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ASH-FLOW TUFFS OF THE GALIURO VOLCANICS IN THE NORTHERN
GALIURO MOUNTAINS, PINAL COUNTY, ARIZONA

By MEDORA H. KRIEGER

ABSTRACT

The upper Oligocene and lower Miocene Galiuro Volcanics in the
northern part of the Galiuro Mountains contains two distinctive major
ash-flow tuff sheets, the Holy Joe and Aravaipa Members. These major
ash-flows illustrate many features of ash-flow geology not generally ex-
posed so completely. The Holy Joe Member, composed of a series of
densely welded flows of quartz latite composition that make up a simple
cooling unit, is a rare example of a cooling unit that has a vitrophyre
at the top as well as at the base. The upper vitrophyre does not rep-
resent a cooling break. The Aravaipa Member, a rhyolite, is com-
pletely exposed in Aravaipa and other canyons and on Table Moun-
tain. Remarkable exposures along Whitewash Canyon exhibit the
complete change from a typical stacked-up interior zonation of an ash
flow to a nonwelded distal margin. Vertical and horizontal changes in
welding, crystallization, specific gravity, and lithology are exposed.
The ash flow can be divided into six lithologic zones.

The Holy Joe and Aravaipa Members of the Galiuro Volcanics are
so well exposed and so clearly show characteristic features of ash-flow
tuffs that they could be a valuable teaching aid and a source of theses
for geology students.

INTRODUCTION

The upper Oligocene and lower Miocene Galiuro Vol-
canics consists of andesitic to rhyolitic flows, tuffs, and
ash-flow tuffs. Included in the sequence in the northern
part of the Galiuro Mountains are two distinctive ma-
jor ash-flow tuffsheets and two minor ash flows. The ma-
jor ash-flow tuff sheets provide an excellent example of
contrast in types of emplacement, cooling and crystal-
lization history, and later alteration, and they illus-
trate some features in ash-flow tuffs not normally seen
or exposed so completely. The older one has a vitro-
phyre at the top as well as at the bottom of a sequence
of ash flows that cooled as a unit. The younger one, also
a simple cooling unit, has a well-developed horizontal
and vertical zonation that suggests a single ash flow,
but that may represent at least two additional pulses.
The nonwelded distal margin has been zeolitized.

The Galiuro Volcanics extends from the southern
part of the Christmas quadrangle to the northern part
of the Dragoon quadrangle (fig. 1). The first detailed
descriptions of the Galiuro Volcanics were by Cooper

and Silver (1964) in the Dragoon quadrangle and by
Simons (1964) in the Klondyke quadrangle. Blake
(1902) had previously used the term Galiuro Rhyolite
for tuffs and lavas in the central part of the Galiuro
Mountains. Willden (1964) published a generalized
geologic map of the Christmas quadrangle but he did
not correlate the volcanic rocks with the Galiuro Vol-
canics. Detailed subdivisions of the volcanic rocks in
the northern Galiuro Mountains—the Holy Joe Peak
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FIGURE 1.—Distribution of Galiuro Volcanics (shaded), 15-
minute quadrangles: Christmas (C), Dragoon (D), Galiuro
Mountains (G), Holy Joe Peak (H), Klondyke (K), Mam-
moth (M), Reddington (R), Sierra Bonita Ranch (S), Win-
chester Mountains (W), and 7'-minute quadrangles;
Brandenburg Mountain (B) and Holy Joe Peak (HJ).
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EXPLANATION
Younger rocks

Andesite of Table Mountain

Apsey Conglomerate Member

Hells Half Acre Tuff Member

/1 . . 1:
M/10, /1 Rhyolite-obsidian Member — v, vent
RN . i
3,\2‘,‘?@{ Upper andesite of Virgus Canyon —

Includes associated conglomerate

/ . .
//l/lav/ Lower andesite of Virgus Canyon —
Includes associated conglomerate

”HI%”H“ Aravaipa Member — Includes upper

white tuff (upper nonwelded tuff of
earlier reportsf M%gg;e;e
3 Lower tuff unit—Includes (oldest to young- to
est) tuff of Oak Springs Canyon, andesite| Upper
of Depression Canyon (shown separately | Oligocene
only in northwestern part of map area) ,
J and tuff of Bear Springs Canyon (upper
part of lower tuff unit; mostly in
western part of map area)

Galiuro Volcanics

Andesite of Depression Canyon —
Includes associated conglomerate

Biotite dacite unit
Holy Joe Member

Andesite of Little Table Mountain —
Includes coarsely porphyritic ande-
site

Whitetail(?) Conglomerate (Oligocene) —
= Beds less than 15 m thick between
prevolcanic rocks and the next
overlying unit of the Galiuro Vol-
canics (porphyritic andesite, Holy
Joe Member, andesite of Depression
Capyon) are included in the overlying

