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Abstract

Understanding the evolution of basaltic volcanic fields is critical to our concepts of basaltic magmatism and to volcanic risk
assessment. We summarize physical volcanological, geochemical, and time–volume characteristics of the Plio-Pleistocene part of
the Southwestern Nevada Volcanic Field (SNVF) as an example of an extremely low volume-flux end member of basaltic fields.
The SNVF has produced 17 volcanoes of dominantly trachybasaltic composition over the past 5 Myr with a total volume of slightly
less than 6 km3. Eruptive fissure lengths, volumes, and inferred lava effusion rates decreased between Pliocene- and Pleistocene-
age volcanoes. Major element data suggest that most of the magmas underwent similar degrees of fractionation during ascent, and
trace element compositions indicate a decrease in the degree of partial melting of the lithospheric mantle source since ∼3 Ma.
Isotopic data support an interpretation wherein magmas ascended relatively quickly from their source regions with little if any
interaction with crustal rocks. Relationships between age and cumulative erupted volume indicate that the repose interval between
eruptive episodes is determined by the volumes of prior episodes and, since ∼3 Ma, an average eruption rate of ∼0.5 km3/Myr,
i.e., the field is time-predictable. All of these features support a model wherein magmatism is a passive result of regional tectonic
strain. Partial melt resides in pockets of lithospheric mantle that are relatively enriched in hydrous minerals; slow deformation
focuses melt, occasionally resulting in sufficiently high melt pressure to drive dikes upward and feed eruptive episodes. Larger
source volumes result in larger eruptive volumes and wider dikes that relieve relatively more strain in the crust than smaller volume
events, and therefore are followed by longer repose intervals required for recovery of crustal stresses. We suggest that time-
predictability may be a fundamental property of tectonically controlled basaltic fields, where melt accumulation and ascent are
controlled by tectonic strain rate. This behavior contrasts with magmatically controlled fields where magma flux is sufficiently high
to overwhelm local tectonic strain, eruptions are primarily caused by magmatic processes that build pressure in reservoirs, and the
systems are more likely to be volume-predictable.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Monogenetic basaltic volcanic fields occur in
extensional (e.g., Basin and Range Province of North
America, and the African-Arabian rift system (Camp
et al., 1991; Aranda-Gómez et al., 2003)) or somewhat
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Fig. 1. Map of southwestern U.S.A. showing the northern, central, and southern parts (NBR, CBR, and SBR, respectively) of the Basin and Range
province (after Sonder and Jones, 1999), the location of the Southwest Nevada Volcanic Field, and the area of Fig. 2 (partial rectangular area is the
area of Fig. 2 that overlaps SNVF).
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neutral tectonic settings (e.g., Colorado Plateau, USA,
and Auckland, New Zealand (Condit et al., 1989; Briggs
et al., 1994)), as well as in convergent settings (e.g.,
Trans-Mexican volcanic belt (Connor, 1990)) and
associated back-arc areas (e.g., Ojika Jima District,
southwest Japan (Sudo et al., 1998)). The fields range
from a small number of widely scattered volcanoes with
relatively low eruptive volume fluxes (over the lifetime
of the field), such as the Plio-Pleistocene part of the
Southwestern Nevada Volcanic Field (SNVF) (Crowe,
1986; Perry et al., 1998; Valentine and Perry, 2006) to
densely-spaced cones and shields and surrounding lava
plains reflecting high volume fluxes such as the Eastern
Snake River Plain (ESRP) (Kuntz et al., 1986). From the
standpoint of understanding the fundamental controls on
timing and location of volcanoes in basaltic fields it is
useful to consider end member cases such as SNVF and
ESRP. Differences in the behavior of these fields
provide insight into the integrated processes of melt
generation and accumulation in the mantle, ascent
through the crust, and interaction of magmas with pre-
existing structure in the shallow crust and with
topography. In addition to elucidating our overall
understanding of basaltic magmatism, such studies can
provide key information for volcanic risk to urbanized
areas, infrastructure, and long-term facilities that reside
within basaltic fields.

This paper focuses on the most recent 5 Myr history
of the SNVF (central Basin and Range Province, U.S.A;
Figs. 1,2) as an end member example of a basaltic field
with extremely low eruptive volume flux. Basaltic
volcanism in the field occurred in six episodes of
activity during this period (Perry et al., 1998; Fleck
et al., 1996; Connor et al., 2000; Valentine and Perry,
2006). We describe physical volcanological data that
provide insight into the length scales of sources tapped
for each volcano, the lengths of feeder dikes that
transport magmas to the surface, and the relationship



Fig. 2. Shaded relief map of the southwestern part of the Southwest Nevada Volcanic Field showing Plio-Pleistocene volcanoes (buried volcanoes in
the southern part of the map area indicated with white diagonal line patterns). Color patterns indicate basalts b3 Ma and gray scale patterns indicate
basalts N3 Ma. 4.6 Ma episode— Thirsty Mountain (TM) and Anomalies C and D. 3.8 Ma episode— SE Crater Flat (SECF) and Anomalies B, F,G,
and H. 2.9 Ma episode — Buckboard Mesa (BM). 1.1 Ma episode — Makani volcano (MC), Black Cone (BC), Red Cone (RC) and NE and SW
Little Cones (LC). 350 ka episode— Little Black Peak (LBP) and Hidden Cone (HC). 77 ka episode— LathropWells volcano (LW). Crater Flat and
Amargosa Desert are major basins that host many of the Plio-Pleistocene basalts. Black lines are Miocene caldera boundaries (Wahl et al., 1997).
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between lava effusion rates, dike lengths, and volumes
at individual volcanoes. We also review geochemical
data supporting a conclusion that the primarily trachy-
basaltic magmas erupted during this time frame were
derived from compositionally heterogeneous lithospher-
ic mantle and transited the crust relatively quickly
without crustal assimilation or significantly different
histories of fractional crystallization. Time–volume



204 G.A. Valentine, F.V. Perry / Earth and Planetary Science Letters 261 (2007) 201–216
relationships indicate that the most recent four episodes
of eruptive activity beginning at 2.9 Ma followed time-
predictable behavior (Bacon, 1982); the timing of each
episode is a function of the volume of the prior episode
and a steady eruptive flux of ∼0.5 km3/Myr across the
volcanic field. All of the above data support a model
wherein magmatism in the SNVF is a passive response
to relatively slow regional extension. We compare the
low-flux SNVF with the Eastern Snake River Plain as an
example of an extremely high flux volcanic field. The
two fields define tectonically controlled (SNVF) and
magmatically controlled (ESRP) end members, which
have fundamentally different time–volume relationships
as well as different relationships between shallow dikes
and vents and pre-existing structures. Finally, we
summarize the implications of time-predictable behav-
ior in the SNVF for risk assessment.

