.24 33.32 44.53 49.45 36.62 37.40 38.24 41.15 39.43 40.01
C .......... 6.43 - - .4.44 1.45 6.63 1.66 0.66 3.72 4.30 1.74 2.50 4.34
Or ........................... 18.85 16.5 I 15.48 16.97 19.53 13.50 19.38 13.75 14.76 19.21 18.37 12.86 17.12 18.06 13.49 28.85
Ab ........................... 27.84 27.23 23.04 23.94 31.87 18.99 37.12 25.60 25.54 32.96 3189 25.59 33.15 38.80 26.14 53.23
An ......................... 4.55 12.34 7.49 5.52 3.39 5.89 1.74 7.04 2.99 1.65 2.16 10.17 0.95 0.82 9.96 2.21
Ne ......................... - - - - 0.12- Wo .......................... - 0.93 0.31 - - 0.44 - - - 0.35 5.53

w En ....................... 1.47 5.05 1.61 2.40 0.89 2.72 1.33 3.06 1.65 1.47 1.52 4.26 1.19 1.34 2.85 2.22
Fs ........................... 2.06 2.20 2.84 3.03 2.55 0.97 3.24 1.94 2.38 1.45 1.64 209 2.49 2.17 1.42
Fo .....
Fa
Ac ...........................
Mt .......................... 1.83 3.75 2.31 2.25 165 1.82 1.44 2.04 1.39 1.40 1.20 4.40 0.08 102 2.64 3.22
Hm .......................... - - - - - - - 0.05
II ............................ 1.46 2.59 1.17 1.17 113 2.25 0.77 1.61 1.19 1.5 I 1.52 2.68 0.88 0.70 2.39 :UO

total 99.99 100.00 100.00 99.99 100.01 100.01 100.00 100.01 100.01 99.99 100.00 99.99 100.01 100.00 100.00 100.00

salic ....................... 93.17 85.48 91.76 91.14 93.79 92.25 93.22 90.92 93.40 94.16 94.12 88.60 9487 94.45 89.60 84.41
fernie . 6.82 14.52 8.24 8.85 6.22 7.76 6.78 9.09 6.61 5.83 5.88 11.39 5.14 5.55 10.40 15.59
total plagioclase ........ 32.39 39.57 30.53 29.46 35.26 24.88 38.86 32.64 28.53 34.61 34.05 35.76 34.10 39.62 36.10 55.44
percent An in plagioclase 14 31 25 19 10 24 4 22 10 .5 6 28 3 2 28 4

8222
8225
8227
8230
8231
8232
8233
8234

Light latitc; SE. SE, See 32. T7N. R27E; Mount Ord Quadrangle
Latite; SW. SW. See 33. T7N. R26E; Mount Ord Quadrangle
Quartz latite; NW, SW, See 21, T6N, R27E; Mount Ord Quadrangle
Latirc; SW. SE. See 8. T6N, R28E; Mount Ord Quadrangle
Alkali trachyte; NW, SW. Sec 26. T7N. R25E; Hawley Lake East Quadrangle
Quartz latite; SW, NW. See 22, T6N. R26E; Mount Ord Quadrangle
Alkali trachyte; SW. SW, See 6, T6N, R27E; Mount Ord Quadrangle
Quartz latite; SE, SW, See 12, T6N, R26E; Mount Ord Quadrangle

8235
8236
8242
8247
8248
8249
8251
8263

Rhyolite; SW. SE. See 14, T6N, R26E; Mount Ord Quadrangle
Alkali trachyte; NW. SW, See 18. T6N, R26E; Hawley Lake East Quadrangle
Light latitc: NE. SW, See 14. T6N. R26E, Hawley Lake East Quadrangle
Rhyodacite; NW. SW, See 28. T6N. R26E; Mount Ord Quadrangle
Soda rhyolite; SW. SW. See 3. T5N. R26E; Bonito Rock Quadrangle
Alkali trachyte; NE. NW, See I. T5N, R26E; Bonito Rock Quadrangle
Quartz latitc: SW. SW. See 26. T7N. R26E: Mount Ord Quadrangle
Alkali trachyte: SW. SE. See 5. T6N. R27E; Mount Ord Quadrangle



Table 7. Modal composition of alkali trachyte and light trachyte
lavas of the upper member of the Mount Baldy Formation.

Sample No. 8205 8214 8219* 8231 8233 8236 8249

% phenocrysts 34.0 10.0 8.0 27.2 26.5 15.8 25.7
Quartz 4.1
Sanidine 56.2 29.7 87.1 92.3 47.6
Plagioclase 82.3 85.0 28.7 74.6 3.3 0.7 52.3
Biotite 6.4 3.0 3.3
Hornblende 3.3
Hypersthene
Pigeonite 9.4 3.0 12.5 7.9 0.5
Opaque 1.7 10.0
Rock fragments 3. I

* light trachyte

6 mm long, and as crystals as small as microlites. Light
latite seems to have fewer aggregates. In most flows the
crystals show polysynthetic twinning. The anorthite content

ranges from 25 to 35 percent, but in the rhyolite and
trachyte flows the anorthite content may be as low as 5 to
IO percent.

Plagioclase phenocrysts characteristically exhibit a
resorbed or patchy melting character with the holes lined by
a more alkalic feldspar. A single plagioclase phenocryst
was analyzed using the electron microprobe to determine
the distribution of elements in the plagioclase. Figure IO
shows electron microprobe photographs illustrating the
location of atoms of Si, AI, Ca, Na, and K. Table 12
contains the chemical compositions of the two areas-
original feldspar (area I) and mantling feldspar (area 2).
The plagioclase of area I has a composition of Or3Ab5sAn39
and the mantling feldspar has a composition of
Or45Ab47 Ans , Variation in these compositons between
flows has not been studied.

Table 8. Modal analyses of quartz latite and rhyodacite lavas
of the upper member of the Mount Baldy Formation.

Sample No. 8202 8204 8207 8212 8216 8227 8232 8234 8247*

% phenocrysts 39.5 22.0 23.0 20.0 21.0 21.0 34.4 30.4 32.9
Quartz 3.8 1.7 4.9
Sanidine 38.2 60.0 65.2 19.0 26.6 19.4 23.0 9.9
Plagioclase 41.7 10.4 10.0 60.0 80.9 53.8 67.1 59.8 75.9
Biotite 2.2 4.3 7.5 11.9 7. I 1.7 2.9 0.2
Hornblende 1.0 17.2 6.9 0.8
Aegerine-augite 12.1
Pigeonite 3.6 4.3 5.5 4.7 4.7 5.8 2.3 10.5
Apatite 2.5 1.9 0.4 0.2 0.2
Opaque 7.8 1.0 15.2 6.5 3.3 11.4 4.3 2. I

* rhyodacite

Table 9. Modal analyses of latite lavas of the
upper member of the Mount Baldy Formation.

Sample No. 8214 8218 8221 8225 8230

% phenocrysts 15.0 22.7 27.0 25.5 28.1
Quartz 3.5 .
Sanidine 19.3 27.7
Plagioclase 73.3 70.4 59.2 74.5 83.6
Biotite 4.0 1.7 8.1
Hypersthene 1.5
Pigeonite 2.6 2.6 3.7 11.3 0.7
Apatite 1.8 1.1 2.4
Opaque 20.0 2.2 7.4 4.9

Table 10. Modal analyses for the light latite lavas
ofthe upper member of the Mount Baldy Formation.

Sample No. 8201 8213 8217 8220 8222 8242

% phenocrysts 12.7 34.5 27.2 21.7 8.7 14.9
Quartz 2.3
Sanidine 33.8 5.7 15.2 55.8
Plagioc lase 25.9 63.7 88.2 73.7 80.4 27.9
Biotite 18.8 3.3 8.0 2.7 12.3
Hypersthene 10.4 4.5
Pigeonite 7.8 3.6 5.7 3.2
Apatite 3.1 2.8
Opaques 10.2 5.7 5.9 9.1 0.6
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Table 11. Modal analyses of rhyolite lavas of the
upper member of the Mount Baldy Formation.

Sample No. 8203 8235 8248

% phenocrysts 51.0 42.8 35.9
Quartz 4.6
Sanidine 62.7 22.4 96.2
Plagioclase 7.8 63.7 0.7
Hornblende 0.7
Hypersthene 3.1 8.4 1.8
Pigeonite 0.4
Apatite 0.2
Sphene 0.2
Spherulites 25.4
Opaque 1.7

Table 12. Chemical composition of plagioclase phenocrysts
(area 1) and the feldspar mantle (area 2) in sample 8235.

Element area I area 2

Ca 6.45 0.79
K 0.50 4.61

Na 9.72 4,92
Si 25.69 34.35
Al I I .82 7.07



Ca

Na

Si

Al

K
Figure IO.-Electron microprobe photographs of a portion of a feldspar phenocryst from sample ASU-8235.
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The crystal structure of the feldspars in selected flows
was determined to view their polymorphic modifications
following the procedure of Wright and Stewart (1968). The
polymorphs differ principally in their aluminum and silicon
distributions. High sanidine-high albite have essentially
random' AI-Si distributions whereas maximum microcline-
low albite have an almost complete ordered or nonrandom
AI-Si distribution (Deere, Howie, and Zussman, 1963,
p. 14). The Q. and c dimensions of theunit cell for alkali
feldspars of the upper member are plotted in figure II. The
dashed lines connecting end members represent alkali-
exchange paths.

Alkali-exchange paths of ordered feldspars should paral-
lel the high albite-high sanidine line, and only a few
samples do not follow this path. It is seen that most of the
feldspars plotted are of the high albite-high sanidine type
which is expected in volcanic rocks (fig. II). Unit cell
parameters for alkali feldspars of constant structural state
vary similarly and regularly with composition, and for any
given composition the unit cell volume varies only slightly
with a change in structural state (Wright and Stewart, 1968,
p. 64). Most of the variation may thus be attributed to
variation in the Na or K content of the alkali feldspar.

Alkali feldspars further provide an approximation of the
temperature of equilibration of the magma using the "geo-
logical thermometer" of Barth (1951). The geological
thermometer is based on the partition of albite between two
coexisting feldspar phases. Eight samples were selected to
determine the temperature at which the rock reached its last
equilibrium state; on cooling below the equilibration tem-
perature no reactions occur. This is not necessarily the

7.23
7.22
7.21
7.20
7.19
7.18
7.17

-3 7.16u

7.15
7.14
7.13
7.12
7.11
7.10

crystallization temperature of the rock. The eight samples
are of varying composition and the equilibration tem-
peratures are listed in table 13. The mean equilibration
temperature is 810°C.

Table 13. Equilibration temperatures of selected
feldspars using the Barth Geothermometer.

Partition Equilibration
Sample No. Rock name coefficient temperature

(OC)

8227 quartz latite 0.626 831
8229 latite 0.581 770
8230 latite 0.609 807
8231 alkali trachyte 0.545 722
8232 quartz latite 0.657 875
8233 alkali trachyte 0.612 812
8234 quartz latite 0.653 868
8235 rhyolite 0.599 794

Both hypersthene and pigeonite are present in many
flows, but clinopyroxene seems to be absent from the
trachyte and quartz latite flows. Pyroxene occurs as
subhedral to euhedral phenocrysts up to 0.5 mm and more
rarely as glomeroporphyritic aggregates up to 0.6 mm.
Pyroxene is also a common constituent of the groundmass.
Larger clinopyroxene phenocrysts occasionally have kely-
phitic rims of hypersthene. Hypersthene has an estimated
2V x between 50° and 60° suggesting a composition in the
range of En50 to En6o.

Clinopyroxene generally occurs as small phenocrysts 0.1
to 0.4 mm long and in the groundmass. Optic angles are
generally small ranging from 10° to 20° indicating that
pigeonite is the predominant clinopyroxene. In the light

8234

"' 0 "' 0 "' (0 "'~ a; a; ": '" c: c:
N N N N N '" '"~ ~ ~ ~ ~ ~ ~

b<A)

Figure 11.-Unit cell dimensions and alkali-exchange paths of selected feldspars from the Mount Baldy volcanic rocks.
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albite
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trachyte flows aegerine-augite is the principal pyroxene.
Brown to dark brown oxyhornblende phenocrysts up to

1 mm long (or opaque pseudomorphs after them) occur
in many flows. More rarely greenish-brown hornblende
phenocrysts are observed. Hornblende occurs primarily as
single crystals but may be present as aggregates of crystals.

Biotite occurs as single crystals up to 0.8 mm in
diameter. Often, biotite is associated with opaque minerals
and may be completely replaced by them.

Opaque minerals are abundant in the groundmass of all
lavas; they also occur as small phenocrysts up to 1 mm in
diameter. Apatite is extremely common as an accessory and
phenocrysts range in size from 0.1 mm to 0.3 mm. Not
uncommonly apatite may be included in aggregates of
biotite and plagioclase. Sphene is present as a minor
accessory mineral.
Alteration. Alteration is spotty and may be separated into
two classes-fumerolic and hydrothermal. Around the
present summit of Mount Baldy are areas of yellow and
brown to red-brown alteration. One approximately circular
area on the south ridge of the Mount Baldy summit is
composed of gray clay. Only residual mineral shadows are
evidence of the original volcanic rock. These areas of
alteration are thought to be the former position of fumeroles.
Hydrothermal alteration occurs in the upper reaches of
the East Fork of White River where light gray to purple
gray rocks contain disseminated pyrite and chalcopyrite.
Feldspars in these rocks show evidence of hydrothermal
alteration.

AGE OF THE VOLCANO

Two potassium-argon age determinations have been
made. In order to obtain some idea of the time during which
the volcanic activity ceased, a late-stage rhyolite flow from
the top of Mount Baldy was sampled and an age of 8.6 ±
0.4 million years (No. F-1966, Geochron Laboratories,
Inc.) was obtained on a concentrate of the alkali feldspar.
The second determination was a whole rock analysis of a
basalt overlying the Sheep Crossing Formation at Sheep
Crossing. An age of 8.9 ± 0.9 million years was obtained
(No. R-1l62, Geochron Laboratories, Inc.). Evidently the
basaltic eruptions were occurring in the area while the more
silicic lavas of Mount Baldy were being erupted. This is not
uncommon; even so, the range of the two dates overlaps so
the rhyolite date could be older than the basalt date.

The beginning of activity of the Mount Baldy Volcano is
presently difficult to place. It overlies the Oligocene-
Miocene rocks included in the volcanic-volcaniclastic rock
unit which has been faulted. It appears that the lavas were
erupted onto a surface of irregular relief. The age of the
major faulting along the southern edge of the Colorado
Plateau is thought to be about 12 million years which is the
time the Mogollon Rim was established as a drainage
divide (Paul Damon, oral commun., 1973). The Mount

Baldy Formation is essentially unfaulted and, therefore,
must be younger than the approximate 12-million-year age.
Thus, the lavas of Mount Baldy Formation are believed to
have been erupted between 12 and 8 million years ago.

SHEEP CROSSING FORMATION

The Sheep Crossing Formation (Merrill and Pewe, 1971)
is an epiclastic sedimentary formation which occurs on the
lower slopes of the mountain mass as patches, commonly
near the mouths of large valleys (pI. I). The unit has been
mapped over an area of about 600 km". The patchy distri-
bution suggests that the deposit has been extensively eroded
and the original surface is not preserved except perhaps
where overlain by basalt. The present thickness of the
formation varies from less than 1 m to as much as 100 m.

The type section for the Sheep Crossing Formation is a
railroad cut 700 m northeast of Sheep Crossing (near the old
Sheep Crossing Campground) immediately southeast of the
West Fork of the Little Colorado River. This formation is
named for Sheep Crossing, the nearest geographic feature.
The exposure is about 2 m high and consists of crudely
stratified, poorly sorted sand and gravel capped by basalt.
Work subsequent to that of Merrill and Pewe (1971) has
shown that the formation may be divided into two members.
The upper, Campground Member, represents the deposit
originally named the Sheep Crossing Formation and is here
named for the Sheep Crossing Campground. The lower
member is here named the Marshall Butte Member for the
hill of that name on the southwest side of Mount Baldy,
where a 97.4 m section of the member was measured
(pl. I). A description of the type section of the Campground
Member follows:

Thickness
Description (em)

Olivine basalt (age 8.9 ± 0.9 million years)

Sheep Crossing Formation: Campground Member
Brown fine sand with cobbles and boulders of pumiceous

dacite and andesite as large as 60 cm. Most about 15 cm
in diameter or less. 42

Buff to brown fine sand with abundant andesite and
dacite cobbles 39

Medium-sorted, red-brown sand 3
Dark yellow-brown sand to gravel containing subrounded

cobbles of pumiceous dacite, perlitic dacite, and andesite
up to 10 cm in diameter 55

Red-brown coarse sand and gravel becoming browner
towards the bottom; subangular to angular cobbles and
boulders of dacite, andesite, and pumiceous dacite 28

Gray to gray-brown sand and gravel with subangular
cobbles and boulders of dacite and andesite 42

Gray-brown sand and gravel with subangular cobbles and
boulders of dacite (30 em max .), and lower sedimentary
formation (45 em max.) 45

Gray-brown sand with gravel lenses containing subangular
to angular dacite, pumiceous dacite, andesite, and lower
sedimentary formation 50

Marshall Butte Member 20 :

Bottom of exposure
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A - gravel
B - sandy gravel
c - gravelly sand
o - sand
E - muddy sand
F - gravel-sand-mud
G - muddy sand
H - gravelly mud
I - sandy mud
J - mud = silt + clay

100%
SILT+ CLAY

EXPLANA TION

a -fluvial (Qf)
• -lucustrine (QI)
• -colluvium (Tsc)
• -Baldy Peak till (Qb)
n -Smith Cienega till (Qs)

Boulders as large as 6 m in diameter occur in various
stages of exhumation and include all the volcanic types
found on Mount Baldy. Unweathered cobbles and boulders
are subrounded to angular. At the type locality latite and
quartz latite boulders are present in approximately equal
abundance; at the base of the section at Sheep Crossing
clasts of the underlying Marshall Butte Member are
present. At some localities quartz latite is the predominant
clast lithology and at others, latite or trachyte. Basalt rarely
occurs in the formation, but basaltic cinders and lava flows
often overlie the unit. Representative boulder counts are
presented in table 15.

Table 15. Boulder counts in percent in colluvium
from the Mount Baldy area.

Rock type Station No. (pI. I)

13 30 36 59 66 78 81 109
Basalt (QTb) 5 24 I7 20 10 29
Light latite (Tmu) 25 55 53 60 58 80 58 42
Quartz latite (Tmu) 57 20 14 14

20 Latite (Thl) 13 20 30 27 10 3 45

00 0

100% IS. A n °n·o
0 100%

GRAVEL • D' ·0 SANO

50%

Figure 12.- Ternary diagram showing the relative amounts of gravel,
sand, silt, and clay in samples from the White Mountains, Arizona. An
explanation of the fields is given above the diagram. (Modified from
Shepard, 1954.)

The Marshall Butte Member consists of interbedded
laharic breccia, sandstone, gravel, air fall tephra, and
abundant diamicton units which were apparently deposited
as mudflows. At the type locality the Marshall Butte
Member is underlain and overlain by basalt.

LITHOLOGY AND TEXTURE

CAMPGROUND MEMBER

The Campground Member of the Sheep Crossing For-
mation is a poorly sorted sand and gravel which is here
classed as a gravelly sand (fig. 12). Crude stratification and
a graded size distribution is locally present. Statistical
parameters are given in table 14. Size fractions smaller than
-4<1> were used in the analyses.