Contact
— — —Fault - Dashed where approximately
located. Ball and bar on downthrown
side

—A—A—A—4_ Thrust fault — Sawteeth on upper plate

oA Location of sections and analyzed
specimens of Holy Joe Member

5 Location of sections and analyzed
specimens of Aravaipa Member

Q2 Location of other analyzed specimens

FiGURE 2.—Continued.

quadrangle'—were mapped by Krieger (1968a, b); S.
C. Creasey (unpub. data) mapped in reconnaissance
the central Galiuro Mountains, which contains the
thickest section of the formation. The stratigraphy,
lithology, chemical composition, and age of the Galiuro
Volcanics are summarized by Creasey and Krieger
(1978). The formation can be separated into two parts
by an erosional unconformity. The lower part is pre-

'Holy Joe Peak in this report refers to the 15-minute quadrangle; four geologic maps
cover this area (Krieger, 1968a-d). The ash-flow tuffs discussed in this report are in the
Brandenburg Mountain and Holy Joe Peak 7}2-minute quadrangles and the Klondyke
quadrangle; discussion is largely limited to the two 7%2-minute quadrangles.

dominantly andesite to rhyodacite flows but it contains
three ash-flow tuffs. The upper part is chiefly ash-flow
tuffs, but it includes andesite flows and two areas of
rhyolite-obsidian flows and domes, one of which is in the
northern Galiuro Mountains. The distribution of the
Galiuro Volcanics in parts of the Holy Joe Peak and
Klondyke quadrangles, which is shown in figure 2, is
modified from the published geologic maps. The ter-
minology used in each area and my interpretation of
the relations of members or units in the Klondyke and
Holy Joe Peak quadrangles and in the Christmas
quadrangle to the north are given in figure 3.

The two major ash-flow tuff sheets—Holy Joe and Ar-
avaipa Members—and the two minor ones—tuff of
Bear Springs Canyon and Hells Half Acre Tuff Mem-
ber—illustrate many features of ash-flow geology. The
Holy Joe Member rests on the unconformity that sep-
arates the volcanics into two parts, the tuff of Bear
Springs Canyon underlies the Aravaipa Member, and
the Hells Half Acre Tuff Member is in the upper part
of the formation. The ages of the ash-flow tuffs are given
in table 1.

The Holy Joe Member is composed of a series of
densely welded flows of quartz latite composition that
make up a simple cooling unit (Smith, 1960a). It is a
rare example of a cooling unit that has a vitrophyre at
the top as well as at the base. The major zones recog-
nized are, in ascending order: the lower vitrophyre,
lower devitrified zone, central vapor-phase zone, upper
devitrified zone, and upper vitrophyre. The absence of
breaks in crystallization across flow boundaries and the
gradation between zones and from crystallized to vitric
material at the top indicate a single cooling unit.
Dense welding and fairly uniform high specific gravity
throughout the member indicate that the individual
flows were hot.

The Aravaipa Member, of rhyolite composition, has
a well-developed zonation that indicates a simple cool-
ing unit and possibly a single ash flow. It presents a
classic example of ash-flow geology, in that the complete
change from the stacked-up zonation typical of the in-
terior of the ash flow to the nonwelded distal margin,
now zeolitized, is completely exposed in some canyon
walls. Horizontal and vertical zonation in ash-flow tuffs
was first recognized by Smith (1960b).

TABLE 1.—Potassium-argon ages of ash-flow tuffs in the Galiuro
Volcanics in the northern Galiuro Mountains (in millions of years)

[From Creasey and Krieger, 1978}

Member Biotite Sanidine
Hells Half Acre Tuff Member ----- 24.6+0.7 22.5+0.7
Aravaipa Member ------------eeeoeeeee 25.7+0.7 22.9+0.8
Tuff of Bear Springs Canyon' ----- 23.8+0.7 -
Holy Joe Member ---------memomeeeeeeen 26.5+0.8 25.6+0.8

IThis analysis may be from one of the underlying tuffs in the lower tuff unit of Simons
(1964, p. 81).
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Brandenburg Mountain and Holy Joe Peak 7%-minute
quadrangles (Krieger, 1968a, b)

