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Volcanic Geology of the Kaiser Spring Bimodal Field,West-Central Arizona

Thomas C. Moyer
Department of Geology, Vanderbilt University, Nashville, TN 37235

Introduction
The Kaiser Spring volcanic field is located approximately 20 kilometers west of Bagdad and 32

kilometers southeast of Wikieup in southeastern Mohave County, Arizona (Figure 1). It is situated
on the eastern side of the Big Sandy graben at the southern margin of the Aquarius Mountains,
along the Basin and Range-- Transition Zone boundary in west-central Arizona. Access to the
area is primarily via Route 93, which traverses the southenunost portion of the field, and the
Signal Road north of Rte. 93, an improved dirt road that bisects the volcanic field, as well as
numerous, less improved roads. The region is covered mostly by the Kaiser Spring and Elephant
Mountain 7 1/2' quadrangles, as well as parts of the Wikieup, Greenwood Peak, Arrastra
Mountain, Grayback Mountains and Negro Ed 7 1/2' quadrangles.

Kaiser Spring is one of four Mio-Pliocene bimodal volcanic fields that are aligned
approximately along the projected strike of the Bright Angel fault system (Moyer and Nealey,
1989). The volcanic units rest upon either Precambrian crystalline basement or thin, Tertiary
arkoses or lacustrine sedimentary rocks. Considerable uplift and erosion of the crystalline
basement occurred prior to volcanism and many volcanic units are draped unconforrnablyover the
erosional surface. The basaltic and rhyolitic lavas of this field form a classic bimodal suite that has
a compositional gap from 57 to 69 weight percent Si02 (Moyer, 1986; Moyer and Esperanca,
1989). Twenty-five known or inferred rhyolite vents are aligned in two subparallel,
north-trending zones referred to as the eastern and western volcanic belts. Rhyolites within each
belt have similar ages, chemistry, and eruptive style; the older, eastern belt is composed of
high-silica rhyolite (HSR) domes and coulees, whereas the younger, western belt contains (with
one exception) low-silica rhyolite (LSR) lava flows. Mafic lavas are interbedded with silicic
products along the southeastern, southern, and western margin of the volcanic field. With the
exception of two lava flows that record the arrested mixing of basaltic and rhyolitic magmas, there
was little physical interaction between these two magmas. Basalts associated with each of these
belts erupted from the periphery of the silicic field; in fact, only one basalt vent and two
meter-wide basalt dikes have been found in the map area. Most basalts are thought to have erupted
from the range bounding fault of the Poachie Range that occurs immediately south of the volcanic
field. Ongoing geochemical studies of the basaltic lavas reveal subtle but important differences in
the composition of the basalts that accompany each rhyolite belt (Moyer and Esperance, unpubl.
data). Tholeiitic basalts accompanied extrusion of HSR lavas whereas alkali-olivine basalts are
interbedded with LSR lavas.

This map was submitted as part of a Ph.D dissertation at Arizona State University in 1986
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(Moyer, 1986). More description of the geology and map units can be found in that reference and
in an earlier M.S. thesis (Moyer, 1982). The map generalizes the volcanic geology of the Kaiser
Spring field. Crystalline basement lithologies are not subdivided except into granitic and
metamorphic units. More recent mapping in the Poachie Range which lies to the south (Bryant,
1988) has described and subdivided Precambrian rocks into units that would apply to this area.
The Hell's Half Acre and Burro Creek vicinities are under consideration for wilderness status;
mapping by Floyd Gray and Robert Miller of the U.S. Geological Survey has subdivided the
crystalline basement in this region. Silicic lava domes and flows are mapped as separate units;
however, their accompanying tuffs are not divided by vents but instead are lumped into tuffs
associated with each volcanic belt. Basaltic lavas, alluvial and colluvial deposits are not
subdivided. The quality of mapping suffers along the periphery of the field, especially on the
north side of the Elephant Mountains, the west side of the Burro Cliffs, and the northwest side of
Neale Mesa These areas are included in a continuing mapping project by lvo Lucchitta and Sue
Beard of the U.S. Geological Survey, Flagstaff, AZ.