Table 14. Descriptive measures (Folk and Ward, 1957) of particle size
distributions of sediment types from the Mt. Baldy area.

Sediment type

Parameter
Sheep

Crossing
Fm. (Tsc)

Smith
Cienega

Till
Lake

sediments

Baldy
Peak
Till

Outwash

Median in phi
Mean in phi
Sorting
Skewness
Kurtosis

0.225
0.362
2.590
0.142
0.920

-0.709
-0.643

2.246
0.239
0.817

1.260
1.235
2.345

-0.005
1.155

7.100
6.763
2.460
0.002
1.074

1.058
0.529
2.946

-0.223
0.813

Soil development is commonly deep; the base of the B
horizon is usually at least 60 em deep. Characteristically,
boulders weather above the surface by spalling or exfolia-
tion, leaving a platform below the ground surface, and
cavernous weathering is common. Holes form around
structural weaknesses and easily weathered minerals and
develop to as much as 30 em in diameter and 10 em in
depth. The advanced state of weathering of the boulders
suggests a great antiquity for the deposit.

MARSHALL BUTTE MEMBER

The character of the Marshall Butte Member is extremely
varied. Unlike the overlying Campground Member, it is
stratified. Figure 13 illustrates the complete unit at Marshall
Butte. The basal 11 m of the exposed sedimentary section
overlies a basalt flow, and consists of basaltic cinders
and conglomeratic sandstone containing basalt framents.
Upward in the section, the sandstone becomes more
tuffaceous, and some metamorphic fragments occur. This
lower portion of the section is thought to be part of the pre-
Mount Baldy volcaniclastic unit. Quartz latite fragments
up to 0.3 m in diameter occur about 26 m above the base of
the section and the base of the Marshall Butte Member is
placed here. It is the first indication that epiclastic sedi-
ments were being transported off the flanks of the Mount
Baldy Volcano.

Bedded lahars about 0.5 m to 1 m thick occur above the
base of the Marshall Butte Member. Commonly the top 10
em of each lahar is graded. The deposit is usually light to
dark medium gray (N 8 to N 6) although it may have a
brownish cast. The lahar units are what Merrill (1970)
reported from north of Sheep Crossing (fig. 14). About 40
m above the base of the measured section, diamicton
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Figure I3.- Type section of the Marshall Butte member of the Sheep
Crossing Formation (33°48'30"N, I09"46'30"W, Corn Creek Plateau
Quadrangle) .

becomes more common; the diamicton is interbedded with
bouldery sandstone. Clasts throughout are latite, trachyte,
and quartz latite of the Mount Baldy Volcano.

Exposures north of Sheep Crossing and near Phelps
Cabin contain boulders of quartz latite as large as 2.5 m in
the conglomerates (Merrill, 1970). Quartz latite pumice
and perlitic glass fragments as large as 10 cm are present,
together with boulders and cobbles of the lower member of
the Mount Baldy Volcanics which are all set in a matrix of
glass and sand fragments. East of Phelps Cabin (pl. I) the
light gray sediments are overlain by brown sediments con-
taining' cinders and bombs as well as quartz !atite, glass,
and pumice (fig. 15).

Another unit described by Merrill (1970) as Tertiary ash
is now thought to be part of the Marshall Butte Member.
The ash was mistaken by Melton (1961) to be till of pre-
Wisconsinan age. His description follows:

The evidence for an older glaciation is a deposit of till in a
railroad cut approximately 1.2 miles south of Sheep Crossing on
State Highway 273. The outcrop is at an elevation of 9,300 ft.,
about 5 miles northeast of Baldy Peak. The exposure is 6 feet high,
weathered to the base, and is capped by a well-developed yellow
brown podzolic soil or paleosol. (E.A. Fitzpatrick, field identi-
fication). Up the hill and back from the outcrop basalt flows and a
red cinder deposit overlie the till; the contact is obscured by black
soil wash.

The till contains cobbles and boulders of volcanic rocks of sev-
eral types. Most notable are boulders up to 8 feet in diameter of
porphyritic dacite, which were evidently brought from outside the
immediate area, as the nearest known outcrop of dacite is about 3
miles away. The topography is too gentle for transport of the
largest boulders either by streams or in landslides. (Melton, 1961,
p.I279).

He states further that the age must be pre-Wisconsinan
because of the "degree of soil development, depth of
weathering, and decay of the contained rocks."

Melton apparently neglected the fact that till-like deposits
are quite common in volcanic areas (Dickinson, 1965;
Crandell and Waldron, 1956; Mullineaux and Crandell,
1962; Waldron, 1967; Schmincke, 1967; White and Lor-
enzo, 1968; Updike, 1969; Pewe and Updike, 1970).
Decay of the pumice caused the ash deposit to resemble a
geosol. This deposit contains abundant fragments from the
lavas of the Mount Baldy Volcano. Similar exposures are
found in isolated localities around Mount Baldy. Com-
monly the ash is directly associated with the stratified
epiclastic sediments of the Marshall Butte Member and is
consequently included in that unit.

The ash generally consists of pumice which mayor may
not be altered to clay. The boulder to granule inclusions are
composed of about 75 percent quartz latite and 25 percent
latite and trachyte. The grayish-yellow to dark yellowish-
orange (5Y 8/4 to 10 YR 6/6) color of the deposit is attrib-
uted to the decayed pumice matrix. The clay and pumice
may have sand intercalations.

ORIGIN

Deposits similar to the Sheep Crossing Formation are
forming today in areas of currently and recently active
volcanoes whose slopes are commonly blanketed with
colluvium. These deposits have been reported from the
slopes of Popocateptl and Itazzichautl near Mexico City,
Mexico (White and Lorenzo, 1968), and are forming today
on Irazu Volcano, Costa Rica, as well as other currently
active or dormant volcanoes (Waldron, 1967). Similar
deposits are preserved as large fans in the San Francisco
Peaks, Arizona, and are included in the Sinaqua Formation
by Pewe and Updike (1970).

The Sheep Crossing Formation consists of three types of
deposits-fluvial, colluvial, and pyroclastic. The bulk of
the formation is thought to have been deposited by fragmen-
tal debris flows initiated on the upper slopes of the volcano ..
These flows act as heavy fluids controlled by topography
and gravity. Fluidity in such flows, which are generally
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Figure 14.-Exposure of the Marshall Butte Member in a borrow pit on the northeast side of state route 273. (Photograph no. 2605 by T. L. Pewe,
June 12, 1968.)

cold, is due to trapped water; in landslides, which are essen-
tially dry, movement may depend on a trapped layer of
basal air (Shreve, 1968). Movement of debris from the
upper slopes may also occur by creep and wash. Waldron
(1967, p. 22) indicates that these flows travel at veloci-
ties approaching 10 rn/sec. A second type of fragmental
flow responsible for the the deposition of the Sheep
Crossing Formation is the nuee ardentes, or glowing
avalanche and lahar. In these types of flows, debris is
transported as a hot fluid and velocities may approach 131
m/sec as at Montagne Pelee (Lacroix, 1904).
Because of the high fluidity of these fragmental flows,
they are capable of transporting all grades of material. The
higher the viscosity of the fluid the larger the size fragments
it can transport. The resultant deposit is difficult to distin-
guish from glacial till, and both textural and physical char-
acteristics must be used to differentiate between these types
of colluvium and till.

It is impossible to separate samples of till and mudflow
deposits on the basis of their position in the two scatter
diagrams (fig. 16, 17). Lack of textural distinction between
till and other types of diamicton is further supported by
figure 18. Plots of all the frequency distribution curves for
sediments identified by field relations fall in three mutually
overlapping fields. As in figures 16 and 17, the texture of

the colluvium is intermediate between that of the two tills.
Table 14 illustrates the Folk and Ward Parameters for vari-
ous sediment types in the White Mountains.

The colluvium was originally misinterpreted by Melton
(1961) and Finnell and others (1967) to be outwash and till
of pre-Wisconsinan age. The distinction between colluvium
and till has been a problem in other areas as well. Crandell
and Waldron (1956) reinterpreted the origin of the Osceola
"Till" near Mount Rainier, Washington, as being a debris
flow, and their criteria were helpful for distinguishing till
from colluvium by the field relationships and include:

1. a graded size distribution
2. lack of morainal topography
3. age of deposit
4. distribution of the deposit

The Cerro "Till" in Colorado has also been interpreted to
be of nonglacial origin. Dickinson (1965) describes this as a
landslide deposit. The Cerro "Till" was not in volcanic
terrain so the problem is not unique to volcanic areas and
investigators must be constantly aware of the problem.

Two criteria for differentiating till from the Sheep
Crossing Formation are the lack of morainal topography
and the distribution of the deposits. In a few places moraine-
like forms are present due to dissection of the deposit. The
Sheep Crossing Formation is generally distributed at the
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Figure 15.-East-West cross section across the Big Lake garbage dump.
On the east the Marshall Butte Member is overlain by basalt. Because of
the singular basaltic lithology, the cinders on the west are probably
similar in age to the basalt cap on the Marshall Butte Member. The
borrow pit has now been filled to the level of the dashed line.

mouths of larger valleys regardless of the elevation at the
head of the valley-an important consideration when con-
sidering the effect of snowline on glaciers. Glaciers could
not have possibly formed in some valleys which presently
have diamicton deposits at their mouths because they head
at or below the elevation of the lowest snowline suggested
by other evidence-IO,OOO feet (3,050 m). Reconstruction
of the distribution of the deposit before dissection suggests
that it was present as large "colluvial fans" on the flanks of
the volcano (fig. 19).

Boulders present necessarily represent rock types up-
valley from that station. No correlation could be made
between the position of a station within a valley and the
occurrence in outcrop of that rock type upvalley . This is
attributed to the lack of detailed knowledge of the bedrock
geology-i.e., mapping individual flows. Absence of a spe-
cific rock type at a station suggests that it had not been
extruded yet, or that it was covered by later flows when the
colluvium was sloughing off the slopes of the volcano.
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Figure 19.-Inferred sketch of the Mt. Baldy volcano during the late Miocene time. Large "colluvial fans" occupy the valleys around the volcano.

Basaltic cinders were blown from nearby vents, and basaltic
fragments came from flows in the immediate vicinity.

The presence of primary airfall tephra intercalated in the
Marshall Butte Member indicates that the lower part of the
Sheep Crossing Formation was deposited while the volcano
was still active. The lack of primary volcanic debris in the
Campground Member suggests that this may have been
deposited shortly after the volcano ceased its activity.
Primary pyroclastic debris is inherently suitable for mass
transport by fragmental debris flows-either hot or cold.
Because of the lack of suitable soil, vegetation is generally
scarce to nonexistent on the upper slopes of volcanoes.
Lava flows are inclined away from the vent facilitating
plucking of blocks on the uphill side of the lava flow by
fastmoving debris flows, and the pyroclastic debris is also
inclined towards the base of the mountain. Lack of vegeta-
tion allows material to begin moving easily, and material
is subsequently easily incorporated in the fragmental flow
because of its lack of induration or inclination or both.

Both catastrophic and gradual movements occur. Cata-
strophic movements are initiated in a number of ways.
Crandell and Mullineaux (1967) feel that many debris flows
are initiated by the explosive ejection of material from the
volcano itself. These disturbances decrease the stability
of surficial material to a point where flow occurs. Mass
movements take the form of mudflows, if saturated, lahars
if hot, or perhaps landslides, if dry, which may travel on an
entrapped basal air layer (Shreve, 1968). All gradations
between wet and dry movements occur. Flow may also
occur as ash flow clouds or base surge flows. Airfall tephra
may also be added to the deposit.

Once set in motion the heavily silt-laden flow has trans-
porting power out of proportion to its size. The suspended
load constitutes as much as 60 to 70 percent by weight of a

mudflow (Waldron, 1967, p. 22), and much material is
constantly added as it flows downslope, increasing its size
and power. Boulders as large as 200 tons can move under
the influence of these flows (Waldron, 1967, p. 23). Flows
tend to follow pre-existing drainages and may be deposited
as fan-shaped bodies in valleys cut in the sides of the
volcano (fig. 19).

The second type of movement on the "colluvial fans" is
creep. Constant addition of material in the upper reaches of
the fan by continuing volcanic eruption facilitates general
downslope movement. Movement of blocks is aided by a
thin layer of saturated argillaceous material beneath a
boulder. Sharpe (1938) reported that boulders can move in
this manner on slopes of less than 5° .

Trowbridge (1911) thought that boulders will move
downslope on alluvial fans by water undercutting uncon-
solidated material on the leeward or downhill side of a
boulder. Gravity eventually initiates motion which is per-
petuated by the pressure of water and debris behind it.
Large boulders are exceedingly common on the surface of
the Sheep Crossing Formation today and were undoubtedly
plucked from the backscarps of lava flows by mudflows as
the flows rushed down the volcano's side. Streams cut the
valleys in which the fans formed, but the complete role of
fluvial activity cannot be estimated at the present time.

In summary, at least part of the Sheep Crossing Forma-
tion originated during the time the Mount Baldy Volcano
was erupting. Loose pyroclastic debris and pieces of solid-
ified lava were set in motion by explosions or heavy rains.
The debris traveled down the slopes of the mountain in
existing drainages at high velocities, incorporating huge
boulders as it descended, and was deposited in large "col-
luvial fans" where the gradient of the valleys decreased at
the bottom of the mountain. Creep was undoubtedly active
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during those times the debris flows were inactive and con- years old, which poured over the surface of the deposit
tributed to the large volume of sediment which is herein during late Tertiary or Quaternary time, or both, has been
known as the Sheep Crossing Formation. eroded in many areas exposing the Sheep Crossing Forma-

tion beneath it.
AGE The formation overlies latite of the Mount Baldy Vol-

The Sheep Crossing Formation was deposited during the cano, and the basal Marshall Butte Member is known to
history of the active volcano, prior to 8.6 ± 0.4 million overlie earlier sediments and volcanics thought to have been
years and shortly after it became dormant or extinct. The deposited prior to about 12 million years ago. Thus, the
formation has been extensively dissected; exposed boulders age of the Sheep Crossing Formation is probably middle to
are deeply weathered. Basalt, dated at 8.9 ± 0.9 million late Miocene.

Table 16. Chemical and normative composition of the younger basaltic rocks.

Sample No. 8206 8208 8210 8228 8243 8250 8252 8253 8255 8256 8257

weight percent of ox ides

Si02 ............. 46.32 43.85 46.76 47.54 46.37 46.85 44.98 50.68 48.08 44.61 48.04
AI203 .............. 18.21 16.28 16.58 18.44 16.61 16.98 16.65 14.70 18.45 16.45 17.90
total Fe as FeO 13.46 15.14 11.67 8.76 11.18 10.95 11.44 11.31 10.59 11.63 '!X6
MgO ... . . . . . . . . . . . ... .. .... . 5.03 5.66 6.47 5.26 6.35 5.47 6.67 5.79 5.24 6.69 5.93
CaO 10.18 10.18 11.21 9.14 10.85 10.45 9.45 7.30 7.32 10.87 7.35
Na20 3.75 2.32 3.93 3.71 3.37 3.73 3.79 3.03 4.73 3.10 4.69
K20 ......................... 0.46 0.92 0.10 1.72 1.63 2.08 2.44 2.06 2.06 2.42 2.06
H2O ......................... 0.64 2.42 0.61 0.86 1.34
Ti02 2.16 2.15 2.56 1.69 2.20 2.42 2.34 2.31 2.08 2.14 1.84
MnO. ............. 0.26 0.25 0.26 0.19 0.21 0.18 0.20 0.19 0.21 0.23 0.21

total 100.47 99.17 100.15 97.31 100.11 99.11 97.96 97.37 98.76 98.14 97.88

norm.uivc composition» (CIPW)

Q ........................
C ................
Or ........................ 2.33 4.28 0.50 9.12 8.37 10.68 12.47 9.17 10.60 12.39 10.63
Ab ................... 23.73 16.39 22.92 22.81 15.47 14.15 9.13 20.50 23.33 5.83 22.73
An . ......................... 27.01 24.63 23.09 25.67 19.69 20.39 18.35 15.40 20.06 20.65 18.96
Ne ........................... 2.57 3.46 3.55 5.41 7.48 10.15 6.83 9.15 7.03
Wo .......................... 8.15 7.56 11.97 7.52 13.55 12.34 11.10 5.95 5.79 13.04 6.44
En ................. 5.48 18.98 9.48 5.88 10.64 9.50 8.82 25.58 4.34 10.18 5.03
Fs . 2.67 9.21 2.48 1.64 2.91 2.85 2.28 13.16 1.44 2.87 1.42
Fo ................ 9.40 3.33 9.39 10.41 8.40 6.91 11.08 0.30 11.41 9.82 12.84
Fa ................ 4.57 1.62 2.46 2.91 2.30 2.07 2.86 0.16 3.79 2.77 3.62
Mt 7.65 8.10 6.72 5.19 6.60 6.30 6.72 3.73 6.10 6.85 5.71
Hm ..............
II ... .. . . . . . . . . ... 6.45 5.89 7.54 5.28 6.66 7.33 7.05 6.06 6.31 6.46 5.60

total 100.01 99.99 100.02 99.98 100.00 100.00 100.01 100.01 100.00 100.01 100.01

salic . . . . . . . . . . . . . . . . . . ...... . 55.64 45.30 49.97 61.15 48.94 52.70 50.10 45.07 60.82 48.02 59.35
femic ................. , .... ,' 44.37 54.69 50.05 38.83 51.06 47.30 49.91 54.94 39.18 51.99 40.66
total plagioclase. 50.74 41.02 46.01 48.48 35.16 34.54 27.48 35.90 43.39 26.48 41.69
percent An in plagioclase 53 60 50 5~ :;6 59 67 43 46 78 45

8206 Pigeonite andesine basalt; SW, SE, See 29. T7N. R27E; Mount Ord Quadrangle
8208 Olivine basalt; SE, NW. See 32, T7N, R27E; Mount Ord Quadrangle
8210 Olivine andesine basalt; NW, NE, See 26. T7N. R26E; Mount Ord Quadrangle
8228 Andesine basalt; SW. NW, See 14, T6N, R27E; Nutrioso #2 NW Quadrangle
8243 Olivine andesine trachybasalt; SW, SE. See 8. T6N. R25E; Hawley Lake East Quadrangle
8250 Andesine trachybasalt; NE, SE. See 27. DN, R27E; Nutrioso #2 NW Quadrangle
8252 Basanite; E, W. See 36, T7 ,R26E; Mount Ord Quadrangle
8253 Olivine andesine trachybasalt; SW, SW. See 24. T8N, R27E; Greer Quadrangle
8255 Tephrite; NE, SW, See 30, T7N, R26E; Hawley Lake East Quadrangle
8256 Basanite; NW, SW, See 17. T7N. R26E; Hawley Lake East Quadrangle
8257 Olivine andesine trachybasalr; SW. NW, See 31, T7N, R26E; Hawley Lake East Quadrungle
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THE YOUNGER BASALTS

GENERAL CHARACTER

Surrounding Mount Baldy and Mount Ord are cinder
cones and lava flows of basaltic composition which com-
pose the bulk of the White Mountain Volcanic Field. Basalt
occurs as dikes on the lower slopes of the Mount Baldy
Volcano and forms extensive flows away from the lava
cone. Basalt of this age overlies the early volcanic and
volcaniclastic rocks, the Mount Baldy Formation, and the
Sheep Crossing Formation (pI. 1). Where the relationship
of basaltic rocks to the epiclastic and volcanic rocks of the
Mount Baldy Volcano is unclear, it is difficult to differenti-
ate the younger basalts from the early basaltic rocks which
lie stratigraphically below the Mount Baldy Formation.