/| Andesite of Table Mountain AN
// , \\ Klondyke 15-minute quadrangle
// 7/ | Apsey Conglomerate Member \ \\ (Simons, 1964)
7 // _\‘ [ N
/ / Hells Half A ff M SN Upper tff unit
ells Half Acre Tu lember
/ N N
i e ’V\ \ Quartz latite unit of Hawk Canm
Y N . P .
N Rhyolite-obsidian unit
. . /7 \ Y
%hnstlme:wﬁ;jmmultgesl" YAz \\ \\ - Tuff unit of Hawk Canyon7/_
quadrangle (Willden, i =
Rhyolite-obsidian member N
Basalt of Gila Conglomerate / - “ N Upper andesite unit’!
Tuff and rhyolite, undivided _ prae -
Rhyolite _I Upper andesite of Virgus Canyon L = Intermediate andesite unit
Along southern border of quadrangle - Y Conglomerate ,::// B e
:‘:I'Ed:;?g?r‘g ga?fglar;r:féfs,and == i =7 Lower.andesite of Virgus Canyon ---oZ -z omer welded o Ryote of Black
rhyolite-obsidian member - el Aravaipa | Upper partly welded B _ PP Butte < |
L - - Member J Partly welded, welded, and lower nonwelded e Olivine andesite
-~ H 2
Basalt and andesite ~—_ < Tuff of Bear Springs \ P Lower tuff unit
=~ Conglomerate Canyon Conglomerate Hornblende andesite of Parsons Canyon//
Gravel, possibly Whitetail Conglomerate  [K— _ == — __ Andesite of Depression Canyon -
N T~ T e Y Conglomerate -7 - Biotite dacite unit
METERS \ \\ ~~ Conglomerate -
400 \\ Tuff of Qak Springs Canyon P
\\\\ Holy Joe Member Lower welded tuff unit
300 \ \\ Porphyritic andesite of Little Table Mountain - oo ==-—
AN
200 NN . . Latiticl i } ; . - \
NN Andesite of Little Table Mountain atticlavasof > | Latite subunit Heterogepeous sullceogs
NN\ Zapata Wash volcanics of Four Mile
100 \\ Lower andesite unit  canyon
~
0 \\ Whitetail(?) Conglomerate S~ .
~

1 Simon's (1964} upper andesite unit consists of two
andesites one resting on rhyolite-obsidian in an area where
his upper tuff unit was not deposited; the other atong
Aravaipa Canyon beneath his upper tuff unit, which he
interpreted as also overlying rhyolite-obsidian.

2 Lower tuff unit in the Kiondyke guadrangle includes

tuff of Bear Springs Canyon, andesite of Depression Canyon,
and a series of tuffs equivalent to or underlying tuff of Oak
Springs Canyon,

FIGURE 3.—Correlation chart showing relations of stratigraphic units in Galiuro Volcanics, Christmas, Brandenburg Mountain, Holy
Joe Peak, and Klondyke quadrangles. Shows maximum thickness of members or units in each area.

Suites of specimens were collected from a section
vertically across the Holy Joe Member and from six
vertical sections across the Aravaipa Member from the
interior to near the distal margin. Changes in lithol-
ogy, welding, crystallization, specific gravity, and com-
position are shown in tables and diagrammatic
sketches. Data obtained from chemical analyses of se-
lected specimens and from X-ray diffractographs of all
specimens are presented.

Acknowledgments—] thank my colleagues of the U.S.
Geological Survey for their important contributions
and stimulating discussions of ash-flow problems. Spe-
cial thanks are due R. L. Smith and D. W. Peterson for
interpreting and first pointing out many of the dis-
tinctive features of the ash flows in the northern Gali-
uro Mountains and to S. C. Creasey and F. S. Simons
for data on the volcanic rocks in adjacent areas. D. W.
Peterson, E. D. McKee, E. W. Heldreth, and M. G.
Johnson made many helpful comments and sugges-
tions during preparation of the manuscript.

GALIURO VOLCANICS
HOLY JOE MEMBER

The Holy Joe Member of the Galiuro Volcanics crops

out intermittently from 13 km west of to 8 km east of
the boundary between the Holy Joe Peak and Klon-
dyke quadrangles (Krieger, 1968a, b; Simons, 1964)
and from the northernmost latitude of Aravaipa Can-
yon to south of the latitude of Little Table Mountain
(fig. 2); it also crops out on a butte about 10 km south
of Little Table Mountain. It may extend for many kil-
ometers to the south. Its source is unknown. The mem-
ber is about 100 m thick in the Klondyke quadrangle
(Simons, 1964). Its maximum thickness around Table
Mountain (fig. 2) in the Holy Joe Peak quadrangle
(Krieger, 1968b) is about 80 m; to the north, the lower
part, and locally all of it, laps out against prevolcanic
topographic highs.