2. Overview of geologic setting, physical volcanology,
and geochemistry of the Southwestern Nevada
Volcanic Field

2.1. Volcanic history and tectonic setting

The SNVF has been active since Mid-Miocene,
beginning with large-scale silicic volcanism and many
caldera-forming ignimbrite eruptions (Sawyer et al.,
1994). Waning silicic volcanism gave way to sporadic
basaltic activity that has continued to the ∼77 ka
Lathrop Wells volcano (Crowe, 1986; Vaniman et al.,
1982; Fleck et al., 1996; Heizler et al., 1999). During the
past ∼11 Myr there has been a long-term waning trend
in eruptive volume flux on the scale of the volcanic field
(Crowe, 1986; Perry et al., 1998). The exact volumes of
Late Miocene basalts are difficult to quantify given the
degree of faulting, erosion, and local burial of Miocene
products, but the areal extent of lavas from that time
indicate that volumes of several km3 were common for
individual volcanic centers (Crowe, 1986). Post-Mio-
cene basalts (the last 5 Myr; Fig. 2) are better preserved,
although some are buried in alluvial basins (Perry et al.,
2005), and comprise slightly less than 6 km3 of
cumulative erupted volume. These basalts erupted in
six episodes with ages of ∼4.6 Ma, 3.8 Ma, 2.9 Ma,
1.1 Ma, 350 ka, and 77 ka (Fleck et al., 1996; Perry
et al., 1998; Heizler et al., 1999); each episode resulted
in the formation of 1–5 monogenetic volcanoes within a
time span of a few 10s of kyr (see Table 1). The waning
of eruptive volume flux over the time-scale of the
volcanic field can be understood in terms of the shutoff
of thermal input into the lithosphere after breakdown of
subduction and loss of the mantle wedge, followed by
conductive cooling of the lithosphere without further
thermal input (Perry et al., 1993).

Basalts of the SNVF lie in a unique region that straddles
the boundary between the central and northern Basin and
Range (Fig. 1). Volcanism in most areas of the Basin and
Range began with melting of lithospheric mantle that
transitioned to melting of upwelling asthenospheric mantle
once the lithosphere was thinned by extension (Perry et al.,
1987, 1988; Leeman and Harry, 1993). However, Nd and
Sr isotopes indicate that the western half of the central
Basin and Range has retained a lithospheric source
enriched in incompatible trace elements to the present
time (Farmer et al., 1989; Livaccari and Perry, 1993;
DePaolo and Daley, 2000). Extension within the central
Basin and Range began about 16 Ma, ∼10 Myr later than
the onset of extension in the northern and southern parts of
the Basin and Range (Sonder and Jones, 1999). The later
onset of extension in the central Basin and Range might
have limited asthenospheric upwelling and contributed to
the preservation of lithospheric mantle beneath the SNVF
(cf. Farmer et al., 1989). As with volcanism, extension and
related faulting in the immediate vicinity of the SNVF was
episodic and occurred in localized domains (Sawyer et al.,
1994), and was most active between ∼10–13 Ma (e.g.,
extension rates of 8–36% Myr−1 in the Crater Flat area
(Fridrich et al., 1999)), followed by relatively low extension
rates (0.1–0.4%Myr−1) that continue to the present day in
the west–southwestern part of the volcanic field where
Plio-Pleistocene basalts reside (Fridrich et al., 1999).

2.2. Physical characteristics of the Plio-Pleistocene
volcanoes

The six Plio-Pleistocene episodes produced a total of
seventeen volcanoes, eleven of which are exposed on the
surface (Fig. 2, Table 1). The three oldest (Pliocene)
surface volcanoes (Thirsty Mountain, SE Crater Flat, and
BuckboardMesa) each erupted along a fissure, the lengths
of which range between 2.5–5 km. Although it is not
possible to determine how much original pyroclastic
material has been removed by erosion from these
volcanoes, the predominance of lavas, fissure vents, and
only very proximal remnants of spatter and agglutinate
along fissure vents are all consistent with the volcanoes
having been dominated by Hawaiian style eruptions
(Valentine and Perry, 2006). Estimated effusion rates of
lavas at the Pliocene volcanoes are ∼40–100 m3/s
(Valentine and Perry, 2006) based upon the correlation
between flow length and effusion rate of Walker (1973).

In contrast, the eight Quaternary volcanoes, with one
possible exception (Makani volcano), are each charac-
terized by a single scoria cone that preserves evidence of



Table 1
Characteristics of Pliocene–Pleistocene basaltic episodes in the Southwestern Nevada Volcanic Field

Episode
age

Volcanoes Preserved
volume
(corrected
volume)

Fissure
length a

Maximum
lava flow
length a

Brief description

(km3) (km) (km)

∼4.63 Ma b Thirsty
Mountain

2.28–2.63 c 5 6 Broad shield volcano consisting of stacked lava flows and a
central remnant of pyroclastic (near vent) deposits.

Anomaly C 0.117 d Small lava field (buried)
Anomaly D 0.073 d Small lava field (buried)

∼3.8 Ma e SE Crater Flat 0.56 f 3.6 4 Low shield volcano, now broken by normal faults and partially
buried by alluvium, with multiple lavas and pyroclastic vent
facies exposed.