Age of Volcanism
The age of many of the volcanic units is moderately well known or constrained, although

conflicting ages must be resolved in the southern part of the field. Several ages determined by a .
commercial lab are reported herein (Table 1); additional ages have been published by Shafiqu/lah
et al. (1980) and Eberly and Stanley (1978) or are unpublished (Robert Miller, U.S. Geological
Survey, unpubl. data.).

The age data indicate that the eastern volcanic belt is significantly older than the western belt,
which accords with field observations. Two analyses of high-silica rhyolite lavas yield ages of
11.3 Ma (Elephant Mountains) and 12.0 Ma (Hell's Half Acre). A tholeiitic basalt (sample KSP
79) that overlies granitic basement southwest of Nothing, AZ was dated at 14.6 Ma. Field
observations suggest that the HSR lavas of the eastern belt erupted approximately coevally with
tholeiitic basalts. Most tholeiitic basalts, however, give widely varying ages. Eberly and Stanley
(1978) report an age of 22 Ma for a basalt from the Burro Creek Canyon area, an age that is
apparently too old. Shafiqullah et al. (1980) report ages of 8.80 and 8.24 Ma for two basalt
samples collected from Burro Creek Canyon at Rte. 93. The age reported for the older, tholeiitic
sample may be slightly too young based on field relations and chemistry. The age reported for
Shafiqullah et al. 's younger, alkali-olivine (?) basalt sample fits well with field relations. If the
8.24 Ma age is correct, then, depending on which basalt flow was sampled by Shafiqullah et al.,
the ages reported for samples KSP 11 and KSP 107 (Table 1) are incorrect (Figure 2). The LSR
sample KSP 11 overlies a quartz-bearing mafic andesite (sample KSP 18) dated at 9.2 Ma. This
latter age fits observed field relationships. More age determinations are planned in order to resolve
this dilemma. Two analyses of LSR lavas in the northern part of the field yield ages of 8.8 Ma
(stratigraphically highest flow of the Burro Cliffs) and 9.6 Ma (stratigraphically lowest flow of the
Burro Cliffs). These dates fit well with field relationships in the northern part of the field. These
preliminary age data suggest the possibility of two episodes of volcanism in the Kaiser Spring
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field: an older event (11-14 Ma) characterized by a bimodal assemblage of high-silica rhyolite and
tholeiitic basalt in the eastern belt and a younger episode (8-10 Ma) of low-silica rhyolite and
(primarily) alkali-olivine basalt in the western part of the field.

Pre-Volcanic Geology
The Kaiser Spring volcanic rocks rest on a crystalline basement composed primarily of

granitoids that intrude a complex, high-grade metamorphic assemblage along the eastern and
southern margins of the field. The metamorphic rocks presumably correlate with the Yavapai
Series which is exposed near Bagdad (Anderson et al., 1955), although it is unlikely that many of
Anderson's stratigraphic units are present at Kaiser Spring (Bryant, 1988). At least two granitic
bodies are present in the region. A leucocratic, mildly alklai-feldspar-porphyritic to equigranular,
biotite granite that crops out south of Red Knob is perhaps correlative with the Signal granite of
Lucchitta (1982). A rille grained, biotite granodiorite occurs southeast of Neale Mesa. Although
the ages of these presumed Precambrian plutons is unknown, the Poachie Range studies of Bryant
(1988) indicate that both Early Proterozoic and Middle Proterozoic granitoids occur in the region.

Northwest to north-northwest striking felsic dikes that cut the granitoids occur with increasing
frequency toward the north as do west-northwest striking pegmatite dikes. The pegrnatites,
predominantly assemblages of quartz, microcline, and sodic plagioclase, with variable amounts of
muscovite, tourmaline, and garnet, form a portion of the Arizona pegmatite belt defined by Jahns
(1952). Precambrian (?) diabase dikes also cut the granitoids. These dikes, now altered to
greenstone, form a conjugate NE- and NW-striking set.

