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RHYOLITIC EXPLOSIVE ERUPTIONS OF THE CENTRAL SNAKE RIVER 

PLAIN, IDAHO: INVESTIGATIONS OF THE LOWER CASSIA MOUNTAINS 

SUCCESSION AND SURROUNDING AREAS 

Benjamin Stephen Ellis 

The Snake River Plain of north-western U.S.A. was the site of voluminous, bimodal, 
hotspot volcanism in the Miocene.  Between c. 12.7-6 Ma silicic volcanism produced an 
association of deposits so different to typical Plinian and ignimbrite deposits elsewhere 
it has been termed Snake River (SR)-type.  The Cassia Mountains of southern Idaho 
contain SR-type ignimbrites produced from complex and dynamic magmatic plumbing 
systems involving multiple magma chambers which gave rise to multiple compositional 
populations of clinopyroxene that mixed during eruption and were deposited together.  
The Cassia Mountain ignimbrites become progressively more mafic up-succession in 
terms of whole rock, glass, feldspar and clinopyroxene compositions, reflecting 
decreasing time available for fractional crystallisation, as supported by geochronology.  
Two Cassia Mountain ignimbrites are among three newly discovered ‘super-eruptions’ 
defined on the basis of phenocryst, glass and whole rock compositions; magnetic 
polarity; 40Ar/39Ar geochronology; oxygen isotopes; and field data.  Erupted volumes 
range between 640 and 1200 km3, amongst the largest recorded.  Intercalated within the 
Cassia Mountain succession is a newly discovered deposit representing the first 
recorded explosive, rhyolitic phreatomagmatic eruption from the central Snake River 
Plain.  The fine-grained, non-welded deposit has similar whole rock, glass, oxygen 
isotope and magmatic temperature characteristics to the surrounding welded 
ignimbrites, so the unusual deposit facies are interpreted as representing interaction of 
rising rhyolitic magma with near-surface water.  During SR-type volcanism, lavas and 
ignimbrites of similar chemistry were erupted within a short time.  Water contents of 
melt inclusions were low in both ignimbrites and lavas, consistent with the anhydrous 
mineralogy and high inferred magmatic temperature.  Volatile contents of the magmas 
(as recorded by the melt inclusions) did not control eruptive style.  The intense 
rheomorphism which characterises SR-type ignimbrites appears to be due to high 
emplacement temperatures rather than enhanced halogen contents. 
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Chapter 1: Introduction 
 

This study investigates the deposits of a newly defined category of volcanism documented 

from the central Snake River Plain of southern Idaho and northern Nevada, termed Snake 

River (SR)-type volcanism (Branney et al. 2008).  SR-type eruptions have not been 

witnessed and the styles of eruption are poorly understood and must be reconstructed from 

evidence within the geological record.   

 

Methodology 

This work results from 8 months’ fieldwork in southern Idaho with ideas tested both in the 

field and by a variety of analytical methods.  In the field area intensely welded rhyolitic 

tuffs are exposed as steep, cliff-forming units separated by poorly exposed slope-forming 

non-welded units.  Although significant thicknesses (tens of metres) of individual welded 

tuff units may be exposed, their bases including any fallout deposits are commonly 

obscured under bench talus.  Because of the lack of exposure, no isopach maps exist for the 

fallout deposits from any eruption in the central Snake River Plain and so the sources of the 

rhyolitic eruptions are not known.  The very limited exposure of fallout deposits has also 

hindered correlation of deposits (fallout and ignimbrite) between massifs that surround the 

Snake River Plain.  The non-welded deposits of the province have received little attention 

and have commonly been referred to as sediments.  The present project aims to analyse 

these scarce exposures of non-welded material, to explore what they reveal about 

correlation and eruption styles.   

 

Previous work in the central Snake River Plain has involved mainly reconnaissance-scale 

mapping (Wood and Gardner 1984; Williams et al. 1990; Mytton et al. 1990; Oakley and 

Link 2006) with phenocryst and geochemical studies of local successions (Honjo and 

Leeman 1987; Honjo et al. 1992; Wright et al. 2002; Andrews et al. 2008).  Most work has 
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been done on the Cougar Point Tuff succession with these 9 ignimbrites well-characterised 

physically (Bonnichsen and Citron 1982), chemically (Cathey and Nash 2004) isotopically 

(Boroughs et al. 2005) and in terms of geochronology (Bonnichsen et al. 2008).  Elsewhere 

in the central Snake River Plain, a lack of detailed geochemical data has prevented the 

correlation of any individual eruption units between the adjacent massifs.   

 

Aims and objectives 

The aim of this study is to improve the understanding of the processes and deposits of SR-

type volcanism, by focussing on aspects of the styles and scales of the explosive eruptions.  

The project concentrates on the Cassia Mountains of southern Idaho because they expose 

some non-welded units, are part of the type area of SR-type volcanism (Branney et al. 

2008) and are relatively accessible.  Characterising the volcanic stratigraphy of the Cassia 

Mountains will improve understanding of the inferred Twin Falls eruptive centre from 

where they derive (Pierce and Morgan 1992) and help develop methods of correlating 

individual eruption units between massifs.  Correlating units between the massifs is an 

essential first step towards resolving the volumes of individual eruptions.   

 

Regional geology 

The Snake River Plain of southern Idaho and northern Nevada in the western United States 

of America is a region of conspicuously low topographic relief that cuts across the basin-

and-range topography of western North America.  It spans 600 km from Yellowstone in the 

east to northern Nevada in the west and is approximately 100 km north-south (Fig. 1.1).  

The 16.6 Ma and younger volcanic rocks in the north western U.S.A., including the 

Columbia River basalts and the Snake River Plain-Yellowstone silicic rocks represent a 

volcanic province that began with the eruption of the Columbia River flood basalts and 

associated rhyolites in northern Nevada before the production of the basalt and rhyolite in 

the Snake River Plain-Yellowstone system. 
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The Snake River Plain volcanism was preceded in Idaho by an Eocene episode of 

volcanism, referred to as Challis volcanism which produced a series of calderas in central 

Idaho (Fig. 1.1 B).  This earlier episode is thought to have resulted from the shallow 

subduction of the Farallon plate under the North American plate (e.g. Lipman et al. 1971; 

1972).  The Challis volcanics comprise intermediate to evolved rocks, emplaced in three 

phases: initial effusions of andesitic to dacitic lavas, followed by a period of explosive 

dacitic to rhyolitic volcanism with a final stage of intrusive activity (Sanford 2005).  In 

addition, plutons were emplaced along the western margin of the Wyoming craton, with the 

Idaho batholith present in the central Snake River Plain (Fig. 1.1 A).  A terrain boundary 

separates the craton in the east and the accreted terrains to the west and is marked by the 

line of 0.706 87Sr/86Sr ratios in plutonic rocks (e.g. Leeman et al. 1985; Nash et al. 2006).  

Cretaceous transpression created the anomalously sharp (< 10 km) terrain boundary, which 

steepened the initially shallow (as seen in the Sierra Nevada) Sr isotope gradient (Giorgis et 

al. 2005).  The location of the terrain boundary is supported by work on Pb, Nd and Hf 

isotopes from hotspot tephra samples which shows co-variance in these isotopic systems 

with abrupt shifts across the cratonic boundary at around 15 Ma (Bennett and De Paolo 

1987; Nash et al. 2006).   

 

The Columbia River flood basalts 

 The >230,000 km3 Columbia River basalts were emplaced over 10.5 million years from 

16.6-6 Ma (Camp et al. 2003; Hooper et al. 2007) with the majority (c. 98 % of the volume) 

emplaced within the first two million years 16.6-14.5 Ma (Swanson et al. 1979; Hooper et 

al. 2002; Hooper et al. 2007).  The basalts lie mostly within Washington and Oregon states, 

with volumetrically minor deposits in Idaho (Fig 1.1 A).  Individual lavas were erupted 

from the Chief Joseph dike swarm on the Idaho-Oregon border (Fig. 1.1 A) from where 

they may be traced into the Pasco basin on the basis of their homogeneous and 

characteristic chemistry (Hooper et al. 2007).     
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Mechanisms to explain the flood basalt volcanism have been suggested including mantle 

flow around a residuum body of melt which forms earlier, and buoyantly rises then adheres 

to the base of the North American plate, although why the original residuum forms is not 

clear (Humphreys et al. 2000) and exploitation of lithospheric structure (Christiansen and 

Lageson 2003).  However, the high productivity and the restricted geographic range of the 

volcanism are most commonly attributed to a mantle plume (e.g. Draper 1991; Pierce and 

Morgan 1992; Takahashi et al. 1998; Camp and Ross 2004; Hooper et al. 2007).  Helium 

isotopes also support a plume origin for the Columbia River Basalts.  The 3He/4He ratio in 

MORB is commonly around eight times the present atmospheric ratio and the ratio in 

mantle plumes is generally considerably higher than this (e.g. Breddam et al. 2000); the 

Imnaha Basalt of the CRFB has a ratio of ~ 11.5 times atmospheric consistent with a plume 

origin (Dodson et al. 1997).   

 

The Snake River Plain 

The volcanic products of the central Snake River Plain are compositionally bimodal, 

dominated by basalt and rhyolite.  The rhyolitic volcanism from the Snake River Plain was 

broadly time-transgressive, younging towards Yellowstone in the east (Armstrong et al. 

