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ABSTRACT

The three-dimensional arrangement of volcanic deposits in strike-slip basins is not
only the product of volcanic processes, but also of tectonic processes. We use a strike-
slip basin within the Jurassic arc of southern Arizona (Santa Rita Glance Conglomerate)
to construct a facies model for a strike-slip basin dominated by volcanism. This model is
applicable to releasing-bend strike-slip basins, bounded on one side by a curved and
dipping strike-slip fault, and on the other by curved normal faults. Numerous, very deep
unconformities are formed during localized uplift in the basin as it passes through smaller
restraining bends along the strike-slip fault.

In our facies model, the basin fill thins and volcanism decreases markedly away from
the master strike-slip fault (“deep” end), where subsidence is greatest, toward the basin-
bounding normal faults (“shallow” end). Talus cone-alluvial fan deposits are largely
restricted to the master fault-proximal (deep) end of the basin. Volcanic centers are sited
along the master fault and along splays of it within the master fault-proximal (deep) end

of the basin. To a lesser degree, volcanic centers also form along the curved faults that



form structural highs between sub-basins and those that bound the distal ends of the
basin.

Abundant volcanism along the master fault and its splays kept the deep (master fault-
proximal) end of the basin overfilled, so that it could not provide accommodation for
reworked tuffs and extrabasinally-sourced ignimbrites that dominate the shallow
(underfilled) end of the basin. This pattern of basin fill contrasts markedly with that of
nonvolcanic strike-slip basins on transform margins, where clastic sedimentation
commonly cannot keep pace with subsidence in the master fault-proximal end.

Volcanic and subvolcanic rocks in the strike-slip basin largely record polygenetic
(explosive and effusive) small-volume eruptions from many vents in the complexly
faulted basin, referred to here as multi-vent complexes. Multi-vent complexes like these
reflect proximity to a continuously active fault zone, where numerous strands of the fault
frequently plumb small batches of magma to the surface. Releasing-bend extension
promotes small, multivent styles of volcanism in preference to caldera collapse, which is

more likely to form at releasing step-overs along a strike-slip fault.
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INTRODUCTION
Facies architectural models have been developed to a sophisticated degree for the
sedimentary fill of strike-slip basins along conservative plate margins (Nilsen and

Sylvester, 1995; Holdsworth et al., 1998; Barnes and Audru, 1999; Barnes et al., 2001;



Link, 2003). There remains, however, a complete lack of volcanic facies architectural
models for strike-slip basins along convergent margins, probably due to additional
complexities inherent in volcanic facies analysis, including abrupt lateral facies changes,
and postdepositional modification by intrusive and hydrothermal activity. Although less
can generally be learned about the details of eruption, transport and depositional
processes in ancient volcanic successions relative to modern volcanoes, more can be
learned about processes that act over long time scales (e.g. millions of years), and how
these processes influence the final product in the volcanic rock record.

Strike-slip faults are common in modern and ancient arc terranes, but their effects have
been much better studied in arc basement rocks (plutonic and metamorphic) than they
have been in arc volcanic rocks. Oblique convergence is far more common than
orthogonal convergence, and at most continental arcs, an obliquity of only 10 degrees off
orthogonal results in the formation of strike-slip faults in the upper plate (Fitch, 1972;
Jarrard, 1986a; McCaffrey, 1992). These faults commonly form in the thermally
weakened crust of the arc, particularly on continental crust, which is weaker and better
coupled to the subducted slab than oceanic-arc crust (Dewey, 1980; Jarrard, 1986a; Ryan
and Coleman, 1992; Smith and Landis, 1995). Strike-slip faults, transtensional faults, and
block rotations play an important role in modern volcanic arcs; examples include the
Central American arc (Burkhart and Self, 1985; Jarrard, 1986b; Weinberg, 1992); the
Trans-Mexican Volcanic belt (Israde-Alcantara and Garduno-Monroy, 1999); the Andean
arc of southern Chilean and Patagonia (Cembrano et al., 1996; Thomson, 2002); the
Sumatra arc (Bellie and Sebrier, 1994); the Aeolian arc (Gioncada et al., 2003); the

Calabrian arc (Van Dijk, 1994); the Aleutian arc (Geist et al., 1988); the Taupo Volcanic



Zone (Cole and Lewis, 1981); the central Philippine arc (Sarewitz and Lewis, 1991); and
others. Strike-slip basins are the most tectonically active type of basin (Nilsen and
Sylvester, 1995), so the effects of strike-slip faulting on the development of volcanic
successions within arcs must be profound.

In this paper, we show how the three-dimensional arrangement of volcanic deposits
(“facies architecture™) in strike-slip basins is not only the product of volcanic processes,
but also of tectonic processes. We do this by describing and interpreting the largely
volcanic fill of an intra-arc strike-slip basin that is very well exposed in cross-sectional
view (Fig. 1 and 2). This basin is preserved within the Jurassic arc of southern Arizona,
and its fill is the Santa Rita Glance Conglomerate (as defined by Bassett and Busby,
2005). The volcanology and volcanic facies architecture of this intra-arc strike-slip basin
was not only controlled by volcanic eruptive and depositional processes, but also by
tectonic processes. These include structural controls on patterns of uplift and subsidence,
on locations of vents, and on types of centers that develop.

From our work on this ancient intra-arc basin, we develop a facies architectural model
for a volcanically-dominated releasing-bend basin along a strike-slip fault. Modern
analogs show that these basins have the highest preservation potential along strike-slip
faults with a component of transtension, where subsidence at releasing bends is greater
than uplift at restraining bends (e.g. Cowan et al., 1989; Cowan and Pettinga, 1992). As a
basin slips through multiple releasing and restraining bends, it develops a thick basin fill
cut by numerous deep unconformities. The resulting “releasing-and-restraining bend

basin” has a very distinctive volcanic facies architecture.



GEOLOGIC SETTING

Late Jurassic strike-slip intra-arc basins formed along the axis of earlier Early to
Middle Jurassic extensional intra-arc basins on continental crust in southern Arizona (Fig.
1; Busby et al., 2005). The Sawmill Canyon fault zone formed the northeastern boundary
of the Early to Middle Jurassic extensional arc graben depression (Busby-Spera, 1988;
see “Jurassic volcanic rocks”, Fig. 1). Then Late Jurassic intra-arc strike-slip basins
developed along Sawmill Canyon fault zone, which we infer was an inboard strand of the
sinistral Mojave-Sonora megashear system (Busby et al., 2005). The fill of the intra-arc
strike-slip basins is dominated by volcanic rocks but also contains abundant conglomerate
(“Glance Conglomerate with interbedded volcanic rocks”, Fig. 1). These contrast with
basins to the east, or inboard (backarc) with respect to the subduction margin, which have
little or no volcanic fill (“Glance Conglomerate without interstratified volcanic rocks”,
Fig. 1). Lawton and McMillan (1999) use geochemical data on sparse mafic volcanic
rocks of the eastern Glance Conglomerate belt to infer a rift tectonic setting. Volcanic
rocks of the western Glance Conglomerate, in contrast, show many features typical of
arcs (Busby et al., 2005; Bassett and Busby, 2005). This paper focuses on rhyolitic,
dacitic and andesitic arc volcanic rocks and interstratified conglomerates along the
Sawmill Canyon fault zone in the Santa Rita Mountains (Fig. 1 and 2), referred to as the
Santa Rita Glance Conglomerate (Bassett and Busby, 2005).

The Santa Rita Glance Conglomerate crops out in a 20 X 6.5 km elongate belt
extending southward from the Sawmill Canyon strike-slip fault zone (Fig. 2). Beds strike
roughly north and dip ~30°E, producing an oblique cross-section in map view that lies at

~55° angle to the NW-SE strike of the fault zone (Fig. 2). The Santa Rita Glance



Conglomerate lies unconformably on Middle Jurassic volcanic, sedimentary, and granitic
rocks that formed in an extensional continental arc setting (Busby-Spera, 1988; Riggs and
Busby-Spera, 1990; Busby et al., 2005). The top of the Santa Rita Glance Conglomerate
is cut by splays of the Sawmill Canyon fault zone to the northeast, and it is buried by
Quaternary gravels to the southeast (Fig. 2).