Locally overlying the crystalline lithologies are arkosic sediments, lacustrine siltstones, and a
deeply weathered mafic lava (map unit K-Tha). This latter unit is included as clasts in overlying
arkoses indicating its older age. The arkoses and lacustrine deposits, which are not subdivided on
the map, are included with the HSR tuffs. Arkoses locally occur southeast of Rincon Wells,
southwest of Red Knob, along the southern margin of the Elephant Mountains, and near Hell's
Half Acre in the NE corner of TI4N, Rl1 W. With the exception of the latter occurrence, the
arkoses are thin units (less than 10 m), comprised of clasts of granitic and metamorphic basement,
that are conformably overlain by HSR pyroclastic deposits. In Hell's Half Acre, which lies at the
foot of a large (•.•400 m) pre-volcanic ridge of basement rock, the arkose package is thicker and
fluvially derived from the north. The upper part of the arkosic sequence includes a few lacustrine
interbeds suggestive of a paleoshoreline. This arkose, like those to the north, is conformably
overlain by HSR pyroclastic deposits. Lacustrine siltstones, fine sandstones, and shales are
widespread along Burro Creek east of Hell's Half Acre. Lower tan-brown units give way
abruptly to stratigraphically higher green, well-sorted, presumably zeolite-rich layers that record
the onset of volcanism as ash and pumice falls were deposited in the lake. Subaerially deposited
pyroclastic-flow units increase in abundance upsection. Locally the lacustrine package is capped
by tholeiitic basalt. Based on similar age and lithology (Wilt and Scarborough, 1981), the Burro
Creek lacustrine sediments are likely correlative with Scarborough's (1989) San Manuel
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assemblage found in the Big Sandy Valley 12 Ian west of Kaiser Spring. Some of the more recent
Big Sandy sediments are interpreted to have formed by a blockage of the ancestral Big Sandy River
(Sheppard and Gude, 1972) and it is reasonable that volcanic activity in the Artillery Mountains
region may have repeatedly blocked flow of the river. Damming of the Big Sandy that may have
occurred south of the ancestral Burro Creek confluence could have created one or more temporary
lakes between 12 and 13 Ma.

The crystalline basement in the Kaiser Spring region was uplifted and eroded prior to volcanism
and as a result, Paleozoic lithologies were stripped from the area (Young and McKee, 1978). In
fact the lack of thick arkosic deposits suggests that the Kaiser Spring area was actively eroding at
the time of volcanism. Structural contours of the pre-volcanic surface indicate approximately 850
m of elevation change in the region prior to volcanism with basins and ranges oriented northwest to
north-northwest (Figure 3). Block faulting and the reversal of drainage to south-flowing streams
occurred prior to 12 Ma in the Kaiser Spring area; volcanism occurred after significant structural
disruption of the area as block faulting waned.

Volcanic Geology

Rhyolites of the Eastern Volcanic Belt
Twelve high-silica rhyolite lava flows/domes comprise the eastern volcanic belt. In addition,

lava breccia exposed along Burro Creek beneath the Route 93 bridge indicates a probable thirteenth
HSR dome that lies buried beneath more recent deposits east of Burro Creek. Most HSR
volcanoes are well-exposed and, although cut by numerous small faults, well-preserved. Only
one HSR lava (that near Box Canyon Well, south of Elephant Mountain) is extensively disrupted
by faulting and altered by subsequent hydrothermal activity. The HSR lavas of the eastern belt are
subdivided mineralogically into two groups (Moyer and Esperance, 1989; Moyer, in prep.): map
unit Tvra, includes nine aphyric «2 vol% crystals) domes that contain quartz, sanidine, oligoclase,
titanomagnetite, and biotite, whereas map unit Tvem, which comprises the Elephant Mountains, is
more crystal-rich lava (about 15 to 25 vol% crystals) that additionally includes minor hornblende.

The HSR volcanoes are monogenetic edifices that initially formed a silicic tuff ring that was
subsequently filled and locally overridden by rhyolite lava. Erosion has stripped a lot of the
overlapping tuff deposits in the northern part of the belt leaving isolated lava-capped hills
surrounded by crystalline basement. The temporal relations between many of the domes in this
belt remain unresolved.

Pyroclastic deposits from the HSR eruptions (map unit Tteb) are buff-colored, indurated,
well-bedded, and contain greenish, zeolitized pumice. The tuff rings are variable, but have a
generally consistent character. Basal units rich in clasts of the crystalline basement record the vent
opening stages of eruption. Prominent pyroclastic-surge, debris-flow, and explosion-breccia
deposits that contain vesiculated tuffs and mud-arrnored lithic clasts are interbedded with less
common fine-grained, pyroclastic-flow units and minor pumice-fall horizons. The character of
these deposits suggest that phreatic and hydromagrnatically driven explosions typified the early
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eruptions of these volcanoes. The lower units grade upward (in places quite abruptly) into
deposits that are rich in clasts of lava. These upper units are commonly interbedded debris-flow
and poorly sorted fall deposits that record the fitful beginning of dome growth.