1975; Pierce and Morgan 1992); although the Arbon Valley Tuff (Kellogg et al. 1984) and 

the Magic Reservoir eruptive centre (Honjo and Leeman 1987) are exceptions to this trend 

(they are not of SR-type).  The oldest silicic volcanism associated with the hotspot is a 

matter of debate, silicic deposits are known from the McDermitt eruptive centre around 

16.5 Ma (Henry et al. 2006) and some deposits of the High Rock caldera in northern 

Nevada may predate this with an estimated age of 16.6 Ma (Perkins and Nash 2002), 

however the oldest unit with a measured date from the High Rock caldera is the Tuff of 

Craine Creek which has a K-Ar age of 16.1 ± 0.5 Ma (Noble et al. 1970) which would 

make it approximately time-equivalent to the McDermitt centre.  Further west of 

McDermitt some new calderas have been located (Coble and Mahood 2008) but no 

geochronological data are available to constrain the ages of these deposits (Fig. 1.2 A). 
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 At any location along the Snake River Plain, the eruption of rhyolite (as both lavas and 

ignimbrites) was followed by the eruption of basaltic lavas and phreatomagmatic tuffs.  The 

basalts, erupted from small vents both within the plain and at its margins, do not show the 

same systematic time-transgressive behaviour (Bonnichsen and Godchaux 2002).  The 

nature of the volcanism along the Snake River Plain has been interpreted as from a mantle 

plume (e.g. Pierce and Morgan 1992; Cathey and Nash 2004) supported by recent 

geophysical work at the Yellowstone volcanic field, which has detected the presence of a 

plume beneath Yellowstone (Yuan and Decker 2005; Waite et al. 2006).  This plume 

plunges at ~ 65o to the north beneath the Rocky Mountains (Yuan and Decker 2005; Waite 

et al. 2006; Shervais and Hanan 2008). 

   

The Oregon High Lava Plains  

The Oregon High Lava Plains province is also bimodal basaltic-rhyolitic, shown on Figure 

1.1.  It youngs westwards, the opposite direction to that of the Snake River Plain (Walker 

1974; Jordan et al. 2004).  It may be the product of enhanced extension at the northern 

margin of the Basin and Range province (Christiansen et al. 2002), but structural extension 

is thought to be only 1%, which is thought to be insufficient to drive a magmatic system by 

decompression (Jordan et al. 2004).  An alternative is that the volcanism was a response to 

the entrainment of the plume head with subduction-induced counter-flow (Draper 1991).  

This model would also produce an age propagation of the basalts but this is not seen.  The 

most recent model for the formation of the Oregon High Lava Plains involves the head of 

the plume flattening against the lithosphere with some of the material flowing west to the 

cratonic margin, producing the trend of the Oregon High Lava Plains province (Jordan et 

al. 2004).       
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Overall model 

If the Columbia River Flood Basalts, the Snake River Plain and the Oregon High Lava 

Plains are related, a model must be capable of explaining all these occurrences.  One such 

model involves a plume rising near the cratonic margin, which subsequently moved 

laterally until it reached a crustal weakness which allowed it to reach the surface.  In this 

area, the most prominent crustal weakness is the margin between the accreted terrains to the 

west and cratonic North America to the east (Jordan et al. 2004).  The impact of the plume 

head at the base of the lithosphere may have caused the eruption of the Columbia River 

basalts.  The Oregon High Lava Plains may represent secondary flow from the hotspot 

enhanced by a subducting plate giving the trend towards the west with time.  A plume tail 

then remained stationary and caused the time-transgressive silicic and basaltic volcanism 

seen along the Snake River Plain.  Shervais and Hanan (2008) suggest that flattening of the 

plume head occurred beneath an anisotropic lithosphere.  To the north of the site of impact 

of the plume, the lithosphere of the accreted terrains is thin which caused the plume head to 

pass beneath it.  The thickness of the cratonic lithosphere is not constant with the 

divergence of the 87Sr/86Sr 0.706 and 0.704 lines (recorded in the earlier intrusions) inferred 

to represent the extending of the lithosphere prior to volcanism.  This lithospheric structure 

may have forced some of the plume head northwest (under the accreted terrains) and some 

southeast (under thinned craton) producing the geographically dispersed volcanism around 

16 Ma (Shervais and Hanan 2008; Fig. 1.2).  In this scenario the part of the plume forced 

south under the extended craton causes the reorientation of the plume tail to its current 

orientation.  This model also proposes that the first volcanism produced by the plume tail is 

that from the Bruneau-Jarbidge eruptive centre of northern Nevada at ~ 12.7 Ma on the 

basis that volcanism previously attributed to the hotspot is geographically widespread and 

does not fit well with reconstructed plate motions of North America (Shervais and Hanan 

2008).  However the model of a ‘plume tail’ does not explain the ‘flare-up’ in silicic 

volcanism from 11.7-10.2 Ma (Bonnichsen et al. 2008).   
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Snake River Plain Rhyolites 

The rhyolitic lavas and ignimbrites which dominate the Snake River Plain are the product 

of rising basaltic magma melting the crust (Leeman 1982; Bonnichsen et al. 2008 and 

references therein).  They have similarities to A-type granites in terms of inferred magmatic 

temperatures and elevated high field strength elements (Bonnichsen 1982; Cathey and Nash 

2004).  Abundant basalt is required to cause fusion of the crust (e.g. Annen and Sparks 

2002; Leeman et al. 2008), estimated as twice the volume of rhyolite (Bonnichsen et al. 

2008).     

 

Under the eastern Snake River Plain, geophysical (Peng and Humphreys 1998) and 

geochemical evidence (Shervais et al. 2006) has indicated the presence of a mid-crustal sill, 

c. 10 km thick and c. 90 km wide.  Shervais et al. (2006) found cyclical geochemical 

variations in basalts consistent with models of layered intrusive complexes.  The presence 

of a 10 km thick sill at a depth of c. 12 km supports modelling of the amount of basalt 

required to create the erupted volumes of rhyolite (Bonnichsen et al. 2008) and helps to 

explain the low topographic relief of the Snake River Plain, caused by basaltic intrusions 

loading the crust and causing it to sag (Anders and Sleep 1992; Humphreys et al. 2000).  

The chemistry of the rhyolite produced across the Snake River Plain is a function of the 

type of crust that was melted.  In the west, where the crust is accreted oceanic terrain, 

peralkaline magmas were formed (McDermitt centre; Henry et al. 2006; Nash et al. 2006).  

Further east, the magmas are more metaluminous in character caused by the transition to 

North American craton which is being melted.  An alternate suggestion is that rare ‘post-

hotspot’ rhyolites in the eastern Snake River Plain were formed by extreme fractionation of 

basalt (McCurry et al. 2008) although no rocks of intermediate composition have been 

reported.   
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Eruptive centres 

The sources of the rhyolitic ignimbrites exposed along the margins of the Snake River Plain 

are not exposed.  It is thought that they are located within the plain and have been covered 

by basalt (Williams et al. 1990; McCurry et al. 1996).  The term ‘eruptive centre’ was used 

for the region in which the Cougar Point Tuff succession is exposed in the Bruneau and 

Jarbidge canyons with the caveat that it referred to a geographic location from which the 

Cougar Point Tuff units were erupted, rather than any single caldera (Bonnichsen 1982).  

The area of the Bruneau-Jarbidge eruptive centre is ~4,100 km2 inferred from aeromagnetic 

anomalies and delimited by a series of faults on the south and west and with the northern 

and eastern boundaries (Bonnichsen 1982).  Lineations suggest that rheomorphic flow in 

ignimbrites was either to or from this region post deposition and following cessation of the 

explosive activity, several rhyolite lavas are confined within this area.  Some features of the 

Bruneau-Jarbidge eruptive centre are however inconsistent with an eruptive centre, for 

example no lithic breccias have been reported in the ignimbrites.  These are common in 

proximal areas as a product of caldera collapse during the climactic phase of eruption e.g. 

Mt. Mazama (Druitt and Bacon 1986), Campi Flegrei (Rosi et al. 1996) and Santorini 

(Druitt and Sparks 1982).  Mesobreccias and megabreccias which also typify caldera 

successions (e.g. Troll et al. 2004; Kokelaar et al. 2007) have also yet to be reported from 

the central Snake River Plain.  The thickness of the ignimbrites is not typical of intracaldera 

facies, the maximum thickness of a single unit is the 100 m thick Cougar Point Tuff VII 

(Bonnichsen and Citron, 1982) whereas intracaldera facies from elsewhere are reported to 

be 300-1,000 m thick (Steven and Lipman 1976; Schermer and Busby 1994; Morgan and 

McIntosh 2005).  Furthermore, no proximal Plinian fall deposits or caldera lake sediments 

have been reported which are common from other intra-caldera sequences (e.g. English 

Lake District, Kokelaar et al. 2007; Katmai, Fierstein and Hildreth 1992).  

   

A number of discrete spaced eruptive centres have been proposed along the Snake River 

Plain (Fig. 1.1) from the McDermitt centre at c. 16 Ma through to the Yellowstone plateau 
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(Pierce and Morgan 1992) in the east.  However, the concept of discrete eruptive centres 

has been challenged by several authors: Bonnichsen and Godchaux (2002) suggest that the 

distance between the inferred Bruneau-Jarbidge and Twin Falls eruptive centres may have 

been increased during opening (rifting) of the western Snake River Plain graben (Fig 1.2 

B).  During the period 10.4-9.5 Ma there were rhyolitic eruptions spanning 200 km along 

the plain, inconsistent with the idea of discrete spaced eruptive centres (Bonnichsen et al. 

2008).  Branney et al. (2008) also suggested that the calderas produced during the explosive 

eruptions may be overlapping and shingled along the plain as is apparent around the 

Yellowstone volcanic field.     

 

Snake River-type volcanism 

Snake River (SR)-type volcanism is a recently defined category of volcanism.  It was 

proposed because it differs markedly from the better-known rhyolitic activity which 

typically gives rise to Plinian fall deposits, non-welded ignimbrites and rhyolitic domes 

(Table 1.1).  The type area for SR-type volcanism is the central Snake River Plain which 

encompasses the massifs bordering the Bruneau-Jarbidge and Twin Falls eruptive centres 

(c. 13-8 Ma; Fig. 1.1 B).  SR-type volcanism is defined by an association of eighteen facies, 

some of which are apparently unique to the Snake River Plain while others have been 

reported from other volcanic provinces although not to the same degree, or with the same 

association.  Snake River-type ignimbrites are commonly intensely welded (Fig. 1.3 A, B), 

often lava-like (sensu Branney and Kokelaar 1992) and highly rheomorphic (e.g. Andrews 

et al. 2008) despite metaluminous chemistry (Bonnichsen and Citron 1982; Cathey and 

Nash 2004; Bonnichsen et al. 2008).  The ignimbrites and lavas of the central Snake River 

Plain are inferred to have had high magmatic temperatures, commonly > 900 oC (e.g. Honjo 

et al. 1992; Cathey and Nash 2004; Andrews et al. 2008) whereas typical rhyolites have 

magmatic temperatures of 700-900oC (e.g. Hildreth 1979; Coombs and Gardner 2001; 

Wilson et al. 2006).  Commonly fallout deposits beneath SR-type ignimbrites are fused due 

to heat conducted downwards reflecting high emplacement temperatures.   
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The rhyolites have an anhydrous mineralogy (e.g. Honjo et al. 1992) dominated by quartz, 

plagioclase, sanidine, pigeonite, augite, fayalite, ilmenite, titanomagnetite and accessory  
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zircon and apatite which, when allied to the high magmatic temperatures suggests low 

magmatic water contents.   

