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11 Abstract The three-dimensional arrangement of volcanic
12 deposits in strike-slip basins is not only the product of
13 volcanic processes, but also of tectonic processes. We use a
14 strike-slip basin within the Jurassic arc of southern Arizona
15 (Santa Rita Glance Conglomerate) to construct a facies
16 model for a strike-slip basin dominated by volcanism. This
17 model is applicable to releasing-bend strike-slip basins,
18 bounded on one side by a curved and dipping strike-slip
19 fault, and on the other by curved normal faults. Numerous,
20 very deep unconformities are formed during localized uplift
21 in the basin as it passes through smaller restraining bends
22 along the strike-slip fault. In our facies model, the basin fill
23 thins and volcanism decreases markedly away from the
24 master strike-slip fault (“deep” end), where subsidence is
25 greatest, toward the basin-bounding normal faults (“shal-
26 low” end). Talus cone-alluvial fan deposits are largely
27 restricted to the master fault-proximal (deep) end of the
28 basin. Volcanic centers are sited along the master fault and
29 along splays of it within the master fault-proximal (deep)
30 end of the basin. To a lesser degree, volcanic centers also
31 form along the curved faults that form structural highs

32between sub-basins and those that bound the distal ends of
33the basin. Abundant volcanism along the master fault and
34its splays kept the deep (master fault-proximal) end of the
35basin overfilled, so that it could not provide accommoda-
36tion for reworked tuffs and extrabasinally-sourced ignim-
37brites that dominate the shallow (underfilled) end of the
38basin. This pattern of basin fill contrasts markedly with that
39of nonvolcanic strike-slip basins on transform margins,
40where clastic sedimentation commonly cannot keep pace
41with subsidence in the master fault-proximal end. Volcanic
42and subvolcanic rocks in the strike-slip basin largely record
43polygenetic (explosive and effusive) small-volume erup-
44tions from many vents in the complexly faulted basin,
45referred to here as multi-vent complexes. Multi-vent
46complexes like these reflect proximity to a continuously
47active fault zone, where numerous strands of the fault
48frequently plumb small batches of magma to the surface.
49Releasing-bend extension promotes small, multivent styles
50of volcanism in preference to caldera collapse, which is
51more likely to form at releasing step-overs along a strike-
52slip fault.

53Keywords Intra-arc . Strike-slip basin .
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56Introduction

57Facies architectural models have been developed to a
58sophisticated degree for the sedimentary fill of strike-slip
59basins along conservative plate margins (Nilsen and Sylvester
601995; Holdsworth et al. 1998; Barnes and Audru 1999;
61Barnes et al. 2001; Link 2003). There remains, however, a
62complete lack of volcanic facies architectural models for
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63 strike-slip basins along convergent margins, probably due to
64 additional complexities inherent in volcanic facies analysis,
65 including abrupt lateral facies changes, and postdepositional
66 modification by intrusive and hydrothermal activity. Al-
67 though less can generally be learned about the details of
68 eruption, transport and depositional processes in ancient
69 volcanic successions relative to modern volcanoes, more can
70 be learned about processes that act over long time scales (e.g.
71 millions of years), and how these processes influence the final
72 product in the volcanic rock record.
73 Strike-slip faults are common in modern and ancient arc
74 terranes, but their effects have been much better studied in
75 arc basement rocks (plutonic and metamorphic) than they
76 have been in arc volcanic rocks. Oblique convergence is far
77 more common than orthogonal convergence, and at most
78 continental arcs, an obliquity of only 10° off orthogonal
79 results in the formation of strike-slip faults in the upper
80 plate (Fitch 1972; Jarrard 1986a; McCaffrey 1992). These
81 faults commonly form in the thermally weakened crust of
82 the arc, particularly on continental crust, which is weaker
83 and better coupled to the subducted slab than oceanic-arc
84 crust (Dewey 1980; Jarrard 1986a; Ryan and Coleman
85 1992; Smith and Landis 1995). Strike-slip faults, transten-
86 sional faults, and block rotations play an important role in
87 modern volcanic arcs; examples include the Central
88 American arc (Burkhart and Self 1985; Jarrard 1986b;
89 Weinberg 1992); the Trans-Mexican Volcanic belt (Israde-
90 Alcantara and Garduno-Monroy 1999); the Andean arc of
91 southern Chilean and Patagonia (Cembrano et al. 1996;
92 Thomson 2002); the Sumatra arc (Bellier and Sebrier
93 1994); the Aeolian arc (Gioncada et al. 2003); the
94 Calabrian arc (Van Dijk 1994); the Aleutian arc (Geist et
95 al. 1988); the Taupo Volcanic Zone (Cole and Lewis 1981);
96 the central Philippine arc (Sarewitz and Lewis 1991); and
97 others. Strike-slip basins are the most tectonically active
98 type of basin (Nilsen and Sylvester 1995), so the effects of
99 strike-slip faulting on the development of volcanic succes-
100 sions within arcs must be profound.
101 In this paper, we show how the three-dimensional
102 arrangement of volcanic deposits (“facies architecture”) in
103 strike-slip basins is not only the product of volcanic
104 processes, but also of tectonic processes. We do this by
105 describing and interpreting the largely volcanic fill of an
106 intra-arc strike-slip basin that is very well exposed in cross-
107 sectional view (Figs. 1 and 2). This basin is preserved
108 within the Jurassic arc of southern Arizona, and its fill is the
109 Santa Rita Glance Conglomerate (as defined by Bassett and
110 Busby 2005). The volcanology and volcanic facies archi-
111 tecture of this intra-arc strike-slip basin was not only
112 controlled by volcanic eruptive and depositional processes,
113 but also by tectonic processes. These include structural
114 controls on patterns of uplift and subsidence, on locations
115 of vents, and on types of centers that develop.