In the following section, we present a volcanic lithofacies map and descriptions (Fig.
2, Table 1), outcrop photos (Figs. 3 - 6) and measured sections (data repository item 1) of
the Santa Rita Glance Conglomerate, in order to interpret eruptive and depositional
processes, by analogy with the deposits of modern volcanoes. This is followed by a
discussion of strike-slip basins, and presentation of a facies architectural model that
describes the controls of syn-depositional faults and deep unconformities on the

distribution of vents and volcanic lithofacies in an intra-arc strike-slip basin.

LITHOFACIES AND LITHOFACIES ASSOCIATIONS

Most of the lithofacies of the Santa Rita Glance Conglomerate (Table 1) are repeated
at several stratigraphic levels (Fig. 2; data repository item 1), separated by multiple
unconformities and syn-depositional faults (Fig. 2). Volcanic terminology follows that of
Fisher and Schmincke (1984), Heiken and Wohletz (1985), and Sigurdsson et al. (2000).
The following descriptions and interpretations were made based on detailed lithofacies
mapping (Fig. 2) and petrographic study of ~400 thin sections, and limited geochemical
analysis (Bassett and Busby, 2005). See Table 1 for full descriptions and interpretations

of each rock type in the order presented below.



Boulder Breccia - Conglomerate

Although the Glance Conglomerate contains well-rounded clasts at some localities in
southern Arizona, at others it is composed almost entirely of angular clasts (Klute, 1991).
In the Santa Rita Glance Conglomerate, the “conglomerate” is almost all angular (Fig. 3),
and only granitic clasts are locally subrounded, probably as they were weathered from the
outcrop. For this reason, we refer to it as “breccia-conglomerate”. The boulder breccia-
conglomerate is largely interstratified with dacitic block-and-ash-flow tuffs adjacent to
the Sawmill Canyon fault zone, although it interfingers with other lithofacies further from
the fault zone (Fig. 2). The matrix of the boulder breccia-conglomerate ranges from
dacitic where it interfingers with dacitic block-an-ash-flow tuffs, to arkosic sandstone,
derived from erosion of extrabasinal granites, to a variety of pyroclastic matrix types,
reflecting remobilization of freshly-erupted debris on talus cones and debris-flow fans.
We subdivide the boulder breccia-conglomerates into the following types of deposits,
with increasing distance from the Sawmill Canyon fault zone over a distance of 8.5 km:
talus deposits, proximal debris-flow deposits, medial to distal debris-flow deposits, and

minor stream-flow deposits (Table 1; data repository item 1).

Dacitic block-and-ash-flow tuffs

The dacitic block-and-ash-flow tuffs (Fig. 4) are interpreted as small-volume
pyroclastic flows generated by gravitational dome collapse (e.g Fisher et al., 1980;
Sparks, 1997; Freundt et al., 2000). The coarse grain size and (rare) occurrence of
amoeboid clasts suggest that the collapsing dome or domes lay nearby, yet the lack of

vent facies (dacitic intrusions or lava flows/domes) within the basin indicates that the



domes were extrabasinal. The dramatic decrease in grain size away from the Sawmill
Canyon fault zone indicates that the source domes lay along the fault, or just across the
fault zone from the basin. We infer that the domes were plumbed up through the fault
zone, and then tectonically dismembered along it, because the vent facies does not appear

to be preserved.

Andesitic lava flows, flow breccias & intrusions

The andesitic lava flows are largely brecciated units, with coherent interiors, that do
not crosscut stratigraphy, and have void spaces between vesicular blocks infilled by
overlying tuffs or sediments. They commonly show flow banding and flow aligned
crystals.

The andesitic intrusions are largely coherent (nonbrecciated), generally nonvesiculated
units that, at least locally, cross-cut stratigraphy and generally have a higher crystal
content than the lava flows. The thicknesses of the intrusions, their limited lateral extent,
and the alternation of sills with brecciated lava suggest emplacement as sill-like bodies
that intruded early-erupted flows and vented locally to feed more lava flows (Fisher and
Schminke, 1984; Fink and Anderson, 2000). These vents are sited on syndepositional

faults (Fig. 2).

Andesitic vulcanian breccia
Clast-supported andesitic breccias form a 500 m thick sequence in the master fault-
proximal sub-basin (Fig. 2). We interpret these breccias as the proximal deposits of

vulcanian explosions. The great thickness, uniformly coarse grain size, and crude



stratification suggests that the vent lay close by, probably along the Sawmill Canyon fault

zone (but now dismembered), and that the vulcanian breccia was ponded within the basin.

Andesitic ignimbrites, vitric tuffs, and tuffaceous sandstones

The andesitic ignimbrites are massive, poorly sorted, crystal-rich tuffs with abundant
flattened scoria, bubble-wall shards (rarely welded), and lesser cognate lithic fragments.
They are interbedded with andesitic lava flows (Fig. 2). Three of the four andesitic
ignimbrites occur at the bases of andesitic lava flow or vulcanian breccia sequences (Fig.
2 and data repository item 1); these may therefore represent the first, degassing phase of
the andesitic eruptions (Fisher and Schmincke, 1984).

The andesitic vitric tuff and tuffaceous sandstones (Fig. SA) have much the same
componentry as the andesitic ignimbrites, except for the presence of blocky and splintery
shards in addition to bubble-wall shards, indicating phreatomagmatic as well as magmatic
fragmentation mechanism (Fig. SB&C, Table 1). In outcrop, their sedimentary structures
indicate fluvial reworking by hyperconcentrated flood flow, with high sedimentation

rates.

Rhyolitic intrusions, lava domes - dome breccias, block-and-ash-flow tuffs

Rhyolitic intrusions occur as massive basal sills and plugs that pass upward and
laterally into rhyolitic lava domes and dome breccias. The intrusions have irregular
contacts and crosscut lithofacies contacts within the basin. They are commonly offset by

faults at their bases with decreasing offset upsection, indicating that vent locations were
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fault controlled. We interpret the rhyolitic intrusions as shallow level intrusions that
supplied magma to intrabasinal domes upsection.

Lava domes are composed of flow-banded coherent rhyolite mantled by or
interbedded with dome breccia. The lava domes are sited on intrabasinal faults, which
acted as conduits for the plugs described above (Fig. 2). The rhyolitic lava domes are
small and bulbous, and are interpreted to be the result of endogenic dome growth. The
blocks in the lava domes are relatively small (1-2 m maximum diameter) suggesting
relatively high extrusion rates (Fink and Anderson, 2000).

The rhyolitic dome-dome breccias are fringed by rhyolitic block-and-ash-flow tuffs,

interpreted to represent pyroclastic flows generated by lava dome collapse.

Rhyolitic ignimbrites

The rhyolitic, crystal-poor ignimbrites are interstratified with rhyolitic domes and
plinian to pheatoplinian tuffs in the northern sub-basin (Fig. 2). Weakly erosive basal
contacts suggest a vent proximal deposit (Freundt et al., 2000). Blocky shards indicate a
phreatoplinian eruptive style, in addition to cuspate shards typical of plinian eruptive
styles (Heiken and Wohletz, 1985; McPhie et al., 1993; De Rita et al., 2002). The
presence of local cross-stratification and sorting suggests minor fluvial reworking.

The rhyolitic, white, high-grade ignimbrite consists largely of moderately-welded
pumice lapilli tuff, with well-preserved vitroclastic textures, but it contains several
banded horizons interpreted to be ultrawelded ignimbrite (Fig. 2 and data repository item
1). The ultrawelded banded horizons show extremely attenuated fiamme, sintering,

plastic deformation of shards, and planar to contorted flow banding. These features are
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commonly attributed to primary deformation of high-temperature pyroclastic flows
during transport and deposition (Branney and Kokelaar, 1992; McCurray et al., 1996;
Freundt, 1999) or secondary rheomorphic flowage after deposition and deflation
(Schmincke and Swanson, 1967; Wolff and Wright, 1981). The alternation of
ultrawelded with weakly welded horizons indicates multiple cooling units, suggesting
either fluctuation in the eruptive column or multiple ignimbrite emplacement. The
absence of blocky shards, and the high emplacement temperatures required for strong
welding, indicates that the eruption was "dry" (i.e. no interaction with surface water).
Like the rhyolitic, crystal-poor ignimbrites, the rhyolitic, white, high-grade ignimbrite is
lies in the master fault-proximal (northern) sub-basin, unlike all the other rhyolitic
ignimbrites, which lie largely or entirely within the master fault-distal (southern) sub-
basin,

The rhyolitic crystal-rich ignimbrites occur as two white, nonwelded pumice lapilli
tuffs, each 5-20 m thick (Fig. 2; data repository item 1). They are the most crystal-rich
silicic ignimbrites in the Santa Rita Glance Conglomerate, with 30-35% large quartz and
biotite phenocrysts (3-4 mm).