The Holy Joe Member is a cliff-forming unit that has
strong horizontal partings (fig. 4), has a rather uniform
appearance, and is pale brown to pale red throughout
most of its thickness, except for a thin nearly white
nonwelded tuff and a dark vitrophyre at the base and
another dark vitrophyre at the top. The ash-flow tuff
between the lower and upper vitrophyres can be di-
vided into three lithologic zones: lower devitrified
zone, central vapor-phase zone, and upper devitrified
zone. The lower vitrophyre is dark gray, except for the
basal part, which is brown due to oxidation. The lower





















ARAVAIPA MEMBER
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TABLE 3.—Chemical composition and comparison of glassy and crystallized parts, Holy Joe Member

[Major oxide analyses (weight percent) by P. Elmore, S. Botts, and C. Chloe by rapid methods described by Shapiro and Brannock (1962). See table 4 for minor-element analyses]

Original analyses CIPW norms
1 2 3 1 2 3
67.2 68.5 67.1 Quartz ---------e--eeeene- 23.5 21.3 19.9
144 15.2 154 Orthoclase ---- 33.5 34.1 31.3
15 2.5 2.6 Albite -------eee 32.0 325 34.5
.63 .30 .33 Anorthite ----- 49 5.5 7.8
7 .80 17 Corundum  ---- 1.0 .8 4
1.1 1.3 1.8 Enstatii:e --- 2.0 2.0 2.0
3.6 3.8 4.0 Magnetite - .9 -- --
54 5.7 5.2 Hematite ------ 1.0 2.5 2.7
3.5 .53 .58 Ilmenite ------- 1.0 8 .8
.40 .32 .56 Rutile  ---eeeeme- - 1 .2
48 .56 .60 Apatite ------=---- 3 4 5
12 .16 .19
07 08 05 Total -----mm-e--- 100.1 100.0 100.1
<.05 <.05 <.05
99 100 99
Barth cations
1 2 3
Recalculated without HyO and CO, 65.5 64.4 63.5
1 2 3 16.6 16.8 17.2
1.1 1.8 1.9
70.5 69.3 68.4 51 24 26
15.1 154 15.7 1.1 1.1 1.1
1.6 2.5 2.7 1.2 1.3 1.8
.66 .30 .34 6.8 6.9 73
.81 .81 .79 6.7 6.8 6.3
1.1 1.3 1.8 35 40 43
3.8 3.8 4.1 10 13 15
5.7 58 5.3 06 06 04
.50 .57 .61
.13 .16 .19 Total  ---v-seeeeee 99.22 99.93 99.98
07 08 05 Fe total ----eeeoeeees 1.61 2.04 2.16
99.97 100.02 99.98 Fe*?/Fe total ----------- .32 .12 12

NortE: Samples 1-3 from Oak Springs Canyon, NE corner sec. 6, T. 7S, R. 18 E. (loc. A, fig. 2). 1, Lower vitrophyre, H201F, lab no. 159526.
2, Lower devitrified zone, H201H, lab. no. 159527. 3, Vapor-phase zone, H201K, lab no. 159528.

ARAVAIPA MEMBER

The Aravaipa Member of the Galiuro Volcanics cov-
ers or underlies an area of more than 144 km?, from
the northernmost latitude of Aravaipa Canyon (fig. 2)
for about 11 km to the south side of Table Mountain
(fig. 2), and from about 6 km west of to 6 km east of
the boundary between the Holy Joe Peak and Klon-
dyke quadrangles. The southernmost exposures on Ta-
ble Mountain are about 75 m thick—and they show
zoning typical of the central part of the ash-flow sheet.
The absence of the member farther south, therefore,
suggests its removal by erosion rather than thinning
at a distal margin; this interpretation is further sup-
ported by the gentle north to northeast dip of the mem-
ber and by its southward projection upward above the
present land surface. The Aravaipa Member may, how-
ever, be present in some of the thick accumulations of

ash flows to the southeast that have not yet been divided
into separate units (Creasey and Krieger, 1978). To the
east and probably to the southwest, the member has
been downfaulted and buried by younger deposits. Its
distal edge is exposed to the northwest. North of Ar-
avaipa Canyon it is buried by younger members of the
Galiuro Volcanics. Except at its distal margin, where
it has been eroded, or where it thins, or is absent over
topographic highs of older rocks, the member has a
fairly uniform thickness of about 75 m.

The Aravaipa Member is an ash-flow tuff of rhyolitic
composition that has a well-developed interior zona-
tion; this zonation indicates that it has an uninter-
rupted cooling history but it may be composed of two
or more ash flows. Excellent exposures of the interior
vertical zonation occur in near-vertical cliffs along Ar-
avaipa Canyon (fig. 9) and along Oak Springs and up-
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TABLE 4.—Semiquantitative spectrographic analyses of minor elements in ash-flow tuffs and rhyolite-obsidian member, northern Galiuro

Mountains, Ariz.