Anomaly B 1.227 d Small shield volcano (buried)?
Anomaly G 0.028 d Small lava field (buried)
Anomaly F 0.029 d Small lava field (buried)
Anomaly H 0.006 d Small lava field (buried)

∼2.87 Ma g Buckboard
Mesa

0.84 c 2.5 7.3 Large lava field with remnant of a main pyroclastic cone in
northern part, fissure inferred from ridge of lava and pyroclastics
that extends SE from main cone.

~1.1 Ma h Black Cone 0.06 i (0.14) 0.6 1 Pyroclastic cone remnant preserving Strombolian and violent
Strombolian facies, and two lava fields that vented from the base
of the cone.i

Red Cone 0.06 i (0.14) 0.5 1.4 Pyroclastic cone remnant preserving Strombolian and violent
Strombolian facies, and two lava fields that vented from the base
of the cone. i

Makani (a.k.a. Northern
Cone)

0.002 i (0.005) 0.4 0.4 Small lava mesa with pyroclastic deposits marking location of
short fissure. i

SW & NE Little Cones 0.03 i (0.07) 0.3 1.8 Pyroclastic cone remnants, open to the south, each with single
lava field mainly buried by alluvium. i

∼350 ka j Little Black
Peak

0.014 k (0.03) 0.4 1.3 Pyroclastic cone with lavas that extend from its base.k

Hidden Cone 0.03 k (0.07) 0.3 1.6 Pyroclastic cone with 2–3 lava fields that extend from near its
base. k

∼77 ka l Lathrop Wells volcano 0.12m 0.8 1.6 Single pyroclastic cone with two lava flow fields that vented from
the base of the cone and remnants of a tephra fallout sheet.m

a Reported for volcanoes exposed on the surface only, from Valentine and Perry (2006).
b Thirsty Mountain age is mean of Fleck et al. (1996). Model ages of Anomalies C and D based upon depth of burial and sedimentation

rate.
c Volumes of volcanoes on surface calculated by integrating digital elevation data above reconstructed paleosurface (based upon basal contacts

of basaltic products where exposed). Volume range for Thirsty Mountain allows for possibility that outlying lava remnants originated at this
volcano.
d Volumes of buried basalts based upon areal extent of each aeromagnetic anomaly (Perry et al., 2005) and basalt thickness obtained from

drilling.
e Composite age of SE Crater Flat (Fleck et al., 1996; Perry et al., 1998) and Anomalies G and B which range from ∼3.7–3.9 Ma (R.J. Fleck and

F.V. Perry, unpub. data).
f Products of SE Crater Flat eruptions are partially buried beneath alluvium. Volume estimate includes surface deposits and buried deposits, the

latter based upon aeromagnetic and drill core data.
g Fleck et al. (1996).
h Consistent with ages of Fleck et al. (1996) with further constraints from paleomagnetic time scale of Cande and Kent (1995).
i Valentine et al. (2006). Values in parentheses are corrected for erosion of likely tephra fallout deposits based upon similarity to Lathrop Wells

volcano.
j Composite mean of ages from Fleck et al. (1996) and Perry et al. (1998), which ranges from ∼320–375 ka.
k Values in parentheses are corrected for erosion of likely tephra fallout deposits based upon similarity to Lathrop Wells volcano (Valentine and

Keating, in press).
l From Heizler et al. (1999).
m Details of volume calculations and volcanological characteristics provided in Valentine et al. (2007).
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Fig. 3. Plot of preserved eruptive volume (circles sized in proportion to cube-root of volume), fissure length (lines), and estimated effusion rates (dots)
for Plio-Pleistocene volcanoes in the Southwestern Nevada Volcanic Field (not including buried volcanoes). Note that age determinations do not
allow discrimination of relative ages amongst the volcanoes within the ∼1.1 Ma episode or within the ∼350 ka episode, therefore they are plotted in
random order around the episode age. Letters TM, SECF, BM, HC, LBP, and LW correspond to volcanoes shown in Fig. 2. QCF refers to all five of
the Quaternary volcanoes in Crater Flat (Makani, Black Cone, Red Cone, and SWand NE Little Cones). Modified from Valentine and Perry (2006).
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both Strombolian and violent Strombolian activity and
by very small lava fields extending 0.4–1.8 km from the
vents (estimated effusion rates of ≤4 m3/s) (Valentine
et al., 2006, 2007; Valentine and Keating, in press). The
youngest volcano (Lathrop Wells, ∼77 ka) preserves
remnants of a tephra fallout deposit that extend ∼20 km
from the cone (Valentine et al., 2007); the estimated
ratio of fallout volume to cone plus lava volume is 1.4.
Any potential original fallout deposits at the other
Quaternary volcanoes are no longer preserved, but the
otherwise strong similarity of those volcanoes with
Lathrop Wells suggests that they likely had similar
proportions of fallout deposits. We infer that each of
these volcanoes likely began erupting along a fissure,
representing the initial intersection of a feeder dike with
the Earth's surface, before eruptive flow focused in to a
main conduit (Keating et al., in press). The absence of
exposed features that are directly associated with the
inferred fissures suggests that maximum initial fissure
lengths were no larger than the diameters of the cones
(such that the fissures were buried by later pyroclastic
deposits); thus the inferred fissure lengths range from
∼0.3–0.8 km.

Fissure lengths, preserved volumes, and estimated
effusion rates for the eleven Plio-Pleistocene volcanoes
exposed on the surface are summarized in Fig. 3. In an
earlier paper (Valentine and Perry, 2006) we suggested
that the fissure lengths are proportional to the lengths of
feeder dikes at depth, and that these lengths are in turn
closely related to the length scale of the (partially
molten) mantle source that is tapped to feed each
volcano (simply estimated as the cube root of erupted
volume corrected for some reasonable degree of partial
melting). Larger erupted volumes reflect larger length
scales of tapped sources (magmatic footprints), which in
turn are reflected in the feeder dike lengths. However,
we did not discuss the physical reasons for correlation
between lava effusion rate, fissure (dike) length, and
volume; this aspect is returned to Section 4 below.