The rhyolitic lithic-rich ignimbrite (Fig. 2) has ~20-30% angular lithic fragments,
ranging in size from 5 cm to 2 m in diameter, and is crystal poor (<15%), with abundant
nonwelded bubble-wall shards. It varies in thickness from ~10 m near the central
structural high to >50 m in the southern sub-basin

The rhyolitic limestone-lithic ignimbrite (Fig. 2) has limestone clasts in the nonwelded
horizons, and these clasts show variable degrees of metamorphism to marble and

amphibolite that correspond to density of welding in the welded horizons, indicating that
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the clasts were metamorphosed in sifu. This ignimbrite reaches >60 m in total thickness,
and consists of four cooling units, with the basal cooling unit thickest at ~30 m; it occurs
at a single stratigraphic horizon in the master fault-distal (southern) sub-basin only (Fig. 2
and data repository item 1). The rhyolitic limestone-lithic ignimbrite is the only
ignimbrite that contains limestone clasts.

The rhyolitic, red, high-grade ignimbrites are ultrawelded, crystal-poor, pumice lapilli
tuffs only a few meters thick that serve as distinctive stratigraphic marker horizons across
the fault-proximal and fault-distal sub-basins (Fig. 2 and data repository item 1). They are
predominantly ultra-welded with fiamme showing strong eutaxitic foliation, although the
upper ignimbrite is only moderately welded in the southern sub-basin. The top contacts
and thinner deposits are brecciated and/or spherulitic. The breccias resemble autobreccias
of lava flows, but they pass laterally and irregularly into undisturbed, flat-lying eutaxitic
ignimbrite, and the outlines of the blocks are commonly faint. Hot-state brecciation likely
occurred during rheomorphic flow in the late stages of cooling, a common feature of
high-grade “lava-like” ignimbrites (Branney and Kokelaar, 1992, 1994; Beddoe-Stephens
and Millward, 2000). The upper of the two rhyolitic, red, high-grade ignimbrites can be
mapped continuously for ~7 km and then traced for another ~4.5 km as a single layer of

2-3 m blocks within boulder breccia-conglomerates of the fault-proximal sub-basin.

Rhyolitic plinian and phreatoplinian tuffs
Laterally continuous, thin-bedded rhyolitic tuffs and pumice lapillistones (Fig. 6)
occur throughout much of the basin fill (Fig. 2). These include: 1) plinian pumice fall

deposits, 2) reworked plinian pumice fall deposits, and 3) phreatoplinian ash fall deposits.
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Alternations of plinian and phreatoplinian tuffs may result from (1)
phreatomagmatic fragmentation reverting to magmatic fragmentation when the water
supply is exhausted, as discussed by Self (1983); (2) a switch from magmatic to
phreatomagmatic eruption style, reflecting a reduction of magma flux that somehow
allowed water to enter the vent (Jurado-Chichay and Walker, 2001); or (3) nonsystematic
alternations, perhaps resulting from variability in water influx to the vent (Self, 1983;
Wohletz, 1986; Jurado-Chichay and Walker, 2001). The plinian and phreatoplinian tuffs
(Table 1) form very thick sections, some many tens of meters thick containing rock

fragments and large crystals, suggesting that they are vent-proximal accumulations.

SPATIAL DISTRIBUTION OF LITHOFACIES

The spatial distribution of volcanic lithofacies and vents (Fig. 2) is controlled by the
structure of the basin, which is inferred to be a releasing-bend strike-slip basin (Figs. 7, 8,
discussed further below). This spatial distribution is shown in simplified form in Figure 9.

Rhyolitic domes, dome breccias and intrusions are restricted to intrabasinal faults in
the northern sub-basin, proximal to the Sawmill Canyon fault zone (Figs. 2, 9). The
rhyolitic dome-dome breccia lithofacies is fringed by the rhyolitic block-and-ash-flow
tuff lithofacies, and is interbedded with rhyolitic, white, crystal-poor ignimbrites or
rhyolitic plinian-phreatoplinian tuffs (Fig. 2, Table 1, and data repository item 1). This
records alternating effusive and explosive silicic volcanism within the basin, through
vents controlled by syn-depositional faulting. We infer that the rhyolitic, white high-
grade ignimbrite was erupted from an intrabasinal vent because it has the same white

color and low crystal content as the rhyolitic intrusions, domes and dome breccias, block-
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and-ash-flow tuffs and crystal-poor ignimbrites. The rhyolitic, white high-grade
ignimbrite is restricted to a single stratigraphic horizon within a section of rhyolitic
crystal-poor ignimbrites that are nonwelded with blocky shard, suggesting that water
gained access to intrabasinal ignimbrite vents much more commonly than not.

The association of andesitic intrusions with thick successions of andesitic lava flows
and vulcanian breccias indicates intrabasinal venting (Figs.2, 9; Table 1; and data
repository item 1). Andesitic intrusions and lava flows occur along faults in both sub-
basins. Reworked andesitic vitric tuffs accumulated to great thickness in the fault-distal
sub-basin (Fig. 2, 9B), probably because the fault-proximal sub-basin was kept too full of
vent-proximal volcanic rocks and conglomerate-breccia to accommodate reworked tuffs
(Fig. 9C).

We infer that some lithofacies in the Santa Rita Glance Conglomerate had sources,
now dismembered, along the Sawmill Canyon fault zone. These include (Figs. 2, 9 and
Table 1): 1) the boulder breccia-conglomerates, 2) the dacitic block-and-ash-flow tuffs,
and 3) the andesitic vulcanian breccia.

Four types of rhyolitic ignimbrite are interpreted as extrabasinally sourced (Fig. 9B)
because they differ from the intrabasinal ignimbrites in phenocryst and lithic
compositions (Table 1), and because the very well-exposed basin fill contains no
candidates for vents or vent-proximal deposits with similar mineralogy, such as
intrusions, ignimbrite feeder dikes (sensu Aguirre-Diaz and Labarthe-Hernandez, 2003),
proximal ejecta lobes or rings (sensu Fierstein et al., 1997), or co-ignimbrite lag breccias
(sensu Druitt and Sparks, 1981). In addition, one ignimbrite has limestone lithics, and

there is no limestone in the substrate or margins of this basin, although limestones occur
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in other ranges along and northeast of the Sawmill Canyon fault zone (Fig. 1). They are
thus accidentally ponded ignimbrites, with thicknesses that nowhere rival typical caldera
fill. The extrabasinally-sourced rhyolitic ignimbrites occur largely in the fault-distal sub-
basin but some spill over the central structural high for a short distance into the fault-
proximal sub-basin (Fig. 2, 9B; Table 1). Each of these ignimbrite types is restricted to
one or two stratigraphic levels; this fact, and their distinctive textures and compositions,
make them useful marker horizons that help correlate the sequences of the fault-proximal
and fault-distal sub-basins (Bassett and Busby, 2005). The extrabasinally-sourced
ignimbrites were preferentially ponded in the master fault-distal (southern) sub-basin
even though it subsided less than the fault-proximal sub-basin, because fault-proximal
sub-basin was kept full by intrabasinal volcanism and sediments shed from the master

fault (Fig. 9C).