116From our work on this ancient intra-arc basin, we develop
117a facies architectural model for a volcanically-dominated
118releasing-bend basin along a strike-slip fault. Modern
119analogs show that these basins have the highest preservation
120potential along strike-slip faults with a component of
121transtension, where subsidence at releasing bends is greater
122than uplift at restraining bends (e.g. Cowan et al. 1989;
123Cowan and Pettinga 1992). As a basin slips through
124multiple releasing and restraining bends, it develops a
125thick basin fill cut by numerous deep unconformities. The
126resulting “releasing-and-restraining bend basin” has a very
127distinctive volcanic facies architecture.

128Geologic setting

129Late Jurassic strike-slip intra-arc basins formed along the axis
130of earlier Early to Middle Jurassic extensional intra-arc basins
131on continental crust in southern Arizona (Fig. 1; Busby et al.
1322005). The Sawmill Canyon fault zone formed the north-
133eastern boundary of the Early to Middle Jurassic extensional
134arc graben depression (Busby-Spera 1988; see “Jurassic
135volcanic rocks,” Fig. 1). Then Late Jurassic intra-arc strike-
136slip basins developed along Sawmill Canyon fault zone,
137which we infer was an inboard strand of the sinistral
138Mojave-Sonora megashear system (Busby et al. 2005). The
139fill of the intra-arc strike-slip basins is dominated by volcanic
140rocks but also contains abundant conglomerate (“Glance
141Conglomerate with interbedded volcanic rocks,” Fig. 1).
142These contrast with basins to the east, or inboard (backarc)
143with respect to the subduction margin, which have little or no
144volcanic fill (“Glance Conglomerate without interstratified
145volcanic rocks”, Fig. 1). Lawton and McMillan (1999) use
146geochemical data on sparse mafic volcanic rocks of the
147eastern Glance Conglomerate belt to infer a rift tectonic
148setting. Volcanic rocks of the western Glance Conglomerate,
149in contrast, show many features typical of arcs (Busby et al.
1502005; Bassett and Busby 2005). This paper focuses on
151rhyolitic, dacitic and andesitic arc volcanic rocks and inter-
152stratified conglomerates along the Sawmill Canyon fault zone
153in the Santa Rita Mountains (Figs. 1 and 2), referred to as the
154Santa Rita Glance Conglomerate (Bassett and Busby 2005).
155The Santa Rita Glance Conglomerate crops out in a 20×
1566.5 km elongate belt extending southward from the Sawmill
157Canyon strike-slip fault zone (Fig. 2). Beds strike roughly
158north and dip ∼30°E, producing an oblique cross-section in
159map view that lies at ∼55° angle to the NW–SE strike of
160the fault zone (Fig. 2). The Santa Rita Glance Conglom-
161erate lies unconformably on Middle Jurassic volcanic,
162sedimentary, and granitic rocks that formed in an exten-
163sional continental arc setting (Busby-Spera 1988; Riggs and
164Busby-Spera 1990; Busby et al. 2005). The top of the Santa
165Rita Glance Conglomerate is cut by splays of the Sawmill
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166 Canyon fault zone to the northeast, and it is buried by
167 Quaternary gravels to the southeast (Fig. 2).
168 In the following section, we present a volcanic lithofa-
169 cies map and descriptions (Fig. 2, Table 1), outcrop photos
170 (Figs. 3, 4, 5 and 6) and measured sections (ESM) of the
171 Santa Rita Glance Conglomerate, in order to interpret
172 eruptive and depositional processes, by analogy with the
173 deposits of modern volcanoes. This is followed by a
174 discussion of strike-slip basins, and presentation of a facies
175 architectural model that describes the controls of syn-
176 depositional faults and deep unconformities on the distri-
177 bution of vents and volcanic lithofacies in an intra-arc
178 strike-slip basin.

179Lithofacies and lithofacies associations

180Most of the lithofacies of the Santa Rita Glance Conglom-
181erate (Table 1) are repeated at several stratigraphic levels
182(Figs. 2; ESM), separated by multiple unconformities and
183syn-depositional faults (Fig. 2). Volcanic terminology
184follows that of Fisher and Schmincke (1984), Heiken and
185Wohletz (1985), and Sigurdsson et al. (2000). The
186following descriptions and interpretations were made based
187on detailed lithofacies mapping (Fig. 2) and petrographic
188study of ∼400 thin sections, and limited geochemical analysis
189(Bassett and Busby 2005). See Table 1 for full descriptions
190and interpretations of each rock type in the order presented
191below.
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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)
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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, ESM) and a
southern sub-basin distal to the master fault (measured section D,
ESM)
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192 Boulder breccia—conglomerate

193 Although the Glance Conglomerate contains well-rounded
194 clasts at some localities in southern Arizona, at others it is
195 composed almost entirely of angular clasts (Klute 1991). In
196 the Santa Rita Glance Conglomerate, the “conglomerate” is
197 almost all angular (Fig. 3), and only granitic clasts are
198 locally subrounded, probably as they were weathered from