2.3. Geochemistry of Plio-Pleistocene volcanoes

Plio-Pleistocene volcanic rocks of the SNVF range in
composition from basalt to trachybasalt, except for
basaltic trachyandesites of the 4.6 Ma and 2.9 Ma
episodes (Table 2, Fig. 4(a)). In this paper, we simply refer
to all the mafic rocks as basalt. Complete documentation
of the geochemical data presented here are found in Perry
et al. (1998) and Perry and Straub (1996).

The basalts show considerable variation in major-
element composition at similar Mg numbers and MgO
content, indicating that mantle melting produced
primitive magmas of several compositions (Fig. 4(b)).
Mg numbers of basalts generally fall in a narrow range
of 53–54 and MgO ranges only between 5–6% (except
for basalts of the 3.8 Ma episode in SE Crater Flat,



Table 2
Representative major-element (wt.%), trace-element (ppm) and isotopic compositions of Pliocene–Pleistocene SNVF basalts

Volcanic
center

Lathrop Wells
(early flow)

Lathrop Wells
(late flow)

Hidden
Cone

Little Black
Peak

Black Cone Red Cone Makani Cone Little Cone
SW

Buckboard
Mesa

SE Crater
Flat

Thirsty
Mountain

Sample LW22FVP LW41FVP HC1FVP LBP2FVP BC13FVP RC3FVP MC7-18-94-1BMC CF15FVP BB5FVP CF12FVP TM2FVP

SiO2 47.43 48.78 48.78 48.15 50.88 50.60 49.07 47.10 53.04 47.69 50.89
TiO2 2.06 1.89 1.79 1.88 1.44 1.53 1.61 2.17 1.47 1.86 1.86
Al2O3 16.60 16.87 16.87 16.77 17.04 17.26 17.16 16.05 17.59 15.32 17.39
Fe2O3 12.15 11.48 11.68 11.77 10.32 10.94 11.01 11.77 8.52 12.28 9.41
MnO 0.18 0.17 0.18 0.17 0.17 0.18 0.17 0.17 0.13 0.18 0.17
MgO 6.13 5.75 5.73 5.63 5.09 5.23 5.20 5.35 4.93 6.56 4.74
CaO 8.40 8.48 9.19 9.37 8.47 8.61 8.70 9.34 6.90 9.36 7.10
Na2O 3.55 3.56 3.44 3.36 3.16 3.27 3.35 3.81 3.92 2.93 4.23
K2O 1.80 1.82 1.64 1.65 1.69 1.87 1.66 2.00 2.37 1.58 2.85
P2O5 1.31 1.23 1.10 1.12 0.99 1.10 1.14 1.35 1.02 0.70 0.98
Total 99.60 100.03 100.40 99.87 99.24 100.59 99.06 99.13 99.90 98.45 99.61
Mg#a 54.0 53.8 53.3 52.7 53.5 52.7 52.4 51.4 57.4 55.4 54.0

XRF trace-element analyses
Ba 1315 1374 1313 1369 1508 1530 1405 1450 2208 905 1390
Rb 14 17 16 15 24 20 23 16 34 22 48
Sr 1556 1447 1480 1463 1264 1411 1397 2188 1320 933 949
Y 23 30 37 29 28 37 15 29 20 32 32
Zr 382 374 426 393 379 392 408 428 372 273 371
V 185 184 186 188 149 167 172 196 135 232 167
Cr 106 106 90 76 88 94 66 74 78 180 57

INAA trace-element analyses
La 92.6 93.9 114.7 104.1 112 114.6 115.8 134.3 84.7 70 70.7
Ce 184 181 204 194.4 198.5 209 213 258 162.1 135.8 142.2
Sm 12.7 12.2 12.6 12.5 11.38 12.31 12.72 16.08 9.49 9.82 10.06
Eu 3.28 3.11 3.18 3.24 2.87 3.12 3.2 3.96 2.57 2.61 2.58
Tb 1.17 1.12 1.12 1.17 1.03 1.09 1.09 1.34 0.8 1.07 1.04
Yb 2.42 2.38 2.46 2.42 2.35 2.33 2.3 2.3 1.99 2.72 2.64
Lu 0.356 0.388 0.353 0.365 0.337 0.318 0.353 0.333 0.278 0.408 0.402
Hf 7.17 7.24 8.09 7.75 7.61 7.56 7.79 7.88 7.72 6.11 7.55
Ta 1.39 1.4 1.62 1.45 1.47 1.41 1.5 1.67 1.21 0.99 1.9
Th 6.05 6.9 12.3 8.42 11.67 11.62 10.82 9.65 8.67 6.07 4.47
Sc 18.7 19.8 20 19.71 18.24 18.22 18.34 17.87 14.45 27.5 14.97
Co 31.5 30.1 27.6 27.8 26.8 27.2 27.9 29.6 23.8 37.6 24.8

Isotopic analyses
εNd −9.68 −10.01 −9.73 −10.34 −10.07 −9.81 – −9.05 – −11.30 −6.91
87Sr/86Sr 0.70708 0.70701 0.70703 0.70709 0.70695 0.70700 – 0.70727 – 0.70723 0.70642