SYNDEPOSITIONAL FAULTS

The structural evolution of the basin is described in detail by Bassett and Busby
(2005), and summarized briefly here. The regionally significant Sawmill Canyon fault
zone (Fig. 2) is inferred to be the dominant basin-bounding fault because boulder clast
size and angularity increase toward it, the boulder breccia-conglomerate lithofacies
becomes more proximal toward it, the basin fill generally thickens toward it, and intra-
basinal, syndepositional faults show the greatest displacement near it. Reactivation of the
Sawmill Canyon fault zone during the Late Cretaceous to Early Tertiary Laramide

Orogeny juxtaposed younger and older units against the Santa Rita Glance Conglomerate.
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A less regionally significant fault zone, the Gringo Gulch fault zone, bounds the south
end of the basin (Fig. 2). This fault cuts the Santa Rita Glance Conglomerate and its
basement (Jurassic Squaw Gulch granite, Fig. 2) and it is cut by the Late Cretaceous
Josephine Canyon diorite (Drewes, 1971). This subvertical fault is en echelon to the
Sawmill Canyon fault zone. Andesitic flows and sills are abundant at the south end of the
basin (Fig. 2, 9B), suggesting that the Gringo Gulch fault plumbed magmas to the surface
(Fig. 9C).

The basin also contains numerous intrabasinal syndepositional high-angle faults (Fig.
2, 9) that alternated between normal-slip and reverse-slip separation. At some times,
faults with normal separation were active synchronously with faults showing reverse
separation elsewhere in the basin (Bassett and Busby, 2005). Intrabasinal faults subdivide
the basin into master fault-proximal (northern) and fault-distal (southern) sub-basins,
separated by a structural high (Figs. 2, 9). The master fault (Sawmill Canyon fault zone)
served as the primary conduit for andesitic to rhyolitic magmas; however, the smaller
faults also served as conduits for smaller volumes of magma and controlled intrabasinal

vent sites.

UNCONFORMITIES

Eight large-scale deep unconformities cut the basin fill (shown in blue on Fig. 2),
dividing it into eight unconformity-bounded sequences (Bassett and Busby, 2005). These
unconformities are easily mapped out because they incise deeply into underlying strata
(Fig. 2, 9B, 9C). Five of the eight unconformities show extreme vertical relief (460-910

m) and very high paleo-slope gradients (40°-71°); they lie in the master fault-proximal
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(northern) sub-basin where they face asymmetrically away from the master fault (Fig. 1,
9B, 9C). These are interpreted to represent fault scarps and paleo-slide scars produced
during basin uplift (“basin inversion”) events at restraining bends along the master fault
(Bassett and Busby, 2005). Unconformities in the master fault-distal (southern) sub-basin,
in contrast, are symmetrical, with vertical relief of 200-600 m and paleo-slope gradients
of 20°-25° (Fig. 1, 8B, 8C). These are interpreted to represent deep paleocanyons (Bassett

and Busby, 2005).

VOLCANIC FACIES MODEL FOR THE SANTA RITA GLANCE INTRA-ARC
STRIKE-SLIP BASIN

All previously-published facies models for strike-slip basins were developed for
siliciclastic systems; we present the first facies model for an intra-arc strike-slip basin
(Fig. 9C). This volcanic facies model may be applicable to releasing-and restraining-bend
basins that form along curves in strike-slip faults within arcs. The name "releasing-
restraining bend intra-arc strike-slip basin" emphasizes the fact that transtensional and
lesser transpressional processes, as well as magmatic processes, mold the basin and its
volcanic fill as it slips along the strike-slip fault. The unconformities and syn-depositional
faults are at least as important as the volcanism for controlling the architecture of the
basin fill. Thus, our basin model has two distinguishing characteristics: the
uncomformities, which are created at restraining bends, and the small, numerous
polygenetic volcanic complexes, which form at releasing bends of an intra-arc strike-slip

fault zone.
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Strike-slip basins largely occur as three major types (Nilsen and Sylvester, 1995): (1)
classical pull-apart basins, which form at a releasing stepover between en echelon
segments of a strike-slip fault (Fig. 7A), (2) releasing bend basins, which form along a
gently curved strike-slip fault (Fig. 7B), and (3) transrotational basins, which form at the
trailing edge of a crustal block under vertical axis rotation (Fig. 7C). Pull-apart basins are
symmetrical and subside continuously along normal-slip separation faults (Fig. 7A).
Transrotational basins are asymmetrical, wedge-shaped basins that subside along normal-
slip separation faults (Fig. 7C). Releasing bend basins are also asymmetrical (Fig. 7B),
but the broad curves that produce releasing bends along strike-slip faults also tend to
produce restraining bends, resulting in alternating releasing and restraining bends along
the length of the fault (Fig. 7D). This results in “porpoising”, or alternating subsidence
and uplift of the basin as it slips along the fault, as first described by Crowell (1974).
This “porpoising”, and its effects on the basin architecture, are illustrated in Figure 8.

The structural style of strike-slip faults with releasing-restraining bend couplets
consists of a major basin-bounding strike-slip fault and smaller intra-basinal faults (Fig.
7D, 8, 9A). These faults show reverse and normal components of slip that develop
simultaneously with grabens and arches, in positions that vary rapidly through time
(Crowell, 1982; Christie-Blick and Biddle, 1985; Wood et al., 1994; Nilsen and
Sylvester, 1995; Barnes and Audru, 1999; Barnes et al., 2001). The dip on the master
strike-slip fault controls the width of the releasing-bend basin. Where there is a close
spatial and temporal association of releasing and restraining bends, basin subsidence
alternates with basin uplift on a time scale of 10° to 10° years, producing large-scale

intrabasinal unconformities (Fig. 8; Wood et al., 1994; Barnes et al., 2001). If the



19

restraining bends are of the same scale as the releasing bends, all of the basin fill created
at a releasing bend should be inverted and eroded away at the succeeding restraining
bend. When a strike-slip fault system is overall slightly transtensional, however, the
restraining bends are smaller than the releasing bends (Fig. 7D, 9A), and net subsidence
over time will result in partial preservation of the basin fill (Fig. 8). We refer to this type
of basin as a ‘releasing- and restraining-bend basin” to emphasize the fact that very deep
unconformities are an important feature of the basin fill (Fig. 8).

Numerous, very deep unconformities bound volcanic and sedimentary sequences in
the Santa Rita Glance Formation (Fig. 9B). Each of these very deep unconformities was
produced by partial basin inversion (uplift) along a restraining bend, followed by deep
burial due to subsidence at the next releasing bend (Fig. 8); these processes alternated as
the basin slipped along the strike-slip fault. The restraining bends must have been smaller
than the releasing bends (Fig. 7D), because net subsidence over time resulted in partial
preservation of the basin fill.

Volcanic and subvolcanic rocks in the strike-slip basin formed multiple small,
polygenetic vent complexes in a complexly-faulted basin (Fig. 2, 9B). We thus interpret
the volcanic rocks of the Santa Rita Glance Conglomerate to be a rhyolitic to dacitic to
andesitic multivent, polygenetic complex with hypabyssal intrusions that map directly
into effusive and explosive volcanic deposits (Fig. 9C). There is no evidence that the
basin represents one or more calderas, because there are no very thick silicic ignimbrites
typical of caldera fill; ring faults and ring fracture intrusions are absent, nor are there any
of the slide sheets typically formed by caldera collapse. Instead, the intrabasinally-

sourced lithofacies of the Santa Rita Glance Conglomerate record repeated intrabasinal
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intrusion and venting of relatively small volumes of magma along intrabasinal faults,
with subequal intermediate and silicic compositions, and subequal effusive and explosive
eruptive styles. Interfingering of eruptive products indicates that more than one vent was
active at a time, hence the name “multivent complex” is applied. We propose that multi-
vent complexes reflect proximity to a continuously active fault zone, where strands of the
fault frequently plumb small batches of magma to the surface at releasing bends.
Intrabasinal faults ponded ignimbrites and locally plumbed magma to the surface (Fig.
9C).

Dacitic domes that lay just outside the basin to the north produced proximal block-
and-ash-flow tuff breccias that fine with distance from the master fault (Fig. 9C); they are
interbedded with the boulder breccia-conglomerates in the fault-proximal sub-basin, and
supplied sand-sized material (ash) for the breccia-conglomerate matrix. These dacite
domes were probably plumbed up the master fault (Fig. 9C), just as modern dome chains
are commonly sited on faults (Bailey, 1989; Bellier and Sebrier, 1994; Bellier et al.,
1999).

Andesitic magmas inflated the section as sills, and locally vented out onto the surface
as lava flows and lesser ignimbrites (Figs. 2, 9). Andesitic tuffs also contain shard
morphologies typical of phreatomagmatic eruptions, and were commonly reworked by
fluvial processes, suggesting a wet climate (Busby et al., 2005).