199the outcrop. For this reason, we refer to it as “breccia-
200conglomerate.” The boulder breccia-conglomerate is largely
201interstratified with dacitic block-and-ash-flow tuffs adjacent
202to the Sawmill Canyon fault zone, although it interfingers
203with other lithofacies further from the fault zone (Fig. 2).
204The matrix of the boulder breccia-conglomerate ranges from
205dacitic where it interfingers with dacitic block-an-ash-flow
206tuffs, to arkosic sandstone, derived from erosion of extra-

5800

5200

48
00

48
00

4800

48
00

56
00

54
00

58
00

4800

4800

48
00

50
00

4600

5000

4800

4800

4800

4600

4600

4600

4400

4400

44
00

42
00

4200

42
00

42
00

44
00

4600

4400

44
00

46
00

46
00

4400

50
00

48
00

4600

48
00

4600

52
00

54
00

52
00

5400

5400

52
00

48
00

4600

48
00

4400

4600

4400

46
00

48
00

6000

46
00

46
00

42
00

4200

42
00

42
004600

4600

4800Õ

5000

50
00

 

47
' 3

0"

31
o  

37
' 3

0"

D
D

'

C

D D'

regional strike & dip

30

faults

unconformity surfaces

measured sections

volcanic  vents,
mapped (black)
& inferred (colored)

0 mile 1

0 1km

N

Quaternary gravels

Lower Mt.
Wrightson
Formation

Middle Jurassic
Squaw Gulch

granite

Cret.
granite

Temporal

Patagonia

Squaw
Gulch

G
ri

ng
o 

G
ul

ch
fa

ul
t z

on
e

T
er

ti
ar

y 
G

rin
go

 G
ul

ch
 v

ol
c.

Gulch

southern sub-basin

structural 

paleo-high

*

*

*

b
Fig. 2 (continued)

P
ri
n
t
w
ill

b
e
in

b
la
ck

an
d
w
h
it
e

Bull Volcanol

JrnlID 445_ArtID 122_Proof# 1 - 20/03/2007



U
N
C
O
R
R
EC
TE
D
PR
O
O
F

t1.1 Table 1 Table of lithofacies descriptions and interpretations
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207 basinal granites, to a variety of pyroclastic matrix types,
208 reflecting remobilization of freshly-erupted debris on talus
209 cones and debris-flow fans. We subdivide the boulder
210 breccia-conglomerates into the following types of deposits,
211 with increasing distance from the Sawmill Canyon fault zone
212 over a distance of 8.5 km: talus deposits, proximal debris-
213 flow deposits, medial to distal debris-flow deposits, and
214 minor stream-flow deposits (Table 1; ESM).

215 Dacitic block-and-ash-flow tuffs

216 The dacitic block-and-ash-flow tuffs (Fig. 4) are interpreted
217 as small-volume pyroclastic flows generated by gravitational
218 dome collapse (e.g Fisher et al. 1980; Sparks 1997; Freundt
219 et al. 2000). The coarse grain size and (rare) occurrence of
220 amoeboid clasts suggest that the collapsing dome or domes
221 lay nearby, yet the lack of vent facies (dacitic intrusions or
222 lava flows/domes) within the basin indicates that the domes
223 were extrabasinal. The dramatic decrease in grain size away
224 from the Sawmill Canyon fault zone indicates that the source
225 domes lay along the fault, or just across the fault zone from
226 the basin. We infer that the domes were plumbed up through
227 the fault zone, and then tectonically dismembered along it,
228 because the vent facies does not appear to be preserved.

229 Andesitic lava flows, flow breccias and intrusions

230 The andesitic lava flows are largely brecciated units, with
231 coherent interiors, that do not crosscut stratigraphy, and
232 have void spaces between vesicular blocks infilled by

233overlying tuffs or sediments. They commonly show flow
234banding and flow aligned crystals.
235The andesitic intrusions are largely coherent (nonbrecci-
236ated), generally nonvesiculated units that, at least locally,
237cross-cut stratigraphy and generally have a higher crystal
238content than the lava flows. The thicknesses of the
239intrusions, their limited lateral extent, and the alternation
240of sills with brecciated lava suggest emplacement as sill-
241like bodies that intruded early-erupted flows and vented
242locally to feed more lava flows (Fisher and Schmincke
2431984; Fink and Anderson 2000). These vents are sited on
244syndepositional faults (Fig. 2).

245Andesitic vulcanian breccia

246Clast-supported andesitic breccias form a 500 m thick
247sequence in the master fault-proximal sub-basin (Fig. 2).
248We interpret these breccias as the proximal deposits of
249vulcanian explosions. The great thickness, uniformly coarse
250grain size, and crude stratification suggests that the vent lay
251close by, probably along the Sawmill Canyon fault zone
252(but now dismembered), and that the vulcanian breccia was
253ponded within the basin.