The HSR lava domes typically have a locally brecciated vitric base that grades abruptly into a
reddish-gray to pinkish-gray, flow-foliated, devitrified lava. The thin «10 m) vitric layer is
variably hydrated and locally spherulitically devitrified, with Apache tears abundant in some
outcrops. The upper portions of these domes characteristically have abundant lithophysae that
contain vapor-phase silica, garnet, and in at least two instances, topaz (Burt et al., 1981; Moyer,
1986). Only one of the twelve lavas of the eastern belt is a glassy flow that does not have a
lithophysal facies. Accumulations of lava usually exceed 100 m thickness, with most lavas
confined by their maar craters, although short, stubby flows occur locally. Proximal talus breccias
are poorly preserved. The minimum total volume of HSR magma extruded as lava domes and
flows in the eastern belt is estimated at 2.15 km3•

The eruptive character of these lavas varies as a function of the changing hydrologic conditions
in which these volcanoes were emplaced. Lavas that erupted onto the granitic highland in the north
produced comparatively small volumes of pyroclastic debris whereas those that erupted along
Burro Creek Lake produced large volumes of breccias and pyroclastic deposits. A spectacular
example of the effects of near surface or surface water can be seen preserved in the remnants of the
lava dome at the west side of Hell's Half Acre. This volcano, informally named Diablo Dome,
formed through a series of complex eruptions that are the subject of a continuing investigation.
Diablo Dome erupted on the shore of Burro Creek Lake. The vent apparently migrated toward the
northwest during this eruption, creating and destroying several early-formed domes. The dome is
composed of a large proportion of breccia that likely represents a form of acid hyaloclastite
generated as magma intruded into the wet environment. A generalized stratigraphic section
measured along part of the crater rim is shown in Figure 4.

Rhyolites a/the Western Volcanic Belt
At least twelve low-silica rhyolite and one high-silica rhyolite lava flows/domes comprise the

western volcanic belt. These volcanoes are commonly unfaulted and their original flow
morphologies are generally preserved. Western belt rhyolites have also been subdivided according
to their chemistry and mineralogy (Moyer and Esperanca, 1989; Moyer, in prep.). The HSR lava
(map unit Tvws) contains abundant phenocrysts and is distinguished from other HSR lavas by
having oligoclase phenocrysts mantled by sanidine and its non-lithophysal character. Five
low-silica rhyolites (map units Tvad, Tvmd, Tvks., Tvks-, and Tvnd) contain abundant
phenocrysts of plagioclase, biotite, hornblende, and titanomagnetite. The Burro Cliffs and Neale
Mesa regions are comprised of six low-silica rhyolite lavas (map units Tvbc-, Tvbcj, Tvwd],
Tvwd-, Tvsh, and Tvnmj) that contain phenocrysts of plagioclase, hornblende, hypersthene,
titanomagnetite, and in some instances, biotite. Underlying the Burro Cliffs is a lava breccia unit
that is apparently correlative with a lava flow exposed on the east side of the cliffs. Both of these
units (Tvlb and Tvbcj) as well as a lava flow of unknown origin that underlies Neale Mesa
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(Tvnrnj) contain phenocrysts of plagioclase, hornblende, hypersthene, augite, and titanomagnetite.
Many of the volcanoes of the western belt are monogenetic; however, some vents in the Burro

Cliffs and Neale Mesa area may have extruded more than one lava flow. Unlike their eastern belt
counterparts, the western belt rhyolites commonly flowed two or more kilometers from their
source, producing a series of overlapping lavas and tuffs. Although stratigraphic relations between
the lavas are understood within segments of the western belt (see below), the temporal relations for
the entire belt have not yet been unravelled.