Growth of intrabasinal rhyolitic lava domes (Figs. 2, 9C) produced both block-and-
ash-flow tuff breccias and dome breccias, depending on the temperature of the parental
lava during disintegration into avalanches. Highly vesiculated silicic magma produced

plinian eruptions, forming plinian ashfall and pumiceous pyroclastic flow deposits.
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Plinian eruptions through surface water resulted in phreatoplinian eruptions, which,
together with fluvially-reworked tuffs, suggest a wet climate. The pumiceous pyroclastic
flow deposits (ignimbrites) are generally nonwelded and contain blocky shards in
addition to bubble-wall shards, again suggesting a dominantly “wet” eruptive style
(Busby et al., 2005).

Most of the ignimbrites in the Santa Rita Glance Conglomerate are inferred to be
extrabasinally-sourced, because their mineralogy is distinct from volcanic rocks that can
be traced directly into intrusions within the basin. Their sources are most likely from
calderas located at releasing step-overs elsewhere along the Sawmill Canyon strike-slip
fault zone (Busby et al., 2005).

Intrabasinal normal- and reverse-slip separation faults controlled the positions of local
arches and grabens (Fig. 9C), leading to abrupt thinning and thickening of strata and local
intrabasinal venting, but the basin fill broadly thins away from the master fault (Sawmill
Canyon fault zone) toward the subordinate basin-bounding fault (Gringo Gulch fault
zone). Talus cone-alluvial fan deposits are restricted to the deep end of the basin (Fig.
9C). Most of the proximal extrabasinal volcanic rocks were erupted from the master fault
zone and trapped in the deep end of the basin. Most of the intrabasinal volcanic rocks
were erupted from intrabasinal faults in the deep (master fault-proximal) end of the basin
(Fig. 9). This volcanism, in combination with master-fault proximal clastic
sedimentation, kept the deep end of the basin completely full. In contrast, the master-fault
distal sub-basin was able to accomodate extrabasinally-sourced ignimbrites and fluvially

reworked pyroclastic deposits (Fig. 9C).
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The closest modern analogue to the Santa Rita Glance Conglomerate is probably the
Sumatra volcanic arc in Indonesia, a continental transpressional to transtensional arc.
Small volcanic centers (in Sumatra, mainly rhyolite domes) occur along releasing bends
(e.g. Fig. 7C), whereas caldera complexes occur along releasing step-overs, in pull-apart
basins (e.g. Fig. 7A; Bellier and Sebrier, 1994; Chesner, 1998; Bellier et al., 1999;
Ventura, 1994). In the Late Jurassic arc of southern Arizona, small, multivent,
polygenetic eruptive centers formed along releasing bends in the strike-slip fault (Santa
Rita Glance Conglomerate), but the deposits of these interfinger with ignimbrite outflow
sheets erupted from calderas at releasing stepovers along the Sawmill Canyon fault zone

(Busby et al., 2005).

CONCLUSIONS

The Late Jurassic basin described in this paper affords a time-integrated view of an
intra-arc strike-slip basin that workers in modern arcs do not have. Strands of the Sawmill
Canyon strike-slip fault zone both bounded and lay within the releasing-and restraining-
bend basin. These plumbed small batches of silicic and intermediate-composition magma
to the surface, resulting in frequent, small-volume, polygenetic (explosive and effusive)
eruptions from multiple vents within and along the margins of the complexly faulted
basin. When the basin slipped through small restraining bends in the strike-slip fault, it
was uplifted, and deep unconformities were carved into the basin fill; when the basin
slipped through releasing bends, rapid subsidence occurred, providing preservation space
for the arc volcanic rocks. The basin fill thinned and intrabasinal volcanism decreased

dramatically away from the master strike-slip fault, where subsidence was greatest and
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fault-controlled vents most abundant. Talus cones and alluvial fan deposits were largely
restricted to the “deep” end of the basin (next to the master strike-slip fault), and lava
domes sited on the master fault shed block-and-ash flows into the “deep” end of the
basin. The master-fault-proximal end of the basin was thus “overfilled”, while the
“underfilled “master-fault-distal end of the basin provided accommodation for reworked
tuffs, as well as extrabasinally-sourced ignimbrites. These accidentally-ponded
ignimbrites were erupted from calderas at releasing step-overs elsewhere along the
Sawmill Canyon fault zone (Busby et al., 2005); large-volume ignimbrite eruptions and
caldera collapse did not occur in the releasing-and restraining-bend basin.

The three-dimensional arrangement of deposits in intra-arc strike-slip basins is
controlled not only by volcanic processes, but also by tectonic processes, including
structural controls on patterns of uplift and subsidence, on locations of vents, and on

types of centers that develop.
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FIGURE CAPTIONS
Fig. 1. Location and geologic setting of the Glance Conglomerate in the Santa Rita
Mountains, southern Arizona, compiled from numerous publications cited by Busby et al.

(2005).

Fig. 2. Lithofacies map of the Glance Conglomerate in the Santa Rita Mountains of
southern Arizona (note north is to left of the two pages). The strike and dip of the
homoclinal section allows an oblique cross-sectional view of the basin fill. The basin is
bounded to the north by the regionally significant Sawmill Canyon fault zone, which
extends southward through the Huachuca Mountains into Mexico (inset); this forms the
master fault to the basin while a localized, subordinate fault zone (Gringo Gulch) bounds
the basin to the south. A paleo-high formed by high-angle faults divides the basin into a

northern sub-basin proximal to the master fault (measured sections A, B, C, data
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repository item 1) and a southern sub-basin distal to the master fault (measured section D,

data repository item 1).

Fig. 3. Proximal debris-flow deposit (boulder breccia-conglomerate lithofacies), with
angular blocks to pebbles of a wide variety of clast types, supported in a brick-red matrix

of granitic granules and coarse-grained arkosic sandstone.

Fig. 4 (A) Outcrop photo of dacitic block-and-ash-flow tuff, showing nonvesiculated
(dense) angular clasts, all of the same crystal-poor dacite, supported in an unsorted,
coarse ash matrix of the same composition (lens cap for scale). (B) Photomicrograph of
ash-sized matrix of a dacite block-and-ash flow tuff, consisting of the same dense
(nonvesiculated), angular, unsorted clasts as the larger lapilli and blocks visible in

outcrop (field of view = 8 mm).

Fig. 5. (A) Outcrop photo of the andesitic vitric tuff and tuffaceous sandstone lithofacies
(pencil for scale). These deposits are bedded, laminated and cross-laminated, with cut
and fill structures, causing some workers to call them sandstones (see Drewes, 1971), but
in thin section, most samples are composed entirely of pyroclastic debris. (B)
Photomicrograph of a tuffaceous volcanic lithic sandstone from the andesitic vitric tuff
and tuffaceous sandstone lithofacies (field of view = 6 mm). This sample was taken from
a cross-laminated bed that shows clear evidence of fluvial reworking. Two different types
of andesitic volcanic rock fragments (top left and bottom left) and a plagioclase crystal

(center left) lie in a matrix of scoria fragments and bubble-wall shards. The preservation
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of delicate bubble-wall shards and scoria fragments indicates minimal fluvial reworking
of freshly-erupted pyroclastic debris. (C) Photomicrograph of a vitric tuff from the
andesitic vitric tuff and tuffaceous sandstone lithofacies (field of view = 6 mm). In
contrast with the sample shown in B, this sample is composed of blocky to splintery
shards inferred to have formed by explosive interaction of magma with ambient water

(groundwater or lakes).

Fig. 6. (A) Outcrop photo of the rhyolitic plinian and phreatoplinian tuff lithofacies.
These form widespread sheets only a few meters thick that mantle topography. (B)
Photomicrograph of a rhyolitic phreatoplinian tuff (field of view = 6 mm). This sample
consists of blocky to splintered glass shards, set in an optically irresolvable fine-grained
matrix. These are interpreted as phreatoplinian ash fall deposits, which record explosive

eruptions through water.

Fig. 7. Three major types of strike-slip basins (after Nilsen and Sylvester, 1995),
including (A) pull-apart basin, (B) transrotational basins, and (C) releasing bend basin.
Also shown is (D) releasing- and restraining-bend couplet along an overall trantensional
strike-slip fault, where the restraining bend is smaller than the releasing bend (after
Cowan et al., 1989; Cowan and Pettinga, 1992); bends are exaggerated to display

geometries clearly, whereas in nature, very subtle bends produce similar structures.