254Andesitic ignimbrites, vitric tuffs, and tuffaceous
255sandstones

256The andesitic ignimbrites are massive, poorly sorted, crystal-
257rich tuffs with abundant flattened scoria, bubble-wall shards
258(rarely welded), and lesser cognate lithic fragments. They are

Table 1 (continued)
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259 interbedded with andesitic lava flows (Fig. 2). Three of the
260 four andesitic ignimbrites occur at the bases of andesitic
261 lava flow or vulcanian breccia sequences (Figs. 2, ESM);
262 these may therefore represent the first, degassing phase of
263 the andesitic eruptions (Fisher and Schmincke 1984).
264 The andesitic vitric tuff and tuffaceous sandstones
265 (Fig. 5a) have much the same componentry as the andesitic
266 ignimbrites, except for the presence of blocky and splintery
267 shards in addition to bubble-wall shards, indicating phre-
268 atomagmatic as well as magmatic fragmentation mecha-
269 nism (Fig. 5b, c, Table 1). In outcrop, their sedimentary
270 structures indicate fluvial reworking by hyperconcentrated
271 flood flow, with high sedimentation rates.

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

274 Rhyolitic intrusions occur as massive basal sills and plugs
275 that pass upward and laterally into rhyolitic lava domes and
276 dome breccias. The intrusions have irregular contacts and
277 crosscut lithofacies contacts within the basin. They are com-
278 monly offset by faults at their bases with decreasing offset
279 upsection, indicating that vent locations were fault controlled.
280 We interpret the rhyolitic intrusions as shallow level intrusions
281 that supplied magma to intrabasinal domes upsection.
282 Lava domes are composed of flow-banded coherent
283 rhyolite mantled by or interbedded with dome breccia. The
284 lava domes are sited on intrabasinal faults, which acted as
285 conduits for the plugs described above (Fig. 2). The
286 rhyolitic lava domes are small and bulbous, and are
287 interpreted to be the result of endogenic dome growth.
288 The blocks in the lava domes are relatively small (1–2 m
289 maximum diameter) suggesting relatively high extrusion
290 rates (Fink and Anderson 2000).
291 The rhyolitic dome–dome breccias are fringed by
292 rhyolitic block-and-ash-flow tuffs, interpreted to represent
293 pyroclastic flows generated by lava dome collapse.

294 Rhyolitic ignimbrites

295 The rhyolitic, crystal-poor ignimbrites are interstratified
296 with rhyolitic domes and plinian to pheatoplinian tuffs in
297 the northern sub-basin (Fig. 2). Weakly erosive basal
298 contacts suggest a vent proximal deposit (Freundt et al.
299 2000). Blocky shards indicate a phreatoplinian eruptive
300 style, in addition to cuspate shards typical of plinian
301 eruptive styles (Heiken and Wohletz 1985; McPhie et al.
302 1993; De Rita et al. 2002). The presence of local cross-
303 stratification and sorting suggests minor fluvial reworking.
304 The rhyolitic, white, high-grade ignimbrite consists largely
305 of moderately-welded pumice lapilli tuff, with well-preserved
306 vitroclastic textures, but it contains several banded horizons
307 interpreted to be ultrawelded ignimbrite (Figs. 2, ESM). The

308ultrawelded banded horizons show extremely attenuated
309fiamme, sintering, plastic deformation of shards, and planar
310to contorted flow banding. These features are commonly
311attributed to primary deformation of high-temperature pyro-
312clastic flows during transport and deposition (Branney and
313Kokelaar 1992; McCurry et al. 1996; Freundt 1999) or
314secondary rheomorphic flowage after deposition and deflation
315(Schmincke and Swanson 1967; Wolff and Wright 1981). The
316alternation of ultrawelded with weakly welded horizons
317indicates multiple cooling units, suggesting either fluctuation
318in the eruptive column or multiple ignimbrite emplacement.
319The absence of blocky shards, and the high emplacement
320temperatures required for strong welding, indicates that the
321eruption was “dry” (i.e. no interaction with surface water).
322Like the rhyolitic, crystal-poor ignimbrites, the rhyolitic,
323white, high-grade ignimbrite is lies in the master fault-
324proximal (northern) sub-basin, unlike all the other rhyolitic
325ignimbrites, which lie largely or entirely within the master
326fault-distal (southern) sub-basin.
327The rhyolitic crystal-rich ignimbrites occur as two white,
328nonwelded pumice lapilli tuffs, each 5–20 m thick (Figs. 2;
329ESM). They are the most crystal-rich silicic ignimbrites in
330the Santa Rita Glance Conglomerate, with 30–35% large
331quartz and biotite phenocrysts (3–4 mm).
332The rhyolitic lithic-rich ignimbrite (Fig. 2) has ∼20–
33330% angular lithic fragments, ranging in size from 5 cm to
3342 m in diameter, and is crystal poor (<15%), with abundant
335nonwelded bubble-wall shards. It varies in thickness from
336∼10 m near the central structural high to >50 m in the
337southern sub-basin
338The rhyolitic limestone-lithic ignimbrite (Fig. 2) has
339limestone clasts in the nonwelded horizons, and these clasts
340show variable degrees of metamorphism to marble and
341amphibolite that correspond to density of welding in the
342welded horizons, indicating that the clasts were metamor-
343phosed in situ. This ignimbrite reaches >60 m in total thick-
344ness, and consists of four cooling units, with the basal cooling
345unit thickest at ∼30 m; it occurs at a single stratigraphic
346horizon in the master fault-distal (southern) sub-basin only
347(Figs. 2 and ESM). The rhyolitic limestone-lithic ignimbrite is
348the only ignimbrite that contains limestone clasts.
349The rhyolitic, red, high-grade ignimbrites are ultra-
350welded, crystal-poor, pumice lapilli tuffs only a few meters
351thick that serve as distinctive stratigraphic marker horizons
352across the fault-proximal and fault-distal sub-basins (Figs. 2
353and ESM). They are predominantly ultra-welded with
354fiamme showing strong eutaxitic foliation, although the
355upper ignimbrite is only moderately welded in the southern
356sub-basin. The top contacts and thinner deposits are
357brecciated and/or spherulitic. The breccias resemble auto-
358breccias of lava flows, but they pass laterally and
359irregularly into undisturbed, flat-lying eutaxitic ignimbrite,
360and the outlines of the blocks are commonly faint. Hot-state
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361 brecciation likely occurred during rheomorphic flow in the
362 late stages of cooling, a common feature of high-grade
363 “lava-like” ignimbrites (Branney and Kokelaar 1992, 1994;
364 Beddoe-Stephens and Millward 2000). The upper of the
365 two rhyolitic, red, high-grade ignimbrites can be mapped
366 continuously for ∼7 km and then traced for another
367 ∼4.5 km as a single layer of 2–3 m blocks within boulder
368 breccia-conglomerates of the fault-proximal sub-basin.