Flowscarps often form cliffs as high as 15 m, and joint-
ing allows frost action to work on these cliffs producing
talus slopes at their bases. The maximum thickness of basalt
exposed in the valley of the Little Colorado River north of
Greer is greater than 150 m. Basalt underlies the broad, flat
cienegas characteristic of the White Mountain region. Local
accumulations of tephra in cinder cones may exceed 200 m.

PETROLOGY

Basalt occurs as cinders, agglomerate, intrusives, and
flows. Basalt flows are commonly medium gray to grayish-
black (N5 to N2). The basalts may be classified, using
Rittman's chemical classification, into three broad cate-
gories: 1) basalt, 2) trachybasalt, and 3) basanite. Chemical
analyses of selected samples of the younger basalts are
given in table 16.

The younger basalts are hoiocrystalline with a trachytic
texture being the most common. Some flows exhibit a
pilotaxitic texture and more rarely an hyalopilitic texture.

Table 17. Modal composition of selected
samples of the younger basalts.

8206 8208 8210 8211 8243

4 phenocrysts 38.1 14.8 22.9 39.0 27.1
Plagioclase 68.2 32.4 63.6 71.7 35.1
Olivine 24.1 67.5 35.2 24.1 41.7
Augite 1.1 20.8
Opaque 7.6 4.1 2.1

Modal analyses of selected basalt samples from the
White Mountain area are given in table 17. Phenocrysts
constitute 15 to 40 percent of the rock. Olivine occurs as
phenocrysts and occasionally in the groundmass, the sub-
hedral to euhedral crystals rarely exceed 0.7 mm. Olivine
phenocrysts constitute about 10 percent of the rock and may
be altered to iddingsite. The large optic angle of the olivine
suggests the dominant olivine is forsterite .(F08o).

Plagioclase phenocrysts occur as large as 2 mm but are
generally less than 0.6 mm. The plagioclase phenocrysts may
exhibit zoning, and the anorthite content varies between 50

and 65 percent. Further, the large plagioclase phenocrysts
may be partially melted. Augite is seldom present as pheno-
crysts but is usually limited to the groundmass.

AGE

The effusion of basaltic rocks probably represents a con-
tinuation of basaltic eruptions which extruded lavas during
pre-Mount Baldy time, and it is difficult to differentiate the
two units by lithology in the field. The younger basalts tend
to have a lower silica content and a higher percentage of
normative nepheline.

A wide range in age of the younger basalts of the White
Mountain Volcanic Field is suggested by their variety in
surface expression. Flows between Springerville and St.
Johns, Arizona commonly have a very thin soil developed
and spatter cones and pressure ridges are locally preserved;
fragments of basalt litter the surface. These flows are com-
parable to the Stage 3 flows of the San Francisco Volcanic
Field which are of late Pleistocene age (Colton, 1967;
Cooley, 1962; Updike and Pewe, 1974) or Tappen age of
Moore and others (1974). The basalt flow forming the sur-
face at Greer Lakes has an age of about 3 million years.
Closer to Mount Baldy, spatter cones and pressure ridges
are absent, but the surface is dotted with small mounds 0.6
m high and 3 to 6 m in diameter. Also, soil has developed to
a thickness of 22 to 35 em and may be as deep as 1 m in
favorable localities.

At Sheep Crossing (pI. 1), on the flank of Mount Baldy,
a basalt unconformably overlying the Sheep Crossing
Formation has been dated as 8.9 ± 0.9 million years old
by the potassium-argon method (Geochron Laboratories,
No. R-l162). Preservation of surface features such as
spatter cones and pressure ridges on this tlow is consistent
with an early Pliocene-late Miocene age. Basalt flows
which have a heavy vegetative cover and deep soils prob-
ably have some antiquity.

The younger basalts are considered to have erupted in-
termittently from early Pliocene-late Miocene time through
the Pleistocene, and perhaps into the Holocene. Thus,
basalt lava flows in the White Mountains correlate with
basalts in the San Francisco volcanic field classified as
"basalt of Cedar Ranch" group, Woodhouse age group,
and Tappen age group (Moore and others, 1974; Pewe and
Updike, 1976).

CHEMICAL CHARACTERISTICS OF THE WIDTE
MOUNTAIN VOLCANIC SUITE

DIFFERENTIATION TRENDS

High total alkalis (fig. 20) is the most outstanding
chemical characteristic of the Mount Baldy Volcanic Suite.
The Peacock (1931) alkali-lime index is about 52, clas-
sifying the rock suite as alkali-calcic but near the alkalic
boundary.
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Figure 20.-- Total alkalis as a function of Si02. The dashed line represents
the boundary between the tholeiitic and alkalic fields from MacDonald
and Katsura (1963). X represents the pre-Mount Baldy volcanic rocks,
+ represents the lower member of the Mount Baldy Formation; 6 repre-
sents the upper member of the Mount Baldy Formation, and mrepresents
the younger basal tic rocks.
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Figure 21.--Standard variation· diagram for the oxides of Ca, Na, and
K. X represents pre-Mount Baldy volcanic rocks, + represents the
lower member of the Mount Baldy Formation, 8 represents the upper
member of the Mount Baldy Formation, and [!J. represents the
younger basaltic rocks.
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the pre-Mount Baldy volcanic rocks, + represents the lower member of
the Mount Baldy Formation, 6 represents the upper member of the
Mount Baldy Formation, and [')represents the younger basaltic rocks.

Standard variation diagrams (figs. 21, 22, and 23) illus-
trate that the chemistry follows what might be considered a
normal trend except for sodium and calcium. The Mount
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Figure 24.- Ternary plot of Na20, K20, and CaO. 0 represents the
pre-Mount Baldy volcanic rocks, X represents the lower member of the
Mount Baldy Formation, ~represents the upper member of the Mount
Baldy Formation, and Orepresents the younger basalts.
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Figure 25.- Ternary plot of total alkali (A), total Fe and FeO (F), and
MgO (M). 0 represents the pre-Mount Baldy volcanic rocks, X repre-
sents the lower member of the Mount Baldy Forrnation.zs represents the
upper member of the Mount Baldy Formation, and Qrepresents the
younger basaltic rocks.

Baldy Formation exhibits an apparent initial depletion in
calcium and enrichment in potassium in the lower latite
member, and the upper member is depleted in calcium and
enriched in potassium relative to the general trend as the
percentage of Si02 increases. Magnesium seems to parallel
the calcium trend, but the initial depletion of Mg in the
lower latite is not as pronounced. Changes in sodium do
not seem as striking as changes in Ca and K (fig. 21). The
Na-Ca-K diagram (fig. 24) documents an enrichment of Na

F
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Figure 26a.-AMF diagram for orogenic rocks (from Turner and Ver-

hoogen, 1960) compared to the trend of the White Mountain volcanic
rocks. Solid line = southern California batholith; dashed line = Cas-
cade province, MI. La sen; dotted line = Cascade province, Crater
Lake and MI. Shasta.
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Figure 26b.-AMF diagram for the trend of non-orogenic rocks (from

Turner and Verhoogen, 1960) compared to the trend for the White
Mountain volcanic rocks. Solid line = Skaergaard; dashed line =
diaba e-granophyre series, Dillsburg, PA; dotted line = alkuli-busult-
trachyte series, Hawaii.

with respeci to K in the more silicic rocks. The more
common trend is towards the K end member.

The AMF diagram (fig. 25) for rocks in this volcanic
suite provides evidence for a non-orogenic origin for the
magma. The trend of the volcanic sequence may be com-
pared with trends reported by Turner and Verhoogen (1960)
for orogenic and non-orogenic rock suites (fig. 26), and we
see that differentiation within the White Mountain volcanic
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Figure 27 .-NKC diagram for the trend of alkaline rock series compared
to the White Mountain volcanic series (open circles). WW = the
Kilamenjaro series (Baker, et al., 1972); XX = the Polynesian alkaline
series; YY = the Hawaiian alkaline series; and ZZ = the Scottish
Teniary Province (Turner and Verhoogen, 1960).

suite is most similar to trends of non-orogenic rock suites.
The NKC differentiation trend of the Mount Baldy suite is
most like that of the Polynesian alkaline series (MacDonald,
1944) and the Kilamenjaro series (Baker et ai., 1972), both
of which are mildly alkalic volcanic suites (fig. 27).

ORIGIN OF THE MAGMA

The alkali-calcic nature of the White Mountain volcanic
suite and its differentiation trends suggest that the rocks of
the White Mountain volcanic sequence were derived from a
deep-seated primitive magma in a tensional tectonic envi-
ronment. Hatherton and Dickinson (1969) demonstrated
that the K20 value at 55 or 60 percent Si02 ratio in island-
arc andesite suites increases systematically with increasing
depth to the Benioff Zone, and although this model was
developed for a compressive tectonic regime, it is perhaps
useful to determine the point of origin for the White Moun-
tain magma. They used the K20 percentage at 60 percent
Si02 as an index of the depth to the ancient Benioff Zone,
presumably where magma is being generated. The K20
percent at 60 percent Si02 in the White Mountains is 3.91
which corresponds to a depth of 340 km. Lipman and others
(1972) hypothesized that similar relationships hold for the
western United States, so according to their ideas, the depth
to the subduction zone would have been about 340 km.

The problem of the origin and composition of the magma
from which the Mount Baldy lavas originated is a complex
one. In figure 21 there is a gap in the Na-Ca-K differentia-
tion trend, and a similar gap occurs in the AMF trend (fig.
25). The latter gap is less obvious because the early vol-
canic rocks in the White Mountain area tend to plot in this
gap and there are a few rocks havi ng a composition inter-

mediate to basalt and alkali trachyte. The lack of a continu-
ous differentiation sequence suggests that the volcanic suite
is not a product of fractional crystallization of a primitive
olivine basaltic parent and that mantle or crustal assimila-
tion played a major role in determining the composition of
the magma. Following the ideas of Baker and others (1972)
for the Kilamenjaro volcanic series, perhaps the best solu-
tion for the production of the magma is partial melting in
the mantle or lower crust. Other evidence suggests that the
upper mantle is a likely site for the origin of the White
Mountain magma. Strontium isotopes and trace element
analysis of the White Mountain suite will be helpful in
resolving this problem.

Bailey (1964) hypothesized that relief of pressure beneath
regions of crustal uplift causes partial melting of alkali
basalt in the lower crust and facilitates extraction of volatiles
from the mantle. Under Bailey's hypothesis the volatiles
could reduce the viscosity of the melt which would then
migrate to the surface. However, Harris (1969) indicated
that even 0.1 percent H20 causes melting to proceed slower
as pressure is reduced, producing a much smaller volume of
magma than required to construct the volcanic pile.

Harris (1969) thought that a magma would be produced
by the mechanical uplift of hotter solid material from below
into a zone of lower pressure where its temperature is now
greater than that of initial melting. In the case of the White
Mountain volcanic suite this zone of lower pressure could
have been associated with the formation of the Colorado
Plateau and Basin and Range Provinces. Mantle material
moving into this zone would then melt. Subsequent to the
formation of the magma there was likely a long residence
time in the mantle during which the magma was equilibrat-
ing. This period would be followed by a period of ascent
and eruption.

In figure 24 we note that there is a break in the Na-Ca-K
trend between the basaltic lavas and the latite lavas. In
figure 25 the pre-Mount Baldy lavas fall intermediate to the
two groups. Figure 24 suggests that the parent magma to the
Mount Baldy volcanic rocks was intermediate in composi-
tion; no continuous trend ex ists. From figure 21c and figure
26 it is evident that the K content of the lavas did not change
significantly as the magma differentiated which leads to an
apparent increase in sodium at the more salic end of the
differentiation trend. Crystallizat ion of hypersthene or
olivine and plagioclase from a magma of trachyandesite
composition could result in the observed trends. The impor-
tant mineral which was removed from the system was prob-
ably Ca-rich plagioclase as the parent magma to the Mount
Baldy volcanic suite differentiated.

REGIONAL CONSIDERATIONS

Figure 28 compares differentiation trends for various
volcanic suites of three ages in Arizona and New Mexico.
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The middle Cenozoic Blue Range volcanics and the Super-
stition volcanics closely parallel each other suggesting a
common origin in perhaps a compressive tectonic environ-
ment. Both fields are of Oligocene-early Miocene age.
Again, the Mount Taylor lavas and the San Franciscan
volcanic suite approximate each other and both are of late
Cenozoic age. These two suites are more typical of a
tensional tectonic environment. The White Mountain vol-
canic suite compares to neither trend, although in the more
salic portion it appears close to the late Cenozoic trends in
the AMF diagram. Very little similarity exists between the
other fields and the White Mountains in the Na-Ca-K dia-
gram. The late Cenozoic lavas postdate the delineation of
the Colorado Plateau. It is possible that the White Moun-
tain magma was extruded during a time when disequilib-
rium still existed in the upper mantle following the
formation of the Plateau. The later lavas of the Mount
Taylor and San Francisco fields may have been erupted
after a more stable environment was established in the
upper mantle and those magmas had come to equilibrium.

The origin of the Mount Baldy lavas may also be
compared to others in the western United States. If one
assumes that the relationship of Hatherton and Dickinson
(1969) holds for continental volcanism, the approach used
by Lipman and others (1972) and Christiansen and Lipman
(1972) may be followed. They contend that in two belts
there is a systematic increase eastward in the K20/Si02 ratio
in the western United States. The presumed depth to the
subduction zone at 340 km is not consistent with the east-
ward dipping subduction zone of late Cenozoic age, postu-
lated by Lipman and others (1972, p. 235). The area of the
White Mountains has undergone the transition from calc-
alkali to fundamentally alkalic volcanism by the time the
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Mount Baldy lavas were extruded. This would indicate that
the White Mountain volcanic suite originated under a ten-
sional tectonic environment rather than the compressive
tetonic environment which produced the earlier Basin and
Range volcanics.

There are problems involved with Lipman and Christian-
sen's interpretations, not the least of which is the contour-
ing of the K20!Si02 ratio or depth to the subduction zone.
Although there is general agreement, many values do not fit
into their interpretation suggesting that the tectonic and
volcanic evolution of the western United States is not as
simple as they suggest. The White Mountain volcanic suite
is typical of a tensional tectonic environment. Stresses
could have been produced as subduction terminated. "The
presence of a deep-seated slab of lithosphere no longer in
dynamic equilibrium with subduction but being heated, and
possibly undergoing phase changes, may have caused this
uplift" (Christiansen and Lipman, 1972, p. 276). How-
ever, other hypotheses explain the observed data as well.
These include: J) the Basin and Range as an· extension of
the East Pacific Rise (Menard, 1960, 1964; McKee, 1971);
2) rising diapirs of mantle or fused crust mantle material
(Dietz, 1961; Hess, 1962, 1965; Vine and Matthews, 1963;
Vine, 1966; Green and Ringwood, 1964); and 3) develop-
ment of the Basin and Range Province as an ensialic
interval or back arc basin when compressive stress was
relaxed as subduction ceased (Scholz and others, 1971).
The hypothesis favored by Harris (1969) for the origin of
alkalic suites fits best with hypotheses two and three for the
origin of tensional stresses in the southwestern United
States in the light of data from the southern margin of the
Colorado Plateau.

c
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Figure 28.-Comparison of the AMF and NKC trends for volcanic rocks in Arizona and New Mexico. V = Superstition volcanic complex (Malone.

1972); W = Blue Range volcanic suite (Ratte et al., 1968); X = While Mountain volcanic uite (this report); Y = San Francisco Peak volcanic
series (R. C. Updike, unpublished data); Z = Mount Taylor volcanic series (Hunt. 1938).
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SUMMARY

The origin of the Mount Baldy lavas is consistent with a
deep-mantle origin of the magma followed by slow differ-
entiation of the magma at depth to result in a magma of per-
haps trachyandesite composition. As the magma proceeded
upward disequilibrium conditions caused melting of the Ca-
rich plagioclase phenocrysts which led to an apparent
enrichment of sodium in the final differentiate which was
extruded from the Mount Baldy volcanic center.

QUATERNARY STRATIGRAPHY

GENERAL STATEMENT

Through study of the glacial landforms and deposits it is
recognized that at least four glaciations occurred in the
Mount Baldy area during late Quaternary time. Glacial land-
forms include cirques, U'-shaped valleys, and side-glacial
channels. Sediments of Quaternary age include glacial till,
glaciofluvial deposits, lake and swamp deposits, talus, and
alluvium. Most of the glaciofluvial sediments have been
carried away from the mountain mass through the narrow,
steep canyons which exist downstream from the terminus of
the older glacial advance. Differentiation of the glacial
advances was made possible using the following criteria:

1. soil development
2. dissection and preservation of landforms
3. boulder frequency
4. weathering of boulders
5. size and distribution of the deposits
6. character of the valleys

Additional criteria used when mapping talus included vege-
tative cover and patina development.

PURCELL GLACIATION

The oldest recognized glacial deposits in the Mount
Baldy area occur as isolated remnants of till, usually lack-
ing constructional form. Glacial deposits of this age were
first described by Merrill (1970, p. 68) on Ord Creek and
assigned to the Ord Creek Glaciation. Subsequent work has
shown that more extensive deposits of this age occur at
Purcell Cienega (pI. 1), and the informal term Ord Creek
Glaciation has been dropped in favor of Purcell Glaciation
(Merrill and Pewe, 1972, p. 496). Till of this age has been
flushed out of most of the valleys, but the abrupt change
from a U-shaped glacial valley to a V-shaped canyon
represents the maximum extent of glaciation in all valleys.
Where present in the West Fork of Black River, Paradise
Creek, and Ord Creek valleys, the deposits generally lack
morainal topography; if present it is very subdued.

TILL

On the West Fork of Black River, abundant glacial
erratics and some till occur in Purcell Cienega (fig. 29).

Morainal form is lacking due to subsequent stream erosion,
but abundant erratics up to 3 or 4 m in diameter remain. The
greatest concentration of boulders occurs at the lower end of
Purcell Cienega, with lesser concentrations in small tribu-
taries crossing the cienega. Most of the tributary drainages
are not graded to the present level of Black River but are
0.5 to 1 m above the present grade. They are abandoned
during the drier part of the year. Pits dug in the cienega
indicate that the upper 0.5 m is modern alluvium and
organic material. This is underlain by 0.5 to 1.5 m of sandy
gravel which is presumed to be outwash. A seismic refrac-
tion traverse in the center of the cienega suggests that about
7 to 8 m of unconsolidated material, thought to be till,
occurs below the alluvium and outwash.

Erratics have pits developed in them as much as 10 to 15
em in diameter and 6 to 7 cm deep. The weathering rind
is about 1.2 em thick, with staining to a depth of 5 or
more cm. Moderate feldspar weathering occurs to a depth
of5 cm.

On Ord Creek, till of the Purcell Glaciation occurs in the
valley bottom as subdued moraines (pl. 1). A moderately
well-developed soil profile has developed on the deposits
which include lateral and terminal moraines, and the base of
the B-horizon is characteristically 30 cm or more deep
(table 18). Erratics have pits developed on them as deep as
6 cm and as much as 20 ern in diameter. Staining of the
boulders occurs to a depth of 5 to 10 em into the rock, and
the outer 3 cm is highly weathered and punky.