 

SR-type ignimbrites are well-sorted (σφ 0.8 -1.5) compared to typical ignimbrites (σφ 2-5) 

as defined by Walker (1971).  This well-sorted nature is a function of the lack of pumice or 

lithic lapilli in the ignimbrites; commonly less than 5% of the material in these ignimbrites 

is lapilli-sized or larger.  The lack of pumice lapilli is not confined to the ignimbrites; the 

underlying fallout deposits are commonly layers of parallel-bedded medium ash 

(Bonnichsen and Citron 1982; Branney et al. 2008; Fig 1.3 C) with individual shards 

having thick bi and tri-cuspate remnant bubble walls.  This contrasts with the framework 

supported, angular lapilli of microvesicular pumice which typify the fallout deposits in 

many rhyolitic provinces (e.g. Bond and Sparks 1976; Hildreth 1979; Fierstein and Wilson 

2005).       

 

Snake River-type rhyolites are also associated with a strong depletion in δ18O, with both 

ignimbrites and lavas producing values ranging between -1.3 and 3.8 ‰, significantly 

lower than the 7–10 ‰ δ18O of typical rhyolites (Boroughs et al. 2005).  One possibility to 

account for the depletion of δ18O is assimilation of hydrothermally altered crust such as 

Idaho batholith with the amount of assimilant required dependent upon its isotopic 

characteristics (Boroughs et al. 2005).  Further east, outside of the type area of SR-type 

volcanism, rhyolites from the Heise volcanic field have been reported with a variable 

depletion in δ18O.  Three ignimbrites of normal δ18O were erupted and followed by the 

Kilgore Tuff and post-Kilgore lavas which have low δ18O (Bindeman et al. 2007).  The 

ignimbrites from Yellowstone have slightly low to normal δ18O (Bindeman and Valley 

2000).  At the Heise and Yellowstone centres, Bindeman et al. (2007) have suggested that 

the depletion of δ18O can be linked to the progressive evolution of a volcanic centre, with 

the deposits of larger volume ignimbrites having higher δ18O.  How this relationship may 
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be applied to the central Snake River Plain is unclear as currently no isotopically normal 

rhyolite from the central Snake River Plain has been reported. 

 

Volumes 

The erupted volumes of the younger eruptive centres (Yellowstone and Heise) are 

reasonably well constrained.  The Yellowstone volcanic field has a cumulative erupted 

volume slightly larger than 3,800 km3 (Christiansen 1984; 2001) whereas the Heise Group 

has a total volume ~ 4,050 km3 (Morgan and McIntosh 2005).  The volume of the older 

eruptive centres is even less well constrained.  Estimates for the amount of rhyolite in the 

central Snake River Plain vary widely, estimated at 7,000 km3 (Bonnichsen et al. 2008) 

whereas the volume of just the Cougar Point Tuff succession has been estimated as 10,000 

km3 (Perkins and Nash 2002).  

 

Volumes of individual ignimbrites within the Snake River Plain are equally poorly 

constrained, as a result of poor characterisation of the individual units in terms of 

geochemistry, stratigraphy and the lack of geological maps for much of the region.  The 

largest estimates come from those in the Cougar Point Tuff whereby individual events are 

estimated at 1,000 km3 (Bonnichsen et al. 2008) and up to 500 km3 (Boroughs et al. 2005).  

Recently Leeman et al. (2008) estimate volumes of between 100 and 1,800 km3 for the 

individual eruption units although no justification (e.g. distribution maps) is given for the 

volumes assigned to each unit.  Between the larger ignimbrites are some smaller units, such 

as those seen near the top of the Rogerson Graben stratigraphy, with individual volumes ~ 

10 km3 (e.g. Sand Springs Ignimbrite of Andrews et al. 2008).  These estimates have to be 

considered as having large errors, for example the volumes of individual Cougar Point Tuff 

ignimbrites were previously estimated to an order of magnitude (Boroughs et al. 2005).   
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Current estimates of eruption volumes for individual central Snake River Plain ignimbrites 

are amongst the largest known.  Mason et al. (2004) classify ignimbrites by way of erupted 

mass rather than volume, which allows comparison between non-welded deposits and 

intensely welded deposits on an equal basis.  Using this classification, eruptions from 

outside the type area of SR-type volcanism e.g. the Huckleberry Ridge Tuff from 

Yellowstone and the Kilgore Tuff from Heise were within the top 25 largest eruptions 

known.  If the volumes of Leeman et al. (2008) are correct, Cougar Point Tuff units 11 and 

13 would be of similar magnitude.  The largest eruptions of historical times, those of 

Tambora and Krakatau are compared in Figure 1.4 with the Huckleberry Ridge Tuff and 

the Kilgore Tuff.  Whilst compiling the volumes of big eruptions, Mason et al. (2004) 

suggested there may be more ‘super-eruptions’ (those with volumes > 300 km3 DRE and 

750 km3 of ash; Sparks et al. (2005) within the CSRP.      

 

In addition to the ignimbrite volumes, SR-type volcanism is characterised by large volume 

rhyolitic lavas (Bonnichsen and Kauffman 1987; Branney et al. 2008) with volumes 

reaching 200 km3 (Bonnichsen 1982; Fig 1.3 D).  These lavas are many times larger than 

the (5 km3) small domes and couleés that typify rhyolitic eruptive centres elsewhere (e.g. 

Fink and Bridges 1995). 

 

Interaction with water 

Evidence is emerging that some of the volcanic deposits in central Idaho show evidence of 

having been emplaced into wet, fluvio-lacustrine environments.  The most widespread 

evidence comes in the form of basaltic pillow lavas and ‘water-affected basalt’ (Godchaux 

and Bonnichsen 2002).  Pillow lavas are common in western Idaho at an altitude of > 800 

metres, reflecting the presence of Lake Idaho during the Miocene.  The lake was hosted in 

the Western Snake River Plain graben and was of similar size to the present-day great lakes 

of North America (Bonnichsen and Godchaux 2002).  During the Miocene the extent of the 

lake is supposed to have waxed and waned with the eastern and southern margins of the 
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lake not currently established.  The western and northern margins of this lake are well 

constrained with evidence from rhyolitic lavas suddenly becoming brecciated upon entering 

water (e.g. Jump Creek Rhyolite) or having strong development of opal, restricted to 

beneath 2900 feet (~ 800 m).  The Wilson Creek Rhyolite has an age of 11.41 ± 0.08 Ma 

(Godchaux and Bonnichsen 2002) helping to constrain the timing of Lake Idaho, which is 

estimated to have been present from 12 to 2 Ma in the western Snake River Plain graben 

(Bonnichsen and Godchaux 2002).  In the massifs to the south of the Snake River Plain, 

there is abundant evidence for interaction of pyroclastic material and water.  Some rhyolite 

units are silicified reflecting post-depositional alteration (e.g. Browns Bench Unit 1; 

Bonnichsen et al. 2008), whilst other units have peperitic bases reflecting emplacement on 

a wet substrate (e.g. Tuff of Wooden Shoe Butte; Fig. 1.5 D; Branney et al. 2008).   

 

Volcaniclastic sediments have been reported from the Bruneau-Jarbidge eruptive centre 

(Bonnichsen 1982), the Rogerson Graben (Andrews et al. 2008) and the Cassia Mountains 

(Williams et al. 1990; Perkins et al. 1995).  These may contain ripples (e.g. Fig. 1.5 A) and 

scour surfaces (e.g. Tuff of Wooden Shoe Butte) as well as massive facies.      

Ash aggregates, often used to infer activity involving water, are common with numerous 

units in the central Snake River Plain containing accretionary lapilli (e.g. Jackpot 6 of 

Andrews et al. 2008) or rimmed pellets (e.g. the Tuff of Wooden Shoe Butte, Tuff of 

Magpie Basin).   

 

Other styles of volcanism 

SR-type volcanism is defined with respect to the deposits surrounding the inferred Twin 

Falls and Bruneau-Jarbidge eruptive centres, in that succession, all deposits are of SR-type.  

Outside the type area of SR-type volcanism deposits may or may not show some 

characteristics of SR-type volcanism.   
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The Magic Reservoir eruptive centre (MREC) exhibits deposits that are not of SR-type 

(Leeman 1982; Honjo and Leeman 1987); it is excluded from the ‘type area’ of SR-type 

volcanism because its younger age (c. 3 Ma) places it out of age progression (Leeman 

2004; Fig. 1.2 A) and it is located off axis to the north of the plain.  The MREC contains 

non to weakly welded ignimbrites (e.g. the Young Tuff of Magic Reservoir) with abundant 

pumice clasts in their non-welded facies.  Where the ignimbrites are weakly welded the 

MREC ignimbrites show a well-developed eutaxitic texture which has not been reported 

from SR-type ignimbrites. Fallout deposits from the MREC are clast supported, well-

sorted, framework supported angular pumice lapilli.  The Magic Reservoir eruptive centre 

also contains numerous small volume (≤ 1 km3) rhyolitic lava domes.   

 

The 10.2 Ma Arbon Valley Tuff (Kellogg et al. 1994) is one of the few units thought to 

have been erupted from the Picabo eruptive centre (Fig. 1.1 B; Fig. 1.2 A).  This unit is 

distinctly different to the time-equivalent ignimbrites erupted from the Bruneau-Jarbidge 

and Twin Falls eruptive centres further west.  The Arbon Valley Tuff is dominantly non-

welded, pumice and lithic-bearing, moderate to poorly-sorted and containing framework-

supported pumice-lapilli fallout deposits.  The ignimbrite contains many features 

characteristic of ignimbrites produced from normal explosive rhyolitic volcanism e.g. 

presence of non-rhyolitic lithics, imbrications of pumice clasts and elutriation pipes, all of 

which are rare to absent in Snake River-type ignimbrites.  The Arbon Valley Tuff also has a 

distinctive isotopic signature compared to the SR-type ignimbrites further west, it has εNd 

of -20 compared to εNd of c. -7 for SR-type rhyolites and εHf of -22 compared to εHf of c. 