Fig. 8. Cartoon cross secton illustrating “porpoising” of a strike-slip basin as it slides

past alternating releasing and restraining bends of a strike-slip fault. The “deep” end of
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the basin (left) is bounded by the major strike-slip fault. (A) Normal faulting and
subsidence at a restraining bend, accommodating accumulation of a thick stratigraphic
sequence; (B) Reverse faulting and uplift at a restraining bend causes erosion of basin fill,
creating deep unconformities; (C) Renewed normal faulting and subsidence along a
releasing bend. This may repeat several times. An overall transtensional fault is shown,
where net subsidence over time will result in partial preservation of a basin fill that is

divided by deep unconformities.

Fig. 9. Volcanological facies architectural model for an intra-arc strike slip basin: (A)
Map view of the inferred structural setting, modeled after the modern Glynn Wye Basin
along the Hope Fault, New Zealand (after Cowan et al., 1989, and Cowan and Pettinga,
1992; for details see Bassett and Busby, 2005). (B) Down-dip view of the basin based on
the outcrop lithofacies map (Fig. 2), with colors keyed to it. The inferred structural setting
of line of this down-dip view is shown on Fig. 9A. (C) Interpretive block diagram
showing volcanic facies architecture (front of block) and inferred processes (top of block)
in an intra-arc strike slip basin, based on the Santa Rita Glance Conglomerate. This
model is broadly applicable to releasing-and-restraining-bend intra-arc basins, which
form at curves in the traces of strike slip faults. Colors are keyed to the lithofacies map
(Fig. 2) and the down-dip view of the basin (Figure 9B); the front of the block is shown

in somewhat bolder colors than the top of the block.

Data Repository Item 1 - Measured sections showing rapid lateral facies and thickness

changes and unconformity-bounded sequences in the Santa Rita Glance Conglomerate.
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Locations of sections shown on Figure 2. Sequences 2 through 7 refer to unconformity-

bounded sequences described by Bassett and Busby (2005).

Table 1. Table of lithofacies descriptions and interpretations.
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ROCK SPATIAL FIELD CHARACTERISTICS THIN SECTION FACIES INTERPRETATION ANALOGS WITH REFERENCES
NAME DISTRIBUTION CHARACTERISTICS
boulder Thickens and Massive coarse-grained boulder breccia- ARKOSIC SAND-STONE Shed from Sawmill Canyon fault zone on Talus cones that passed basinward
breccia- coarsens conglomerate (D99=7-8 m, D90=2-3 m, D50=60 MATRIX - granite lithics & few surfaces of great relief. Talus breccia & into steep-sided, very coarse-grained
conglo- dramatically cm); polymict, very angular to sub-rounded clasts of | silicic volcanics & xIs. of kspar, avalanche deposition within ~100 m of the | fans almost entirely deposited from
merate toward the master | local derivation. TALUS DEPOSITS - tightly- qtz., microcline > biotite, plag. fault scarp; Proximal to medial debris flow debris flows, like those described by
fault (Sawmill packed, angular to subrounded clasts with <10% DACITIC LITHIC TUFF MATRIX | deposition within 3 km of fault zone; Distal | Collinson (1996).
Canyon fault infiltrated sand matrix, lacking stratification or - f.g. dacite or rhyolite volcanic | sheetwash & channelized stream flow Sedimentologically (but not
zone). sorting. PROXIMAL DEBRIS-FLOW DEPOSITS - lithics & xIs. of plag. > gtz. within 5 km of fault zone. MATRIX compositionally) similar to the Violin
matrix-supported boulder- to pebble-sized clasts; RHYOLITIC LAPILLI TUFF COMPOSITION determined by availability | Breccia, deposited along a precursor
no sorting or clast alignment. MEDIAL TO DISTAL | MATRIX - shards, pumice, qtz., | of volcanic material. of the San Andreas Fault (Crowell,
DEBRIS FLOW DEPOSITS - crudely-stratified volcanic lithics. 1982; Link, 2003).
matrix-supported boulder to pebble breccia-
conglomerate with flat clast alignment.
STREAMFLOW DEPOSITS - moderately well-
sorted, stratified and cross stratified granule
sandstone with lenses of pebble- to boulder-
conglomerate.
dacitic Restricted to Greenish-gray, massive, matrix supported, poorly- 70 - 85% dense dacite clasts Dacitic block-and-ash flows generated by Small-volume pyroclastic flows
block & ash | master fault- sorted monomict tuff breccia and lesser laplli tuff and 15-30% crystals of gravitational lava dome collapse along the | associated with dome collapse (e.g
flow tuffs proximal sub- (D90<1 m, D50~10-30 cm or D90=30 cm, D50<5 plag>>qtz = biotite with rare hb. | master fault basin margin. Coarse grain Fisher et al., 1980; Sparks, 1997;
basin, thickens cm). Clasts of angular, nonvesiculated (dense) size and (rare) occurrence of amoeboid Freundt et al., 2000). Similar to
and coarsens dacitic blocks in a matrix of lapilli- to ash-sized clasts appear proximal, but lack of lava deposits described at Unzen volcano
dramatically fragments of the same composition and shape. flow/intrusive equivalents in basin suggest | (Miyabuchi, 1999; Nakada etal.,
toward master Rare plastically deformed "amoeboid" extrabasinal source, probably dome(s) 1999; Ui etal., 1999; ).
fault. (nonvesicular) clasts. Pumice and bubble-wall plumbed up the master fault.
shards entirely absent. No associated intrusions
or lava flows.
andesitic Vented along the Dark gray to black; generally coherent with large 10-50% phencrysts., mostly Flow banding, flow-aligned cyrstals, and The thicknesses of the intrusions,
lava flows, | master faultand plag. xls., commonly flow aligned; locally flow plagioclase, tr.-3% amphibole, flow breccias typical of intermediate- their limited lateral extent, and the
flow its splays, along banded, brecciated & vesicular. LAVA FLOWS <5% Cpx, 3% tr. Apatite in composition volcanic rocks. Features alternation of sills with brecciated lava
breccias & | the structural high | are conformable with stratigraphy, with or without microcrystalline to typical of mafic flows and vents (see Selfet | flows indicate emplacement as sill-
intrusions | between sub- flow-top breccias. INTRUSIONS are largely holocrystalline groundmas. Rare | al., 1997; Cashman et al. 2000; Hon etal., | like bodies that intruded early-erupted
basins, and at the | coherent, generally nonvesiculated units that, at granite accidental lithics 2002) are absent. flows and vented locally to feed more
fault-bounded least locally, cross-cut stratigraphy and generally introduce Kspar, qtz., titanite. lava flows (Fisher and Schminke,
distal end of the have a higher crystal content than the lava flows. 1984; Fink and Anderson, 2000).
basin. Sills and flows commonly diifcult to to distinguish
and are mapped as a single unit.
andesitic Underlying Dark lavender to purple-red, xl. rich, massive, lapilli | 35-40% crystals (plag>>biotite), | Andesitic pumice-rich pyroclastic flows Intermediate-composition ignimbrites
ignimbrite | andesitic lava tuff with abundant flattened scoria and minor flattened scoria and bubble-wall | (Fisher and Schmincke, 1984; Freundt et are less common than silicic ones,

flows or vulcanian
breccia.

cognate lithic fragments in an unsorted matrix of
bubble-wall shards. Thicknesses from ~2 m to up
to 10 m adjacent to syn-depositional faults.
Generally nonwelded with one showing localized
welding.

shards; the welded one is less
xl.-rich (10-15%).

al., 2000)., largely non-welded. Three of
the four andesitic ignimbrites occur at the
bases of andesitic lava flow or vulcanian
breccia sequences and may represent the
first, degassing phase of the andesitic
eruptions (Fisher and Schmincke, 1984).

but have been reported from the
Andean arc (McCurray and Schmidt,
2001) the Aleutian arc (Larsen et al.,
2000), the Roman Volcanic province
(Giordano et al., 2002), Java (Camus
etal., 2000) and the Taupo Volcanic
Zone (Wilson et al., 1995).