a Mg number=[Mg2+/ (Mg2++Fe2+)]×100, assuming Fe2+=0.85 of total Fe.
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Fig. 4. (a) Total alkalis versus silica for Plio-Pleistocene basalts of the SNVF. Rock classification fields are from Le Bas et al. (1986). Numbers by
each episode/compositional group indicate age in Ma. Numbers in parentheses indicate range in Mg number for each group. Compositional diversity
at similar Mg numbers suggest compositionally diverse parental magmas. (b) Mg number versus silica for Plio-Pleistocene basalts of the SNVF. Inset
is MgO versus silica. Mg number=[Mg2+ / (Mg2++Fe2+)]×100, assuming Fe2+ / (Fe2++Fe3+) of magma=0.85. Dashed reference lines indicate Mg
number=53 and MgO=5 to 6%. Crystallization curves indicate the type and percentage of minerals fractionated from a parent magma to derive
SNVF magmas with Mg numbers of 53–54. Hypothetical parent composition was derived by reverse calculation of olivine fraction (center curve,
15% olivine addition) of a Lathrop Wells trachybasalt (LW22FVP, Table 2) using PETROLOG software (Danyushevsky, 2001). Using the calculated
parent composition, assemblages of 50:50 olivine+(clinopyroxene or amphibole) were then subtracted from the parent composition by mass balance
calculation. Small circles indicate 1% addition or subtraction of mineral assemblages; tick marks indicate 5% addition or subtraction. Compositions of
olivine and clinopyroxene were chosen from PETROLOG results and have Mg numbers of 82; composition of amphibole is that of a phenocryst from
Little Cones (Vaniman et al., 1982) and has an Mg number of 69.
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which have Mg number and MgO contents as high as 61
and 8%, respectively). This indicates that basalts at each
volcano underwent similar degrees of fractional crys-
tallization during ascent (Fig. 4(b)). Plio-Pleistocene
basalts characteristically contain olivine as the main
phenocryst phase with sparse or no plagioclase
phenocrysts. Exceptions are the 3.8 Ma basalt of SE
Crater Flat, which also contains phenocrysts of
plagioclase and clinopyroxene (Vaniman et al., 1982;
Fleck et al., 1996), the 1.1 Ma basalts of Red Cone and
Little Cones, which contain rare amphibole phenocrysts
(Vaniman et al., 1982; Bradshaw and Smith, 1994), and
the earliest products of the Lathrop Wells volcano (a
small component of Lathrop Wells' volume) (Valentine
et al., 2007). This observation, combined with trace-
element evidence (e.g., high Sr, Table 2) and experi-
mental studies (Mahood and Baker, 1986; Nekvasil
et al., 2004) suggests that, for the most part,
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fractionation occurred at high pressure (base of the crust
or deeper) and involved crystallization of olivine
accompanied by clinopyroxene or amphibole, but not
plagioclase (Vaniman et al., 1982; Perry and Crowe,
1992; Fleck et al., 1996). Calculation of the amount of
fractional crystallization of a parent magma necessary to
produce typical Mg numbers of basalts with different
SiO2 contents indicates removal of a crystal assemblage
of ∼20–25% olivine plus clinopyroxene (or amphibole)
and suggests a range of parental magma compositions
with SiO2 contents ranging from ∼46–50% (Fig. 4(b)).
These results indicate that magmas for each of the
Fig. 5. (a) εNd versus silica for Plio-Pleistocene basalts of the SNVF. Dashed r
εNd=+3 is based on compositions of basalts from the eastern edge of the SN
Range isotopic compositions indicating derivation from an asthenospheric sou
compositional changes expected for a magma undergoing high rates of lower a
(green diamond) is from Farmer et al. (1989). (b) Ce/Yb versus silica for Plio-
of basalts older and younger than 3 Ma. Systematic differences in Ce/Yb ca
differences in the mantle source (i.e, asthenosphere versus lithosphere) are
differences in the degree of partial melting of a heterogeneous lithospheric m
volcanoes had similar fractionation histories during their
ascent, with the exception of the SE Crater Flat basalt,
which might have undergone some fractionation in a
relatively shallow reservoir.

Isotopic data for the basalts also support an interpre-
tation of rapid ascent with little or no crustal residence
time or crustal assimilation (Vaniman et al., 1982; Perry
and Crowe, 1992; Fleck et al., 1996; Perry et al., 1998).
Nd isotopic compositions for all the basalts are nearly
uniform across the SNVF and do not vary with SiO2

content, indicating that magmas did not assimilate SiO2-
rich crustal wallrock (Fig. 5(a)). The Nd isotopic values
eference line=εNd value of −10. Hypothetical parent composition with
FV (Farmer et al., 1989), the nearest basalts with “typical” Basin and
rce. Curves labeled LC (lower crust) and UC (upper crust) indicate the
nd upper crustal contamination. Nd isotopic value for BuckboardMesa
Pleistocene basalts of the SNVF. Dashed reference line separates Ce/Yb
used by crustal assimilation, fractional crystallization, or fundamental
ruled out by isotopic or major-element chemistry and instead suggest
antle source.



Fig. 6. Illustration of two fundamental types of time–volume relation-
ships for volcanic fields. Filled circles represent the age of an episode
and the cumulative volume of that episode and all preceding episodes.
Crosses represent the age of an episode and the cumulative volume of
preceding episodes only. (a) An illustrative example of volume-
predictable behavior. (b) Illustrative example of time-predictable
behavior. The slope of the lines in each plot is the eruptive volume flux.
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are unusual in having extremely low 143Nd/144Nd ratios
(corresponding to low εNd values in the range of −9 to
−11) compared to typical alkali basalts of the Basin and
Range (Fig. 5(a)). At face value, such low εNd values
could be taken to indicate substantial crustal assimilation
during ascent, or extended residence in crustal chambers,
of parental magmas. However, an assimilation model
would normally assume an initial magma composition
with εNd values typical of Basin and Range basalts
derived from an asthenospheric mantle source (Fig. 5(a)).
Assuming εNd values N0, substantial assimilation of
upper and lower crustal rocks results in shifts of only 2–4
εNd units, far short of the 12–14 unit shifts needed to
account for the Nd isotopic compositions of the SNVF
basalts (Fig. 5(a)). Vaniman et al. (1982) and Farmer et al.
(1989) used similar reasoning and observations on the
uniformity of isotopic values across the region to
conclude that the Sr and Nd isotopic values of the
SNVF are primary characteristics of the mantle source,
i.e., that the source is old, lithospheric mantle.

Despite the similarities in degree of fractional crys-
tallization and isotopic composition, basalts of different
ages do show systematic differences in incompatible
trace-element composition. Basalts younger than 3.8 Ma
have substantially higher concentrations of elements such
as Sr, La and Th (Vaniman et al., 1982; Farmer et al.,
1989). These basalts are also relatively light-rare-earth
element enriched, as measured by Ce/Yb (Fig. 5(b)).
The lack of correlation between Ce/Yb and SiO2 for
basalts of all ages indicates that higher Ce/Yb values are
not due to crustal assimilation or fractional crystallization,
or to major differences of the mantle source (i.e.,
asthenosphere vs. lithospheric mantle). This conclusion
is consistent with the narrow range of isotopic composi-
tions of the basalts discussed above. Instead, increased
Ce/Yb indicates a decreased amount of partial melting for
basalts b3 Ma, a conclusion consistent with the observed
decrease in volcano volume with time (Fig. 3). Similarity
in degree of fractional crystallization fromparental basalts
and lack of evidence of crustal assimilation suggests all
the basalts younger than 3Ma followed similar (i.e., rapid)
ascent paths through the crust and that differences in
eruption volumes can be considered roughly proportional
to differences in partial melt volumes in the mantle.