369 Rhyolitic plinian and phreatoplinian tuffs

370 Laterally continuous, thin-bedded rhyolitic tuffs and pum-
371 ice lapillistones (Fig. 6) occur throughout much of the basin
372 fill (Fig. 2). These include: (1) plinian pumice fall deposits,
373 (2) reworked plinian pumice fall deposits, and (3) phre-
374 atoplinian ash fall deposits.
375 Alternations of plinian and phreatoplinian tuffs may result
376 from (1) phreatomagmatic fragmentation reverting to mag-
377 matic fragmentation when the water supply is exhausted, as
378 discussed by Self (1983); (2) a switch from magmatic to

379phreatomagmatic eruption style, reflecting a reduction of
380magma flux that somehow allowed water to enter the vent
381(Jurado-Chichay and Walker 2001); or (3) nonsystematic
382alternations, perhaps resulting from variability in water
383influx to the vent (Self 1983; Wohletz 1986; Jurado-Chichay
384and Walker 2001). The plinian and phreatoplinian tuffs
385(Table 1) form very thick sections, some many tens of meters
386thick containing rock fragments and large crystals, suggest-
387ing that they are vent-proximal accumulations.

388Spatial distribution of lithofacies

389The spatial distribution of volcanic lithofacies and vents
390(Fig. 2) is controlled by the structure of the basin, which is
391inferred to be a releasing-bend strike-slip basin (Figs. 7 and 8,
392discussed further below). This spatial distribution is shown
393in simplified form in Fig. 9.
394Rhyolitic domes, dome breccias and intrusions are
395restricted to intrabasinal faults in the northern sub-basin,

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. 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

Bull Volcanol

JrnlID 445_ArtID 122_Proof# 1 - 20/03/2007



U
N
C
O
R
R
EC
TE
D
PR
O
O
F

396 proximal to the Sawmill Canyon fault zone (Figs. 2 and 9).
397 The rhyolitic dome–dome breccia lithofacies is fringed by
398 the rhyolitic block-and-ash-flow tuff lithofacies, and is
399 interbedded with rhyolitic, white, crystal-poor ignimbrites
400 or rhyolitic plinian-phreatoplinian tuffs (Figs. 2, ESM and
401 Table 1). This records alternating effusive and explosive
402 silicic volcanism within the basin, through vents controlled
403 by syn-depositional faulting. We infer that the rhyolitic,
404 white high-grade ignimbrite was erupted from an intra-
405 basinal vent because it has the same white color and low
406 crystal content as the rhyolitic intrusions, domes and dome
407 breccias, block-and-ash-flow tuffs and crystal-poor ignim-
408 brites. The rhyolitic, white high-grade ignimbrite is restricted
409 to a single stratigraphic horizon within a section of rhyolitic
410 crystal-poor ignimbrites that are nonwelded with blocky
411 shard, suggesting that water gained access to intrabasinal
412 ignimbrite vents much more commonly than not.
413 The association of andesitic intrusions with thick
414 successions of andesitic lava flows and vulcanian breccias
415 indicates intrabasinal venting (Figs. 2, ESM, 9 and Table 1).
416 Andesitic intrusions and lava flows occur along faults in
417 both sub-basins. Reworked andesitic vitric tuffs accumulat-
418 ed to great thickness in the fault-distal sub-basin (Fig. 2 and
419 9b), probably because the fault-proximal sub-basin was

420kept too full of vent-proximal volcanic rocks and conglom-
421erate-breccia to accommodate reworked tuffs (Fig. 9c).
422We infer that some lithofacies in the Santa Rita Glance
423Conglomerate had sources, now dismembered, along the
424Sawmill Canyon fault zone. These include (Figs. 2 and 9
425and Table 1): (1) the boulder breccia-conglomerates, (2) the
426dacitic block-and-ash-flow tuffs, and (3) the andesitic
427vulcanian breccia.
428Four types of rhyolitic ignimbrite are interpreted as
429extrabasinally sourced (Fig. 9b) because they differ from
430the intrabasinal ignimbrites in phenocryst and lithic
431compositions (Table 1), and because the very well-exposed
432basin fill contains no candidates for vents or vent-proximal
433deposits with similar mineralogy, such as intrusions,
434ignimbrite feeder dikes (sensu Aguirre-Diaz and Labarthe-
435Hernandez 2003), proximal ejecta lobes or rings (sensu
436Fierstein et al. 1997), or co-ignimbrite lag breccias (sensu
437Druitt and Sparks 1981). In addition, one ignimbrite has
438limestone lithics, and there is no limestone in the substrate
439or margins of this basin, although limestones occur in other
440ranges along and northeast of the Sawmill Canyon fault
441zone (Fig. 1). They are thus accidentally ponded ignim-
442brites, with thicknesses that nowhere rival typical caldera
443fill. The extrabasinally-sourced rhyolitic ignimbrites occur