Table 18. Typical soil descriptions for drift
from the Mount Baldy area.

Depth (ern) Horizon Description

Baldy Peak Till

0-2 0 Black (N I) organic debris
2-5 A Grayish brown (5YR 3/2) fine to coarse sand

and loam
5-20 B Moderate brown (5YR 4/4) silty sand

20- C Moderate yellowish brown (lOYR 5/4) to dark
yellowish brown (lOYR 4/2) sand and gravel

Smith Cienega Till

0-3 A Brownish black (5YR 2/1) sandy loam
3-12 Bl Grayish brown (5YR 3/2) to dusky brown (5YR

2/2) sil ty sand
12-25 B2 Grayish brown (5YR 3/2) to moderate brown

(5YR 3/4) sil ty sand
25- C Dark yellowish brown (IOYR 4/2) to moderate

brown (5YR 3/4) fine to coarse sand and
gravel

Purcell till

0-3 0 Brownish black (5YR 2/ I) organic debris
3-6 A Medium gray (N 5) silty sand
6-12 BI Dusky brown (5YR 2/2) clayey silt and sand

12-32 B2 Grayish brown (5YR 3/2) silty sand
32- C Grayish brown (5YR 3/2) to moderate brown

(5YR 3/4) clayey sand and gravel

Boulders are scarce on the surface and those which do
occur are derived from Ord Creek Valley. Five different
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Figure 29.-Abundam erratics of Purcell age exposed in Purcell Cienega. (Photograph no. PK1223 by R. K. Merrill, June 23, 1971.)



varieties of latite and quartz latite were identified in a single
boulder count of erratics as large as 3 to 6 m; these
lithologies constitute as much as 80 percent of the total
number of erratics. Only a few of the boulders are rockfall
debris from the adjacent valley wall. The large boulders
could not have been transported by streams because of the
low gradient of the valley. The absence of landslide land-
forms suggests that the deposits were not transported to
their present position by mudflows or landslides flowing
downvalley, although most of the erratics originated in the
upper reaches of Ord Valley.

Till of Purcell age also occurs on Paradise Creek (pl. 1).
Like the deposit on Ord Creek this is only a small remnant
and consists of a linear concentration of boulders of latite
and quartz latite as large as 3 m in diameter. The depth of
the weathering rind is about 5 ern and the boulders have pits
developed on them about 7 cm deep and 12 cm in diameter.
A weak A2 soil horizon has developed on the deposits to a
depth of 5 to 7 cm. The B horizon extends to about 40 or 50
cm depth.

GLACIOFLUVIAL DEPOSITS
About one-half km below the terminal moraine on

Paradise Creek a roadcut exposes about 2 m of colluvium
overlying more than 2 m of interbedded, stratified sand and
gravel. The top of the gravel deposit is 8 to 10 m above the
current level of Paradise Creek. The staining suggests that
it may have some antiquity and the deposit is tentatively
correlated with the Purcell Glaciation. Other glaciofluvial
deposits have not been positively correlated with the Purcell
Glaciation, and it is presumed that the outwash was carried
away from the mountain.

LACUSTRIN - DEPOSITS
Immediately upstream from the terminal moraine on Ord

Creek a medium bluish gray (5B 3/1) bouldery clay (pI. 1)
is exposed in a stream bank about 1.5 m high. The base of
the deposit is not exposed and no stratification is evident in
the deposits. Imbedded in the clay are cobbles of highly
weathered quartz latite up to 30 em in diameter.

Glacial moraines in the White Mountains have a very
low clay content so the clay present here is thought not to be
a true boulder clay (till). Stream gradients are too large to
allow deposition of clay in the valley bottom unless water
were ponded, which probably occurred behind the moraine,
and glaciofluvial material with a high content of rock flour
entered the lake until the moraine was breached, draining
the lake.

LANDFORMS
The concentration of boulders at the east end of Purcell

Cienega is thought to be the remnant of the terminal
moraine (fig. 29), as evidence for glaciation farther
downstream is lacking. A possible remnant of a lateral
moraine occurs on the south side of the cienega which drops

to the terminal moraine area. On the north side of the
cienega small, relatively well-drained patches may be
lateral-moraine remnants.

Constructional glacial landforms are present in the valley
of Ord Creek as well. A flat terrace 10m wide and about
100m long on the west side of the valley merges with a
ridge extending into the valley. The terrace is bounded on
the east by a rounded slope towards the valley and on the
west by an elongate depression less than I m deep; the
terrace is about 25 m above the valley floor. It has no
alluvium on the surface and is not a stream terrace. The
depression on the extreme western boundary of the feature
suggests that it is a lateral moraine which has been exten-
sively subdued.

End moraines are present where the lateral moraine dies
out. Three moraines are present which are highly subdued,
and recent colluvium is present as a discontinuous mantle.
Because they are oriented transverse to the valley, the
ridges could be the result of mass wasting from the valley
walls. The digitate distribution supports this hypothesis, but
the presence of large boulders foreign to the adjacent valley
walls does not. The transverse orientation of the ridges is
incompatible with mudflows or landslides from upvalley;
therefore a glacial origin is postulated.

The concentration of boulders on Paradise Creek is
thought to mark the position of an end moraine there,
probably the terminal. The boulders are present along a
low ridge with a drainage channel on the northwest side of
the ridge. The source of the boulders was from upvalley and
the orientation of the ridge transverse to the valley pre-
cludes a landslide. The boulders were brought to this
position by a glacier.

Downstream from Sheep Crossing the valley of the West
Fork of Little Colorado River narrows to a V -shaped can-
yon a few meters wide at the bottom. A similar change
occurs about 50 m north of the moraines on Ord Creek, is
markedly dramatic about 500 m below the terminus on
Paradise Creek, and about 100 m east of the projected ter-
minal moraine in Purcell Cienega. Change in valley charac-
ter is more difficult to distinguish in the East Fork of White
River because of the great relief of the backwall of the
valley, the bottom of the valley being almost at the eleva-
tion of the terminal moraines on the other valleys. Upstream
from the termini on all valleys, the valley has a U-shape and
is as much as 100 m or more wide at the bottom. The
U-shaped valleys were evidence cited by Melton to support
the presence of Pleistocene glaciation. Melton (1961, p.
1279) described the West Fork of Little Colorado River as
follows: " ... it is straight, lacks interlocking spurs, and has
a remarkable broad floor and low gradient for its proximity
to a high mountain area."

A number of side-glacial channels formed during the
Purcell Glaciation. One occurs 3.6 km north of Smith
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Cienega on the west side of Ord Creek and is about 60 m
above the present valley bottom. The channel is charac-
terized by a flat tread about 10 m wide and is cut in bedrock.
A second bedrock channel occurs 3.6 km southwest of
Sheep Crossing. It is about 40 m above the valley floor and
is about 2 m deep.

About 1 km southwest of Sheep Crossing a flat terrace
occurs about 60 m above the floor of the West Fork of Little
Colorado River. The tread is about 8 m wide and lithologies
from at least 5 km upvalley were identified. The terrace is
thought to have been a sideglacial channel and it is pre-
served for about 200 m along the valley wall. At a lower
level along the West Fork of Little Colorado River, small
tributary valleys parallel the main valley and abruptly turn
to flow into the West Fork of Little Colorado River. They
are thought to be sideglacial channels cut during Purcell
time. Low ridges projecting into the valley often coincide
with these channels and mark the position of successive
moraines constructed by the retreating glacier.

RECONSTRUCTION OF GLACIERS

Glaciers occupied cirques on the West Fork, the East
Fork, and a minor tributary to the West Fork of Little
Colorado River. In the Ord Creek system, glaciers oc-
cupied the cirque on the north side of Mount Ord and Smith
Cienega (pl. 1). The West Fork of the Black River Glacier
extended to the eastern end of Purcell Cienega. A small
glacier occupied the head of the valley of the East Fork of
White River, and the subdued moraines on Paradise Creek
indicate the glacier reached about 3.5 km downvalley from
the headwall of the cirque.

A detailed discussion of snowline is given later, but
during Purcell time it was at an elevation of 10,300 feet
(3,140 m). On the West Fork of the West Fork of Little
Colorado River and Ord Creek, broad basins exist at an
elevation of 10,000 feet (3,048 m.). They are most likely
structurally controlled and not the result of glacial erosion.
They are similar to other circular features around the massif
which occur at lower elevation. Ice accumulated to high
levels in most valleys. In the upper reaches of the valleys

some communication of the ice could have occurred
between valleys. Deeply weathered and pitted outcrops
between Ord Creek and Paradise Creek at an elevation of
10,600 feet (3,231 m) suggest that no communication
occurred between these valleys, yet similar evidence is
lacking between the West Fork of Little Colorado River
and Ord Creek where the divide has an elevation of less
than 10,560 feet (3,219m).

Soil developed on the saddle is very thin, about 15 cm
thick, and highly angular fragments of bedrock occur to a
depth of more than 60 cm. Rock types found here are all
local, coming from the saddle, the ridge to the northeast,
and the ridge to the southwest (pI. 1). Blocks are as large as
50 cm and have a rind developed about 3 mm thick. The
degree of weathering suggests that these blocks are much
younger than the Purcell Glaciation. Periglacial activity ap-
parently removed any evidence of coalescence of glaciers
through this pass.

The reconstructed configuration of the glaciers existing
during Purcell time is seen in figure 30. The ice in the
middle reaches of the glacier on the West Fork of Little
Colorado River may have been as thick as 150 m or more at
the time of maximum advance. The slope in the upper
reaches may have approached 100 m/km and in the lower
reaches 25 m/km. The glacier had an average slope of about
60 m/km and was about 7 km long. During the glacial
maximum on Ord Creek the glacier was about 7.7 km long
and more than 100 m thick. The slope of the glacier was
about 50 rn/km near Smith Cienega and more than 105
rn/krn in the valley on the north side of Mount Ord.

The glacier on Paradise Creek extended about 3.5 km
downvalley from the headwall of the cirque and had a slope
of about 9 m/km. On the East Fork of White River the
glacier had a length of about 2.5 km and a slope of 130
rn/km. On the West Fork of Black River the glacier had a
slope of 190 rn/km in the upper reaches and 50 rn/km in the
lower portions of the glacier for an average slope of about
120 rn/km. The slopes of the reconstructed glaciers com-
pare favorably with those of modern glaciers which may
range in slope from 30 m/km to 400 m/km.

Glaciation PURC-

Table 19. General characteri tics of glacial deposit· and landforms in the Mount Baldy urea.

MOUNT ORD

Maxirnum ice extent 7.7km 3.5-6 km

SMITH CIENEGA BALDY P AK

less than 0.5 km

Surface form original surface
obliterated; till
generally removed;
few boulders except
where fine-fraction
washed out

original surface
preserved but
,Iightly,uhdued:
little dissection:
boulders C0l111110n

Weathering deep pits on
boulders; moderate
to well-developed
soil

pits beginning to
develop; moderate
soil Ie 's than 40 em

no pits have
developed: shallow
soil less than 20 ern

boulders fresh;
essentially no soil
development

1.3-2.6 kill

original surface
well preserved;
boulders CIllll1110n

original surface
preserved; very
bouldery
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Figure 30.-Extent of glaciers during Purcell time in the White Moun-
tains.

AGE
Soils in the White Mountains higher than 9,000 feet

(2,743 m) are considered to be podzols or perhaps more
correctly, typic cryorthods (U.S. Soil Conservation Service,
unpublished). Deposits of the Purcell Glaciation are the
youngest sediments to have an albic horizon developed on
them, although it is mature and discontinuous. The albic
horizon has been partially removed by sheetwash and
covered by a thin colluvial mantle.

Throughout the western United States, till of pre- Wis-
consinan age is more deeply weathered than Wisconsinan
till. Moraines of pre-Wisconsinan age are either absent or
highly subdued. In the Mount Baldy area only remnants of
till and moraines ascribed to Purcell time exist. Erratics
associated with the deposits are deeply weathered and
pitted. Table 19 compares the deposits and landforms for
glaciations described in this report. Because of the advanced
degree of modification and weathering, it is thought that the
Purcell Glaciation is of pre-Wisconsinan age. Evidence for
pre-Illinoian glaciation in the southwestern United States is
rare outside the Sierra Nevada and Rocky Mountains,
making any direct correlation difficult. The available
evidence suggests that the Purcell Glaciation might be
considered II1inoian(?) in age.

SMITH CIENEGA GLACIATION
The Smith Cienega Glaciation is named for Smith

Cienega in the upper reaches of Ord Creek (Merrill and
Pewe, 1972, p. 498). Deposits and landforms of this age

occur in all valleys which were glaciated at this time (fig.
31); the valleys have sufficiently flat floors so the drift was
not easily removed. Moraines are slightly subdued, but
remain well-preserved.

Figure 31.-Extent of glaciers during Smith Cienega time in the White
Mountains.

TILL
Till of the Smith Cienega Glaciation is not indurated,

and can be classed as gravelly-sand or sandy-gravel (fig.
12). Folk and Ward statistical parameters representing an
average of those samples plotted in figure 12 are given in
table 14. The distribution of size grades indicate a poorly
sorted, positively skewed, and mesokurtic distribution
which tends to be bimodal with a small peak occurring
about 04> and a second peak at -3C1>. The latter peak may be
due to analytical error because sizes of fractions larger than
-I CI> constitute an inordinate percentage of the sediment by
weight unless excessively large samples are sieved.

Boulder counts are given in table 20. Rock types are

Table 20. Boulder frequency (percent) on
Smith Cienega moraines in the Mount Baldy area.

West Fork Ord West Fork
Little Colorado River Creek Black River

Rock name 155 141 143 146 175 173 98 110
Light Iatite 40 38 36 41 79 70 25 26
Quartz latite 51 25 44 38 10 35 43
Rhyolite 6 6 5 8 10 6
Latite 3 30 25
Basalt 6
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necessarily local and erratics as large as 2 m to 4 m in
diameter are common. A single erratic measuring 3 m x 5 m
x 6 m occurs along the West Fork of the Little Colorado
River which was transported about 1 km from its probable
source in the cirque. Staining is present on the erratics to a
depth of 5 em, and a weathering rind less than 2 cm thick
has developed. Surface weathering pits are 2 ern wide and 1
ern deep at the maximum, much less than on boulders of the
Purcell Glaciation or those which occur in the Sheep
Crossing Formation. Glacial polish, although weathered, is
still preserved on the valley walls.

Soils on the till are immature and exhibit A, B, and C
horizons. Only en the crest of one moraine on Paradise
Creek was an albic horizon recorded; it is about 2 cm thick.
The B horizon is usually between 15 and 25 cm thick and
may often be divided into Bl and B2 horizons (table 18).

Till of Smith Cienega age may be 20 m or more thick.
Streams commonly dissect the till to a depth of 3 or 4 m.
Seismic traverses were made at Smith Cienega and along
the West Fork of the Little Colorado River to determine the
thickness of the till. At Smith Cienega an upper unit having
a seismic velocity of 305 m/sec is present to a depth of
about I m and is thought to be loose peat. A second layer
having a velocity of I ,500 m/sec has a thickness of 1.5 to 2
m and a third layer having a seismic velocity of 1,600 m/sec
extends to a depth of more than 20 m. The second layer is
thought to be sand and the third layer, unconsolidated till.

The second seismic traverse near the terminal moraine on
the West Fork of Little Colorado River showed two layers
to be present. The first layer extends to a depth of about 3 m
and has a velocity of 342 m/sec. It may be unconsolidated
till. The second layer has a seismic velocity of about 1,885
m/sec and extends to a depth of more than 15 m; the second
layer also is probably till.

GLACIO-LACUSTRINE DEPOSITS
Intercalated clay, peat, and sand occur on the sides of

ridges and behind moraines in the valley bottoms. Today,
because of the underlying impervious clay, those deposits
in the valley bottoms are the sites of swamps.

Deposits of red clay occur on the sides of the ridge
between West and East Forks of the West Fork of Little
Colorado River (pI. 1) and are at least 1.5 m deep. To a
depth of 22 em, the deposit is a grayish-brown te dusky
brown (5YR 3/2 to 5YR 2/2) silty clay. Belew 22 em, the
deposits characteristically become moderate reddish-brown
to dark reddish-brown (lOR 4/6 to lOR 3/4) clay inter-
calated with thin layers of sand about 5 em thick; the
nonoxidized clay is gray (N 6). The deposit can best be
classed as mud (fig. 12), and the analysis of the size-grade
distribution indicates that the sediments are very poorly
sorted, mesokurtic, and nearly symmetrical. This clay was

Smith Cienega stratigraphy
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Figure 32.-Stratigraphy of the upper J.7 m in Smith Cienega as deter-
mined from samples collected for pollen analysis. The symbols are as
follows: - = clay, '" = decayed organic material,l" = plant macrofos-
sils, dots represent sand, and open circles represent pebbles.

deposited most probably during the waning stages of
glaciation, otherwise the deposits would display disruptions
caused by moving ice.

Clay and peat deposits occur behind glacial moraines in
both Ord Creek Valley and the valley of the West Fork of
the Little Colorado (pl. 1). Because of their location in the
valley bottom and the relatively impermeable substratum of
clay and till, these areas are presently the sites of swamps.
Thickness of the upper organic layer of peat ranges from
0.25 m to more than 1.5 m and clay or sand is present
beneath the peat. Sand lenses less than 6 ern thick are
intercalated with the clay and peat in some deposits. Figure
32 represents the stratigraphy in Smith Cienega where a
resistivity profile (fig. 33) suggests that the peat accumu-
lated on an irregular surface.
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GLACIOFLUVIAL DEPOSITS

Glaciofluvial deposits occur downstream from the termi-
nal moraine on West Fork of Little Colorado River, Ord
Creek, and West Fork of Black River (pl. 1). Texturally the
sediment is characterized by a poorly sorted, symmetrical,
and very ieptokurtic size-grade distribution. The depth of
the glaciofluvial fill is unknown, but Ord Creek had
dissected the deposits to a depth of 2 m at the northern end
of Smith Cienega. Projection of the valley walls into the
valley suggests that as much as 15 to 20 m of glaciofluvial
deposits may exist. In Purcell Cienega glaciofluvial deposits
of this age may be as much as 2 m thick.

The total volume of glaciofluvial material is quite small
considering the large glaciers which were present in the
Mount Baldy area during the Pleistocene. As mentioned
earlier, the valleys become very narrow at the termini of the
Purcell glaciers, and material was flushed away from the
mountain through these valleys. In the West Fork of the
Little Colorado River drainage, the first opportunity for
deposition occurs near Greer (fig. 34). This area is
currently covered by basalt flows, but at Greer, sand is
present along the Little Colorado River to an unknown
depth. A roadcut exposing gravel with rounded cobbles and
a deep soil profile at the base occurs along State Route 273
to Greer. The cut is overlain by basalt, and no correlations
with glaciations can be made; it can not even be determined
if the sediments are of Tertiary or Quaternary age.

It i postulated that the glaciofluvial material was carried
across the basalt flows at Greer through the Little Colorado
River system to Round Valley at Springerville where

depths of alluvial fill exceed 30 m (Akers, 1964). As can be
seen in figure 34, the valley of the Little Colorado River
becomes very narrow at Greer as it flows towards Springer-
ville. Below Springerville the valley closes in, making the
Round Valley area ideal for deposition of any outwash from
the Mount Baldy area. Stabilized climbing sand dunes are
present on the cliffs to the east of Round Valley.