The pyroclastic sequences associated with the western belt vents (map unit Ttwb) are not
well-characterized because they are often covered by the lava flows that followed and also because
stratigraphic relations are poorly defmed. Nevertheless, these pyroclastic deposits are generally
thinner, and less indurated and altered than those from the eastern belt. Basal pyroclastic units are
pumiceous, comprised primarily of thin pyroclastic-flow and surge deposits. Pumice-fall deposits
are commonly associated with the domes that occur along Route 93, but are not prevalent in other
parts of the belt. Some pumiceous tephra deposits, especial.\y those associated with the prominent
dome north of Route 93 at Kaiser Spring Canyon and those at the south end of the Burro Cliffs are
overlain by bedded debris-flow units comprised almost entirely of lava clasts. Their field
characteristics suggest that they are either lahars or pyroclastic avalanches that formed from active
lava flows, These units grade laterally into fluvially deposited materiaL The western belt
volcanoes generally show less evidence for phreatic and hydromagmatic eruptions than the
volcanoes of the eastern belt

The western belt lava flows are comparatively thin (20 to 50 m thick) and areally extensive.
Accumulations of lava approach 200 m in vent areas. The flows have a thin «5 m) basal vitric
zone that is locally brecciated and spherulitically devitrified. The remainder is reddish-gray to
maroon, granophyrically crystallized, flow-foliated lava that typically becomes more pumiceous
and glassy upward. These lavas are not lithophysal. Flow margins are surroundedd by
pumiceous-block breccias that may grade laterally into lahars. The minimum total volume of lava
extruded in the western belt is estimated at 5.2 km3•

Stratigraphic relations for several western belt lava flows adjacent to Rte. 93 indicate that three
lavas (map units Tvad, Tvmd, and Tvws) erupted in succession from SE to NW along a major
pre-existing basement fracture exposed in Burro Creek south of the highway. These units are
overlain by deposits from a dome north of the highway (map unit Tvks-). The stratigraphy of
butte 2250' (SI9, TI4N, Rll W) is shown schematically in Figure 2. Tholeiitic basalts are
overlain by reworked HSR tephra deposits that contain an interbedded alkali-olivine basalt (AOB)
flow. An upper AOB flow (designated AOB2 in Figure 2) is overlain by an incomplete tephra
sequence associated with units Tvad and Tvmd. Deposits from unit Tvks-, exposed in roadcuts
along Rte. 93 in S 18, TI4N, Rll W, overlie the Tvad and Tvmd tephra but locally have been
stripped by fluvial reworking prior to deposition of the capping AOB (AOB3 on Figure 2) lava
flow. Tephra deposits associated with unit Tvws are not present in the Burro Creek Canyon
vicinity, probably because their transport was blocked by the lava domes to the SE.
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Unit Tvksj was preceded by extrusion of a flank dome (map unit Tvks.), but the temporal
relation between the flank dome and the three southern lavas is unknown. Tvks- contains
distinctive subspherical blobs of mafic magma interpreted as products of magma mixing. The
mafic blobs have xenocrysts of quartz, rare sanidine, and biotite and xenoliths of a metagranitic
rock that appears to have partly melted. The textural character of the blobs is similar to that of a
quartz-bearing mafic andesite (Tvba) extruded adjacent to the Tvks. and Tvks- vents.

Low-silica rhyolites were extruded from at least four vents in the Burro Cliffs area. The basal
unit (Tvbcj) is represented by a lava flow on the eastern side of the Cliffs and by a distinctive
monolithologic lava breccia along the southern and western sides of the Cliffs, This unit overlies
HSR lava Tvem north of Rincon Wells and its correlative tuffs (Tteb) along the southern part of the
Cliffs. Unit Tvbcj apparently formed a large conical pile into which stream valleys were cut and
eventually filled by subsequent summit eruptions. Thus units Tvbc- and Tvbcj, as well as an
underlying debris-flow sequence, flowed southward through paleovalleys and are now preserved
as inverted topography. The debris-flow unit contains a locally interbedded basalt flow that is
correlative with the basalt that caps a broad mesa northwest of Hell's Half Acre (S31 & S32,
TI4N, Rll W). This latter basalt is underlain by fluvial sands that overlie pyroxene-bearing LSR
pumice-fall and pyroclastic-flow deposits (also correlative with Tvbc, ?); the tuffaceous units are
comparatively thin and consequently are displayed on the map as unit Tveb, the tuffs that comprise
most of the section. A fourth dome (Tvnd) that occurs near the northern end of the Burro Cliffs
may pre-date unit Tvbcj, although its stratigraphic position is equivocal.