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 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)
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444 largely in the fault-distal sub-basin but some spill over the
445 central structural high for a short distance into the fault-
446 proximal sub-basin (Figs. 2 and 9b; Table 1). Each of these
447 ignimbrite types is restricted to one or two stratigraphic
448 levels; this fact, and their distinctive textures and composi-
449 tions, make them useful marker horizons that help correlate
450 the sequences of the fault-proximal and fault-distal sub-
451 basins (Bassett and Busby 2005). The extrabasinally-sourced
452 ignimbrites were preferentially ponded in the master fault-
453 distal (southern) sub-basin even though it subsided less than
454 the fault-proximal sub-basin, because fault-proximal sub-
455 basin was kept full by intrabasinal volcanism and sediments
456 shed from the master fault (Fig. 9c).

457 Syndepositional faults

458 The structural evolution of the basin is described in detail
459 by Bassett and Busby (2005), and summarized briefly here.

460The regionally significant Sawmill Canyon fault zone
461(Fig. 2) is inferred to be the dominant basin-bounding fault
462because boulder clast size and angularity increase toward it,
463the boulder breccia-conglomerate lithofacies becomes more
464proximal toward it, the basin fill generally thickens toward
465it, and intra-basinal, syndepositional faults show the great-
466est displacement near it. Reactivation of the Sawmill
467Canyon fault zone during the Late Cretaceous to Early
468Tertiary Laramide Orogeny juxtaposed younger and older
469units against the Santa Rita Glance Conglomerate.
470A less regionally significant fault zone, the Gringo
471Gulch fault zone, bounds the south end of the basin
472(Fig. 2). This fault cuts the Santa Rita Glance Conglomer-
473ate and its basement (Jurassic Squaw Gulch granite, Fig. 2)
474and it is cut by the Late Cretac eous Josephine Canyon
475diorite (Drewes 1971). This subvertical fault is en echelon
476to the Sawmill Canyon fault zone. Andesitic flows and sills
477are abundant at the south end of the basin (Figs. 2 and 9b),
478suggesting that the Gringo Gulch fault plumbed magmas to
479the surface (Fig. 9c).

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
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480 The basin also contains numerous intrabasinal syndepo-
481 sitional high-angle faults (Figs. 2 and 9) that alternated
482 between normal-slip and reverse-slip separation. At some
483 times, faults with normal separation were active synchro-
484 nously with faults showing reverse separation elsewhere in
485 the basin (Bassett and Busby 2005). Intrabasinal faults
486 subdivide the basin into master fault-proximal (northern)
487 and fault-distal (southern) sub-basins, separated by a
488 structural high (Figs. 2 and 9). The master fault (Sawmill
489 Canyon fault zone) served as the primary conduit for
490 andesitic to rhyolitic magmas; however, the smaller faults
491 also served as conduits for smaller volumes of magma and
492 controlled intrabasinal vent sites.

493Unconformities

494Eight large-scale deep unconformities cut the basin fill
495(shown in blue on Fig. 2), dividing it into eight unconfor-
496mity-bounded sequences (Bassett and Busby 2005). These
497unconformities are easily mapped out because they incise
498deeply into underlying strata (Figs. 2 and 9b, c). Five of the
499eight unconformities show extreme vertical relief (460–
500910 m) and very high paleo-slope gradients (40°–71°);
501they lie in the master fault-proximal (northern) sub-basin
502where they face asymmetrically away from the master fault
503(Figs. 1 and 9b, c). These are interpreted to represent fault
504scarps and paleo-slide scars produced during basin uplift
505(“basin inversion”) events at restraining bends along the
506master fault (Bassett and Busby 2005). Unconformities in
507the master fault-distal (southern) sub-basin, in contrast, are
508symmetrical, with vertical relief of 200–600 m and paleo-
509slope gradients of 20°–25° (Figs. 1 and 8b, c). These are
510interpreted to represent deep paleocanyons (Bassett and
511Busby 2005).

512Volcanic facies model for the santa rita glance intra-arc
513strike-slip basin

514All previously-published facies models for strike-slip basins
515were developed for siliciclastic systems; we present the first
516facies model for an intra-arc strike-slip basin (Fig. 9c). This
517volcanic facies model may be applicable to releasing-and
518restraining-bend basins that form along curves in strike-slip
519faults within arcs. The name “releasing-restraining bend
520intra-arc strike-slip basin” emphasizes the fact that transten-
521sional and lesser transpressional processes, as well as
522magmatic processes, mold the basin and its volcanic fill as
523it slips along the strike-slip fault. The unconformities and
524syn-depositional faults are at least as important as the
525volcanism for controlling the architecture of the basin fill.
526Thus, our basin model has two distinguishing characteristics:
527the uncomformities, which are created at restraining bends,
528and the small, numerous polygenetic volcanic complexes,
529which form at releasing bends of an intra-arc strike-slip fault
530zone.
531Strike-slip basins largely occur as three major types
532(Nilsen and Sylvester 1995): (1) classical pull-apart basins,
533which form at a releasing stepover between en echelon
534segments of a strike-slip fault (Fig. 7a), (2) releasing bend
535basins, which form along a gently curved strike-slip fault
536(Fig. 7b), and (3) transrotational basins, which form at the
537trailing edge of a crustal block under vertical axis rotation
538(Fig. 7c). Pull-apart basins are symmetrical and subside
539continuously along normal-slip separation faults (Fig. 7a).
540Transrotational basins are asymmetrical, wedge-shaped
541basins that subside along normal-slip separation faults