3. Time–volume behavior of Plio-Pleistocene basalts

There are two fundamental types of time–volume
relationships for basaltic volcanic fields (Fig. 6).
Volume-predictable behavior (Fig. 6(a)) results in a
linear relationship (during a period of constant long-
term eruptive flux) between the cumulative volume of
an eruptive episode plus prior episodes and its age or
timing. If one has knowledge of the long-term eruptive
flux (based upon the geologic record in the volcanic
field), then the volume of an episode can be predicted
for a given repose period. However, timing of a future
episode cannot be forecast based upon the time–volume
behavior alone (e.g., Kuntz et al. (1986)). In contrast,
time-predictable behavior (Fig. 6(b)) results in a linear
relationship between the timing of an episode and the
cumulative volume of prior episodes only (assuming a
constant long-term eruptive flux). Repose time after an
event is proportional to the event's volume, therefore the
timing of a future episode can be forecast with
knowledge of preceding volumes. However, the volume
of the future episode cannot be forecast based upon the
time–volume behavior alone (e.g., Bacon (1982)).
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A plot of cumulative volume of Plio-Pleistocene
episodes in the SNVF as a function of their ages (Fig. 7
(a), using volumes corrected for erosion; see Table 1),
suggests at first glance that eruptive volume flux
decreased after ∼2.9 Ma but has been relatively steady
and volume-predictable since. In detail, though, the
system is not volume-predictable. For example, a repose
interval of ∼750 kyr (between the 1.1 Ma and 350 ka
episodes) resulted in eruption of∼0.11 km3, similar to the
volume of the most recent episode after only a ∼275 kyr
repose interval.

A better correlation emerges when the time of each
eruptive episode is plotted as a function of cumulative
volume from preceding episodes (crosses on Fig. 7(a)).
Episodes b3 Ma form a linear, time-predictable
relationship, with a slope indicating a constant eruptive
Fig. 7. (a) Plot of volume–age relationships in Plio-Pleistocene basalts of
SouthwesternNevadaVolcanic Field. Filled circles are cumulative volume
versus age of each episode, while crosses show time-predictable trend of
cumulative volume just prior to an episode versus age of the episode (b)
Ce/Yb versus age for Plio-Pleistocene basalts. The shift to higher but
variable Ce/Yb beginning at 2.9 Ma indicates a shift to generally lower
degrees of partial melting. SW Little Cone is a very small volcano with
nepheline-normative composition, suggesting smaller degree ofmelting at
higher pressure than other basalts in the 1.1 Ma episode. Dashed lines and
shaded fields represent themean and two standard deviations, respectively,
for Ce/Yb values of N3 Ma and b3 Ma basalts.
flux of ∼0.5 km3/Myr. The relationship between time
and volume can be formulated as a linear regression
model where the interval to the next eruptive episode is
dependent on the volume of the previous eruptive
episode. The regressed data are the volume and time to
the next episode for the 2.9, 1.1, and 350 ka episodes.
Volumes for the Quaternary volcanoes are assumed to be
the corrected volumes (to account for tephra fallout
volume) listed in Table 1 and the time intervals between
episodes are 1.8, 0.75, and 0.27 Ma. The regression line
is described by the equation, T (to next episode)=
(2.108V)+0.019, with r2 =0.999; the association be-
tween time and volume is statistically significant
(Pb0.05). Using uncorrected volumes, r2 =0.964 and
the association between time and volume is not
statistically significant (PN0.05). Episodes older than
2.9 Ma appear to represent a higher eruptive flux,
although there are insufficient data to quantify this. As
discussed previously (see Fig. 5(b)), Ce/Yb data provide
evidence that the decreased degree of partial melting of
the mantle source coincides with the timing of the shift
to the lower eruptive flux apparent in the time–volume
data beginning at 2.9 Ma (Fig. 7(b)).

4. Interpretation

Bacon (1982) suggested that time-predictable behav-
ior in the bimodal Coso volcanic field (California) ref-
lected passive response of magma to a constant strain
rate in the extending crust. Dike injection associated
with an eruptive episode at Coso relieved accumulated
elastic strain in proportion to the episode volume via
emplacement of dikes into the shallow crust. Thus a
large volume eruptive episode resulted in a long repose
interval to the next episode. This model is the starting
point for our interpretation of time-predictable behavior
in the Southwest Nevada Volcanic Field, which also
resides in an extensional tectonic setting. We consider
that the recent behavior of the SNVF reflects the
response of the lithosphere as a whole (crust and
lithospheric mantle) to extensional tectonics.