It is hypothesized that similar explanations may be
applied to the lack of glaciofluvial deposits in Ord Creek
Valley, Paradise Creek, East Fork of White River, and the
West Fork of Black River. In the case of Ord Creek and the
East Fork of White River, suitable depositional sites do not
occur until the rivers reach the area of Whiteriver. On
Paradise Creek some outwash was deposited in Paradise
Park. On the West Fork ofBIack River, sand was deposited
wherever the valley widened.

GLACIAL LANDFORMS

Evidence for glacial erosion during this time is found in
the side-glacial channels and the U-shaped valleys which
were reoccupied from the earlier glaciation. The most
prominent channel is on Ord Creek about 2.5 km north-
northeast of Mount Ord. A flat terrace on the east side of
the creek occurs about 65 m above the valley bottom.
Side-glacial channels are present on the southeast side of the
ridge between West and East Forks of the West Fork of
Little Colorado River (pI. I). This channel is about 2 m
deep and is currently occupied by a small stream. All the
preserved side-glacial channels are cut into bedrock.
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Figure 34.-Aerial photograph of the Greer area looking south. Note the deep canyon of the Little Colorado River north of Greer. (photograph no.
2631 byT. L. Pewe, June 14,1968.)



Near the terminal complex of moraines on the West Fork
of Little Colorado River, streams presently flow off the
northwest side of the valley and are diverted at the edge of
the present till-covered area (pI. I). A moraine is locally
present along this side of the valley and the streams flow
along the outside of this moraine until they are able to
breach it. These streams represent the position of former
side-glacial streams.

Moraines of the Smith Cienega Glaciation are well
preserved but subdued. They are commonly sharp-crested
and stand as high as 15 m above the surrounding valley
floor (fig. 35). Lateral moraines are prominent along the
north side of the West Fork of Little Colorado River and the
north side of the West Fork of Black River near Purcell
Cienega. On the south side of Paradise Creek, a lateral
moraine occurs which is about 10m wide. Holes 5 m in
diameter in the moraine are interpreted to be kettles which
are 1 to 2 m deep. A side-glacial channel is present about 5
m below the crest of the moraine which has a tread about 10
m wide. Only isolated remnants or' an end moraine are
found on the East Fork of White River, and again, this is
attributed to the steepness of the topography in this valley.

RECO STRUCTION OF GLACIERS
Glacial features indicate that the glaciers of Smith

Cienega time were not as extensive as during Purcell time
(fig. 31). Calculations similar to those made for the Purcell
Glaciation suggest that the snowline was at 10,400 to
10,600 feet (3,170 to 3,23 1m). The Iarge basins were
again filled with ice, as during Purcell time, but not to as
great a depth.

Ice thickness in the valleys is estimated to have been
more than 100 m. In the valley of the West Fork of Little
Colorado River, the glacier was about 3.5 km long and had
a slope of 145 m/krn. In Ord Creek Valley the glacier was
about 6 km long and had a slope of about 60 m/km through
the Smith Cienega area and 130 m/km off the north face of
Mount Ord. It is thought that glaciers in the two valleys did
not merge across the low saddle between Ord Creek and the
West Fork of Little Colorado River. If there was any evi-
dence to the contrary, it has not been preserved.

The glacier on Paradise Creek was about 2.2 km in
length and had a slope of about 80 m/km; it terminated at an
elevation of about 10,000 feet (3,050 m). The small glacier
on the East Fork of White River had a length of about 1 km
and a slope of about 350 rn/krn. The elevation of the ter-
minus was 9,800 feet (2,987 m). Finally, the glacier on
West Fork of Black River was about 3.3 km in length and
terminated at an elevation of 9,600 feet (2,926 m) in the
upper end of Purcell Cienega. The slope of this glacier was
190 m/km in the upper reaches and about 50 m/km in the
lower portions of the glacier.

AGE

The Smith Cienega Glaciation is intermediate between
the Purcell and Baldy Peak Glaciations in extent. Preserva-
tion of the moraines is good, but they are slightly subdued.
Soils typically have developed a 3 to 7 cm A horizon and
25 to 30 cm B horizon, and the degree of soil development
is intermediate between the deposits of the Purcell Glacia-
tion and subsequent glacial deposits. Subaerial weathering
has developed a 7 to 10 mm thick rind on erratics, and pits
have begun to develop. The degree of preservation (table
19) suggests that these deposits are perhaps early Wisconsi-
nan in age.

BALDY PEAK GLACIATION

The Baldy Peak Glaciation is named for the highest peak
of the Mount Baldy massif (Merrill and Pewe, 1972, p.
498). Till of Baldy Peak age is found in the upper reaches
of the West Fork of Black River, West Fork of Little Col-
orado River, East Fork of White River, and Ord Creek (pI.
1). Essentially unmodified, sharp-crested ridges occur in
the upper reaches of these valleys.

TILL

Baldy Peak till consists of sandy-gravel or gravelly-sand
(fig. 12). The characteristic distribution is very poorly
sorted, positively skewed, and platykurtic (table 14).
The distribution shows a very strong mode at greater than
-4<1>and a minor one at about 0<1>which contrasts with
much stronger modes in the fine fraction of the Smith
Cienega Till.

Figure 3s.-Sketch of an end moraine of the Smith Cicncga Glacier cut by Ord Creek about 0.5 krn upvalley from the terminal moraine of this
glacier. (Reproduced by courtesy of Journal of Geology .)
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Figure 36.-Crest of the innermost Baldy Peak moraine on the West Fork of West Fork of Little Colorado River. (Photograph nos. 2755 and 2756 by
T. L. Pewe, August 4, 1968.)



Boulders occur in profusion in sparsely vegetated areas.
More than 100 erratics larger than 0.25 m in diameter were
counted on the surface of a terminal moraine of Baldy Peak
age on Ord Creek in a strip 6 m wide and 30 m long. All the
boulders come from the cirque immediately upvalley from
the moraine. However, dense vegetation conceals many
boulders on most morainal deposits, and, therefore, the
number of boulders observed is not a definitive criterion for
establishing moraine chronologies in the White Mountains
(table 21). The degree of weathering of the boulders is
minor, characteristically less than 1 ern deep. Unlike older
erratics, no pits have developed on any boulders of Baldy
Peak age. Glacial polish is preserved on erratics as well as
the valley walls.

Soils are poorly developed on moraines of Baldy Peak
age. The depth to the base of the B-horizon is less than 20
ern, and the A and B horizons are incomplete. A typical
description is included in table 18.

Table 21. Boulder frequency (percent) on Baldy Peak
moraines in the Mount Baldy area.

West Fork Little Ord West Fork
Colorado River Creek Black River

Rock name 158 ISO 192 137

Light latite 14 44 82 10
Quartz latite 69 20 85
Rhyolite 43 8 5
Larite 28 18

GLACIAL LANDFORMS
Moraines of the Baldy Peak Glaciation are more than 30

m high on the floor of Purcell cirque on the West Fork of
Little Colorado River. Moraines are sharp-crested and may
be multiple (pl. 1). The moraines commonly have kettles'
preserved on them. Moraines here are characterized by their
steepness and irregularity, and as many as three or four
inset moraines seem to be present (fig. 36). The inset
moraines are separated by troughs as deep as 10m. The
inset nature of the moraines and their slight discordance
(pl. 1) suggest multiple advances occurred during Baldy
Peak time. On the East Fork of West Fork of Little
Colorado River the terminal moraine was breached because
of its initial small size and the high gradient of the stream.

The glacier on Ord Creek during this time was the
longest on the mountain mass. At the projected terminus of
the glacier, the moraine is currently more than 5 m high and
appears to be overlying a moraine of the Smith Cienega
Glaciation. A series of recessionals occurs up the valley
and a lateral moraine is present on the ridge immediately
west of Ord Creek. The lateral moraine occurs approxi-
mately 60 m above the pre ent floor of the valley and is flat-
topped. A small end moraine also occurs about halfway
between the headwall of Ord cirque and Ord Creek (pI. 1).

The glacier on the East Fork of White River was very
small and restricted. The single moraine is 6 to 10 m high
and is on the north side of the valley.

Evidence for two advances during Baldy Peak time is
strongest on the West Fork of Black River. The older, more
extensive advance is represented by a moraine clinging to
the steep wall at the head of the valley (pI. 1). The stream
has cut through the axis of the moraine to a depth of 5 to 6
m. At the head of the valley, near the top of the mountain,
small moraines 3 to 4 m high occur. The glaciers which left
these moraines were never extensive enough to coalesce
(pI. 1).

Side-glacial channels were cut by meltwater streams dur-
ing Baldy Peak time on Ord Creek where water flowed
across bedrock on the west side of the valley (pl. 1). Obvi-
ous side-glacial channels have not been located in other
valleys, but most moraines have marginal depressions
which were probably the site of ice-marginal streams.

Terraces occur in alluvium extending north from Smith
Cienega. The alluvium is at least 2 m deep and overlies
basal gravels which are probably glaciofluvial. The terrace
occurs about 1 m above the present stream and is thought to
be post-Baldy Peak in age. On the West Fork of Little
Colorado River two terraces can be identified, one at 3 m
and one at 12 m above the present stream. It is thought that
the upper one may have been cut either before or during
Baldy Peak time, and the lower during post-Baldy time.

RECONSTRUCTION OF GLACIERS

Snowline was at an elevation of 10,700 to 10,900 feet
(3,261 to 3,322 m) during Baldy Peak time, and moraines
were deposited by small glaciers occupying older cirques
(fig. 37). The glacier on the West Fork of the West Fork of
Little Colorado River constructed a complex of terminal
and lateral moraines 30 m high. This glacier was approxi-
mately 1.3 km long and had a slope of up to 300 m/krn. The
exceptionally steep gradient was caused by the steep wall of
the cirque (pl. 1).

The small glacier on the East Fork of the West Fork of
Little Colorado River had a length of 1.3 km and a slope of
about 260 m/krn. The glacier occupied the upper part of the
cirque and constructed a moraine at the lip of the cirque.
The glacier on the north face of Mount Ord had a length of
2.6 km and a slope of about 175 m/krn, and the thickness
was less than 100 m. The small glacier on the headwall of
the cirque on the East Fork of White River had a length of
only 0.5 km and a slope approaching 100 m/km. On the
West Fork of Black River the glacier was about 1.3 km in
length during early Baldy Peak time and had a slope of
about 750 rn/km.

AGE
Characteristically throughout the world, glacial land-

forms of late Wisconsinan age are well preserved. Moraines
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Figure 37.-Glaciers present during Baldy Peak , time on the Mount
Baldy massif.

are sharp-crested and generally smaller and the deposits are
usually less extensive than those of preceding glaciations.
Weathering of the deposits is minor and erratics have not
had an opportunity to be weathered away, thus, the boulder
frequency of late Wisconsinan moraines is high.

Deposits of the Baldy Peak Glaciation. are restricted to
the upper reaches of the valleys. The moraines are charac-
teristically sharp-crested, and kettles are preserved. Imma-
ture soils about 20 cm thick are developed on the tills. The
number of erratics counted is high where vegetation does
not preclude observation, and the weathering rind is usually
less than 0.5 cm thick; no pits have developed on the erra-
tics. These criteria (table 19) suggest a late Wisconsinan
age for the. ice advances (Merrill and Pewe, 1972, p. 499).
No age has been placed on the younger advance, but it is
most likely very late Wisconsinan.

MOUNT ORD GLACIATION

Deposits of the Mount Ord Glaciation are restricted to
the cirque on the north face of Mount Ord (Merrill and
Pewe, 1972,. p. 499). The glacier was small, having a
length of about 0.2 km. The single moraine is about 3 m
wide, steep-fronted, very bouldery, and not dissected. The
deposit is forested and a weak zonal soil about 12 ern thick
has developed on the sediment between the boulders.
Weathering of the boulders is minor (table 19). Behind the

moraine is a deposit of colluvium about 1.8 m in depth. The
colluvium consists of clayey silt with occasional boulders.
The lack of soil horizons in the colluvium suggests continu-
ous deposition of the sediment since the cirque was empty.

This cirque is the only one in which no periglacial talus
occurs (fig. 38). Immediately east of the moraine is a talus
slope on the north slope of Mount Ord with a protalus ram-
part at the toe which has a height greater than 5 m (fig. 39).
Talus accumulations in cirques not occupied by glaciers
after Baldy Peak time have similar protalus ramparts but not
as well developed, particularly on the West Fork of Black
River. The lack of talus in the Ord Cirque strongly suggests
that it was occupied by a glacier at a time when protalus
ramparts were built in the other 'cirques. Well-preserved
periglacial deposits in the southern Rocky Mountains are
generally given a neoglacial or Holocene age.

Disseminated charcoal at a depth of 74 cm in the
colluvium immediately behind the moraine has an age of
2,815 ± 140 carbon-14 years B.P. (Geochron Laboratories
No. GX-2374). No soils occur in the colluvium, so, assum-
ing a constant rate of deposition for the colluvium, the
maximum age of the glacier would be about 6,700 years
B. P. The lack of paleosols suggests that colluvium may
not have begun to accumulate until after the postglacial
temperature maximum. Water from the melting ice might
also have deposited the bulk of the sediment, consequently
it would have been deposited relatively rapidly. If this is.
true, the glacier would have been active just prior to
deposition of the colluvium, about 2,800 years ago. An
early to middle Holocene age is indicated for the Mount
Ord Glaciation by talus development, moraine preserva-
tion, and radiocarbon dating.

PERIGLACIAL PHENOMENA

Periglacial deposits consist primarily of talus occurring
around the mountain mass. Around the base of Mount
Baldy, talus slopes have developed from the Mount Baldy
lavas, from basalt flows which often cap the Sheep Cros-
sing Formation, and from the early volcaniclastic rocks.
Talus slopes having developed from the Mount Baldy lavas
may be separated into two general classes. In those valleys
which were not glaciated the strongly jointed lavas often
have steep cliffs which have talus at their base. These are
particularly evident along Becker Creek and at the summit
of Baldy Peak. The second class of talus deposit occurs in
the upper reaches of cirques.

The first type of talus occurs peripheral to the glaciated
valleys. Weathering on the talu. block' varies from very
deeply weathered to unweathered. Vegetative cover may be
so thick that only a few blocks poke through the grass and
soil, or vegetation and soil may be absent.

The second group of talus deposits occurs in the upper
portions of cirques, immediately adjacent to the headwall.
Deposits of two ages are evident. The earlier talus is found
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on Paradise Creek where the boulders are weathered to a
depth of I cm, soil is encroaching on the talus, and trees
occur in the center of the talus slope. A protalus rampart
about 5 m high was built at the base of the slope. No source
for the talus is evident today, for talus blankets the back wall
of the cirque.

The younger talus occurs in cirques occupied by glaciers
during Baldy Peak time. Protalus ramparts are well devel-
oped at the base of these talus slopes and on Ord Creek
boulders approach 10 m in diameter (fig. 39). Blocks in
these deposits are only slightly weathered, and on Ord
Creek fresh percussion marks testify to the modern activity
of the talus. Some boulders seem to merge with the Mount
Ord moraine, and no blocks are found behind the Mount
Ord moraine.

Other evidence of periglacial activity is not as obvious as
the talus. Valleys have been somewhat modified by down-
slope movement, particularly on the south-facing slopes.
This modification is especially evident along the West Fork
of Little Colorado River, above Sheep Crossing, but evi-
dence for solifluction is lacking. Many smaller valleys
throughout the White Mountain area exhibit the broad, low
profile often found in alpine and subalpine environments.

The mounds which dot the subalpine meadows are one
of the more curious landforms in the White Mountains.
Some authors have assigned a periglacial origin to similar
mounds (Pewe, 1948), but no ice wedge casts have been
found associated with the mounds. Merrill (1970, p. 65
-67) thought that the mounds were a basalt weathering
phenomena, but subsequently mounds have been found on
the Sheep Crossing Formation as well, indicating that the

Figure 38.- View into the Mount Ord Cirque from the top of the headwall
looking northeast. The Mount Ord moraine is outlined; the arrow points
to the position where the moraine was dated. (Photograph no. 3150 by
T.L.pewe.July29,1970.)

process of formation of the mounds is not dependent on
lithology. Currently a non-periglacial origin is favored, and
following Melton (1954) it is thought that the mounds are a
drainage phenomenon.

Figure 39.-Protalus rampart at the foot of the talus slope on the north face of Mount Ord adjacent to the Mount Ord glacier. Figure in left center
gives the scale. (Photograph nos. 3151-3154 by T. L. Pewe, July 29, 1970.)
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At least two ages can be hypothesized for the periglacial
deposits, particularly the talus. The earlier talus in Paradise
Creek is probably of Baldy Peak age as no Baldy Peak
glacier occurred in this cirque. Later talus activity was
hampered by the lack of source material. The younger talus
activity is probably of Mount Ord age. The Mount Ord
cirque was occupied by a glacier at this time and simul-
taneously talus was developing immediately adjacent to the
glacier. In the other cirques we can say that the talus is
younger than Baldy Peak II age, but their similarity to the
Mount Ord talus suggests that they are all of the same age.
The talus with no relation to glaciation cannot be dated, but
based on vegetation and soil development around the base
of the mountain at least two ages are present: the younger,
appearing relatively fresh, and the older, now grown over
with vegetation. The talus on Baldy Peak may have formed
during as many as three different times. Ages for other
periglacial phenomena cannot be assigned on the basis of
the present evidence.

CORRELATIONS WITH OTHER AREAS

Glaciations in the Mount Baldy area apparently correlate
well with those in other areas of the southwestern United
States (table 22). In the southern Rocky Mountains a single
pre- Wisconsinan glaciation is often the only one recog-
nized. In the Mount Baldy area the Purcell Glaciation may
correspond to the Lockett Meadow Glaciation in the San
Francisco Peaks of Arizona (Pewe and Updike, 1976), and
the Sacagawea Ridge Glaciation in the Rocky Mountains
(Richmond, 1965).

Richmond (1965) and many other workers have iden-
tified two glacial substages of Wisconsinan age in .the
Southern Rocky Mountains-Bull Lake and Pinedale. It is
thought that by using the two criteria of extent of glaciation
and degree of preservation of landforms the Smith Cienega
Glaciation is equivalent to the Bull Lake Glaciation. Simi-
lar comparisons with glacial deposits elsewhere would
suggest that the Smith Cienega Glaciation is equivalent to
the Core Ridge Glaciation of the San Francisco Peaks (Up-
dike, 1976) and the Tahoe Glaciation of the Sierra Nevada
(Blackwelder, 1931).

The Baldy Peak Glaciation is thought to be late Wiscon-
sinan in age and therefore equivalent to the Pinedale glacial
advances in the southern Rocky Mountains (Richmond,
1965). The two advances recognized in the Mount Baldy
area may be correlative to the two advances of the
Snowslide Spring Glaciation of the San Francisco Peaks
(Updike, 1976). Multiple advances of Pinedale are also
recognized in other parts of the southern Rocky Mountains,
including the Sangre de Cristo Mountains and Sierra Blanca
in New Mexico (Richmond, 1965).

The youngest glaciation in the White Mountains of
Arizona is the Mount Ord Glaciation which is assigned a
post- Wisconsinan age. No glaciation of this age is recog-
nized in the San Francisco Peaks (Pewe and Updike, 1976),
and the nearest correlative glaciation of this age may be the
Temple Lake Glaciation recognized in the Sangre de Cristo
Mountains by Richmond (1963). If the current discussions
about the age of the Temple Lake advances in the central
Rocky Mountains (Curry, 1973; Birkeland, et aI., 1973)

Table 22. Correlation oflate Quaternary glacial events in the southwestern United States.