The stratigraphy of the northern end of the western belt is poorly known and hopefully will be
clarified by continued mapping by U.S. Geological Survey personnel. The oldest eruptive unit in
this area (and the chemically most evolved pyroxene-bearing lava; unit Tvwdj) lies atop HSR lava
Tvem and is itself overlain by the Tvbc, lava breccia. A sequence of lavas subsequently were
extruded from at least three nearby vents. The youngest LSR lava in this area issued from a vent at
the southeast corner of Neale Mesa. The well-preserved surface of this flow suggests that it is one
of the youngest silicic volcanic features in the Kaiser Spring field.

A sequence of at least two pumice-fall deposits and three poorly consolidated pyroclastic-flow
deposits overlie Tteb tuffs and are in turn overlain by fluvially reworked material and a basalt flow
that caps a mesa in S31 & S32, TI5N, Rll W. These pumice-falls contain pyroxene and are
thought to be associated with either unit Tvbc, or, more likely, unit Tvwdj.

Basalts
Basaltic lavas are associated with both the eastern and western belts. Although these lavas are

prominent in the southern part of the Kaiser Spring field, only one small vent (SI9, TI4N, RllW)
has been identified in the mapped region. The vent is a low conical spatter rampart approximately
100 m in diameter. It is assumed that many vents are buried beneath younger deposits, particularly
by the alluvial debris shed from the Poachie Range. The paucity of basalt vents near the silicic
volcanoes suggests that mafic magma was effectively precluded from reaching the surface by less
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dense rhyolitic magma and instead shunted to the periphery of the field. Such density barriers are
common in bimodal settings (e.g. Eichelberger and Gooley, 1977).

Basalts are displayed on the map as packages of one or more flow units that have similar
appearance, mineralogy, and major element composition. The most prominent basalt unit is Tvtb,
which are tholeiitic basalts that crop out along Burro Creek Canyon. In the field, these lavas
appear similar to a thin, capping basalt flow exposed in a roadcut along Rte. 93 and depicted on the
map as unit Tvab. This latter basalt was distinguished from the tholeiitic units by its slightly silica
undersaturated character, manifested as minor normative nepheline. The tholeiitic and alkalic
basalts are elementally indistinct; however, they have different radiogenic isotopic characteristics
(Moyer and Esperanca, 1989 and unpubl. data), and isotopic analyses completed since the map
was put together show that some of the units depicted on the map as Tvtb are actually alkali-olivine
basalts. 'The basalt that caps the mesas north and northwest of Hell's Half Acre is reassigned to
unit Tvab as are the basalt flows that are interbedded with reworked tephra and Ttwb tuffs in Burro
Creek Canyon (Figure 2; n.b. the Burro Creek Canyon basalts are still depicted as Tvtb on the
map). All basalts identified as alkali-olivine are thus associated with lavas of the western belt and it
is likely that tholeiitic basalts are restricted in association to the eastern belt volcanoes. Both Tvtb
and Tvab lavas are fme-grained, olivine-phyric (olivine is generally partly altered to iddingsite)
flows tha.t have scoriaceous flow tops and bottoms. Some flows fill stream valleys that were cut
into the Tteb tuffs such as in Burro Creek Canyon. At least six tholeiite flows and three alkali-
olivine flows occur in the region.

Unit Tvbt also includes a poorly exposed but ubiquitous basalt that appears discontinuously
near the base of the Tteb tephra sequence. This basalt is characterized by its distinctive dark gray
"peppery" appearance, olivine phenocrysts altered to iddingsite, and vesicles filled chalcedony and
calcite.

Quartz-bearing mafic andesite (map unit Tvba) occurs in S36, T15N, R12W adjacent to LSR
volcanoes of the western belt. This lava is characterized by quartz xenocrysts up to 2 mm in
diameter that are surrounded by a corona of clinopyroxene. Although Tvba is largely covered by
tephra deposits from the western belt, its scoriaceous character and field relations suggest that its
vent may lie buried nearby.

Post-Volcanic Geology
Erosion of the volcanic pile has been accompanied by minor, high-angle normal faulting.