-5 for SR-type rhyolites (Nash et al. 2006).   

 

Global occurrence of SR-type volcanism 

Understanding SR-type volcanism is of importance as it represents a devastating style of 

volcanic activity which has seemingly occurred numerous times through Earth history.  
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Given that Snake River-type volcanism has been defined on the basis of an association of 

facies (Branney et al. 2008), the ‘degree’ of Snake River-type behaviour may vary.  The 

locations of volcanic provinces worldwide with aspects of Snake River-type behaviour are 

shown in Figure 1.6.  The deposits in Etendeka are of very similar style with large volume, 

intensely welded rhyolites, produced from magmas of inferred high magmatic temperatures 

and estimated low water contents (e.g. Ewart et al. 1998).  The rhyolites of the mid-

continental rift in Keweenawan are also of Snake River-type with some intensely welded, 

lava-like ignimbrites of high inferred temperatures intercalated with reworked 

volcaniclastic deposits (e.g. Green 1989; Green and Fitz 1993).  In the English Lake 

District, SR-type deposits are present in intra-caldera deposits with intensely welded lava-

like ignimbrites (e.g. Branney et al. 1992), fine-grained ashfall deposits and ash aggregates 

(e.g. Branney 1991) but other aspects differ such as the presence of fiammé and pumice in 

some of the ignimbrites, small-volume lava domes and coulees, and a calc-alkaline 

chemistry which are not characteristic of SR-type volcanism.   

 

This work 

This thesis is organised as follows:   

Chapter 2 investigates the geochemical evolution of the Twin Falls eruptive centre and 

compares the petrology of the erupted products to those of the preceding Bruneau-Jarbidge 

eruptive centre.   

 

Chapter 3 combines field, geochemical and geochronological data to correlate units 

described in Chapter 2 with others from adjacent massifs along the southern margin of the 

Snake River Plain.  In addition to the correlations based on the units of Chapter 2, further 

correlations are tested based on the regional stratigraphic framework proposed by 

Bonnichsen et al. (2008).   
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Chapter 4 investigates the eruptive mechanism of a non-welded ignimbrite intercalated 

within the succession described in Chapter 2 to consider the effect of water in the formation 

of the fine-grained non-welded ignimbrite and the implications for the eruptive centre. 

 

Chapter 5 utilises data obtained from melt inclusions to determine the degree to which the 

pre-eruptive volatile content may have controlled the eruptive style of that magma.  It also 

explores the relative roles of halogens and emplacement temperatures upon the 

rheomorphic behaviour of Snake River-type ignimbrites. 

 

Chapter 6 synthesises the work and suggests some possible avenues for future study.   
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Chapter 2: Geochemical evolution of the Twin Falls eruptive centre 

and comparison with the Bruneau-Jarbidge eruptive centre 
 

Abstract   

A succession of rhyolitic ignimbrites in the Cassia Mountains of southern Idaho record the ~11.3-

8.6 Ma eruptive behaviour of the Yellowstone hotspot.  They are thought to be derived from the 

proposed Twin Falls eruptive centre, buried beneath younger basalts of the central Snake River 

Plain.  Most are intensely welded and separated by slope-forming non-welded volcaniclastic 

deposits including ashfall layers, sediments and one non-welded ignimbrite.  The volumes of 

individual eruption units range from tens to hundreds of cubic kilometres.  High (900 ±50 oC) 

magmatic temperatures are inferred from a variety of geothermometers and are consistent with 

anhydrous phenocryst assemblages.  The ignimbrites show remarkable chemical heterogeneity on 

a phenocryst scale with multiple compositional modes of both pigeonite and augite, present 

within a single ignimbrite.  Crystal aggregates of clinopyroxene, feldspar and iron oxides record 

only a single mode of pigeonite and a single mode of augite.  This is thought to reflect a 

magmatic system in which a single parental magma generated a number of smaller magma 

chambers, which then under slightly different conditions fractionated slightly differently to 

produce the different clinopyroxene compositions.  The silicic volcanic succession shows a 

temporal trend towards more mafic compositions in whole rock, feldspar, clinopyroxene and 

glass compositions.  The uppermost unit, the McMullen Creek Member, represents a marked 

change in this trend with a return to more evolved compositions than the preceding units.  The 

McMullen Creek Member is also distinct in terms of neodymium isotopes indicating a larger 

crustal component.  The Cassia Mountain ignimbrites are interpreted as being produced from a 

complex magmatic system in which multiple batches of magma became physically separated 

prior to eruption and then mixed during the eruptions.  This model contrasts with the preceding 

Bruneau-Jarbidge eruptive centre, which has been inferred to represent a large-volume, long-

lived, thermo-chemically zoned magma system.   
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Introduction 

The Cassia Mountains are located on the southern margin of the Snake River Plain in southern 

Idaho, USA.  The Snake River Plain represents the trace of the Miocene Yellowstone hotspot, 

thought to have initiated around 17 Ma with the impact of a mantle plume at the base of the 

continental lithosphere near the Idaho-Oregon border (Draper 1991; Camp and Ross 2004).  

Silicic volcanism associated with the hotspot is broadly time transgressive, younging northeast 

towards Yellowstone (Pierce and Morgan 1992).  The sources of the silicic eruptions are thought 

to have been spaced ‘eruptive centres’ (Bonnichsen 1982; Pierce and Morgan 1992; McCurry et 

al. 1996) between McDermitt in the west ~16 Ma (Henry et al. 2006) to Yellowstone in the east 

~2 Ma (Christiansen 2001; Fig. 2.1).  Bonnichsen (1982) proposed that the Bruneau-Jarbidge 

region of northern Nevada represents a buried ‘eruptive centre’ with the caveat that it was 

possible that the sources of these eruptions were overlapping calderas rather than a discrete 

caldera volcano.  A succession of outflow ignimbrite sheets are exposed in the hills bordering the 

Snake River Plain.  The sources of these ignimbrites have been obscured by later basalt lavas 

(Williams et al. 1990; Shervais et al. 2006).  The Twin Falls eruptive centre (Fig. 2.1) proposed 

by Pierce and Morgan (1992) is located north of the Cassia Mountains, and has been considered 

to be the source of some of the ignimbrites within the Cassia Mountains (McCurry et al. 1996).  

This chapter characterises the stratigraphy of the ignimbrites and provides geochemical data to 

provide constraints on the possible Twin Falls eruptive centre and its magmatic system. 

 

Snake River-type volcanism 
The Cassia Mountains lie within the type area of Snake River or ‘SR’-type volcanism (Branney 

et al. 2008), which includes the Bruneau-Jarbidge eruptive centre in the west and the Twin Falls 

eruptive centre in the east.  Snake River-type volcanism is defined by a distinctive association of 

volcanic facies.  Some of the facies occur at other volcanic provinces but to a lesser extent or 

degree, while others appear to be unique to Snake River-type volcanism.  The SR-type 

association includes large volume (VEI 6-8) ignimbrites that are intensely welded.  They are 

unusually well-sorted compared to ignimbrites elsewhere and typically contain few if any lapilli.  

Pumice lapilli are rare within SR-type ignimbrites and fall deposits, which are commonly parallel  
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bedded fine to coarse ash rather than typical Plinian pumice fall layers.  SR-type volcanism 

contains abundant evidence of interaction with water, including basaltic pillow deltas, peperitic 

bases to ignimbrites, volcaniclastic sediments, ‘water-affected basalt’ (Bonnichsen and Godchaux 

2002) and ash aggregates.  Many of the features of SR-type volcanism are well displayed within 

the Cassia Mountain succession, which forms the basis of this chapter.   

 

Geological Background 
The Cassia Mountains (Fig. 2.2) are one of a series of massifs flanking the central Snake River 

Plain (CSRP); others include the fault-bounded Browns Bench massif to the west and the Mount 

Bennett Hills on the north side of the Plain (see Chapter 3).  All these massifs are composed of 

rhyolitic ignimbrites with subordinate ashfall layers and lavas.  Typical exposures are found in 

deep canyons.  The intensely welded units form cliffs separated by gentle slopes that record non-

welded ignimbrites and ashfall layers, reworked volcaniclastic deposits and palaeosols.  The ages 

of the rhyolitic rocks are not well constrained, although more geochronological data has recently 

become available (Link and Oakley 2006; Bonnichsen et al. 2008 and Chapter 3).  Ages of some 

of the volcanic units in the Cassia Mountains have been published, however there is some 

disagreement about the correct age of the individual units.  The Big Bluff Member (Fig. 2.3) was 

dated by 40Ar/39Ar and found to be 10.83 ± 0.03 Ma using crystal separates from a distal 

correlative ashfall collected at Trapper Creek (Perkins et al. 1995).  However, this age was later 

revised to 10.93 ± 0.03 Ma by Perkins et al. (1998) and is revised to 11.01 using the Renne et al. 

(1998) Fish Canyon Tuff age.  The Steer Basin Member (Fig. 2.3) was estimated to be 10.50 ± 

0.2 Ma based on interpolation between known units (Perkins and Nash 2002).  Cathey and Nash 

(2004) show that the interpolation method of Perkins and Nash (2002) is robust as indicated 

within the Cougar Point Tuff succession where it is based on a stratigraphy with good 

geochronological control.  The Wooden Shoe Butte Member was dated as 8.6 ± 0.2 Ma by 
40Ar/39Ar age based on a welded unit in the Trapper Creek area (Fig. 2.1), some 30 kilometres 

east of Rock Creek (Perkins et al. 1995), but a more recent date of 10.20 ± 0.03 (Perkins et al. 

1998; again recalculated to Renne et al. 1998) is preferred as the Wooden Shoe Butte Member 

likely represents the ‘unknown tuff’ of Trapper Creek (Perkins et al. 1995) which was dated by  
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40Ar/39Ar as 10.02 ± 0.03 Ma.  The overlying McMullen Creek Member (Fig. 2.3) from the 

Trapper Creek section is reported as 8.94 ± 0.07 Ma (Nash et al. 2006), consistent with the age of 

the Wooden Shoe Butte Member being 10.13 Ma as reported by Perkins et al. (1998). 