Rocky Mountains Sierra Nevada San Francisco Peaks. Arizona White Mountains.
(Richmond. 1965) (Wahrhaftig and (Updike. 1976) Arizona (This

Birman. 1965) Report)

" Gunnell Peak Matthes Holocene Late 2,800*
'"OJ periglacial Mount Ordu Arikarcc
0 activity'0 Tempe Lake Recess Peak Early:I: 6,170 ± 240*e 9,990 ± 800*a

" Late Hilgard
Late Late

'" 9,700 ± 800*g
'0

Tiogac OJ Middle'" c Snowslide Baldy.~ £ Early Early
c Early Tenaya Spring Peak
0
u.., '" . ..,

Latec ~ -" Tahoe Core Ridge Late Smith Cienega
" '"u ..J 60,000 ± 50.000«0 '3Vi Early 90.000 ± 90.000'" Early'<J iJ:l

i5:
c Sacagawea Ridge Mono Basin Lockett Mcadow Purcell'".s 710.000'<1 212.000 ± 21.000,1"'"c:
0

Cedar Ridge~ Sherwin

~ Washakie Point McGee

~ Deadman Pass
0.. 2.7 - 3.1 myX~

*C-14 date
x K-Ardate

a. Adam, 1967
b. Curry, 1966
c. Dalrymple, 1964

d. Dalrymple. et al .. 1965
e. Richmond. 1962
f. Damon. et al .. 1974
g. Sharp. 1972
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results in dropping the name for a post-Hypsithermal glacial
advance, the Mount Ord Glaciation would correlate with
whatever new name is assigned to the post-Hypsithermal
glacial advance between 2,700 and 4,500 radiocarbon years
ago. Glacial deposits of this age also occur in the Sierra
Nevada, to the west, and are called deposits of the Recess
Peak Glaciation (Birman, 1964). In most of the higher
mountains of Arizona and New Mexico, no Holocene gla-
cial deposits are recognized.

The most recent periglacial activity is assigned a
Holocene age which correlates with the neoglacial events
described by Updike (1969) and Pewe and Updike (1970)
in the San Francisco Peaks. The older periglacial deposits
are assigned a Wisconsinan age.

PLEISTOCENE PALEOCLIMATE

The Quaternary of the White Mountains, Arizona, and
specifically the Mount Baldy area was characterized by
fluctuating climates. Evidence for these climatic changes
is preserved as glacial moraines, relict populations of
various alpine plant species, pollen buried in bogs, and
periglacial forms.

The problem of determining the nature and magnitude of
the climatic changes is approached two ways in this report.
First, pollen has been recovered from two sites. At the
Benny Creek site a pollen record has been developed cover-
ing the last 50,000 years, while at Smith Cienega the record
is about 14,000 years long. The inferred vegetation history
may be used to determine the magnitude and nature of
climatic changes which have occurred during the late
Quaternary in this part of Arizona. Second, evidence of
glaciation indicates that certain climatic conditions were
repeated during late Quaternary time. The magnitude of the
climatic fluctuations may be approximated if the altitude of
snowline for the periods of glaciation can be determined.

PALYNOLOGY

Pollen has been recovered from two sites in the White
Mountains: Benny Creek and Smith Cienega. The Benny
Creek site is at an elevation of 9,400 feet (2,865 m) on the
northeast side of Mount Baldy (fig. 40). Smith Cienega is
located on the north side of Mount Baldy east of Mount Ord
at an elevation of 10,000 feet (3,048 m) (fig. 40). Today,
both sites are covered by wet meadows, Smith Cienega has
streams crossing it and the Benny Creek Cienega contains
standing water during most summer rainy seasons.

The origin of Benny Creek Cienega is intimately con-
nected to the history of basaltic volcanism in the area. The
basin was formed when basalt flows apparently coalesced
around a hill which was an erosional remnant of the Sheep
Crossing Formation. Today the Sheep Crossing Formation
functions as an aquifer beneath the basalt and springs occur
where the basalt does not cover the formation. The

! Explanation

g{ Mount Ord
ar{~{~ .~ Baldy Peak

:; ~ Smith Ciene9QI. i
Pureell

o 2 km

Contour Int.rvol = 500'

Figure 40.-Extent of late Quaternary glaciations in the White Moun-
tains. The numbers refer to pollen sites: l-Benny Creek, 2-Smith
Cienega, and 3-Bear Cienega.

sedimentary deposits in the basin consist of about 2 m of
clay overlain by about 0.5 m of peat (fig. 41).

Smith Cienega is a large basin which was occupied by
glaciers during the two earliest observed glaciations. A
moraine of the Smith Cienega Glaciation is positioned at
the north end of the valley, and it has been breached by Ord
Creek. The organic deposits at Smith Cienega consist of
bryophyte and sedge debris (fig. 32) which grew in place
along stream banks and seeps.

There is about 200 m difference in elevation between the
two sites. The Benny Creek site is in the Transition Zone-
Canadian Zone ecotone today, and the Smith Cienega site
is in the Canadian Zone. Carbon-14 dates and estimates of
the sedimentation rate suggest that the base of the Benny
Creek section has an age of about 50,000 years, and the
Smith Cienega section has an age of about 14,000 years.
Preliminary unpublished data by Batchelder suggests that
on the basis of pollen percentage variation, five zones may
be recognized in the Benny Creek section and six in the
Smith Cienega section.

Batchelder (written commun., 1972) suggests that Zone I
at Benny Creek begins in modern times and extends back to
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Figure 41.-Stratigraphy of three holes at the Benny Creek Site. Number
I was hand dug. and numbers 2 and 3 were done using a bucket auger.
Hole I was from the margin and holes 2 and 3 were from the center of
the bog.

about 4,300 years B.P. He further suggests that Zone I was
characterized by cold-very wet conditions to cold-dry
conditions during modern to submodern time. Zone II
represents Altithermal time and conditions ranged from
very warm-very dry to cool dry, as today. Zone III would
correspond in time to the Baldy Peak Glaciation and has an
estimated time range from 8,500 years B.P. to 35,000 years
B.P. Zone III may be characterized by cool-very wet condi-
tions. Zone IV may represent an interstadial with conditions
ranging from warm-very dry to cool and wet. Only one
sample was taken in Zone V at the base of the section, but
the zone may be equivalent to the end of the Smith Cienega
Glaciation with conditions being cool and wet.

The established zonation of the Benny Creek pollen rec-
ord is supported and may be refined using factor analysis
(Appendix 1). The four zones established by Batchelder are
recognized at about the same horizons.

The Smith Cienega section represents a much shorter
interval of time. Batchelder (oral commun., 1973) identi-
fied six palynologic zones. Zone I represents submodern
vegetation and conditions may be characterized as cool-dry.
Zone II may correspond to the Mount Ord Glaciation with
conditions being cool and wet to cool and dry. Zone III
seems to represent Altithermal time, being very warm and
dry and it would correspond to Zone II of the Benny Creek
section. Zone IV represents a cool-wet to warm-wet
interval about 8,700 years ago which was preceded by a
warm-dry period. This would correspond to very late Baldy
Peak time in the glacial chronology. The warm dry period
may have caused the demise of the final stages of the Baldy
Peak glaciers. Zone VI seems to represent a time when
temperatures were low and effective moisture was low.
This could represent alpine conditions at Smith Cienega
during the Baldy Peak Glaciation. Correlations between the
two sites suggests that Zones TV, V, and VI at Smith

Cienega is represented at Benny Creek by Zone Ill. This is
supported by the recognition of subzones in Zone III using
factor analysis.

The existence of alpine conditions at the Benny Creek
and Smith Cienega sites indicates that the depression of
treeline during Baldy Peak time was at least 800 m. This
figure correlates well with other localities in the southwest-
ern United States where it is thought that vegetation zones
were depressed 900 to I ,200 m during late Wisconsinan
time (Martin and Mehringer, 1965, p . .439). Direct evi-
dence for the depression of vegetation zones during earlier
glacial periods is lacking; it may be postulated that it was at
least a similar amount.

ALTITUDE OF SNOWLINE

Because of the close relationship of glaciers to snowline
or firnline, one of the lines of evidence used for paleocli-
matic interpretation involves reconstruction of the past posi-
tion of climatic snowline. The climatic snowline "is the
average line or altitude delineating, as of a specified time,
that area with more than 50 percent snow cover on horizon-
tal surfaces, averaged over a long time period of climatic
significance" (Gary et al., 1972, p. 669). The climatic
snowline approximately coincides with the firnline or the
equilibrium line on glaciers. Local factors controlling the
elevation of snowline include: 1) the amount and season of
precipitation, 2) winter wind drifting, 3) summer tempera-
tures, 4) orientation relative to the sun, and 5) local
topographic protection against the sun. Because of variation
in these parameters in the Mount Baldy area it is most
appropriate to consider methods of reconstruction which
will best estimate the local snowline. Sub equently, in
making regional comparisons, a more regional approxima-
tion of the snowline is used.

Snowline on modem glaciers has been approximated in
various ways including glaciological analysis, photographic
monitoring, location of perennial snowbanks, relation to
mean summer or mean July temperature, cirque glacier
studies, and equilibrium line evaluations (Ostrem, 1966).
Obviously those methods depending on the existence of
glaciers such as glaciological analysis or photographic
monitoring are of no use in describing past glaciers.
However, there are three available methods which one can
use for reconstructing past snow lines: the relation to mean
summer or mean July temperature, cirque floor studies, and
equilibrium line evaluation.

The first requires an estimate of past temperature and
the present lapse rate for an area. Then if the temperature
at modern snowline is known, using the lapse rate and
assumed temperature decreases, the snowline lowering may
be calculated.

The second method, using cirque floors, is rapid and is
merely dependent upon the quality of maps. Flint (1971, p.
136) reasons that cirques form at or close to the limit of
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perennial snow or by definition of the snowline. The clima-
tic snowline must lie higher than the glacier terminus but be
coincident with firn banks. Consequently the altitudes of
floors of small cirques no longer containing firn should
approximate the snowline at the time the cirques were
formed. Manley (1959) suggests that the snowline lies
about three-fifths of the altitudinal difference between the
terminal moraine and the upper limit of the cirque glacier.

A third method-the equilibrium line evaluation-is
based on glaciological analysis of existing glaciers (Porter,
unpublished ms). The equilibrium line is defined as the line
on the glacier surface where the net mass budget equals
zero. This line separates the accumulation zone from the
ablation zone and on temperate alpine glaciers lies close to
the firn line. Meier (1962, p. 255-256) defines the accu-
mulation area ratio (AAR) as the accumulation area, Sc,
divided by the total surface area, S, of a given glacier. The
equilibrium line altitude (ELA) can be calculated for
existing glaciers if we assume a reasonable AAR and for
former glaciers if the configuration of the glacier can be
reconstructed. Reconstruction of past glaciers is based on
map, photographic, and field evidence, that is, geomorpho-
logical evidence. According to Meier and Post (1962) most
glaciers under balanced regimes have an AAR between 0.5
and 0.8. For the purpose of approximation a medium value
for the AAR of 0.6 ± 0.1 seems appropriate.

METHODS AND PROBLEMS

Relation to mean July temperature. Leopold (1951)
assumed that the present climatic snowline is nearly coin-
cident with O°C mean summer isotherm. Other authors
report that the snowline should occur at an elevation having
a mean July temperature between -1.5°C and 6.8°C.
Pewe and Reger (1972, p. 191) concluded that because of
the low correlation between snowline and mean July tem-
perature the method is inadequate for predicting modern,
and consequently past, snowline levels. Charlesworth (1957,
p. 9) stated that between 35° and 75° N latitude the
snowline coincides with the 4°C ±3°C isotherm of the
warmest month.
Cirque floor method. The cirque base method of recon-
structing past snowline has been the most extensively used
in the past. One of the major problems with this method is
that cirques vary considerably in their morphology. Some
cirques have rounded, sloping profiles, others have planar
or concave floors. Ideally the altitude of the junction of the
backwall and the floor is used (Andrews, 1965). In the
Mount Baldy area the following results are obtained:

AREA ALTITUDE (ft)

East Fork White River 9,900; 10,600; 10,400
Paradise Creek 10,300
Ord Creek 10,420; 10,200; 11,000
West Fork Little Colorado 10,200; 10,600 (?)
West Fork Black River 10,100; 1,0,800

The multiple figures arise because of the difficulty in iden-
tifying the cirque base which can be partly attributed to the
almost horizontal structure of the lava cone which would
tend to form steep backwalls and flat floors as it was
eroded. The great range in values is totally unacceptable
considering the four ages and the great range in extent of the
glaciers (fig. 40). The sharpest break should be associated
with the latest extent. Further, it is difficult to attribute all
this variation to exposure, considering the lowest readings
are on the west side which receives more solar radiation.
The higher solar radiation would cause the snowline, and
thus cirques, to be higher.
Equilibrium line method. The equilibrium line method may
be used assuming: 1) the areal extent and topographic con-
figuration of the former glaciers and 2) a reasonable area
altitude ratio (AAR). The areal extent of the former glaciers
is reconstructed from the position of moraines, side-glacial
channels, valley shape changes, and distribution of erratics.
The glacier morphology can then be reconstructed by con-
necting like contours on opposite sides of the valley (fig.
42). Glacier contours are generally convex down glacier
below the equilibrium line and concave down glacier above
the equilbrium line. A contour interval must be chosen
which accurately portrays the glacier and allows for accu-
racy in calculating the ELA. A contour interval of 100 feet
was used in this study. Because of fragmentary evidence it
was most difficult to reconstruct glaciers of earlier periods
-e.g., Purcell Glaciation. A more detailed explanation of
the method is contained in Appendix 2.

The area-altitude curves for glacier~ present in the respec-
tive valleys for the three earlier periods are shown in figures
43, 44, and 45. It is immediately apparent that variation

0.5 0
! I

SCALf' IN KILOMETERS
CONTOUR INTERVAL = 100'

Figure 42.-Reconstructed glacier on the West Fork of the Little Colo-
rado River during Purcell time.
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Figure 44.-Area-altitude curves used for calculating the equilibrium line
altitude for Smith Cienega time.
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Figure 45.-Area-altitude curves used for calculating the equilibrium line
altitude for Baldy Peak time.

A

Figure 46.-Position of the equilibrium line altitude with respect to
azimuth. Valley are indicated by alphabetic characters: A = lower Ord
Creek. B = West Fork of the West Fork of the Little Colorado. C =

ast Fork of the West Fork of the Little olorado. D = West Fork of
the Black River. E = North Fork of the East Fork of the White River. F
= East Fork of the White River, G = Paradise Creek, and H = Ord
Creek at Smith Cienega. The various glaciations are indicated by sym-
bols: .= Mount Ord Glaciation, .= Baldy Peak Glaciation, 0=
Smith Cienega Glaciation, and 6= Purcell Glaciation.
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1964).

exists in the ELA between valleys having differing orienta-
tions. Figure 46 illustrates the ELA for the different
azimuths. The similarities and differences may be attributed
to the local topographic factors affecting snowline elevation
as listed below.

Perhaps the most important control of the snowline eleva-
tion is the amount of solar radiation striking the surface. A
theoretical parameter-the potential solar beam
irradiation-can be obtained by neglecting the influence of
the atmosphere in depleting direct solar energy. Frank and
Lee (1966) have published tables for potential solar beam
irradiation for 34° north latitude (fig. 47). North-facing
slopes have the least potential insolation; south-facing
slopes the greatest.

The lowest ELA would be expected in valleys having a
northerly orientation. In general this is the case, and for the
younger glaciations there is a direct correlation between
potential radiation and the ELA, the ELA rising towards
the southerly exposures. For the Purcell glaciation the ELA
is lower at the 30° to 900azimuths than at 0°. This anom-
aly may be attributed to the area of glacier ice (fig. 48). The
relationship between the elevation of the equilibrium line
altitude and the area of the glacier approximates a logarith-
mic curve (fig. 48). Bulbous terminal areas cause the area
to be inordinately large with regard to the equilibrium line.
At Ord Creek during Smith Cienega time and Purcell time,
the areas were similar, as were the ELAs. For the West
Fork of Little Colorado and the West Fork of Black River
the areas were substantially different. One cause of those

areal differences is the structure of the valleys. Ord Creek
Valley would have had a broad accumulation area during
these times because of the large area of Smith Cienega. The
valleys of Little Colorado River and Black River have steep
head walls and lack this broad area which lay at or below the
accumulation zone. The steeper glacier gradient in these
two valleys would have resulted in less accumulation area
and consequently a higher ELA.

In summary, the equilibrium line altitude is the best ap-
proximation for snowline determinations. In the Mount
Baldy area the ELA may be related to orientation and to-
pography for each glaciated valley. Assuming an AAR of
0.6 the mean ELAs for the Mount Baldy area are 10,300
±150 feet (3,140 m) for the Purcell Glaciation, 10,460
± 160 feet (3,190 m) for the Smith Cienega Glaciation and
10,600 ± 160 feet (3,230 m) for the Baldy Peak Glaciation.
Because the Mount Ord Glaciation was severely limited, its
ELA has not been discussed; the ELA for this small glacier
must have been about 11,100 feet (3,385 m).
PALEOCLIMA TIC RECONSTRUCTION

The pollen evidence indicates that climates fluctuated
during late Quaternary time from warm-dry to cold and
wet. It is thought that treeline during warm-dry times was at
an elevation similar to today or higher, covering the top of
the mountain as well. Stumps on the summit of Mount
Baldy testify to higher treeline in the recent past. During
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Figure 48.-Elevation of the equilibrium line altitude as a function of the
area of the glacier. The. refers to the Purcell Glaciation, the0refers to
the Smith Cienega Glaciation.jadenores the Baldy Peak Glaciation, and
.represents the Mount Ord Glaciation.
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glacial times the climate was cold and dry to cold and wet.
Maximum treeline depression was about 800 m. According
to Antevs (1954) a treeline depression of 1,000 m requires a
temperature decrease of about 5.5°C and the increased size
of pluvial lakes would require a precipitation increase of
about 64 percent. A drop in temperature such as this would
decrease the evaporation; consequently, the precipitation
increase may not have been this great.

Treeline today is near the summit of Mount Baldy (fig. 7)
and the temperature is about -I. 1°C . The mean annual
temperature at Pole-Knoll (fig. 2) is 4°C which would have
been at or above treeline during Baldy Peak time. Thus in
the Mount Baldy area treeline fluctuations indicate that dur-
ing glacial times the mean annual temperature must have
been at least 5°C lower than today.

The change in precipitation may be estimated using simi-
lar relationships. The precipitation gauge on top of Mount
Baldy records an average of 93 cm of precipitation each
year. At Sheep Crossing about 76 cm of precipitation is
recorded. Sheep Crossing was probably above treeline
during glacial times. If we assume that at least 93 cm of
precipitation fell at Sheep Crossing in glacial times,
precipitation would have been about 25 percent greater
throughout the area.