a  Releasing bend

b Restraining bend
Landsliding

Erosion

c  Releasing bend

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 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
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542 (Fig. 7c). Releasing bend basins are also asymmetrical
543 (Fig. 7b), but the broad curves that produce releasing bends
544 along strike-slip faults also tend to produce restraining
545 bends, resulting in alternating releasing and restraining
546 bends along the length of the fault (Fig. 7d). This results in
547 “porpoising,” or alternating subsidence and uplift of the
548 basin as it slips along the fault, as first described by
549 Crowell (1974). This “porpoising,” and its effects on the
550 basin architecture, are illustrated in Fig. 8.
551 The structural style of strike-slip faults with releasing-
552 restraining bend couplets consists of a major basin-
553 bounding strike-slip fault and smaller intra-basinal faults
554 (Figs. 7d, 8 and 9a). These faults show reverse and
555 normal components of slip that develop simultaneously
556 with grabens and arches, in positions that vary rapidly
557 through time (Crowell 1982; Christie-Blick and Biddle

5581985; Wood et al. 1994; Nilsen and Sylvester 1995;
559Barnes and Audru 1999; Barnes et al. 2001). The dip on
560the master strike-slip fault controls the width of the
561releasing-bend basin. Where there is a close spatial and
562temporal association of releasing and restraining bends,
563basin subsidence alternates with basin uplift on a time
564scale of 105 to 106 years, producing large-scale intra-
565basinal unconformities (Fig. 8; Wood et al. 1994; Barnes
566et al. 2001). If the restraining bends are of the same scale
567as the releasing bends, all of the basin fill created at a
568releasing bend should be inverted and eroded away at the
569succeeding restraining bend. When a strike-slip fault
570system is overall slightly transtensional, however, the
571restraining bends are smaller than the releasing bends
572(Figs. 7d and 9a), and net subsidence over time will result
573in partial preservation of the basin fill (Fig. 8). We refer
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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 archi-
tecture (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 lithofa-
cies map (Fig. 2) and the down-
dip view of the basin (Fig. 9b);
the front of the block is shown
in somewhat bolder colors than
the top of the block
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574 to this type of basin as a ‘releasing- and restraining-bend
575 basin’ to emphasize the fact that very deep unconform-
576 ities are an important feature of the basin fill (Fig. 8).
577 Numerous, very deep unconformities bound volcanic
578 and sedimentary sequences in the Santa Rita Glance
579 Formation (Fig. 9b). Each of these very deep unconform-
580 ities was produced by partial basin inversion (uplift) along
581 a restraining bend, followed by deep burial due to
582 subsidence at the next releasing bend (Fig. 8); these
583 processes alternated as the basin slipped along the strike-
584 slip fault. The restraining bends must have been smaller
585 than the releasing bends (Fig. 7d), because net subsidence
586 over time resulted in partial preservation of the basin fill.
587 Volcanic and subvolcanic rocks in the strike-slip basin
588 formed multiple small, polygenetic vent complexes in a
589 complexly-faulted basin (Figs. 2 and 9b). We thus interpret
590 the volcanic rocks of the Santa Rita Glance Conglomerate
591 to be a rhyolitic to dacitic to andesitic multivent, polyge-
592 netic complex with hypabyssal intrusions that map directly
593 into effusive and explosive volcanic deposits (Fig. 9c).

594There is no evidence that the basin represents one or more
595calderas, because there are no very thick silicic ignimbrites
596typical of caldera fill; ring faults and ring fracture intrusions
597are absent, nor are there any of the slide sheets typically
598formed by caldera collapse. Instead, the intrabasinally-
599sourced lithofacies of the Santa Rita Glance Conglomerate
600record repeated intrabasinal intrusion and venting of relatively
601small volumes of magma along intrabasinal faults, with
602subequal intermediate and silicic compositions, and subequal
603effusive and explosive eruptive styles. Interfingering of
604eruptive products indicates that more than one vent was
605active at a time, hence the name “multivent complex” is
606applied. We propose that multi-vent complexes reflect
607proximity to a continuously active fault zone, where strands
608of the fault frequently plumb small batches of magma to the
609surface at releasing bends. Intrabasinal faults ponded ignim-
610brites and locally plumbed magma to the surface (Fig. 9c).
611Dacitic domes that lay just outside the basin to the north
612produced proximal block-and-ash-flow tuff breccias that
613fine with distance from the master fault (Fig. 9c); they are