 

The lowermost units in the Cassia Mountains (from the Ibex Peak to the Steer Basin Member; 

Fig. 2.3, 2.4, 2.5, 2.6) are considered to be part of the Rogerson Formation (Andrews et al. 2008; 

see Chapter 3).  The Rogerson Formation is named after the Rogerson Graben area 40 km to the 

west of the Cassia Mountains.  The Cassia Mountains were mapped by Mytton et al. (1990) and 

Williams et al. (1990, 1991).  Two of the units at the base of the Rock Creek section, the Big 

Bluff and Steer Basin members (Fig. 2.3) are thought to be the equivalents of the Jackpot 

Member 1-6 and Jackpot Member 7 in the Rogerson Graben (Andrews et al. 2008; Chapter 3).  

Since the mapping work, studies have mostly focussed on the geochemistry and petrology of 

individual units (Watkins et al. 1996; Parker et al. 1996).  Lineation data have been mapped and 

tentatively indicate that the Big Bluff Member came from the east, whereas other ignimbrites 

have sources to the north of the Cassia Mountains (McCurry et al. 1996; Fig 2.1).  The units 

above the Steer Basin Member are termed the Cassia Formation, based on their outcrop in the 

Cassia Mountains. 

 

This study investigates how the magmatic system that produced these units evolved through time, 

as recorded by the rhyolitic stratigraphy of the Cassia Mountains.  The stratigraphy in this paper 

is based on that in Rock Creek (Fig. 2.2) with supporting evidence from Trapper Creek, and the 

intervening canyons.   
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Unit descriptions 

The Ibex Peak Member 
The Ibex Peak Member is poorly exposed in the Rock Creek area.  It reaches 10 m thickness and 

unconformably overlies Permian limestone (Williams et al. 1990).  To the east, in Trapper Creek 

the Ibex Peak Member thickens dramatically to > 50 m.  In Trapper Creek, the Ibex Peak 

Member contains silicified deposits and abundant diatomite.  

 

Interpretation: the Ibex Peak Member is mostly volcaniclastic sediment.  The greater thickness of 

the formation in the eastern Cassia Mountains (e.g. Trapper Creek) suggests that this eastern area 

was a local depocentre for sediments, possibly a fault-bound basin formed by Miocene extension 

(Hildebrand and Newman 1985). 

 

Magpie Basin Member 
The base of the Magpie Basin Member rests on a well developed palaeosol containing calcified 

rootlets.  Above this, a metre-thick parallel-bedded, well-sorted ash, exposed in a single erosional 

gully (Fig. 2.5 A), contains a bed of coated pellets.  The pellets are up to a centimetre in diameter 

and composed of a core of medium ash surrounded by a single layer of white fine ash.  Above the 

bedded ash is a 10-20 m thick sheet of intensely welded rhyolitic tuff with thick (3 m) upper and 

lower vitrophyres and a sheet-jointed, lithoidal centre (Fig. 2.4).  The vitrophyres host abundant 

red spherulites that are characteristic of the Magpie Basin Member and angular fragments of non-

vesicular glass < 3 cm in diameter.   

 

Interpretation: The presence of the laterally continuous parallel bedding and coated pellets and 

the good sorting are characteristic of deposition by fallout.  The absence of a basal breccia and 

limited thickness of the overlying welded rhyolite suggests that it is an ignimbrite rather than a 

lava.  Rhyolitic lavas in the Snake River Plain have basal autobreccias and are generally > 30 m 

in thickness (e.g. Bonnichsen and Kaufman 1987; Branney et al. 2008).  The presence of 

abundant small clasts of black glass within the interior of the unit further supports the 
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interpretation as an intensely welded ignimbrite.  The bedded ash and coated pellets are 

interpreted to represent a series of discrete fallout events preceding the emplacement of the 

ignimbrite.    

 

Big Bluff Member 
The lowest exposure of the Big Bluff Member is composed of ≤ 2 m of parallel-bedded, well-

sorted ash similar to that seen within the base of the Magpie Basin Member (Williams et al. 

1990).  Above this at the type section in Magpie Basin is at least 70 m of intensely welded 

rhyolitic tuff (Fig 2.3, Fig. 2.5 B) including a couple of metres thickness of crystal rich (c. 15%) 

black basal vitrophyre above which is sheet jointed rhyolite.  Both the vitrophyre and the sheet 

jointed rhyolite contain small angular chips of dense black glass, commonly ~0.5 cm in size but 

reaching 3 cm.  This zone is separated from the overlying columnar jointed zone by a lithophysal 

horizon.  The columnar jointed zone reaches ten metres in thickness and its upper contact is 

marked by a second lithophysal horizon with some of the lithophysae reaching 5-10 cm in 

diameter.  Above this is a lithoidal intensely welded zone with abundant glass chips topped by a 

third lithophysal horizon.  Most of the thickness of the Big Bluff Member lies above this 

lithophysal horizon: the basal part is weakly columnar and the overlying part is massive and 

lithoidal (Fig. 2.4).  The lithoidal zone becomes increasingly more sheet-jointed and slightly 

rheomorphic towards the top.  Above the rheomorphic zone is a zone of spherulites, some 

containing green chalcedony fills.  The upper vitrophyre of the Big Bluff Member is thin and has 

perlitic texture which underlies a non-welded massive tuff containing small (centimetre scale) 

chips of black glass and rare tubular pumice in a pink matrix.  The top of this is not seen.   

   

Interpretation: the Big Bluff Member is interpreted as an intensely welded rhyolitic ignimbrite.  

The lithophysal horizons mark the former presence of vitrophyres that have subsequently 

devitrified.  The absence of a basal breccia, entirely pyroclastic nature of the deposit, presence of 

zones of glassy chips and very large volume, indicate that the Big Bluff Member above the basal 

ashfall layer is an ignimbrite.  This interpretation is supported by the presence of the non-welded 

facies seen at the top of the Big Bluff Member (Fig. 2.4).     
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Unit ‘TT1’ 
Previous accounts describe a ‘white to grey, locally light green, thin to thick-bedded airfall tuff 

and silty to sandy thin-bedded water-laid tuff’ (Williams et al. 1990) above the Big Bluff 

Member and beneath the Steer Basin Member.  Throughout the Cassia Mountain region this map 

unit is poorly exposed, commonly forming grassed slopes between the two cliff-forming 

rhyolites.  It is not described further herein.     

 

The Steer Basin Member 
The lowest exposure of the Steer Basin Member is a highly distinctive layer of aphyric obsidian 

with large scale perlitic texture, at least a metre thick.  Above this is a succession of vitrophyre 

layers with contrasting phenocryst abundances (Fig. 2.5 C).  Overlying the parallel bedded ash 

facies is a 5 m thick section of massive vitrophyre which contains lenses of feldspar crystals.  

Above the vitrophyre, the lithoidal rhyolite is strongly sheet-jointed (cm scale) and contains small 

fiammé typically several centimetres long and up to a centimetre thick in the basal part.  Similar 

features have been reported from the Jackpot 7 Member in the Rogerson Graben (Andrews et al. 

2008).  The upper half of the member is strongly deformed by medium scale open to tight 

rheomorphic folds (Fig. 2.6) picked out by flow banding and partly by sheet jointing.  This flow 

folded section is the source of the ‘talus apron’ characteristic of the Steer Basin Member 

(Williams et al. 1990).  The uppermost 5 m show flow banding extending up into the thin (50 

cm), glassy upper vitrophyre that grades up into a non-welded tuff (Fig. 2.6) which shows 

evidence of incipient soil formation at the top.    

 

Interpretation: The flow-banded Steer Basin Member is interpreted as a high grade, lava-like 

ignimbrite on the basis of widespread eutaxitic fabric in the lower parts and the absence of a basal 

autobreccia.  The basal obsidian layer within the parallel bedded lower section may represent a 

distal, vent-derived ashfall deposit.  The obsidian deposit appears exceptionally well-sorted and is 

entirely aphyric, an alternate possibility is that it represents a co-ignimbrite fallout deposit (which 

are commonly finer-grained) subsequently covered by the ignimbrite and fused.  The bedding in 

the vitrophyre of phenocryst rich and poor layers is taken to represent an ashfall deposit  
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associated with the same eruption that produced the overlying ignimbrite.  The upper flow folded 

region of the ignimbrite, a common feature of SR-type volcanism (Branney et al. 2008), but lack 

of an upper autobreccia implies that rheomorphism was predominantly syn-depositional and post-

depositional rheomorphism was minimal.  The gradational contact between the upper vitrophyre 

and the non-welded facies of Steer Basin Member ignimbrite is further evidence that this unit is 

not a lava.   

 

Niles Gulch Member 
The Niles Gulch Member lies on top of the palaeosol at the top of the Steer Basin Member (Fig. 

2.7).  At the base of the member are a series of thin beds of moderate to well-sorted gravel 

containing sub-rounded to rounded millimetre to centimetre-scale clasts, often exhibiting cross-

stratification.  Above this gravel is a 5 to 10 metre thickness of interbedded sand and mud 

showing irregular thickness variations.  The top of the Niles Gulch member is another gravel 

overlain by a well-developed palaeosol.   

 

Interpretation: the Niles Gulch Member is interpreted as representing a transgression and 

regression of the margin of a lake.  The upper and basal gravels that are seen represent the 

rearrangement of small drainages in response to the change in lake level, whereas the variably 

thick, well bedded repetitions of sand and mud are interpreted as representing deposition from 

suspension in the centre of the lake during a hiatus in eruptive activity.       

 

Antelope Member 
The Antelope Member is up to 6 m thick at its type locality in Rock Creek.  This member shows 

great variety between locations, typically it is dominated by normally graded couplets of sand and 

silt often interbedded with rippled sand (Fig 2.5 D).  The lowest exposure of the Antelope 

Member represents a weakly developed palaeosol, overlain by massive sand which exhibits 

small-scale scours with fine mud drapes on top and lenses of coarse sand and gravel near the top.  