The presence of a non-convecting lithospheric mantle
source beneath the SNVF is key to our model: melt
generation and extraction processes are fundamentally
different from those in the asthenosphere where melt can
be generated by convective upwelling and decompres-
sion. A static lithospheric source will favor long-term
preservation of compositional and mineralogical hetero-
geneities that probably originated by influx of arc fluids
and hydrous melts during subduction beginning in the
Early Proterozoic (Farmer et al., 1989). The presence of
small-scale heterogeneities rich in hydrous minerals is
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probably a prerequisite for generating and accumulating
melt in “cold” lithospheric mantle, and is consistent with
small-volume and infrequent eruption of basalt over the
past 5 Ma (Gallagher and Hawkesworth, 1992; Harry and
Leeman, 1995). High water contents in olivine melt
inclusions from Pleistocene basalts (up to 3.5 wt.%
[(Nicholis and Rutherford, 2004)]) and rare amphibole
phenocrysts (Vaniman et al., 1982; Bradshaw and Smith,
1994) provide evidence of hydrous melting, consistent
with the notion ofmantle heterogeneities that are inherited
from previous influx of volatile- and incompatible
element-rich fluids. Zones of hydrous lithospheric mantle
containing small melt fractions are rheologically weaker
than surrounding mantle and deform more readily under
extensional strain. Deformation of these zones increases
porosity, resulting in enhanced melt migration toward the
zones and the formation of melt bands that further
enhance melt migration and shear localization (Katz et al.,
2006; Schmeling, 2006). Enhanced shear along melt
bands can accommodate small amounts of extensional
strain by minor lithospheric thinning at depth. As melt is
focused into localized pockets or bands, buoyancy forces
and magma pressure increase until they reach a critical
value that results in upward propagation of dikes. The
critical pressure is determined by horizontal tectonic
stresses and rock properties; therefore the triggering of
dikes and the resulting volcanic episodes are determined
by the response of the heterogeneous mantle to regional
tectonics. This “passive” process of melt collection and
dike initiation in response to tectonic strain is consistent
with time-predictable behavior of the system, with the
extension rate and volume of mantle involved in melt
accumulation (which is partially a function of the scale of
heterogeneities) determining the volume and timing of an
episode at source depths.

Data on volume, eruptive fissure length, and estimated
effusion rate further support the argument that volcanism
is closely linked to tectonic strain in the crust, in addition
to the mantle processes described above. In Section 2.2
we suggested that the fissure length is related to the feeder
dike length at depth, which in turn is closely related to the
length scale of the mantle source that is tapped to feed
each volcano. Fissure length of the 2.9 Ma episode was
∼2.5 km (Fig. 3). In simple elastic media the width (w) to
length (l) ratios of dikes are related to driving pressure and
elastic properties of the country rock as

w
l
∝

Pd

l=ð1� mÞ ; ð1Þ

where Pd is the driving pressure (the difference between
magma pressure in the dike and the horizontal stress in the
country rocks), μ is the elastic shear modulus, and ν is
Poisson's ratio (Pollard, 1987). If we assume that the
≤2.9 Ma episodes were driven by dikes with similar Pd

(consistent with relatively constant tectonic stresses)
through lithospheric sections with similar elastic proper-
ties, then longer feeder dikes and fissures imply
proportionally wider dikes. Therefore the 2.9 Ma episode
would have locally relieved 2.5–5 times more horizontal
elastic strain than the 1.1 Ma episode which consisted of
five separate small volcanoes that each had fissures on
average ∼0.5–1 km long and volumes roughly an order
of magnitude smaller than the 2.9 Ma episode. Accord-
ingly, repose after the 2.9 Ma episode was ∼1.8 Myr,
while the smaller 1.1 Ma episode was followed by a
repose period of ∼750 kyr.

The variation in effusion rates of individual volcanoes
(Fig. 3) is consistent with the above interpretation. The
inferred lava effusion rate of∼100m3/s during the 2.9Ma
episode was ∼25–500 times larger than those of the
≤1.1Ma volcanoes (Valentine and Perry, 2006). At depths
below which significant vesiculation has occurred, the
volumetric flux of magma (Q) between parallel-sided dike
walls probably follows the Poiseuille relationship where

Q∝� l
w
g

3 AP
Az

ð2Þ

(η is magma viscosity, P is magma pressure, and z is
vertical distance (Bird et al., 1960)). Assuming similar
magma viscosities and pressures for the eruptive episodes,
we have Q∝ lw3. The 2.9 Ma episode would then be
expected to have effusion rates N40 times higher than
those estimated for the≤1.1Ma episodes, consistent with
the effusion rates inferred from field data. This corrobo-
rates the occurrence of wider dikes associated with longer
fissures and larger eruptive volumes of events, and similar
magma pressures that trigger dikes. In detail the driving
pressures and elastic properties of country rocks must
have varied to some degree, along with other factors that
affect magma discharge (e.g., volatile content); neverthe-
less, the simple estimates above show that the time-
predictable behavior is consistent to first order with
several properties of the Plio-Pleistocene volcanoes
within a context where the average volumetric eruption
rate is directly related to localized response to regional
tectonic strain rate.

Location and orientation of successive episodes might
also be related to elastic strain relief by occasional dike
injection. Basaltic episodes occurred in different parts of
the Plio-Pleistocene SNVF with episodes focused in the
northern part (at 4.6 Ma, 2.9 Ma, and 350 ka) alternating
with episodes in the southern part (3.8 Ma, 1.1 Ma, and
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77 ka). We suggest that the limited N–S extent of an
episode meant that strain relief in the dominantly E–W
extensional setting (minimum horizontal principal stress,
σ3, has been oriented ∼N60°W in Plio-Pleistocene times
(Fleck et al., 1996)) was not evenly distributed after the
episode. Therefore the largest amount of stored elastic
strain for the subsequent episode to accommodate would
be toward the opposite side (in the N–S direction) of the
field, resulting in a pattern of eruption episodes
alternating between the northern and southern parts of
the field. The volcanoes of the 1.1 Ma and 350 ka
episodes, along with the 3.8 Ma anomalies G, F, and H,
are aligned roughly perpendicular to σ3. Each volcano in
these episodes probably represents an individual source-
to-surface dike event, but we propose that the alignments
might represent progressive collection of melt along
bands within the lithospheric mantle as it responds to
regional stress by deformation (see discussion above and
Katz et al. (2006)), where the melt band orientation is
perpendicular to σ3. At very shallow depths (i.e., 100s of
m), however, each dike event was captured by older N–S
trending normal faults (Connor et al., 2000; Valentine and
Krogh, 2006; Perry et al., 2006; Valentine and Keating,
in press).