[Minor-element analyses by semiquantitative spectrographic methods by I. H. Barlow (nos. 1-8) and C. H. Heropoulos (nos. 9-13); values reported as the nearest in the series 1.5, 2,
3, 5, 7, 10. Comparison with quantitative analyses indicates that the same class interval is assigned in about 30 percent of the samples. N, not detected; leaders (--), not looked for;
<, less than. Looked for but not found: As, Au, Bi, Cd, Eu, Ge, He, In, Li, Pd, Pt, Re, Sb, Sm, Ta, Te, Th, T1, U, W]

Quadrangle Holy Joe Peak Brandenburg Mtn. Klondyke Brandenburg Mtn.
Tuff of Bear Hells Hf.  Rhyolite-
Member Holy Joe Member Aravaipa Member Springs Can. Acre Tuff  obsidian
Unit Vitro- Devitri- Vapor- Brown Black Devitri- Platy- Columnar- Pink Pink Pink Middle Rhyolite
phyre fied phase vitro- vitro- fied jointed jointed tuff tuff tuff unit
phyre phyre
Number 1 2 3 4 5 6 7 8 9 10 11 12 13
Lab({\}'awry 159526 159527 159528 159529 159530 159531 159532 159533 M126691W M126692W M101324W M101323W M101317W
0.
Field No. H201F H201H H201K H202E H202F H202L H202M H2020 A4 H343M H414 H410 H409
- <0.00007 <0.00007 <0.00007 <0.00007 <0.00007 <0.00007 <0.00007 <0.00007 N N <0.00007 <0.00007 <0.00007
<.003 N N <.00: <.003 <.003 <.003 <.003 .007 .001 N 0015 .001
1 2 2 .03 .03 .05 .07 .07 .02 .02 .05 .02 .005
.0003 .0003 .0003 10003 .0003 .0005 .0005 .0005 .0007 .0007 .0003 .0003 .0005
.03 .03 .03 .015 .01 .01 .02 .02 -~ - .01 .007 .01
.0003 .0005 .0005 N N N N N N N N N N
.0005 .002 .0015 .0015 .0005 .0003 <.0003 .0003 .00015 .003 .0001 .00015 N
.005 .002 .0015 .0003 .0002 .0003 .0003 .001 .0005 .0007 .0003 .0005 .0003
.0015 .002 .002 .0015 .0015 .002 .002 .002 - - .0015 .0015 .002
N .003 N N N N N N - - N - -
.01 .015 .01 .007 .005 .005 .007 .007 .005 .01 .005 005 .007
.0003 .0003 <.0003 .0005 .0005 <.0003 <.0003 .0003 N N .0002
.0015 .002 .002 .002 .002 .002 .002 .002 .003 .005 .002 .002 .003
.01 015 .01 N N N N N - - N N
.002 .003 .005 .0015 .001 .001 .0015 .001 .00007 .00007 N 00015 N
.003 .003 .003 .007 .007 .003 .002 .003 .003 .003 .003 .003 .005
0005 001 .0007 0005 .0002 .0003 .0005 .0005 .0005 0007 .0005 .0003 .0005
N N N .0005 .0007 N N .0003 N N N N N
.03 .05 .05 .005 003 .007 .01 .007 .01 .02 .03 .05 .0007
.002 005 .007 .0005 .0005 .001 .0007 .001 .0007 .002 .0015 0015 N
.005 .007 .005 .003 .003 .003 .005 .003 .003 .003 .003 .003
.0005 0007 .0005 .0005 .0003 .0003 .0003 .0005 - - .0003 .0003 .0003
N N N N N N N N .003 .003 N N N
1 1 .07 .015 .02 .02 .02 .02 .03 .03 .015 .01 .02
1-3. Oak Springs Canyon, NE cornersec. 6, T. 7S, R. 18 E,, loc. A, fig. 2.
4-5. East of Oak Springs Canyon, near center sec. 5, T. 7S., R. 18 E.,%oc. 6A, fig. 2.

. Upper Bear Springs Canyon, center sec. 4, T. 7S., R. 18 E., loc 6B, fig. 2

9. Between Whitewash and Bear Sprin%s Canyons, NWVasec. 30, T. 6 S, R. 18 E. loc. 2A, fig. 2.

10. Cave Canyon, W edge, N Y2 sec. 18,
11. West of Virgus Canyon, loc. 7, fig. 2.

12. Aravaipa Canyon, east of Cave ganyon, loc. 8, fig 2.

13. Aravaipa Canyon, east of Javalina Canyon, SW¥s sec. 8, T.6 S, R. 18 E., loc. 9, fig. 2.

.68.,R. 18 E,, loc. 3, fig 2.

per Bear Springs Canyons. The ash flow can be sepa-
rated into six lithologic zones, in ascending order, the
lower nonwelded to partially welded tuff, densely
welded vitrophyre, vuggy, platy-jointed, and colum-
nar-jointed zones, and the upper partially welded
white tuff. The lower tuff is pale orange, becoming
very light brown at the top. The lower part of the vit-
rophyre is pale brown from oxidation; the rest of it is
dark gray, except for brown spots at the top from in-
cipient devitrification. The vuggy zone is light brown-
ish gray except at the base, where it is pale brown. The
platy-jointed zone is also light brownish gray. The col-
umnar-jointed zone is slightly lighter in color. The up-
per white tuff grades from pinkish gray at the base to
white at the top.