Within the centre of the Antelope Member, ripples are seen interbedded with the normally-graded  
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couplets of sand and silt.  The upper reaches of the Antelope Member contain clast-supported 

gravels (Fig. 2.5 E) overlain by a massive sand grade unit which has been bioturbated and 

contains calcified rootlets, representing a palaeosol. 

 

Interpretation: The Antelope Member is interpreted here as being a volcaniclastic lacustrine 

deposit.  The two dominant lithofacies are interpreted as representing suspension settling 

(producing the normally graded couplets) and the presence of ripples strongly suggests that this 

member was deposited subaqueously.  The interbedded nature of the two dominant facies 

suggests that the environment of deposition was fluctuating between still water and tidal 

dominated environments.  The clast supported gravels and the presence of palaeosols suggest that 

the Antelope Member records a series of changing palaeoenvironments, passing from sub-aerial 

to lacustrine to fluvial back to sub-aerial.       

 

Deadeye Member 
The lowest deposits of the Deadeye Member are a series of centimetre-scale beds of parallel-

bedded ash and pumice which together are 2 m thick (Fig. 2.7, Fig. 2.8A).  Above this lies a 2.5 

m thick deposit of massive tuff which on passing upwards exhibits diffuse cross-stratification and 

an abundance of accretionary lapilli which occur in diffuse cross-stratified layers.  The 

accretionary lapilli are composed of cores of medium ash surrounded by concentric lamination s 

of fine grained white ash.  Some show evidence of soft-state deformation suggesting that they 

were moist upon emplacement.  The accretionary lapilli (Fig. 2.8 B) are clast supported in places.  

Above this lie a series of well-bedded deposits which pass upwards into a thick (> 1m) orange 

palaeosol.  The Deadeye member is discussed in greater detail in Chapter 4.   

 

Interpretation: The Deadeye Member is interpreted here as a pyroclastic deposit, rather than a 

volcaniclastic sediment as mapped by Williams et al. (1990).  This interpretation is based on the 

paucity of reworking features throughout the Member.  The presence of coated pellets and 

accretionary lapilli in a diffuse cross-stratified tuff suggest it is a pyroclastic unit.  The lowermost 

part of the Deadeye Member, dominated by the thin bedded fine to coarse ash facies is interpreted  
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as a succession of fall deposits.  They are overlain by a non-welded ignimbrite (pyroclastic 

nature, diffuse cross-stratification) overlain by further ashfall layers which record a return to 

fallout deposition.  The Deadeye eruption is interpreted as having involved external water which 

enhanced the fragmentation of the erupting magma, resulting in the fine-grained ashfall and 

entirely non-welded ignimbrite (see Chapter 4).       

 

Wooden Shoe Butte Member 
The Wooden Shoe Butte Member (WSB) overlies the soil developed at the top of the Deadeye 

Member.  In Rock Creek, the basal 3 m of the Wooden Shoe Butte Member are alternating 

rippled sand, parallel-bedded ash and diffusely cross-stratified ash containing pellets (Fig 2.8 D 

and E, Fig. 2.9).  This becomes progressively more fused upwards.  Above these deposits is a 70 

m thick welded rhyolitic tuff containing various proportions of glassy fragments reaching 2 

centimetres in diameter.  Close to the Snake River Plain at the Hursch farm (HF Fig. 2.1) the 

basal contact of the rhyolite is distinctly peperitic with tongues of non-welded material injecting 

up into the welded tuff and small chips of the welded tuff are enclosed in the sediment 

surrounding the intrusion (Branney et al. 2008).  The substrate is ashfall as seen beneath the 

Wooden Shoe Butte Member elsewhere, however close to the plain it is not fused, possibly due to 

the presence of water.   

 

Above the basal vitrophyre a hackly zone with lithophysae passes upwards into a zone of dimple 

jointing (Bonnichsen 1982b) and to a thick sheet-jointed zone, 10 and 20 m thick topped by a 

lithophysal zone.  In places above a bench a second vitrophyre is present in the WSB.  The 

medial vitrophyre is partially welded and eutaxitic with abundant dense glassy clasts. The vitric 

chips extend upwards into the devitrified part of WSB.  The upper portion of WSB may reach 25 

m thick with a 2 m thick upper vitrophyre that caps an upper flow-folded zone.   

At Trapper Creek (Fig. 2.1), the WSB has a different internal stratigraphy, with the lowermost 

part dominated by rippled and scoured sand interbedded with reworked fallout deposits.  Above 

this is a non-welded ignimbrite (Fig. 2.8 E) with abundant dense glass clasts that grades upwards 

into a thin (c. 5 m) sheet of dense black glass containing abundant spherulites.   
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Interpretation: the WSB is interpreted to represent the product of an explosive eruption, 

emplaced onto a variable landscape.  In Rock Creek, the pre-ignimbrite succession is dominated 

by parallel-bedded well-sorted tuff interpreted as resulting from sub-aerial fallout, whereas at 

Trapper Creek the pre-ignimbrite stratigraphy is dominated by lithofacies produced by 

reworking.  The majority of the Member, the massive lapilli-tuff, is interpreted as an ignimbrite 

as shown by the gradational contact between non-welded and welded massive lapilli tuff seen at 

Trapper Creek (Fig. 2.8 E), the pyroclastic nature of both the welded and non-welded deposits 

and the presence of a basal fines-poor layer (a ground layer).  The unusual thickness variations 

and pinching out of tuffs is consistent with a density current advancing over topography and the 

erosive base of the unit at Trapper Creek and the absence of any basal autobreccia further 

strengthen the interpretation.  In Rock Creek, the uppermost parts of the bedded ash facies are 

progressively fused due to the conduction of heat downwards from the hot ignimbrite, reflecting 

the high temperature of emplacement of the ignimbrite.  The presence of peperite at the Hursch 

farm (HF Fig. 2.1) is interpreted as being due to the ‘wetness’ of the substrate upon which the 

ignimbrite was emplaced.   

 

McMullen Creek Member 
The McMullen Creek Member is a series of thin, densely to incipiently welded ignimbrites that 

cap the Cassia Mountain Formation.  Due to their thin and variable nature they cannot be traced 

significant distances (> 10 km) and there is disagreement over whether there are four units 

(Williams et al. 1990) or five (Wright et al. 2002).  Reconnaissance work around Indian Springs 

Road during this study suggests there may be as many as seven.  Given the uncertainty 

surrounding the McMullen Creek Member, only the stratigraphically lowest McMullen Creek 

unit in Rock Creek is considered.  This unit overlies a weakly developed palaeosol and has a 

basal vitrophyre which passes up into sheet jointed rhyolite dominated by lithophysae at the 

contact between the vitrophyre and the lithoidal rhyolite.  The upper reaches of the unit are 

rheomorphic. 

 



Chapter 2: Evolution of Twin Falls eruptive centre 

 

 

 

45 

 

 

Eruption sources 

Sources of the Cassia Mountains ignimbrites are exposed.  It has been proposed that they lie 

north of the Cassia Mountains within the Snake River Plain (McCurry et al. 1996; Andrews et al. 

2008), and were subsequently covered by later basalt lavas.  No other candidates for source areas 

(within sufficient close proximity) are exposed elsewhere.  The thickness of fallout deposits in 

both the Wooden Shoe Butte and Deadeye members increase to the north (i.e. towards the Snake 

River Plain) suggesting that either the source of the eruption, or the dispersal axis of that eruption 

plume, was to the north.  This is consistent with the source of the ignimbrites being within the 

Snake River Plain, although the location specifically within the inferred Twin Falls eruptive 

centre (Pierce and Morgan 1992) cannot be confirmed. 

 

Geochemical Techniques 

Whole rock chemistry 
Bulk rock samples of welded and non-welded ignimbrites and ashfall deposits were prepared for 

X-ray fluorescence spectrometry and analysed on a Philips PW 1400 at the Geology Department 

at the University of Leicester.  Bulk rock samples were analysed because they are considered to 

represent the juvenile content of the eruption as they have low (< 2%) lithic contents and the 

intensely welded nature of most of the rocks makes removing lithic material difficult.  Samples 

were split by hand before being fly-pressed and then milled using a Retsch planetary mill for 

twenty minutes at 280 revolutions per minute using agate pots and balls.  All samples were then 

dried in an oven at 110 oC.  For analysis of major elements, samples were heated to 950 oC in a 

furnace to determine the loss on ignition (which ranged from 0.14 to 7.87%, averaging 2.66%).  

Once cooled, 0.6 g of powder was combined with 3 g of lithium metaborate flux and melted to 

form glass beads in 95% platinum, 5% gold crucibles.  Trace element concentrations were 

determined from powder pellets made from 7 g of sample combined with Mowiol 88 adhesive 

fluid.  The pellets were pressed using a hydraulic press with a pressure of ten tonnes per square 

inch. 
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Electron Microprobe Analysis 
To investigate how glass and phenocryst compositions change throughout the Cassia Mountain 

stratigraphy they were analysed by electron microprobe. 

Methodology: 

All samples were analysed with a JEOL JXA-8600S electron microprobe at the Department of 

Geology of the University of Leicester, with various operating conditions used for the different 

constituents of the samples.  For glass analysis, initial experiments showed that using typical 

operating conditions of 30 nanoamps probe current and a beam diameter of 10 microns resulted 

in excess volatilisation of sodium from the sample and corresponding increases in the detected 

proportions of other elements.  The results of experiments showing the decrease in the amount of 

sodium detected with increasing time are shown in Figure 2.10. 

 

The conditions used to collect glass data for this study involved two runs to collect data from 

each sample.  The initial analysis for sodium, fluorine, chlorine and sulphur was made using a 

beam diameter of 30 microns and a probe current of 10 nanoamps.  Counting time for each 

element was 80 seconds; 40 seconds for characteristic X-ray peak measurement and 20 seconds 

for each of positive and negative background.  The second analysis involved analysing the 

remaining elements under conditions of 30 nanoamps probe current with a beam diameter of 10 

microns from adjacent areas of glass that had not been previously been analysed.  To integrate the 

data from the two analysis runs, the values of volatiles from the first run were combined with the 

values for the remaining elements from the second run.  The remaining elements were each 

reduced by 1.5% relative, to negate the effect of volatilising sodium during the run.  The value of 

1.5% was taken as an average based on calibration experiments which showed that by the time 

that elements such as silicon and aluminium, comprising more than 80% of the glass typically, 

were analysed, their abundance had increased by roughly this amount (Figure 2.9).  Unlike the 

glass samples, feldspar, pyroxene and iron oxide phenocrysts were analysed using a single run 

with a beam diameter of 10 μm and a probe current of 30 nA. 
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When analysing quartz for thermometry, titanium contents were so low that long counting times 

were necessary to reduce backgrounds allowing the collection of meaningful data.  For these 

analyses, probe current was increased to 100 nanoamps, and counting times were increased to 

600 seconds for Si, Ti and Al, on peak and 300 seconds on both positive and negative 

background.  The counts of 600 seconds on peak were measured as 6 x 100 seconds to prevent 

overflow on the ratemeter due to the high counts on Si.   