In summary, our interpretation has the following
main elements. The lithospheric mantle beneath the
SNVF is mineralogically and compositionally hetero-
geneous, resulting in small fractions of melt that reside
in pockets that respond to slow, steady extension by
shear deformation and localized porosity increase. The
shearing and porosity increase, in turn, further focuses
melt into the pockets or bands. As melt focuses into
pockets, fluid pressure builds due to buoyancy until a
sufficient overpressure is attained to initiate and drive
dikes upward. Magma is transported toward the surface
relatively rapidly via dike(s); the resulting dike(s) add
mass to the lithosphere above the melt source and
relieves elastic strain. Tectonic strain relief at the depth
of the melt sources takes place primarily through slow
shearing and thinning of the lithospheric mantle, but at
higher levels the elastic (tectonic) strain relief occurs
quickly upon dike injection. This model is consistent
with the physical volcanology, geochemistry, and time–
volume history of the SNVF during the past 2.9 Myr.

5. Implications

5.1. Tectonically and magmatically controlled basaltic
fields

We suggest that there are two end member types of
continental basaltic fields that relate the properties of
time- and volume-predictability, and interaction with
shallow structure. The first type, which we term a tec-
tonically controlled field, is exemplified by basaltic
volcanism in the Southwestern Nevada Volcanic Field
during the past 2.9 Myr. In tectonically controlled fields,
magma flux is very low and is a passive byproduct of
regional tectonic strain. If the underlying mantle has
heterogeneities in the form of locally hydrous and/or
partially molten zones, melt will concentrate in these
localized zones and magma pressure can occasionally
build to sufficient levels to propagate dikes through the
crust and feed eruptions. Dike lengths are determined
primarily by the volume of the magmatic event, which is
related to the length scale of mantle compositional
heterogeneity that feeds the event. Dike emplacement
relieves local stresses that must rebuild over a period of
time that is proportional to the volume of the event.
Because of the low rate of dike injection in tectonically
controlled fields, strain in the shallow crust is mainly
taken up by faulting. Most dikes that ascend into the
faulted shallow crust are likely to be captured by those
faults and therefore might have near-surface dike
orientations and coeval vent alignments that are not
simply perpendicular to the least principal stress (i.e., if
fault orientations are inherited from past stress fields;
Valentine and Krogh, 2006; Perry et al., 2006; Valentine
and Keating, in press). The connection between the
regional tectonic strain and magma transport (Bacon,
1982) means that a tectonically controlled field is likely
to exhibit time-predictable behavior. In tectonically
controlled fields, melt generation is dependent on
tectonic forces, otherwise melt would not be able to
accumulate and ascend.

The second end member of volcanic fields is mag-
matically controlled, and is characterized by relatively
high magma fluxes. Frequent dike injection equals or
exceeds regional tectonic strain and faulting is relatively
rare (Parsons and Thompson, 1991; Kuntz et al., 2002).
As a result, dikes are not captured by pre-existing faults
as they near the surface, and their orientations (as
reflected by, for example, alignments of coeval vents or
fissures) are generally perpendicular to the regional least
principal stress. The volume of an eruptive episode
depends upon the magma flux and the repose time since
the previous eruption, i.e., they are volume-predictable.
Eruptions in magmatically controlled fields occur as
pressures build up in magma reservoirs, driven primarily
by processes such as melt accumulation, fractionation,
and concentration of volatiles. An excellent example is
the eastern Snake River Plain (Fig. 1). Note the
difference in estimated long-term eruptive fluxes: the
tectonically controlled SNVF has an estimated flux of
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0.5 km3/Myr during the past 2.9 Myr (among the lowest
of any basaltic field on Earth (Perry et al., 1998)), while
estimated fluxes in the Great Rift area of the ESRP range
between 500–2500 km3/Myr (based primarily upon the
Holocene record (Kuntz et al., 1986)). Melt generation in
magmatically controlled fields is due to thermal structure
of the mantle and is not dependent upon tectonics.

5.2. Implications for volcanic risk assessment

Urbanization and construction of long-term facilities in
basaltic fields creates an important class of volcanic risk
assessment problems. Estimation of event probabilities in
basaltic fields that are dominated by monogenetic
volcanoes requires forecasts of both the recurrence rates
(or timing) and locations of future events. If basaltic
volcanism in the SNVF continues to exhibit tectonically
controlled, time-predictable behavior with a ∼0.5 km3/
Myr eruptive volume flux, the linear regression model
(time to next episode is dependent on previous episode's
volume) suggests that the next episode of volcanic activity
somewhere in the volcanic field will occur about 270 kyr
after the Lathrop Wells episode (with a 90% prediction
interval of ±290 kyr reflecting the small data set), or about
190 kyr in the future. The interval to the next episode
predicted by the time–volume relationship is consistent
with SNVF recurrence intervals that have been estimated
using probabilistic approaches (Crowe, 1986; Perry et al.,
1998; Connor et al., 2000). One caveat is that it is possible
that the ∼77 ka eruption of Lathrop Wells volcano might
be the beginning of an episode rather than comprising an
entire episode. The lapsed time since the Lathrop Wells
event suggests that it is likely to have been the lone event
in its episode, although this cannot be proven. This
highlights the value of probabilistic approaches that
incorporate uncertainties into temporal (recurrence)
models, rather than relying only on the more determin-
istic, empirical time-predictable behavior. Additionally,
time-predictability in a tectonically controlled field does
not, by itself, constrain the location or size of potential
future episodes, requiring the incorporation of additional
information. We have shown in previous papers that
volcano location in the low-flux SNVF depends primarily
upon the location and areal extent of the mantle source
that is tapped (magma footprint (Valentine and Perry,
2006)), and secondarily upon shallow structure and
surface topography (Valentine and Krogh, 2006; Gaffney
and Damjanac, 2006). The fact that most of the basaltic
episodes (except the ∼2.9 Ma Buckboard Mesa event)
have returned to the vicinity of existing clusters (Connor
et al., 2000) suggests that the magmatic footprints of
future events will probably also occur near or within those
clusters. Likewise, general similarities in volcano size and
eruptive styles during the past∼1.1Myr (Table 1) suggest
that the future events during the next 100s of kyr will have
similar characteristics. All of these factors form poten-
tially important aspects of probabilistic risk assessment in
the SNVF, where the proposed Yucca Mountain radioac-
tive waste repository is sited, and they should come into
play in risk assessments in other volcanic fields.
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