A suite of specimens, representing a vertical section
across the ash flow, was collected in Oak Springs Can-
yon (specimens H202A-H) and upper Bear Springs
Canyon (specimens H202I-R) (locations 6A and 6B,
fig. 2). The approximate elevation of each specimen
above the base of the ash flow, the field units or litho-
logic zones, color, zones of welding and crystallization,
approximate mineralogic composition (based on X-ray
diffractographs), and specific gravity of these speci-
mens are summarized in figure 10.

The ash flow is composed of shards and pumice lapilli,
phenocrysts of feldspar, quartz, and biotite, and for-
eign rock and crystal fragments. Phenocrysts average
about 6 percent of the rock, and feldspars (plagioclase
and sanidine) make up about 62 percent of the phen-
ocrysts (table 5). Most of the lithic fragments are from
older andesites, but in the upper part of the ash flow
many of them are rhyolite, probably derived from ear-
lier crystallization of the ash-flow magma.

Photomicrographs (fig. 11) of selected thin sections
of the suite of specimens show the microscopic features
of the ash-flow sheet. The lower tuff is completely non-
welded (fig. 11A) and vitric, except for the basal few
meters, which has been altered to clinoptilolite (see
composition column, fig. 10). The vitrophyre (fig. 11B)
is densely welded and completely glassy, except for
phenocrysts and xenoliths. Oxidation was considered
the cause of the brown spots in specimens from the top
of the vitrophyre (fig. 11C). However, they probably
are due largely to incipient devitrification, as seen
through crossed nicols (fig. 11D). The lighter areas, in
contrast, are largely vitric. Where the ash flow filled a
channel in older rocks, rapid chilling of the tuffagainst
the channel walls caused the vitrophyre to reflect the
underlying topographic irregularities (fig. 12).
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Member (Ta) forms hills in right distance. Hells Half Acre Tuff Member (upper unit, Thh-3) is separated locally from Aravaipa Member
by thin lenses of conglomerate (Tcv) derived from lower andesite of Virgus Canyon. Tuff of Bear Springs Canyon (Ttb) underlies Ar-
avaipa Member and is underlain by andesite of Depression Canyon (Tad). Photograph taken from south of loc. 4 (fig. 18). Distance from

left to right side of photograph approximately 2 km.

ash flow that had remained vitric during cooling. None
of the devitrified or vapor-phase zones were altered
(see figs. 22, 19C, D; and the X-ray diffractographs,
figs. 7 D, E) South of Aravaipa Canyon (fig. 22, locs.
1A, 2A, 2B, and 4), and in the west side of Cave Can-
yon, north of Aravaipa Canyon (Krieger, Johnson, and
Bigsby, 1979), the nonwelded tuff was altered to cli-
noptilolite. On the east side of Cave Canyon, however
(fig. 22, loc. 3), it was altered to mordenite below and
to clinoptilolite above the columnar-jointed zone. Hoo-
ver and Shepard (1965) found that clinoptilolite, mor-
denite, and analcime formed in progressively deeper
but overlapping zones. Mordenite, rather than clinop-
tilolite, may have formed below the columnar-jointed
zone on the east side of Cave Canyon because this part
of the ash flow was buried more deeply than it was to
the west and south, owing to the gentle north-north-
eastward dip of the ash flow and to a thicker section of
overlying Hells Half Acre Tuff Member. Zeolitization
is believed to have occurred in an unsaturated zone
above the water table and above impermeable rocks,
conditions similar to those found by Hoover (1968) at
the Nevada Test Site. Sheppard and Gude (1965), who
compared vitric and zeolitized tuff by assuming con-
stant Al,O,, concluded that formation of pure clinop-
tilolite from pure rhyolite glass should involve mainly
gains in H,0 and CaO and losses in SiO, and K,O.
The chemical analysis of the devitrified tuff (no. 3
from table 6) is compared to the analyses of the tuff
that has been altered to clinoptilolite and to mordenite
(table 7, nos. 1-3; also shown on table 7 are the anal-
yses of tuff of Bear Springs Canyon, no. 4; the middle
unit of Hells Half Acre Tuff Member, no. 5, both al-

tered to clinoptilolite; and the unaltered rhyolite-ob-
sidian member, no. 6). The assumption is made that
the devitrified tuff is the closest available approxi-
mation to the original composition of the magma. The
major change is a large increase in H,0. To more read-
ily compare the nonvolatile constituents, the analyses
have been recalculated on a water-free basis. In addi-
tion to H,0, the major changes during alteration to
both clinoptilolite and mordenite have been an in-
crease in CaO (greater when altered to mordenite) and
losses in Na,O (greater when altered to clinoptilolite)
and K,O (greater when altered to mordenite). Clinop-
tilolite shows a small increase in MgO and SiO,,
whereas mordenite shows little change; some of these
differences may be due to minute xenoliths or xeno-
crysts. The relative amounts of CaO, Na,0O, and K,O
in all the zeolitized and nonzeolitized rocks (from table
7) are plotted in figure 24. The relative amounts of
these constituents in the five samples of the Aravaipa
Member (from recalculated analyses, table 6, columns
1-5) are also plotted as nos. 1a—ba.