Determination of temperature depression during Pleis-
tocene time using snowline yields results similar to that
using vegetation. The present snowline corresponds to a
mean July temperature between -1.5°C and 6.8°C (Pewe
and Reger, 1972, p. 191). These temperatures correspond
to elevations between 3,500 m and 4,300 111. Equilibrium
line elvations in the Mount Baldy area range from 10,300
feet (3,139 m) in Purcell time to 10,600 feet (3,231 m) in
Baldy Peak time. Consequently there must have been 500
to 1,200 m of depression of the snowline which corresponds
very well with the results of the depression of treeline.
During glacial times, then, it may be stated that the
snowline was depressed about 1,000 meters which would
correspond to a temperature decrease of about 6°C. Using
snowline depressions it is impossible to calculate the
increase in precipitation during glacial times.

In conclusion, for the Mount Baldy area the Pleistocene
mean annual temperatures were 5°C to 6°C lower than
today, and precipitation was 20 to 25 percent higher. These
values are in line with other estimates in the southwest.
Heusser (1966) postulates a mean annual temperature
decrease of 2° to 5°C and mean summer temperature
decrease of 4° to iO''C. He stated that in New Mex ico
precipitation was about 22 ern higher. Richmond (1965, p.
228) suggested that the mean summer temperature decrease
was about 8°C in the southern Rocky Mountains.
REGIONAL CONSIDERATIONS

Glacier growth was caused by a decrease in summer
ablation due to cloudiness, frequent summer storms, and a
decrease in temperature; the total precipitation may have

increased by as much as 20 to 25 percent in the White
Mountains of Arizona. These conditions possibly pre-
vailed throughout the southwestern United States during
glacial times.

Table 23. Glaciated ranges and cirque floor elevations
in the southwestern United States

Mountain
No. Range

Cirque floor
elev. (ft) Source

I. Colorado Rockies
(N. facing)
(5. facing)

2. San Juan Mts.

I I ,000- 15,000
12,000

12,000

Ray, 1940

Atwood and
Mather, 1932

Ray, 1940
Antevs, 1954
Ray, 1940
Ray, 1940
Ray, 1940
Ray, 1940

3. Mt. Evans
4. Pikes Peak
5. Sangre de Cristo Mts.
6. West Spanish Peak
7. Blanca Peak
8. Cu lebra and other

ranges
9. Sierra Blanca

10. Mt. Baldy
II. San Francisco Peaks
12. Spring Mountain
13. Sierra Nevada

12,000
11,750

10,500-11,000
11,000

11,000-11,700

Richmond. 1963
this report
Updike, 1969
Flint, 1957
Wahrhaftig and

Birman, 1965
14. Inyo Mountains 12,000-12,500 Blackwelder, 1934
15. Mt. Elwell district 7,500 Diller, 1908
16. Lassen Peak 7,000-7,500 H. Williams, 1932
17. Mt. Shasta Diller, 1895
18. Klamath Mountains Sharp, 1960
19. Wassuck Range 11,000 Blackwelder, 1934
20. Ruby-Humboldt MIS. 9,000-9.500 Sharp, 1938
21. Shoshone Mts. 10.000 Blackwelder, 1934
22. Toiyabe Range 11,000 Blackwelder, 1934
23. N. Wasatch Mrs. 8.500-9,000 Atwood, 1909
24. S. Wasatch Mts. 10,000 Atwood, 1909
25. Uinta Mts. 10,000 Atwood, 1909
26. Wasatch Plateau 10,000-10,500 Speiker & Billings, 1940
27. TusharMts. 10,500+ Flint, 1957
28. Aquarius Plateau 10,400-10,700 Flint and Denny, 1958
29. La Sal Mts. 11,000-11,600 Richmond, 1962
30. White River Plateau 11,000- Merrill, unpublished
31. Park Range 10,500 Flint, 1957
32. Grand Mesa 11,500 Retzer, 1954
33. San Bernadino Mt. 10,500 Yaugn, 1922

11,500
10,800
11,100
11,500

The relationship between the present distribution of July
winds and late Wisconsinan snow lines as determined from
cirque floor elevations (table 23) is shown in figure 49.
There seems to be a strong correlation between the July
circulation pattern and the snowline surface. Snowline is
low on the west side of the Sierra Nevada because of the
abundance of moisture from the Pacific Ocean. If one
thinks of the isolines as a surface, the surface remains
essentially horizontal east of the Sierra Nevada in an east-
west direction and has a gentle dip to the north or north-
west. A high is noted along the Rocky Mountains because
most of the moisture is dropped on the flanks of the range,
accounting for the sharp drop on the east side of the Rocky
Mountains. A minor depression in the regional trend is
noted along the Mogollon Rim in Arizona. This depression
includes the White Mountains in Arizona and the Mogollon
Mountains in New Mexico, and its location here suggests
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Figure 49.-Late Wisconsinan snowline as inferred from cirque floor elevations and the distribution of atmospheric circulation which might account
for the snowline distribution.

that much of the precipitation may have been supplied from
moist air masses moving from the Gulf of Mexico. An
additional component was probably added from the Pacific
Ocean as it is today. The high precipitation in this area is
due to orographic uplift which, coupled with low tempera-
tures caused by the large mountain masses at high eleva-
tions, promoted this depression of snowline in Arizona and
New Mexico.

SUMMARY

The late Cenozoic geologic history of the White Moun-
tains can be divided into two sections: Tertiary and Quater-
nary. The Tertiary is marked by extensive volcanism with
associated lava flows and sedimentary deposits. The Ter-
tiary rocks are schematically shown in figure 50. The
Quaternary, or at least the late Pleistocene and Holocene,
was characterized by fluctuating climates and glaciation
with minor volcanism in the region.

TERTIARY mSTORY

Eruptions of the Mount Baldy volcano probably began
during late Miocene time. Prior to this, the region was a
broad, flat plain sloping gent! y towards the north. The
Mogollon Highlands were in existence south of the present
White Mountains and sediments were being transported
northward from them. Basalt overlying gravels along the
Mogollon Rim indicates that drainage began flowing south
over the Mogollon Rim before late Miocene time (Damon,

1968, p. 49).Volcanism began 20 to 30 million years ago
north of Morenci, Arizona (Ratte and others, 1969) about
56 km southeast of Mount Baldy, and radiometric dates
indicate that volcanism was occurring in nearby New
Mexico during Oligocene-early Miocene time as well
(Elston, 1968). The volcanic, metamorphic, and granitic
terrain to the east and south provided sediments for the early
volcanic and volcaniclastic rocks described in this report.
Local volcanism was occurring in the White Mountain
areas as well.

The eruptions from the Mount Baldy volc.ano began
perhaps 10 million years ago and continued until about 8.5
million years ago. Volcanic activity began from the Mount
Baldy vent with the eruption of latite lava flows. This was
followed by a short period of pyroclastic activity and sub-
sequent effusion of latite, light latite, trachyte, and quartz
latite lavas building a lava cone about 1,200 m high. Cross
sections of the volcano are shown in plate 2. Concurrently
with the eruption of lava flows, the Sheep Crossing Forma-
tion was being deposited on the flanks of the volcano.

The early lavas of the Mount Baldy volcano and the
Sheep Crossing Formation were partially covered by basalt
of Pliocene and Pleistocene age. Subsequently, the basalt
has been eroded and the underlying units exposed.

QUATERNARY HISTORY

The Pleistocene history of the Mount Baldy area is
characterized by at least four glaciations with associated
periglacial activity. Evidence for interglacial or interstadial
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Figure SO.-Schematic cross section in the White Mountain area away from the lower flanks of the Mount Baldy Volcano illustrating the stratigraphic
relationships described in this report. Tsv = early volcanic and volcaniclastic rocks; Tml and Tmu2 = lower and upper members of the Mount
Baldy Formation, respectively; Tsm and Tsc = Marshall Butte and Campground Members of the Sheep Crossing Formation. respectively; and
QTb = younger basaltic rocks.

events is recognized only from pollen records. Whether the
Purcell Glacier obliterated any pre-existing evidence of
glaciation is not known.

Prior to Purcell time the climate slowly became cooler
and wetter. Glaciers began forming at the higher elevations
until snowline was at about 3,100 m. Purcell time was
characterized by the lowest snowline and the most extensive
glaciers.

After the Purcell glaciers retreated and a period of rela-
tively warm, dry climate, the climate once again deterio-
rated and the Smith Cienega Glaciation began. The Smith
Cienega Glaciation is believed to be early Wisconsinan in
age and the snowline appears to have been at an elevation of
10,500 feet (3,200 m). Moraines of this time are well pre-
served in contrast to the isolated remnants of Purcell age
deposits. Glaciot1uvial deposits are scarce and, like the de-
posits of the Purcell Glaciation, are thought to have been
removed from the mountain mass through the deep, narrow
canyons. Side-glacial lakes formed as the glaciers retreated
and their deposits are preserved along the valley walls.
Moraine-dammed lakes formed as the glaciers retreated

from their maximum extent; clay and peat deposits accumu-
lated in the valley bottoms.

The Baldy Peak Glaciation of late Wisconsinan age was
very minor compared to the extent of the previous two.
Snowline was about 10,600 feet (3,231 m) and treeline was
below 9,100 feet (2,774 m). Moraines are well-preserved
and commonly sharp-crested. A slight discordance between
moraines along the West Fork (pl. 1) suggests that two
advances may have occurred during the Baldy Peak Glacia-
tion. Mean annual temperatures were perhaps 5°C cooler
than today, and precipitation was about 20 percent higher
than today.

Pollen evidence suggests that climate during early Holo-
cene time was similar to that of today. The altithermal had a
warmer, drier climate than that of today. This was followed
by a cool-wet time during which a small glacier formed on
the northeast side of Mount Ord, and this is called the
Mount Ord Glaciation. Also during Mount Ord time talus
slope were activated or reactivated in cirques occupied by
glaciers during Baldy Peak time resulting in block fields in
the upper cirques. Subsequent to Mount Ord time the
climate has been slightly drier and warmer.
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APPENDIX 1
Factor analysis as a multivariate technique in palynology

INTRODUCTION
Traditionally palynologists have relied on "eyeballing" to establish

zonation in pollen stratigraphy. Generally a few "key" taxa are chosen
and zones are established on the increase and decrease in the proportions of
these taxa. The lack of sophistication in this technique can partly be attrib-
uted to the relative youth of palynology as a science. Only recently have
palynologists begun to recognize the need for more sophisticated
techniques in what is a statistical science (Gray and Gunelle, 1961;
Mosimann, 1965).

Counts provide the basis for pollen analysis. From these counts of taxa
inferences are made concerning vegetation, climate, and biostratigraphic
zonation. The palynologist is concerned with variation within a single
level of a profile and between-level variation in the pollen profile, the
former having ecologic implications and the latter stratigraphic and
ecologic implications. The pollen counts are changed to proportions;
ideally the proportions are treated using multivariate methods. Variation of
proportions of one taxa through a stratigraphic sequence can usually be
considered to follow a binomial distribution and the variation of all taxa is
considered to be multinomial. This allows one to treat the data using the
standard analysis of variance and covariance. These procedures are
outlined by Mosimann (1965). These techniques include chi-square tests
of homogeneity, analysis of variance, discriminant function analysis, and
factor analysis.

Factor analysis is a mathematical treatment of data which is used to
determine: I) How many end members are needed to account for the
compositional variation observed in the system? 2) What is the composi-
tion of the end members? 3) What proportion of each sample can be
attributed to each end member? To answer these questions we define a set
of ordered numbers in each column of an algebraic vector. These establish
N algebraic vectors (N samples with n variables) in an m coordinate
system. Two modes of analysis are available in factor analysis. In R-mode
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Figure I.-Variation and zonation of selected pollen taxa in a composite
section from the Benny Creek Site <IS determined by George Batchelder.

analysis attention is focused on n variables, and in Q-mode analysis atten-
tion is focused on the N samples. From the point of view of the
palynologist R-mode analysis would be applicable to his concern with the
variation within a single level, i.e. between taxa. Q-mode analysis is of
concern in this paper where the between-level variation of specified taxa
within the pollen profile is examined.

In factor analysis a set of orthogonals is derived from a data matrix; the
orthogonals are called eigenvectors or the "characteristic vectors" of a
matrix. The eigenvectors represent variation of eigenvalues attributable to
samples or variables depending on the mode of analysis. The mathematical
manipulation of matrices in factor analysis is beyond the scope of the
present report.

The program as utilized in the present study calculates the eigenvalues
and the initial factor matrix using a cosine function. The sum of the squares
of the eigenvectors for each factor or eigenvalue represents the total infor-
mation accounted for by that factor. The matrix is then rotated using a
procedure known as varirnax rotation so the theoretical axes of the initial
factor matrix are in new positions located so as to provide a better fit to the
data. The communality or observed variation attributed to each eigenvalue
is calculated by the sum of the squares of the rows of the varirnax matrix.
The number of factors or eigenvalues util ized in the study was dependent
upon an acceptable level of communality. Two factors were needed in
order to have about 95 percent communality for the fossil samples.

METHOD OF ANALYSIS

The present study is an attempt to establish zonation in an attempt to
understand the ecologic and climatic implications of the variation in pollen
taxa. Zoning must be based on criteria that cannot be misunderstood. The
definition of zone borders must be sharp, but it is recognized that changes
are not instantaneous. Zones were established by George Batchelder after
he had made the pollen counts. Most of his counts were 200 grains with
some being 300 grain counts. The counts were translated to proportions
and plotted according to the depth of the sample. Using two basic
environmental parameters-degree of "warmne s" and "effective mois-
ture" -he established the zonation in figure I .

According to Batchelder Artemisia is used as a taxon most indicative of
prolonged temperature tluctuations. Pinus is considered the taxon most
indicative of tluctuations in "effective moisture." Quercus was used as a
secondary indicator of drier climates as it moved to higher elevations.
Sedge or Cyperaceae is not climatically controlled but merely indicates
filling of the basin with sediment to about 0.5 m water depth so the sedge
could grow. Grass or Gramineae is also suggestive of drier and warmer
times. Sedge pollen proportions were removed from the data before fac-
tor analysis was applied. Assuming the other pollen to be climati-
cally significant, this would allow climatic interpretations to be made from
the eigenvectors.

It was thought that the zonation would be more firmly established if it
were retlected in all the taxa; this made multivariate analysis manda-
tory. Q-mode analysis was used to treat the arnples from ·the profile
and a surface transect up the northeast side of Mount Baldy. The surface
transect was utilized to see if the pollen frequencies reflected the
vegetation zonation.

The counts were corrected to exclude cyperaceae and a few other
minor taxa present in trace amounts. The arcsine transformation was then
applied to the proportions in an attempt to stablize the binomial variation
of the pollen proportions (Snedecor, 1956). This transformation:

arcsine ypefcentage
makes equal scale changes of equal importance. Thus the change from 50
to 55 percent is much less important than a change from 5 to 10 percent,
but still is more important than a change from 5 to 6 percent.

Using Q-mode analysis it was found that the first two eigenvalues
accounted for about 96 percent of the variation between samples in the
fossil pollen record. The first four eigenvalues accounted for about 93
percent of the variation in the surface samples. The eigenvectors were
plotted as a function of depth or elevation and the zones were established.
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MODERN SURFACE SAMPLES
Modern surface samples were collected at 500-foot intervals between

7,500 feet and 11,400 feet on a northeastward transect from the top of
Mount Baldy. There are four vegetation zones in the interval covered by
the surface samples. From below 7.500 feet to about 8.200 feet the domi-
nant vegetation is grass with some pine. oak. and juniper. The absence of
many trees is in part controlled by the shallow soil development on the
relatively young basalts and probably by lower precipitation. From 8.200
to 9.200 feet. ponderosa pine is dominant in the so-called Transition Zone
of Merriam (1890). The Canadian Zone with its dominant trees Picea
pungens . Pinus flexilis , and A hies concolor. is between 9.200 and 10.200
feet. The Hudsonian Zone occurs between 10.200 and 11.200 feet in
elevation and is characterized by Picea engelmanni and Abies lasiocarpu
var. arizonica. At its upper limit the trees of the Transition Zone begin to
be somewhat stunted and the stands open. with more grass growing once
again. The Alpine Zone is poorly represented at the summit because the
regional treeline approximately coincides with the summit of the mountain
mass. The summit is kept free of arboreal vegetation by the winds.

The eigenvalues for the surface samples are represented by the curves
in figure 2. The three portions of figure 2 show the results obtained by
inputing data in three different forms-pollen counts. pollen percentages.
and transformed data. Three factors explain the variation between samples
using pollen counts and pollen percentages. but four factors are required to
explain the variation if transformed percentages are used. However. the
trnnsforrned percentages more accurately define the vegetation zones
which suggests that using the arcsine transformation is desirable when

. factor analysis is used to establish pollen zones.
Look ing at figure 2 we can correlate the factors with changes in vegeta-

tion. Factor I seems to reflect changes in arboreal pollen. The value of the
factor increases when more grass pollen is present and there is a low
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Figure 3.- Variation of the first two factors calculated from the fossil
pollen percents after the arcsine transformation. Each factor has a com-
munality of 48.146 and the total communality is 96.292.

percentage of arboreal pollen. and Factor I is highest in the Upper Sonoran
Zone and the Alpine Zone. Factor IT is apparently controlled by variation
in fir pollen, and defines the Hudsonian Zone. Factor III defines the
Canadian Zone and peaks when there is a high percentage of spruce pollen.
Factor IV reflects increases in pine pollen and peaks in the Transition Zone
where the dominant tree is ponderosa pine. The secondary peak in the
Hudsonian Zone is due to long distance transport uf pine pollen.

Although it is tentatively possible to correlate factors with dominant
vegetation types, 1 would not put much confidence in assigning environ-
mental parameters to the factors. There are complex interactions between
parameters affecting plant growth, and because of these interrelationships
it is difficult to name the factors which are the most important as they
pertain to the eigenvalues. The best use for the eigenvectors seems to be in
the establishment of zonation on the basis of all the pollen types rather than
selected taxa.

APPLICATION TO THE FOSSIL RECORD
Figure I is the pollen diagram as drawn by Batchelder illustrating the

variation of selected taxa with depth at the Benny Creek site. Two radio-
carbon dates are available, at 100 ern and 160 em; they are 7,335 and
25,700 radiocarbon years B.P. respectively. Batchelder (written commun.,
1972) has established the four zones as they are identified on figure 2.
Zones IA and IVBare based on so few samples that they may not be statis-
tically significant. The zones as established by Batchelder were chosen on
the basis of the taxa represented on figure I. All taxa were util ized in the
application of factor analysis to the data and the results of this multivariate
technique support his analysis. Figure 3 illustrates the variation of the eigen-
values after the proportions have undergone the arcsine transformation.

Two factors explain about 96 percent of the observed variation of
pollen taxa between the samples, and each factor is weighted equally.
The zones are superimposed on the factors and using the available dates
possible environmental significance can be assigned to the variation of the
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two factors. Zone III occurs during Baldy Peak time and should have been
cool and very wet; the factors have the same trend in Zone liB and in
Zone I. In one of those two zones the Mount Ord Glaciation probably
occurred. About 7,300 years ago it must have been warm and dry (Zone
IIC). and similar points in time are located in Zone [V and Zone IIA.
Zone [ represents most recent time. We know that temperatures have
probably not been as low nor precipitation as high as during glacial times
(Baldy Peak Glaciation; Zone III), but the factors are similar to the cooler
times. After Altithermal time, vegetation in the White Mountains
changed; there have not been the high percentages of Artemesia pollen
present that we observe in the older pans of the record. This changing
association is reflected in the record and illustrated how tenuous it is to
assign environmental significance to the factors, but it is tempting to

assign one factor to temperature and the other to precipitation.