Fig. 9 (continued)
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614 interbedded with the boulder breccia-conglomerates in the
615 fault-proximal sub-basin, and supplied sand-sized material
616 (ash) for the breccia-conglomerate matrix. These dacite
617 domes were probably plumbed up the master fault (Fig. 9c),
618 just as modern dome chains are commonly sited on faults
619 (Bailey 1989; Bellier and Sebrier 1994; Bellier et al. 1999).
620 Andesitic magmas inflated the section as sills, and
621 locally vented out onto the surface as lava flows and lesser
622 ignimbrites (Figs. 2 and 9). Andesitic tuffs also contain
623 shard morphologies typical of phreatomagmatic eruptions,
624 and were commonly reworked by fluvial processes,
625 suggesting a wet climate (Busby et al. 2005).
626 Growth of intrabasinal rhyolitic lava domes (Figs. 2 and
627 9c) produced both block-and-ash-flow tuff breccias and
628 dome breccias, depending on the temperature of the
629 parental lava during disintegration into avalanches. Highly
630 vesiculated silicic magma produced plinian eruptions,
631 forming plinian ashfall and pumiceous pyroclastic flow
632 deposits. Plinian eruptions through surface water resulted in
633 phreatoplinian eruptions, which, together with fluvially-
634 reworked tuffs, suggest a wet climate. The pumiceous
635 pyroclastic flow deposits (ignimbrites) are generally non-
636 welded and contain blocky shards in addition to bubble-
637 wall shards, again suggesting a dominantly “wet” eruptive
638 style (Busby et al. 2005).
639 Most of the ignimbrites in the Santa Rita Glance
640 Conglomerate are inferred to be extrabasinally-sourced,
641 because their mineralogy is distinct from volcanic rocks
642 that can be traced directly into intrusions within the basin.
643 Their sources are most likely from calderas located at
644 releasing step-overs elsewhere along the Sawmill Canyon
645 strike-slip fault zone (Busby et al. 2005).
646 Intrabasinal normal- and reverse-slip separation faults
647 controlled the positions of local arches and grabens
648 (Fig. 9c), leading to abrupt thinning and thickening of
649 strata and local intrabasinal venting, but the basin fill
650 broadly thins away from the master fault (Sawmill Canyon
651 fault zone) toward the subordinate basin-bounding fault
652 (Gringo Gulch fault zone). Talus cone-alluvial fan deposits
653 are restricted to the deep end of the basin (Fig. 9c). Most of
654 the proximal extrabasinal volcanic rocks were erupted from
655 the master fault zone and trapped in the deep end of the
656 basin. Most of the intrabasinal volcanic rocks were erupted
657 from intrabasinal faults in the deep (master fault-proximal)
658 end of the basin (Fig. 9). This volcanism, in combination
659 with master-fault proximal clastic sedimentation, kept the
660 deep end of the basin completely full. In contrast, the
661 master-fault distal sub-basin was able to accommodate
662 extrabasinally-sourced ignimbrites and fluvially reworked
663 pyroclastic deposits (Fig. 9c).
664 The closest modern analogue to the Santa Rita Glance
665 Conglomerate is probably the Sumatra volcanic arc in
666 Indonesia, a continental transpressional to transtensional

667arc. Small volcanic centers (in Sumatra, mainly rhyolite
668domes) occur along releasing bends (e.g. Fig. 7c), whereas
669caldera complexes occur along releasing step-overs, in pull-
670apart basins (e.g. Fig. 7a; Bellier and Sebrier 1994; Chesner
6711998; Bellier et al. 1999; Ventura 1994). In the Late
672Jurassic arc of southern Arizona, small, multivent, polyge-
673netic eruptive centers formed along releasing bends in the
674strike-slip fault (Santa Rita Glance Conglomerate), but the
675deposits of these interfinger with ignimbrite outflow sheets
676erupted from calderas at releasing stepovers along the
677Sawmill Canyon fault zone (Busby et al. 2005).

678Conclusions

679The Late Jurassic basin described in this paper affords a time-
680integrated view of an intra-arc strike-slip basin that workers in
681modern arcs do not have. Strands of the Sawmill Canyon
682strike-slip fault zone both bounded and lay within the
683releasing-and restraining-bend basin. These plumbed small
684batches of silicic and intermediate-composition magma to the
685surface, resulting in frequent, small-volume, polygenetic
686(explosive and effusive) eruptions from multiple vents within
687and along the margins of the complexly faulted basin. When
688the basin slipped through small restraining bends in the strike-
689slip fault, it was uplifted, and deep unconformities were
690carved into the basin fill; when the basin slipped through
691releasing bends, rapid subsidence occurred, providing preser-
692vation space for the arc volcanic rocks. The basin fill thinned
693and intrabasinal volcanism decreased dramatically away from
694the master strike-slip fault, where subsidence was greatest and
695fault-controlled vents most abundant. Talus cones and alluvial
696fan deposits were largely restricted to the “deep” end of the
697basin (next to the master strike-slip fault), and lava domes
698sited on the master fault shed block-and-ash flows into the
699“deep” end of the basin. The master-fault-proximal end of the
700basin was thus “overfilled,” while the “underfilled ”master-
701fault-distal end of the basin provided accommodation for
702reworked tuffs, as well as extrabasinally-sourced ignimbrites.
703These accidentally-ponded ignimbrites were erupted from
704calderas at releasing step-overs elsewhere along the Sawmill
705Canyon fault zone (Busby et al. 2005); large-volume
706ignimbrite eruptions and caldera collapse did not occur in
707the releasing-and restraining-bend basin.
708The three-dimensional arrangement of deposits in intra-
709arc strike-slip basins is controlled not only by volcanic
710processes, but also by tectonic processes, including struc-
711tural controls on patterns of uplift and subsidence, on
712locations of vents, and on types of centers that develop.
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