CONCLUSIONS

The Aravaipa Member is an outstanding example of
vertical and horizontal zonation in an ash-flow tuff that
cooled as a unit. The remarkable exposures, especially
along Whitewash Canyon, make it posssble to trace
the complete change from the typical stacked-up in-
terior zonation to the nonwelded distal margin. The
Aravaipa Member is a classic area for study of ash-flow
tuffs. Vertical and horizontal changes in welding, crys-
tallization, specific gravity, and lithology of the ash
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FIGURE 18.—Map showing outcrop of Aravaipa Member (shaded),
location of specimens, and approximate position of distal margin

0 2 KILOMETERS
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0 TMILE
EXPLANATION
Location Specimen number

Bear Springs Canyon north
Whitewash Canyon north
Bear Springs Canyon north
Bear Springs Canyon north
Cave Canyon

Whitewash Canyon south
Bear Springs Canyon south
Near Oak Springs Canyon
Upper Bear Springs Canyon

A-7,H341K, N, O, P

H341A-H,J
A-1-6
H343A-H, J-M
A-8-16
A-17-25
H202A-H
H202I-R

of columnar-jointed zone (heavy dashed line).

flow are due to decrease in temperature as distance from
its source increased and as thinning of the ash flow
against topographic highs caused more rapid cooling.
The Aravaipa Member maintains its typical interior
zonation for a minimum of 9 km in a east-west direc-
tion. The rapid thinning of the ash flow and the short
distance (less than 0.7 km) in which the change takes
place (loc. 4 to loc. 1A, fig. 18) suggest that cooling was
due more to the thinning against older rocks than to
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FIGURE 19.—Diagrammatic sketches of zones in Aravaipa Member.
A, Lithology. B, Welding. C, Crystallization. D, Mineralogy. E,
Specific gravity. C and D show probable features prior to zeoliti-
zation. Numbers and ticks at top show specimen localities (see fig.
18). Ticks (at right) represent boundaries of lithologic zones: uwt,
upper white tuff; ¢j, columnar-jointed; pj, platy-jointed; v, vuggy;
vit, vitrophyre; wt, white tuff; and (at left) pk, pink tuff.
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FIGURE 20.—Lithologic zones and color, Aravaipa Member, showing change from interior sequence (loc. 6) to distal margin
of ash flow (loc. 1A) (see fig. 18 for locations). Color terms: bl, black; br, brown or brownish; d, dark; gr, gray orgrayish;
It, light; or, orange; pa, pale; pk, pink or pinkish; v, very;, w, white. Underlying tuff of Bear Springs Canyon (bottom
of loc. 2A) also shown.
TABLE 7.—Chemical analyses and comparisons of nonzeolitized and zeolitized Aravaipa Member, zeolitized tuff of Bear Springs
Canyon and Hells Half Acre Tuff Member, and nonzeolitized rhyolite-obsidian member

(Major oxide analyses (weight percent), No. 1 by P. Elmore, S. Botts, and G. Chloe; Nos. 46 by P. Elmore, L. Artis, G. Chloe, J. Glenn, S. Botts, H. Smith, and D. Taylor by rapid
methodg; described lby Sl]\apiro and Brannock (1962); Nos. 46 supplemented by atomic absorption; Nos. 2. 3 by H. Smith by methods described by Shapiro (1967). See table 4 for
minor-element analyses

Mineral Original analyses Recalculated without H,0 and CO,

1 2 3 4 5 6 1 2 3 4 5 6
73.4 67.0 63.6 65.5 69.3 74.6 74.6 75.2 74.4 76.1 76.6 75.3
13.6 12,5 12.1 12.4 11.5 13.5 13.8 14.0 141 14.4 12.8 13.6

1.2 1.2 1.0 1.2 .92 1.3 1.2 1.4 1.2 14 1.0 1.3

.08 12 .08 .16 .16 12 .08 .13 .09 .19 .18 12
47 1.0 40 1.5 12 11 48 1.1 47 1.7 .8 11
44 2.6 3.0 2.9 2.3 .38 45 2.9 3.5 3.4 2.5 .38