andesitic Restricted to Dark purplish-grey to purplish black VITRIC TUFF VITRIC TUFF - ~90% shards & Fluvial reworking of andesitic pyroclastic Very poorly sorted and indistinctly
vitric tuff & | master fault-distal | to TUFFACEOUS VOLCANIC LITHIC scoria shreds, dominantly (Fisher and Schmincke, 1984) and stratified texture of the vitric
tuffaceous | sub-basin. SANDSTONE: very poorly sorted, dark colored tuff | bubble wall but also platy, phreatomagmatic (Heiken and Wohletz, tuffs/tuffaceous sandstone indicates
sandstone OR tuffaceous sandstone; largely massive to blocky, & splintery shards, ; 1985; McPhie et al., 1993) tephra. deposition from hyperconcentrated
indistinctly stratified in medium to very thick beds 10% andesite lithics; euhedral Abundance of delicate pyroclastic material | flood flow and nonchannelized
(up to 15 m thick); lesser convolute lamination, xls. of plag., biotite indicates proximal deposition, likely from overland flow (Smith and Lowe, 1991;
planar lamination and cross lamination. Scattered TUFFACEOUS VOLCANIC intrabasinal sources, and availability of Collinson, 1996; Allen, 1997;
small scours (~1-2 m wide) filled with arkose-matrix | LITHIC SANDSTONE - >75% running water. Intercalated arkosic Vallance, 2000). Convolute
boulder breccia-conglomerate. andesitic lithics of varying breccia-conglomerate record "background | lamination indicates soft-sediment
vesicularity and crystal content | sedimentation" from fault scarps when the | deformation of water-saturated
in a crystal vitric tuff matrix with | basin was not overwhelmed by the local sediment (Reineck and Singh, 1980),
squashed scoria shreds. andesitic source. probably reflecting high
Euhedral to subrounded xIs. of sedimentation rates.
plag. >> biotite >> gtz. > hb.
andesitic Forms a single, Dark gray to black, monomict clast-supported xl. rich (30-40% ) with 30% Proximal, ponded accumulations from Eruptions triggered by
vulcanian | 500 m thick breccia composed of dense and rigid, angular plag., 5% biotite, <3% hb; andesitic vulcanian eruptions (Gourgaud et | overpressuring under a caprock or
breccia sequence withina | crystal-rich andesitic blocks up to 1 m, and lesser mafics generally altered to al., 2000) - moderate to violent ejection of | plug of solidified material in the throat
kilometer of the nonjuvenile fragments of granitic rock and silicic oxides; dense juvenile lithics solid fragments of high density juvenile of a vent, by decompression of a
master fault; vent volcanic rock. Less than 25% ash matrix, and lesser accidental rock clasts (Heiken and Wohletz, 1985) and conduit during lava dome collapse, or
inferred to have composed of monolithic andesite rock fragments of | fragments. nonjuvenile fragments torn from the vent by magma interaction with water,
been sited along the same composition as the blocks, as well as walls or cap rock. Uniformly coarse grain either surface or groundwater (Nairn
the master fault. lesser nonjuvenile clasts. In multi-meter to size , clast-supported texture and crude and Self, 1978; Self et al., 1979;
decameter thick, massive to crudely normally stratification formed by ballistic ejection in Wilson, 1980; Francis, 1993; Stix et
graded beds, in places cut by scours containing discrete, small-volume, closley-spaced al., 1997; Morrissey and Mastin,
fluvial lag deposits of granite boulders explosions (Melson and Saenz, 1973; 2000; Druitt et al., 2002). High
Nairn and Self, 1978). Lack of block and crystallinity may inhibit bubble
ash flow tuff interbeds indicates that the expansion (Cashman et al., 2000).
ballistics did not feed mobile avalanches, Modern block fields lie within about
perhaps because they were ponded in a five kilometers of their vents
basin near the ventt, which also explain (Yamagishi and Freebrey, 1994;
their great thickness. Historic vulcanian Morrissey and Mastin, 2000;
eruptions also include minor andesite Gourgaud et al., 2000).
ignimbrite/ash-and-scoria flows (Camus et
al., 2000; Druitt et al., 2002) like one that
lies downsection (Fig 2).
rhyolitic Feeders to six White, nearly aphyric, coherent, faintly flow-banded | xI. poor 5-10% tot. of Kspar or Shallow-level intrusions that supplied
intrusions | lava domes, bodies that crosscut stratigraphy with very irregular | plag.>qtz in a microcrystalline magma to intrabasinal domes upsection.
following faults. contacts, and appear altered. groundmass with shadowy, Vent locations were fault controlled.
indistinct flow banding; more
altered (with quartz and optically
irresolvable clay minerals) than
extrusive equivalents.
rhyolitic Six lava domes White, nearly aphyric flow-banded coherent rhyolite | Very xI. poor to aphyric ~5% Rhyolitic lava domes with flow banding; Endogenous domes, based on their
dome & sited on faults, all mantled by breccia of the same composition. Form | tot. of plag. or ksp, tr. gtz., tr. coherent interiors mantled by breccias in small size, blocky carapace, and
dome within the master | bodies 0.5 to 2 km in diameter and ~100 m to ~500 | biotite; f.g. qtz.-fld. mosaic gradational, complexly interfingering bulbous shape with little evidence for
breccias fault-proximal sub- | m thick. Rest upon intrabasinal faults. Block size in | matrix; flow banding common; contact, showing systematic decrease in extensive lateral flow away from the

basin or on the
structural high
between the sub-
basins.

carapace decreases away from coherent cores,
from 2 to 0.2 min diameter. Breccias are clast-
supported and monomict, except for local
occurences of pink, very fine-grained, well sorted,
vitric tuff in thin, discontinuous lenses.

rare granite accidentals may
introduce kspar.

block size with distance away from the
vent. Formed along intrabasinal faults,
which acted as conduits for the rhyolitic
infrusions.

vent and (Fink and Anderson, 2000).
Relatively small block sizes suggest
high extrusion rates (Fink and
Anderson, 2000). Pink porcellanite
lenses indicate intermittent
phreatoplinian explosive eruptions
(Morrissey et al., 2000).