CONCLUSIONS

The established zonation of the Benny Creek pollen record has been
supported and refined using factor analysis. The factors derived from
factor analysis seem to be most responsive to interpretation after the
proportions have been transformed using an arcsine transformation.
Because of changing vegetation associations and the interrelationships
of environmental parameters which control the distribution of vegetation,
no environmental significance could definitely be assigned to the factors,
and the factors could not be used for prediction of cI imatic or environ-
mental changes.

APPENDIX 2

Determination of equilibrium line altitudes

The line on the surface of a glacier where the net mass budget equals
zero is defined as the equilibrium line. This can be calculated from yearly
observations of the accumulation area (Sc) and the ablation area (Sa). The
equilibrium line separates the accumulation zone and the ablation zone.
The accumulation area ratio (AAR) is equal to the accumulation area (Sc)
divided by the total surface area (5). Equilibrium line altitudes (ELA) For
modern glacier may then be calculated from actual glaciological invcsti-
gations or from aerial photographs.

Past equilibrium line altitudes can be estimated if the aerial extent and
topographic configuration of Former glaciers can be recon tructed and a
rea .onable AAR is assumed. The areal extent' of former glaciers is deter-
mined from moraines, erratics, head of outwash fans, valley trains, side-
glacial channels, kame terraces, escape channels, and tors. A reasonable
facsimile of the former glacier morphology may then be made by connect-
ing like contours on opposite sides of the glacier (figs. 1-16). Glacier
contours are convex downglacier below the ELA and concave above it.

The terminal area of a glacier is usually easily defined. The upper
ice limit, on the other hand, may require projection of lateral moraines
upvalley. If the lateral moraines have been destroyed by slope processes
one must estimate a former ice level sufficiently high to be reasonable.
Manley (1959, p. 196) 1I e the ba e of steep headwall crags as the
estimated ice level Forcirque glaciers. .

The reconstructed glacier is subdivided into altitudinal intervals to
accurately portray the glacier (figs. 1-16). In this study a contour interval
of 100 feet provided the most accuracy for subsequent calculations and
portrayed the glacier morphology best. The area of each altitude segment
is then calculated and the areas transformed into the percentage that each

interval represents of the entire surface area (figs. 1-16). The percent of
total area of each segment is then cumulated from the upper ice limit to the
terminus. Assuming the area altitude ratio of a healthy glacier is 0.6 for
most glaciers in dynamic equilibrium or advancing, it is then possible to
calculate the equilibrium line altitude (figs. 1-16). Sixty percent of the
glacier surface lies above the equilibrium line, so:

p, = (Pa-60%)/(P.-Pb)

Where p. = the percent of area above 60%, Pb = the percent of area
below 60%, and p, = the percent of the linear distance between the eleva-
tion increments. Pi is then multiplied times the vertical distance between
the elevation Of Pa and Pb and added to the lower elevation increment.

This technique requires that a glacier have a symmetrical distribution of
surface area about a median altitude. Those wiih asymmetrical distributions
-ice, caps, piedmont glaciers and valley glaciers with significant terminal
bulbs-do not meet this requirement. The-result is illustrated in figure 50
(main text) where points vary from the logarithmic relationship. The
advantages of this method are that cirque floors need not be determined;
different morainal extents will suffice. A later glaciation may alter the
definition of the cirque floor. The principal disadvantages of this method
are that the reconstruction of the Former ice surface may be arbitrary, and
the time involved in reconstruction and area calculations is great.

xperiments with ten different operators have shown that about I percent
error exists in calculating the ELA. Differences in area calculations arc
minimal and that problem is not as great as one might expect. The
advantages of calculating the equilibrium line altitude as opposed to other
snowline calculation techniques far outweigh the disadvantages.
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AREA CALCULATIONS

Elevation Area Percent of Cumulative
increment (km2) total percent

(ft)
11200 0.006 10.000 10.000
11100 0.029 50.000 60.000
11000 0.023 40.000 100.000

The total area is = 0.058 km2
The elevation of the equilibrium line is = AAR-0.50
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Figure 1. --Reconstructed glacier - Ord Creek;
Mount Ord glaciation.

AREA CALC ULA TlONS

Elevation Area Percent of Cumulative
increment (km2) total percent

(ft)
11100 0.070 2.733 2.722
11000 0.227 8.884 11.617
10900 0.256 10.023 21.640
10800 0.279 lO.934 32.574
10700 0.215 8.428 41.002
10600 0.157 6.150 47.153
10500 0.192 7.517 54.670
10400 0.257 6.150 60.820
10300 0.252 5.923 66.743
10200 0.145 5.695 72.437
10100 0.087 3.417 75.854
10000 0.755 2.961 78.815

9900 0.639 2.506 81.321
9800 0.157 5.923 87.244
9700 0.256 9.795 97.039
9600 0.070 2.733 99.772
9500 0.006 0.288 100.000

The total area is = 2.597 km2
The elevation of the equilibrium line is = AAR-0.50 10562

0.60 10413
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r 0.5 1 kilometer
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C.!. = 100 ft

Figure 2. --Reconstructed glacier - Ord Creek;
Baldy Peak glaciation.



AREA CALCULATIONS

Appendix 2, Table 3. --Area calculations.
Elevation Area Percent of Cumu1a tive
increment (km2) total percent

(ft)
11000 0.697 5.687 5.687
10900 0.203 16.588 22.275
10800 0.163 13.270 35.545
10700 0.105 8.531 44.076
10600 0.076 6.161 50.237
10500 0.087 7.109 57.346
10400 0.087 7.109 64.455
10300 0.093 7.583 72.038
10200 0.093 7.583 79.621
10100 0.116 9.479 89.100
10000 0.076 6.161 95.261

9900 0.464 3.791 99.052
9800 0.012 0.948 100.000

The total area is = 1.225 km2
The elevation of the equilibrium line is = AAR-0.50
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C.r. == 100 ft

Figure 3. --Reconstructed glacier - West Fork
of the West Fork of the Little Colorado River;
Baldy Peak glaciation.

AREA CALCULATIONS
Appendix 2, Table 4. --Area calculations.
Eleva tion Area Percent of Cumula tive
increment (km2) total percent

(ft)
10900 0.081 10.769 10.769
10800 0.174 23.077 33.846
10700 0.192 25.385 59.231
10600 0.145 19.231 78.462
10500 0.052 6.923 85.385
10400 0.041 5.385 90.769
10300 0.035 4.615 95.385
10200 0.023 3.077 98.462
10100 0.002 1.538 100.000

The total area is = 0.755 km2
The elevation of the equilibrium line is = AAR-0.50

0.60
0.70

10736
10696
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Figure 4. --Reconstructed glacier - East Fork
of the West Fork of the Little Colorado River;
Baldy Peak glaciation.



AREA CALCULATIONS

Appendix 2, Table 5. --Area calculations.
Elevation Area Percent of Cumulative
increment (km2) total percent

(ft)
11000 0.087 4.839 4.839
10900 0.186 10.323 15.161
10800 0.343 19.032 34.194
10700 0.238 13.226 47.419
10600 0.372 20.645 68.065
10500 0.221 12.258 80.323
10400 0.174 9.677 90.000
10300 0.093 5.161 95.161
10200 0.081 4.516 99.677
10100 0.006 0.323 100.000

The total area is ,= 1.801 km2
The elevation of the equilibrium line is = AAR-0.50
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Figure 5. --Reconstructed glacier - West Fork
of the Black River; Baldy Peak glaciation.
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AREA CALCULATIONS

Table 6. --Area calculations.
Area Percent of
(km2) total

Cumulative
percent

0.064
0.099
0.076
0.023
0.012

23.404
36.170
27.660

8.511
4.255

23.404
59.574
87.234
95.745

100.000

The total area is = 0.273 km2
The elevation of the equilibrium line is = AAR-0.50
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Figure 6. --Reconstructed glacier - East Fork
of the White River; Baldy Peak glaciation.



AREA CALCULATIONS
Appendix 2, Table 7. --Area
Elevation Area
increment (km2)

ca1cu1ations.
Percent of

total
Cumulative

percent
(ft)
11100
11000
10900
10800
10700
10600
10500
10400
10300
10200
10100
10000

9900
9800
9700
9600
9500
9400
9300

0.105
0.244
0.250
0.244
0.314
0.505
2.585
2.789
2.243
0.895
0.796
0.813
0.476
0.389
0.134
0.099
0.209
0.151
0.058

0.786
1.835
1.879
1.835
2.359
3.801

19.441
20.970
16.863

6.728
5.985
6.116
3.582
2.927
1.005
0.743
1.573
1.136
0.437

0.786
2.621
4.500
6.335
8.694

12.495
31.935
52.905
69.768
76.496
82.481
88.598
92 .180
95.107
96.112
96.855
98.427
99.563

100.000

Ul---.l

The total area is = 13.298 km2
The elevation of the equilibrium line is = AAR-0.50

0.60
0.70

10414
10358
10297

___ z

Equilibrium line
scale 1 I 0j.5 t km

C. I . ~ 100 ft

Figure 7. --Reconstructed glacier - Ord Creek;
Smith Cienega glaciation.

AREA CALCULATIONS
Appendix 2, Table 8. --Area calculations.
Elevation Area Percent of
increment ;(km2) total

(ft)
11000
10900
10800
10700
10600
10500
10400
10300
10200
10100
10000

9900
9800
9700
9600
9500

0.523
0.273
0.256
0.488
0.674
0.726
1.092
0.691
0.314
0.325
0.511
0.302
0.174
0.168
0.099
0.076

7.813
4.080
3.819
7.292

10.069
10.851
16.319
10.330
4.688
4.861
i.639
4.514
2.604
2.517
1.476
1.128

The total area is = 6.692 km2
The elevation of the equilibrium line is

Cumulative
percent

7.813
11.892
15.712
23.003
33.073
43.924
60.243
70.573
75.260
80.122
87.760
92.274
94.878
97.396
98.872

100.000

AAR-0.50
0.60
0.70

10463
10402
10306

1

scale 0 0.5 1 kilometer
I " I I I " I I I

C.!.' 100 ft

Figure 8. --Reconstructed glacier - West Fork
of the Little Colorado River; Smith Cienega gla-
ciation.



AREA CALCULATIONS
Appendix 2, Table 9. --Area calculations.
Elevation Area Percent of Cumulative
increment (krn2) total percent

(ft)
11100 0.261 6.267 6.267
11000 0.988 23.677 29.944
10900 0.256 6.128 36.072
10800 0.215 5.153 41.226
10700 0.273 6.546 47.772
10600 0.178 4.735 52.507
10500 0.221 5.292 57.799
10400 0.215 5.153 62.953
10300 0.331 7.939 70.891
10200 0.256 6.128 77.019
10100 0.366 8.774 85.794
10000 0.192 4.596 90.390

9900 0.221 5.292 95.682
9800 0.093 2.228 97.911
9700 0.058 1.393 99.304
9600 0.030 0.696 100.000

The total area is = 4.171 krn2
The elevation of the equilibrium line is = AAR-0.50

0.60
0.70

10653
10457
10311

Ul
00

quil ibrium line

scale f 0.5 r
I I I I I II I I

C. I. = 100 ft

kilometer

Figure 9. --Reconstructed glacier - West Fork
of the Black River; Smith Cienega glaciation.
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AREA CALCULATrONS
Appendix 2, Table 10. --Area calculations.
Elevation Area Percent of Cumulative
increment (km2) total percent

(ft)
11000 0.302 10.019 10.019
10900 0.680 22 .543 32.563
10800 0.558 18.497 51.060
10700 0.494 16.378 67.437
10600 0.273 9.056 76.493
10500 0.267 8.863 85.356
10400 0.093 3.083 88.439
10300 0.093 3.083 91.522
10200 0.099 3.276 94.798
10100 0.064 2.119 96.917
10000 0.046 1.541 98.459

9900 0.029 0.963 99.422
9800 0.012 0.385 99.807
9700 0.006 0.193 100.000

The total area is = 3.015 km2
The elevation of the equilibrium line is = AAR-0.50

0.60
0.70

10806
10745
10672

N

1
Equilibrium li

o 0.5 1
I II I I I I I I I

c.!. = 100 ft

kilometerscale

Figure 10. --Reconstructed glacier - East Fork
of the White River; Smith Cienega glaciation.



AREA CALCULATIONS

Appendix 2, Table 11. --Area calculations.
Elevation Area Percent of
increment (km2) total

(ft)
11100
11000
10900
10800
10700
10600
10500
10400
10300
10200
10100
10000

9900
9800
9700
9600
9500
9400
9300
9200

0.099
0.244
0.261
0.244
0.378
0.540
2.580
2.870
2.219
0.877
0.790
0.790
0.482
0.4l3
0.l39
0.220
0.261
0.314
0.407
0.116

Cumulative
percent

0.699
1.726
1.850
1.726
2.672
3.822

18.249
20.304
15.701

6.206
5.590
5.590
3.411
2.918
0.986
0.781
1.850
2.219
2.877
0.822

0.699
2.425
4.275
6.001
8.672

12.495
30.744
51.048
66.749
72.955
78.545
84.l35
87.546
90.464
91.451
92.232
94.081
96.301
99.178

100.000
VI
\0 The total area is = 14.135 km2

The elevation of the equilibrium line is= AAR-0.5
0.6
0.7

10405
10343
10248

--"-'"

Equ t Hb r Ivn Li nc
s'-a'c 0~ ~ It I k i Lomc t e r s

C.l.-100ft

Figure 11. --Reconstructed glacier - Ord Creek,
Purcell glaciation.

AREA CALCULATIONS

Appendix 2, Table 12. --Area calculations.
Elevation Area Percent of
increment (km2) total

(ft)
11000
10900
10800
10700
10600
10500
10400
10300
10200
10100
10000

9900
9800
9700
9600
9500
9400
9300

0.064
0.279
0.465
0.337
0.267
1.1155
1.621
0.964
1.203
1.121
1.197
1.005
0.935
0.360
0.349
0.749
1.383
0.105

0.473
2.063
3.438
2.492
1.977
8.251

11.990
7.l34
8.896
8.294
8.853
7.434
6.9.9
2.664
2.578
5.533

10'.228
0.774

Cumulative
percent

0.473
2.535
5.973
8.466

10.443
28.694
30.683
37.817
46.713
55.006
63.859
71.294
78.212
80.877
83.455
88.999
99.226

100.000

The total area = 13.52 km2
The elevation of the equilibrium line is = AAR-0.5

0.6
0.7

1

10160
10044

9916

scaley !} f k t Lome tu r s

C.r. - 100 f t;

Figure 12. --Reconstructed glacier - West Fork
of the Little Colorado; Purcell glaciation.



AREA CALCULATIONS
Appendix 2,
Elevation
increment

(ft)
11100
11000
10900
10800
10700
10600
10500
10400
10300
10200
10100
10000

9900
9800
9700
9600
9500
9400

Table 13. --Area calculations.
Percent of

totalArea
(km2)
0.261
0.988
0.256
0.215
0.273
0.296
0.221
0.232
0.256
0.500
0.517
0.349
0.505
0.436
0.639
0.447
0.041
0.006

4.125
15.582
4.033
3.39l
4.308
3.116
3.483
3.666
4.033
7.883
8.158
5.500
7.974
6.874

10.082
7.058
0.642
0.092

0-o

The total area is = 6.338 km2
The elevation of the equilibrium line is = AAR 0.5

0.6
0.7

1

quilibrium line

scale a 0.5 1 kilometer
I I I I I I II II I

C. I. = 100 ft

Cumulative
percent

4.125
19.707
23.740
27.131
31.439
34.555
38.038
41.705
45.738
53.621
61.778
67.278
75.252
82.126
92.209
99.267
99.908

100.000

10249
10122

9966

Figure 13. --Reconstructed glacier - West Fork
of the Black River; Purcell glaciation.

o
o
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AREA CALCULATIONS
Appendix 2, Table 14. --Area calculations.
Elevation Are2 Percent of Cumulative
increment (km ) total percent

(ft)
11000 0.749 18.971 18.971
10900 0.569 14.412 33.382
10800 0.668 16.9l2 50.294
10700 0.517 13.088 63.382
10600 0.366 9.265 72.647
10500 0.320 8.088 80.735
10400 0.198 5.000 85.735
10300 0.134 3.382 89.118
10200 0.076 1.912 91.029
10100 0.988 2.500 93.529
10000 0.116 2.941 96.471

9900 0.081 2.059 98.529
9800 0.046 1.176 99.706
9700 0.012 0.294 100.000

The total area is = 3.950 km2
The elevation of the equilibrium line is = AAR-0.5

0.6
0.7

10802
10726
10629

scale a 0.5 I k l Lome te r

I I II I I I " I
C.r. = 100 ft

Figure 14. --Reconstructed glacier - East Fork
of the White River; Purcell glaciation.



AREA CALCULATIONS
Appendix 2, Table 15. --Area calculations.
Elevation Area Percent of
increment (km2) total

Cumulative
percent

(ft)
10600
10500
10400
10300
10200
10100
10000

9900
9800

19.482
16.485
14.033
29.755

3.951
10.354
10.899
4.360
0.681

19.482
35.967
50.000
69.755
73.706
84.060
94.959
99.319

100.000

0.831
0.703
0.598
0.842
0.168
0.442
0.465
0.186
0.029

The total area is = 4.264 km2
The elevation of the equilibrium line is = AAR-0.5

0.6
0.7

10400
10349
10294

~

N

1

Equilibrium line ~

sea Le r 0.5 r
" II I I , I I

C.r. = 100 ft

kiLometer

Figure 15. --Reconstructed glacier - Paradise
Creek; Purcell glaciation.

AREA CALCULATIONS
Appendix 2, Table 16. --Area calculations.
Elevation Area Percent of
increment (km2) total

(f t )
10600
10500
10400
10300
10200
10100
10000

9900

Cumulative
percent

0.564
0.436
0.372
0.320
0.476
0.291
0.174
0.006

22.717
17.564
14.988
12.881
19.204
11.710
0.703
0.234

22.717
40.281
55.269
68.150
87.354
99.063
99.766

100.000
The total area is = 2.481 km2
The elevation of the equilibrium line is AAR-0.50

0.60
0.70

10435
10363
10290

scale 0 0.5 1 kilometer
1,,"1,",1

C.r. = 100 ft

Figure 16. --Reconstructed glacier - Paradise
Creek; Cienega glaciation.
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The Arizona Bureau of Geology and Mineral Technology was established in 1977
by an act ofthe State legislature. This act represents a reorganization of the Arizona
Bureau ofMines which first was created in 1915and placed under the authority of the
Arizona Board ofRegents. This authority has not changed. The Bureau continues its
service in the fields of geology , metallurgy. and mining in response to public in-
quiries, state agency requirements, and various research grants. In order to carry
out these functions, two basic branches now are recognized:

Geological Survey Branch

This branch is charged with the responsibility of acquiring, disseminating, and
applying basic geologic data that are designed to (a) enhance our understanding of
Arizona's general geologic and mine ralogtc history and to assist in determining the
short and long range influences these have on human activity, and (b) assist in
developing an understanding of the controls influencing the locations of metallic,
nonmetallic and mineral fuel resources in Arizona.

Mineral Technology Branch

This branch conducts research and investigatIons into, and provides information
about, the development of Arizona's mineral resources, including the mining,
metallurgical processing, and utilization of metallic and nonmetallic mineral de-
posits. These activities are directed toward the efficient and safe recovery of Ari-
zona's mineral resources as well as insuring that recovery and treatment methods
will be compatible with the basic environmental needs of the state.