3.6 .78 1.9 .80 14 4.2 3.7 .88 2.2 93 1.5 4.2

5.2 3.5 3.0 1.3 3.6 4.5 53 39 3.5 15 4.0 4.5

.93 7.6 7.9 3.3 2.2 42 -~ -- -- -~ - --

.93 4.0 5.6 10.3 7.5 .10 - -- -- -- -- -
.24 16 12 .21 .15 .21 .24 .18 .14 24 17 21
.06 15 .04 .03 .04 .03 .06 .06 .05 .03 .04 .03
.08 .07 .06 .06 .07 .10 08 .08 .07 .07 .08 .01

<.05 .22 .06 <.05 11 <.05 - -- -- -- -- -~
100 100.90 99 100 99.97 100 99.99 99.83 99.72 99.96 99.87 99.76

1. Aravaipa Member, devitrified, H202L, Lab 159531, upper Bear Springs Canyon, center sec. 4, T. 7 S., R. 18E, loc. 6B, fig. 18.

2. Aravaipa Member altered to clinoptilolite, A—4, Lab M126691W, NWY sec. 30, T. 6 S., R. 19 E,, between Whitewash and Bear
Springs Canyons, loc. 2B, fig. 18.
3. Aravaipa Member, altered to mordenite, H343M, Lab M126692W, west edge N1 sec. 18, T. 6 S., R. 18 E., Cave Canyon, loc. 3, fig.

18.

4. Tuff of Bear Springs Canyon(?), altered to clinoptilolite, H414, Lab M101324W, east edge, N'% sec. 4, T. 7S., R. 18 E,, loc. 7, fig. 2.
5. Hells Half Acre Tuff Member, middle unit, altered to clinoptilolite, H410, Lab M101323W, north of Aravaipa Canyon, east of Cave
Canyon, NWV: sec. 18, T. 6 S., R. 18 E,, loc. 8, fig. 2.
6. Rhyolite-obsidian member, unaltered, H409, Lab M101317W, north of Aravaipa Canyon, east of Javalina Canyon, SE cor. sec. 7,
T.68S.,R.18E,, loc. 9, fig. 2.
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FIGURE 21.—Specific gravity, Aravaipa Member, superimposed on lithologic zones, showing change from interior
sequence (loc. 6) to distal margin (loc. 1A) (see fig. 18 for locations). Also shows underlying tuff of Bear Springs

Canyon (bottom of loc. 2A).

distance from the source. The distal margin of the ash
flow cooled so rapidly that it remained vitric, and this
nonwelded vitric part was later completely zeolitized
by ground water.

TUFF OF BEAR SPRINGS CANYON

The tuff of Bear Springs Canyon (25 m) between
Bear Springs and Whitewash Canyons is a rhyolite
ash-flow tuff that is nearly coextensive with the over-
lying Aravaipa Member (figs. 16 and 17). It is com-
posed of shards, pumice lapilli, crystal and accidental
fragments, and small lithophysae. The lower part (0—
15 m) is pink tuff, largely altered to clinoptilolite; the
upper part (0—10 m) is very light olive-gray to light-
brownish-gray columnar-jointed tuff whose ground-
mass is composed largely of quartz and feldspar. The
lithologic zones, specific gravities, and mineral com-
positions of four specimens collected vertically across
the tuff are shown in figures 20-22, loc. 2A, below the
Aravaipa Member. The pink tuff represents the non-
welded part, and the gray columnar-jointed tuff rep-
resents the zone of vapor-phase crystallization of an
ash flow that was erupted at temperatures not far above
the minimum necessary for welding, as indicated by

the very minor welding and the absence of a vitro-
phyre. The higher specific gravity in the columnar-
jointed zone may be due to slight welding. The lower
specific gravity in the middle part of the pink tuff may
be caused by large pumice lapilli, common in this part
of the tuff. Both parts of the ash flow closely resemble
the overlying pink tuff and columnar-jointed parts of
the distal margin of the Aravaipa Member, but the
lower columnar-jointed zone is not so extensive as the
upper one. The two ash flows probably are similar in
composition and closely related, but they are separated
by a period of erosion, as evidenced by channels cut
into or through the tuff of Bear Springs Canyon. No
chemical analyses of the zeolitized tuff in this area are
available. A chemical analysis of a pink tuff collected
near the west edge of the Klondyke quadrangle (loc.
7, fig. 2) is included in table 7 (column 4). It may be
tuff of Bear Springs Canyon, but it probably is one of
the tuffs in the lower part of Simon’s (1964, p. 81) lower
tuff unit. This specimen is composed of clinoptilolite
with traces of quartz, feldspar, and biotite, similar to
the pink tuff of Bear Springs Canyon (fig. 22, loc. 2A).
Its recalculated analysis, however, suggests that it
originally may not have had the same composition as
the tuff of Bear Springs Canyon or Aravaipa Member;





