Comparatively non-resistant tuffaceous units have been effectively removed where they are not
covered by lavas, especially in the northern part of the field. That post-volcanic drainage
continued flowing southward is evidenced by the prominent fluvial gravels along Rte. 93 which
contain clasts ofHSR material transported from the north. 'The volcanic activity greatly smoothed
topography and the large basin along Burro Creek was infilled with tuffs. This forced ancestral
Burro Creek to recut its drainage through the volcanic pile. The result of this superimposed
drainage is seen as entrenched meanders that cut through resistant lava domes and flows (exposing
a three-dimensional view of the vent for unit Tvad!) or through the crystalline basement, forming a
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series of spectacular gorges. The deep incisement of Burro Creek is suggestive that some
rejuvenation of the region occurred, although it may simply be a response to changing stream
gradients imposed by the volcanism. Nevertheless, the Burro Creek Canyons presently are being
slowly widened as canyon walls are undercut and slump into the stream valley. Near Rte. 93,
Burro Creek has downcut its gorge almost 100 m in the past 8.25 Ma. Similar entrenchment of
Kaiser Spring Creek is evident where the stream intersects Rte. 93.

Structural Geology
Figure 3 shows the prevolcanic topography in the Kaiser Spring field. It is clear from this .

diagram that both northwest-trending basins and north-north west-trending basins formed in the
region. This intersection of structural trends is apparently responsible for the presently observed
curvature of the southern part of the Big Sandy Valley. It marks a complex transition in the
orientation of basins and ranges from dominantly northwesterly trends southeast of Kaiser Spring
to dominantly north-northwesterly trends northwest of Kaiser Spring.

The deep basin present in the southern part of the volcanic field is interpreted as a graben
structure (herein referred to as the Burro Creek graben). A large fault zone that marks one side of
the graben and which controlled the location of three lava domes, is well exposed ill Burro Creek
and particularly evident at Warm Spring (SlO, T14N, R12W). The northern boundary of the
graben is less clear and no correspondingly large fault zone has been found in this region. One
possible explanantion is that the Burro Creek graben is a trap-door feature and that the northern
margin forms the hinge-line. This might explain the southerly tilt of the basalt capped mesa that
occurs on the north side of Rte. 93 northwest of the Burro Creek bridge. If so, then minor
subsidence of the graben occurred after volcanism began.

Other pre-volcanic faults controlled the locations of several rhyolite vents in the eastern belt
(Figures 3 and 5). This may be true for lavas of the Burro Cliffs and Neale Mesa areas as well;
however, the crystalline basement is not exposed in these areas. Nevertheless, the basement fabric
contains both N45E to N60E and N70W faults, some of which were probably reactivated to some
degree by the Tertiary tectonism.

Faults that strike both N25W to N45W and NlOE to N15E cut the Kaiser Spring volcanic pile
(Figure 5). Field relations indicate that faulting in the north westerly direction generally ceased
prior to that of the northeasterly trend, but extension in both directions probably occurred during
extrusion of the Kaiser Spring lavas. Post-volcanic faults have only minor offsets «100 feet).
These two trends are parallel to the fault trends characteristic of the Basin and Range province
(NW) and the Colorado Plateau province (NNE; such as the Hurricane fault) and emphasize the
transition zone character of the Kaiser Spring region.

Studies of the age and orientation of high-angle normal faults in the Basin and Range suggest a
clockwise rotation in the direction of least principal stress (from NE-SW to E-W) at about 10 Ma
(Zoback et al., 1981). Although at least some silicic vent locations at Kaiser Spring are apparently
controlled by basement fractures, the orientations of the two volcanic belts do not parallel either
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these trends or the trends associated with syn- to post-volcanic faulting. Instead, the northerly
trends of the volcanic belts are parallel to the recent fault trends observed by Zoback et al. (1981).
The cause of this anomaly is not understood, but may have its origin in the orientation of stress at
depth which may have been different from that near the Earth's surface. The north-south
elongation of rhyolite vents may manifest the distribution of lower crustal melts formed when
mantle-derived magmas intruded the crust (Moyer, 1989). If this is true, then either the stress
regime that prevailed in the near-surface at the time of Kaiser Spring volcanism was decoupled
from that in the zone of melting or, alternatively, that the change in stress orientation originated at
depth and migrated upward with time. In either case, the gross distribution of volcanoes (and not
their specific locations) apparently foreshadowed the stress reorientation observed on the surface.