 

Results 

Whole Rock Chemistry 
In common with the rhyolites in the rest of the CSRP (Honjo et al. 1992; Cathey and Nash 2004), 

the ignimbrites in the Cassia Mountains (Cassia and Rogerson formations) are composed of 

metaluminous rhyolite (67.88 to 75.04 wt% SiO2) with high levels of TiO2 (0.26 to 0.86 wt%).  

All the ignimbrites analysed plot within the ‘within plate granites’ fields of Pearce et al. (1984) in 

terms of Rb/Y+Nb, Nb/Y, Si/Nb, Si/Rb and Si/Y.  The totals of high field strength elements 

(Zr+Nb+Y+Ce) is around 800 ppm, within the 500-1000 range defined by Eby (1990) for 

anorogenic granites. 

 

The high concentrations of TiO2, MgO, Fe2O3 (total iron), high Fe2O3/MgO ratios and high 

inferred magmatic temperatures (see below) are in agreement with studies of other rhyolitic 

ignimbrites from the central part of the Snake River Plain such as the Cougar Point Tuffs 

(Bonnichsen and Citron, 1982; Cathey and Nash, 2004) and the Rogerson Formation of Andrews 

et al. (2008).  The results of whole rock chemical analysis are given in Table 2.1 and Figures 2.11 

and 2.12.  Passing up succession, SiO2 decreases and TiO2, CaO, Fe2O3 and MgO increase, 

reflecting an upward trend towards less silicic compositions.  Bonnichsen et al. (2008) suggest a 

province-wide trend of rhyolitic ignimbrites and lavas becoming more mafic up succession in the 

central Snake River Plain (Fig. 2.11).  Whole rock data from the various massifs along the central 

Snake River Plain, show trends of increasing TiO2 and decreasing SiO2 with height.  The Cassia 

Mountain units (of which only the McMullen Creek Member is included in the trends shown by 

Bonnichsen et al. 2008) follow the same trend as the rest of the central Snake River rhyolites  
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(Fig. 2.11).  However, the McMullen Creek Member plots off the trend shown in Figure 2.11, 

with a sharp increase in SiO2 and a decrease in the other major elements.   
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Trace elements show little variation with height, not only within a single unit, but throughout the 

Cassia succession as a whole (Fig. 2.12).  Sr and Ba show some variation, which is attributed 

here to the proportion of feldspar within the sample because the samples with the lowest Sr and 

Ba are also those with the lowest proportion of feldspar; the fallout deposit of Magpie Basin 

which is predominantly of glass shards and the McMullen Creek Member which is crystal poor in 

comparison to other units in the stratigraphy.   

 

Glass Chemistry 

Glass from each eruption unit was analysed by electron microprobe.  Samples were collected 

from both upper and basal vitrophyres of the ignimbrites and ash fallout where exposed.  

Analyses were made on individual glass shards ranging in size from 0.5 to 5 mm, or from 

intensely welded glass where welding precluded identification of individual shards.  At least 50 

glass spots were analysed for each sample.  The averages for each eruption unit are presented in 

Table 2.2 and Figure 2.13.  

 

Glass chemistry showed some variation within individual eruption units e.g. SiO2 (74 to 78.5 

wt.%) and TiO2 (0.1 to 0.44 wt.%) (Figure 2.13).  Values of Na2O are commonly around 2 wt%, 

and K2O range between ~ 5 and 7 wt.%.  Fluorine is typically present at levels of 0.1%, S and Cl 

are present in smaller proportions.  Ignimbrites in the Cassia Mountains exhibit a much wider 

range of FeO than fall deposits from the same eruption.  The narrowest range of FeO values are 

in the Deadeye Member fall deposit (1.8 to 2.1 wt.%) and the widest range occurs in the Wooden 

Shoe Butte basal vitrophyre (0.7 to 3.7 wt.%).  Within individual fall deposits, as analysed here, 

there is little evidence of multiple compositional modes with the exception of the Deadeye fall 

deposits.   

 

Glass chemistry for units in the Cassia Mountain succession shows a trend of increasing TiO2 and 

decreasing SiO2 passing up succession (Fig. 2.13, 2.14), with glass compositions overlapping 

between adjacent units.  Although the glass compositions overlap between units (Fig. 2.14) there 

is a distinct trend from the Big Bluff Member at the base of the stratigraphy to the Wooden Shoe  
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Butte Member near the top.  As in the whole rock data (Fig. 2.11), the glass compositions shows 

a clear and abrupt change at the base of the McMullen Creek Member which has lower values of 

TiO2, and higher values of SiO2 than the trend for the rest of the succession would suggest for its 

stratigraphic position (Fig. 2.14). 
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Mineral Chemistry 

Pyroxene 

Clinopyroxene is present within all the eruption units in the Rogerson and Cassia formations as 

euhedral phenocrysts up to 500 μm across (compositional data presented in Tables 2.3 and 2.4).  

In the lower units, the Magpie Basin and Big Bluff members, only augite is present (with fayalite 

present in place of pigeonite) whereas the younger units contain both pigeonite and augite.  

Within individual ignimbrites there are a number of discrete compositional modes, in both the 

pigeonite and augite (Fig. 2.15).  In some ignimbrites the variability in pyroxene composition is 

considerable, for example between the two cooling units of the Wooden Shoe Butte Member 

(Fig. 2.9), pigeonite varies between 9.5–14 wt.% MgO and 29–35 wt.% FeO.  The fallout 

deposits of the Wooden Shoe Butte Member contain pigeonite, augite and orthopyroxene (which 

is otherwise absent in the Cassia Mountain succession).  The pigeonite in the fallout deposit has 

the same composition as one of the populations in the underlying Steer Basin Member whereas 

the augite composition is not seen in the Steer Basin Member.  Although some of the ignimbrites 

of the McMullen Creek Member are reported to contain orthopyroxene (Wright et al. 2002), no 

orthopyroxene was found in the McMullen Creek sample analysed in this study.  Magnesium 

numbers in pigeonites range from ~30 to 46 and from 17 to 53 in augite. 

 

The pigeonites and augites are individually homogeneous (unzoned), with average changes from 

rim to core of less than 1% Wo, based on multiple analyses of rim and cores per phenocryst on > 

20 individual crystals.  Thus, the distinct compositional groups do not represent variation within a 

crystal (Fig. 2.16 A).   

 

Clinopyroxenes are also found within the ignimbrites of the Cassia Mountains as crystal 

aggregates which commonly also contain feldspar and iron oxides.  The compositions of the 

clinopyroxenes within the aggregates are identical to the compositions of clinopyroxenes present 

as individual crystals in the ignimbrite (Fig. 2.17).  Intriguingly, the glomerocrysts only preserve 

a single compositional mode of pigeonite and augite, even in ignimbrites that have multiple 

compositional modes. 
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Feldspars 

Euhedral feldspar crystals up to 5 mm in length are common.  Broken crystals are present, but 

less abundant.  All the ignimbrites in the Cassia Mountains contain plagioclase and some also 

contain sanidine (Fig. 2.18).  In the Big Bluff Member, sanidine is intergrown with quartz in a 

myrmekitic texture.  The plagioclase composition changes with stratigraphic height;  

oligoclase (An21 to An30) in the Big Bluff Member and andesine (An32 to An43) occurs in the 

units above (Fig. 2.18).  The potassium-rich feldspars are sanidines, Or54 to Or59 (Table 2.5).  

Many of the feldspars host melt inclusions, typically 50 μm in diameter and creating a sieve 

texture.  Rims and cores of individual feldspar phenocrysts were analysed with no significant 

compositional change seen between rims and cores. 

 

Geothermometry 
The intense welding and rheomorphism seen in the Cassia Mountain Formation suggests that 

magmas were emplaced at high temperature and produced from magmas of high magmatic 

temperature (e.g. 900 to 1100 oC), as is recorded by other SR-type rhyolites (Ekren et al. 1984; 

Honjo et al. 1992; Cathey and Nash, 2004; Andrews et al. 2008).  Electron microprobe data from 

phenocryst rims were used for Fe-Ti oxide, two pyroxene or two feldspar geothermometry 

calculations (methods of Stormer 1983; Andersen et al. 1993; Lindsley 1983; Fuhrman and 

Lindsley 1988; Ghiorso 1984).  The use of phenocryst rims for geothermometry assumes that the 

edges of the crystals were in equilibrium with the surrounding liquid even if the cores of the 

crystals were not.     

 

Where possible, magmatic temperatures for each individual eruption unit were estimated using 

two thermometers and were calculated using an assumed pressure of 5 kbar to allow comparison 

with previous work.  Changing the assumed pressure in the thermometer from 5 kbar to 1 kbar (at 

a constant assumed temperature) results in little change of results (e.g. 951 ± 66 to 955 ± 56).  

Other studies (e.g. Honjo et al. 1992; Cathey and Nash 2004; Andrews et al. 2008) suggest that 

the QUILF pyroxene thermometer (Andersen et al. 1993) provides the most reliable estimates of 

magmatic temperature for Snake River rhyolites minimising the uncertainty in the calculated  
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temperature by allowing the ferrosilite (Fs) value to vary freely (Cathey and Nash, 2004).  The 

graphical pyroxene thermometer of Lindsley (1983) was also used, and results agreed well with 

the QUILF thermometer (Fig. 2.19).  Results from each thermometer were within error of each 

other and gave estimates of temperature ranging from 910 to 970oC (Fig. 2.19).    