rhyolitic

Fringe the lava

White to pink, monomict tuft breccia in matrix-

Mineralogy same as dome

Rhyolitic block-and-ash-flows generated by

Same as dacite block-and-ash tlow

block & ash | dome-dome supported, massive beds 5-30 m thick. Angular breccias; dense clastsina collapse of oversteepened domes. tuffs.
flow tuffs breccia lithofacies | clasts ~5-30 cm, nonvesiculated to poorly- vitriclastic matrix.
with gradational vesiculated; pumice very rare.
contacts.
rhyolitic Interstratified with | Abundant white pumice, commonly flattened, in a xl. poor to aphyric <5% tot. of Phreatoplinian ignimbrite, based on highly | interstratification with phreatoplinian
crystal-poor | rhyolitic dome pink to white aphyric matrix of vitric tuff, in massive | plag., tr. bictite, tr. gtz., tr. pumiceous, massive, poorly sorted nature tuffs supports phreatoplinian
ignimbrites | breccias or beds 1 - 20 m thick. Filling scours with 20-40 cm Kspar, in unwelded matrix of (Sparks et al., 1973; Fisher and ignimbrite interpretation (Bryan et al.,
rhyolite plinian- relief. Locally contain <1 m thick beds with sorting, shards & pumice, local lithics. Schmincke, 1984), combination of blocky, 2000; De Rita et al., 2002). Lack of
phreatoplinian stratification and cross-stratification. Shards dominantly blocky or splintery and bubble-wall shards, and lack accretionary lapilli attributed to poor
tuffs. splintery, with lesser bubble of welding, (Heiken and Wohletz, 1985; preservation potential, since
wall. McPhie et al., 1993; De Rita et al., 2002). accretionary lapilli are uncommon
Vent-proximal deposits with weakly erosive | (Self, 1983; Houghton et al., 2000b)
basal contacts (Freundt et al., 2000). to absent (Bryan et al, 2000) from
Availability of water also indicated by local | young unaltered phreatoplinian
fluvial reworking ignimbrites.
rhyolitic, Single unit, White, aphyric moderately-welded pumice lapilli aphyric to xI. poor ~5% tot. of Rhyolitic ignimbrite, moderately welded to | High grade ignimbrites, formed by
white, high- | overlies two tuff, tens of meters thick, with well-preserved <5% plag., <1% qtz., <1% very strongly welded, with multiple cooling | primary deformation of high-
grade rhyolite domes; vitroclastic textures, containing several ultrawelded | biotite; ultrawelded horizons units, suggesting either fluctuation in the temperature pyroclastic flows during
ignimbrite | incompletely horizons. Ultrawelded horizons show lineations on | show extreme plastic eruptive column or multiple ignimbrite transport and deposition (Branney
preserved. planar to highly contorted parting surfaces; at one deformation of shards and emplacement. Welding and absence of and Kokelaar, 1992; McCurray et al.,
locality it contains aligned tubes 10-20 ¢cm in stretching of pumice; blocky shards indicate "dry" eruption. 1996; Freundt, 1999) or secondary
diameter and 1-2 m long infilled with quartz moderately welded horizons Subparallel, linear tubes in the high-grade rheomorphic flowage after deposition
crystals. show sintering of shards and ignimbrites may record quenching against and deflation (Schmincke and
moderate flattening of pumice; logs. Swanson, 1967; Wolff and Wright,
bubble-wall shards only, no 1981).
blocky or splintered shards.
rhyolitic In master fault- White, massive tuff with fiamme and large qtz. & 30-35% xls up to 4 mmin size, | Silicic crystal & pumice rich pyroclastic Ignimbrites, based on highly
crystal-rich | distal sub-basin, biotite xls.; top locally more pumiceous. tot. of 15% qtz., 10% plag., 5% flow, non-welded pumiceous, massive, poorly sorted
ignimbrites | onlapping paleo- biotite, <2% kspar; non-welded nature (Sparks et al., 1973; Fisher
structural high bubble wall shards & pumice. and Schmincke, 1984).
(two units)
rhyolitic In master fault- White, massive pumice lapilli tuff, with abundant <15% xls, plag>>qtz.>Kspar, Silicic lithic & pumice rich pyroclastic flow, Ignimbrite.
lithic-rich distal sub-basin, lithic fragments(~20-30%)of white tuff, red andesite, | well-preserved nonwelded non-welded.
ignimbrite | onlapping paleo- siltstone, granite, D99=2 m, D90=20-50cm, D50=5 | vitriclastic texture of pumice
structural high cm. shreds & bubble wall shards;
(one unit). lithics ~20-30%.
rhyolitic Restricted to White to light lavender, massive, crystal-poor 5-13% xls, tot of 10% plag., Silicic pumice-rich welded to nonwelded Multiple cooling units suggest
limestone | master fault-distal | pumice lapilli tuff with four welded horizons; lithics 3% biotite, fr. qtz.; plag. often pyroclastic flows bearing distinctive instability in the eruptive column or
lithic sub-basin (one range from limestone to marble to amphibolite completely altered to calcite; carbonate clasts of extrabasinal origin. multiple ignimbrite emplacement
ignimbrite | unit). depending on degree of welding. bubble wall shards and pumice. (Freundt et al., 2000).
rhyolitic, Lower unit Red-maroon ultrawelded ignimbrites, each only a xl. poor <5% tot. of ~5% plag., Silicic pumice rich pyroclastic flows, largely | High-grade ignimbrites (see
red, high- | restricted to few meters thick; xl. poor with plag. only. Upper tr. biotite>qtz.; more xl. rich in ultrawelded "lava like" ignimbrite. discussion of white, rhyolitic high-
grade master faull-distal | higher unit is a spherlulitic and locally brecciated nonwelded outcrop ~15% tot.; Distinguished from lava flows by grade ignimbrite, above), with hot-
ignimbrites | (southern) sub- ignimbrite for ~7 km distance, passing laterally into | vitriclastic texture of faint preservation of basal welding or nonwelded | state brecciation occured during

basin, but
erosional
remnants of the
upper unit occur
across both sub-
basins.

a single layer of 2-3 m blocks for another ~4.5 km
(within boulder breccia-conglomerate).

fiamme in highly welded
samples to bubble wall shards
in nonwelded samples; locally
spherulitic, hematized; rare
vesicles.

textures at some localities (e.g. see Henry
and Wolff, 1992; Milner et al., 1992; Kirstin
etal., 2001). The large blocks that extend
in a single layer 4.5 km across the basin
were likely shed from/reworked from the
upper lava-like ignimbrite.

rheomorphic flow in the late stages of
cooling (Branney and Kokelaar, 1992,
1994; Beddoe-Stephens and
Millward, 2000).




rhyolite

plinian and
phreato-

plinian tuffs

Widespread.

In order ot abundance: PLINIAN PUMICE FALL
DEPQSITS - light greenish-white, nonwelded
pumice lapillistone, in thin (~5-20 cm) tabular beds
that mantle topography. REWORKED PLINIAN
FALL DEPOSITS - medium-bedded, erosively-
based, lenticular, locally cross-laminated pumice
lapllistones with more rock fragments and less
glass than fall deposits. PHREATOPLINIAN FALL
DEPQSITS - pinkish red porcellanite in thin to very
thinly tabular beds that mantle topography, with
convolute lamnation.

PLINIAN PUMICE FALL
DEPOSITS - ~80-90% pumice
shreds (some long tube), 10-
20% bubble-wall shards,
aphyric to x| poor.
REWORKED - enriched in
crystals and axcidental rocks
fragments. PHREATO-PLINIAN
FALL DEPOSITS - >80-90%
blocky shards; remainder
irresolvably fine grained

PLINIAN PUMICE FALL: widely dispersed
thin topography-mantling sheets of well-
sorted stratified pumice derived from high
eruption columns (Fisher and Schminke,
1984; Houghton et al., 2000a).
REWORKED PLINIAN FALL: scoured
bases, lenticularity, cross lamination, loss
of delicate vitric components & introduction
of lithics indicate remobilization by water.
PHREATOPLINIAN FALL: exceptionally
fine grain size, shard morphologies and
sedimentary structures indicate interaction
of vesiculating magma with surface water
producing abundant steam and very fine,
water-saturated cohesive ash  (Self and
Sparks, 1978; Self, 1983; Heiken and
Wohletz, 1985; Cioni et al., 1992; McPhie
etal., 1993; Wilson et al., 1995; Morissey
etal., 2000; Houghton et al., 2000b).

PLINIAN PUMICE FALL: . Sharp
bedding planes imply a spasmodic,
nonsustained eruption column
(Houghton et al., 2000a) possibly
indicating subplinian rather than
plinian eruptive style (Cioni et al.,
2000). REWORKED PLINIAN FALL:
Similar to deposits in the Rotongaio
ash (New Zealand), interpreted to
record short but regionally extensive
rain shower events (Smith and
Houghton, 1995). PHREATOPLINIAN
FALL: Lack of accretionary lapilli
may be an artifact of preservation, or
may indicate very wet conditions
(Jurado-Chichay and Walker, 2001).
General lack of nonjuvenile rock
fragments may indicate interaction
with water at shallow levels in the
conduit, i.e., with surface water rather
than aquifers (Allen and Cas, 1998;
De Rita et al., 2002).
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Arkosic conglomerat
with large red
rheomorphic tuff clasts

- 2 m diameter red
rheomorphic tuff clasts

Key
Proximal ExtrabasinallySourced
-dacite block & ash flow tuffs

- boulder breccia-conglomerates
- arkosic matrix

- boulder breccia-conglomerates
- tuffaceous matrix

Extrabasinally Sourced

- rhyolitic crystal-rich ignimbrite

- rhyolitic pumiceous vitric tuff
& tuffaceous sandstones

[ rhyolitic lithic-rich ignimbrite

|:| rhyolitic limestone lithic ignimbrite

X} . . Lo
0‘ rhyolitic red high-grade ignimbrite

Intrabasinally Sourced

[l andesitic vulcanian breccia

[ andesitic ignimbrite
andesitic vitric tuffs &
tuffaceous sandstones

andesitic lava flows, flow
breccias & intrusions

[ rhyolitic plinian tuffs

[ rhyolitic phreato-
plinian tuffs

- rhyolitic white,
high-grade ignimbrite
rhyolitic crystal-
poor ignimbrite
rhyolitic block &

ash flow tuffs
- rhyolitic dome breccia

|:| rhyolitic hypabyssal
intrusions
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