A final point is that the Kaiser Spring field is one of four bimodal volcanic fields aligned along
a southerly projection of the Bright Angel fault (Moyer and Nealey, 1989). Although there is no
apparent surface manifestation of the Bright Angel fault in these fields, the fault is a major crustal
discontinuity that was reactivated in Tertiary time (Shoemaker et al., 1978). This crustal break
may have served as a passageway for the felsic magmas of these fields much like the Mesa Butte
fault system appears to have controlled the locations of intermediate to silicic volcanoes in the San
Francisco field (Ulrich and Nealey, 1976; Tanaka et al., 1986). The Kaiser Spring field may be
located at the intersection of the Bright Angel system, the Burro Creek graben and the Big Sandy
graben.
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Table 1 - K-Ar Age Determinations of Kaiser Spring Volcanic Rocks

Sample Map Unit Location Material 4°Ar* (ppm) %K 40Ar*/40Ar Age (Ma)Total

KSP 79 Tvtb 113°23'04" Tholeiitic Basalt 0.000438 (8) 0.431 (8) 0.137 (22) 14.6 ± 1.6
34°30'27" Whole Rock

KSP 107 Tvab 113°27'01" Alkali Olivine Bas. 0.000311 (5) 0.372 (8) 0.154 (3) 12.1 ± 1.3
34°32'52" Whole Rock

KSP 56 Tvras 113°25'12" High Si Rhyolite 0.003177 (34) 3.795 (12) 0.405 (28) 12.0 ± 0.6
34°34'35" Obsidian

EM18 Tvem 113°25'25" High Si Rhyolite 0.005975 (9) 7.590 (3) 0.607 (158) 11.3 ± 0.5
34°39'01 " Sanidine

KSP 11 Tvks2 113°27'35" Bio-Hb Rhyodacite 0.004777 (39) 6.614 (29) 0.287 (48) 10.4 ± 0.5
34°34'50" Biotite

EM 25 Tvbc1 113°27'37" 2-Px Rhyodacite 0.002238 (79) 3.363 (82) 0.648 (70) 9.6 ± 0.5
34°38'19" Whole Rock

KSP 18 Tvba 113°28'21" Qtz Mafic Andesite 0.000836 (11) 1.304 (20) 0.451 (10) 9.2 ± 0.7
34°35'55" Whole Rock

EM 66 Tvbcj 113°28'27" Hb-Opx Rhyodacite 0.002024 (34) 3.295 (50) 0.397 (53) 8.8 ± 0.5
34°37'55" Whole Rock

Analyses by Krueger Enterprises, Inc. Number in 0 is standard deviation of repetitive analyses reported for the last two digits. Ages calculated using
the following constants: A~ = 4.962 x 10-10 yr-1; Ac:+Ac:' = 0.581 x 10-10 yr-1; 40KjK = 1.167 x lO-4mol/mol.
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Figure 1. Location map of the Kaiser Spring volcanic field.
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Figure 2. Sketch from photo of stratigraphic relations exposed in butte 2250'; S19, T14N, RllW. Composite
stratigraphic columns for the eruptive sequences of three nearby domes as exposed in S18 and S19. The stratified
pumice fall (ftksv associated with Tv~ is underlain by approximately 40 m of pyroclastic surge deposits on the
north crater rim. The fall deposit is approximately 25 m thick in this location. In Kaiser Spring Wash at Rte. 93,
the stratified fall deposit is overlain by a sequence of pumiceous-block breccia deposits interpreted as lahars shed from
the toe of the advancing lava flow. Dated units (or their stratigraphic equivalents) are indicated.
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Figure 3. Topographic map of the pre-volcanic basement at Kaiser Spring. The map was constructed from the
elevations of basement-volcanic rock contacts (dots) and exposed basement rocks (crosses). No correction for
post-volcanic faulting was made since the maximum displacement along these faults is only about 100 feet. Stars
denote rhyolite vents; circled star is a basalt vent. Presently exposed pre-volcanic faults are also shown.
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