 

Feldspar thermometry using the SOLVCALC software of Wen and Nekvasil (1994) provided 

results with considerable variation (c. 200 oC) between the models of Fuhrman and Lindsley 

(1988) and Ghiorso (1984).  The model of Ghiorso (1984) produced higher estimated magmatic 

temperatures but given that the model of Fuhrman and Lindsley (1988) shows better agreement 

with the other thermometers (Fig. 2.18), these estimates are considered more realistic.  

Temperatures using the Fuhrman and Lindsley (1988) thermometer range from 860 to 880 oC 

(Fig. 2.19).   

 

Zircon saturation thermometry (Watson and Harrison 1983) (Fig. 2.19), agrees well with the co-

existing mineral thermometers and although there is no error quoted with the thermometer, here 

the error is assumed to be 50 oC (Fig. 2.19).  The temperatures produced by the zircon saturation 

thermometer show little variation, ranging between 897 oC for the McMullen Creek Member and 

925 oC for the Deadeye Member.   

 

The abundance of titanium in quartz can be used as a thermometer, with titanium substituting for 

silica in a temperature dependent process (Wark and Watson 2006).  Despite the titanium-in-

quartz thermometer being developed using a system which had rutile as a phenocryst phase, it 

can be used when rutile is absent if the titanium activity of the melt is adjusted downward.  

Reducing the titanium activity of the melt from 1 to 0.5 results in a decrease in calculated 

temperature of around 100oC for a given titanium content.  For the Bishop Tuff which contains 

ilmenite and magnetite, Wark et al. (2007) use an aTiO2 of 0.6 based on titanium saturation 

experiments.  Given that most SR-type ignimbrites contain ilmenite and titanomagnetite, an 

activity of titanium of 0.6 was taken when calculating temperatures.  Errors on abundances of 

titanium in quartz, as determined from electron microprobe analyses, range between 10 and 44%  
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of the total abundance at 2σ.  These errors translate into approximately ± 35oC.  Temperatures 

determined using the titanium in quartz thermometer agree well with the other thermometers, 
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giving results around 900 oC for the Cassia Mountain rhyolites (Fig. 2.19).  Considerable 

variation occurs within individual quartz phenocrysts, some of which show significant variations 

in estimated temperature.  Some of the quartz phenocrysts show evidence of resorption features 

(Fig. 2.20) which may indicate that they had complex growth histories.         

 

Geothermometry reveals the high magmatic temperature of these units ~ 900 oC (Fig. 2.19).  All 

the thermometers are in agreement, with the exception of the two feldspar thermometer of 

Ghiorso (1984).  Within individual units, the inferred magmatic temperature remains relatively 

constant.  Temperatures are similar, even in the Wooden Shoe Butte Member where the 

compositions of the pigeonite and augite vary significantly with height, suggesting that most of 

the magma volumes were thermally homogeneous.     

 

Neodymium isotopes: 
Ignimbrites of the Cassia Mountains are known to have values amongst the lowest εNd from the 

Snake River Plain (Nash et al. 2006), with values ranging from -7 to -5.9 (Wright et al. 2002).  

Using the Neodymium crustal index of De Paolo et al. (1992): 

 

NCI = [εNd(g) - εNd(m)] / [εNd(c) - εNd(m)] 

 

with g, m and c, representing glass, mantle and crust respectively; εNd of the mantle is taken as -3 

and εNd of the crust is taken as -15 following Cathey and Nash (2004).  The value of -15 for the 

crust is taken as the average of the continental crust east of the terrain boundary (Fleck 1990) and 

the value of -3 for the mantle is based on values derived from basalts by Leeman et al. (1992) 

east of the terrain boundary.  The ignimbrites show an increasing mantle component with time, 

with the trend extending from the Bruneau-Jarbidge eruptive centre to the Twin Falls eruptive 

centre (Fig. 2.21).  Some of the values of εNd used here (McCurry unpublished data) were 

determined on crystal separates rather than glass.  However, the results should be similar to those 

produced from glass separates, and there is good agreement with other studies (e.g. Nash et al. 

2006).  Interestingly the McMullen Creek Member, which shows anomalous behaviour in terms  
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of its whole rock compositions and clinopyroxene compositions, has the least negative εNd of all 

the data from the Bruneau-Jarbidge and Twin Falls eruptive centres.  The mantle component of 
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the McMullen Creek Member is less than would be expected from the trend seen in the rest of the 

data (Fig. 2.21 B).   

 

Discussion 

The ignimbrites of the Cassia Mountains record volcanism in the central Snake River Plain from 

the Yellowstone hotspot spanning the period of ~11 to 8 Ma.  The two distinctive features of the 

Cassia Mountain succession are (1) the multiple compositional modes of the pigeonites and 

augites within different eruption units and (2) the overall trend towards less silicic compositions 

of pyroxenes, feldspar and glass up succession.  In the section below, these features are discussed 

and compared to the earlier (12.7-10.5 Ma), Bruneau-Jarbidge eruptive centre (Fig. 2.1).     

     

Cause of pyroxene modal compositions 

A detailed examination of Cassia Mountain pyroxene phenocryst data reveals that individual 

eruptive units may contain discrete compositions of both augite and pigeonite (Fig. 2.15).  

Possible explanations for the presence of these compositional modes are explored below.   

 

Incorporation of partially melted material 

The multiple populations of both pigeonite and augite may represent re-incorporated restitic 

material which could originate from a variety of sources.  Patino-Douce (1997) showed 

experimentally that A-type granites with strong similarities to the Twin Falls rhyolites can be 

produced by dehydration melting of calc-alkaline protoliths at depths of 14.5 – 29 km.  Although 

these melting experiments produced two pyroxenes, no pyroxene was present in the initial 

mineral assemblage of the protolith, arguing against the incorporation of pre-existing 

clinopyroxenes from a calc-alkaline source.       

 

A second possible source of restite would be the incorporation of previously emplaced mafic 

intrusions.  Pigeonite is commonly absent in intrusive rocks, having inverted to form augite and 
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orthopyroxene, such as at Bushveld (Buchanan 1978), Freetown (Wells and Bowles 1981), 

Skaergaard (Brown and Vincent 1963) and Grove Mountains, Antarctica (Liu et al. 2003).  If the 

source of the restite was partially melted plutons, then the compositional modes and gaps in the 

clinopyroxene data would be difficult to explain as compositional modes and gaps are commonly 

absent in plutonic rocks (Cathey and Nash 2004).  Although intrusive rocks have been reported 

from the Snake River Plain, their relationship with the rhyolites is uncertain.  The best exposed 

intrusive unit is the 6.7 ± 0.4 Ma (Ferns 1989) Graveyard Point Sill, which contains both basaltic 

and rhyolitic compositions.  The clinopyroxenes in the Graveyard Point Sill differ from those in 

the Cassia succession in terms of TiO2 and FeO contents and by being strongly chemically zoned 

(Markl and White 1999), a feature not recorded from the Cassia succession.        

 

The magnesium numbers of the clinopyroxenes in the Cassia succession (Mg numbers of 29.9 to 

46 for pigeonite and 17 to 53 for augite) agree well with those projected from the whole rock 

compositions (Fig. 2.22) based on Fe/Mg KD min/liq 0.35 (Sisson and Grove 1993; Reubi and 

Nicholls 2005) and are consistent with crystallisation from a silicic magma.  Using Ca/NaKD min/liq 

values in the range of 2-5.5 following Reubi and Nicholls (2005), calcium numbers (Molar Ca/ 

(Ca+Na)*100) of plagioclases (43 to 58) are also similar to those projected from whole rock 

compositions (Fig. 2.23), again reflecting the likelihood that they were formed in a silicic rock; 

calcium numbers modelled on average compositions of Twin Falls basalts (Bonnichsen and 

Godchaux 2002) are significantly higher (89–94) than those measured from the Cassia Mountain 

plagioclases. 

 

The compositions of the pigeonite and augite are consistent with them having been in equilibrium 

(Fig. 2.16 B).  This situation could occur if both the phases were of restite origin, however it is 

hard to reconcile an origin by reincorporation of partially melted material with the evidence that 

the clinopyroxenes follow the whole rock, glass, and feldspar trends throughout the Cassia 

Mountain succession.      
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Wall rock assimilation 

Addition of material from the margins of a magma chamber could explain the distinct modes in 

the pyroxene compositions, perhaps with one mode being magmatic and the others being 
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incorporated from elsewhere.  Despite disequilibrium features in some of the other phenocrysts 

(e.g. resorption in quartz and melt inclusions in plagioclases) the clinopyroxenes appear to be 

euhedral, suggesting that they were phenocrysts.  If the multiple modes of pyroxene relate to 

assimilating wall rock from the magma chamber, then this process must have occurred variably 

during the history of the magmatic system, because some ignimbrites contain only a single mode 

of pigeonite and augite (e.g. Wooden Shoe Butte Member) whereas others containing multiple 

modes (e.g. McMullen Creek Member).  Glomerocrysts, the material most likely to represent 

wall rock, do not contain the multiple modes of clinopyroxene.   

 

Oxygen fugacity conditions 

Elsewhere, changes in the oxygen fugacity of a magma chamber have been invoked as a cause of 

changing compositions of Mg/Fe ratio in clinopyroxene (Grunder and Mahood 1988; Streck and 

Grunder 1997).  During oxidising conditions, the presence of iron as Fe3+ rather than Fe2+ enables 

it to substitute for Al rather than Mg in the structure of clinopyroxene.  Oxygen fugacity 

conditions are unlikely to explain the distinct populations in the Cassia Mountain succession for a 

number of reasons.  Firstly, the augite compositions throughout the Wooden Shoe Butte upper 

cooling unit are identical (see Fig. 2.15) while the oxygen fugacity as determined from the iron 

oxide thermometer varies from -12.19 units to -13.52 units from the base to the top.  Secondly, 

the Cougar Point Tuff, which shows approximately the same overall variation in MgO and FeO 

in pyroxenes, shows a variation in fO2 of 5.2 log units without any apparent correlation between 

the oxygen fugacity and the composition of the pyroxenes in the unit (Cathey and Nash 2004).  

This suggests that the multiple modes of pyroxene are not simply a reflection of different 

conditions of oxygen fugacity.     

  

Glomerocryst compositions  

Glomerocrysts within the McMullen Creek and Steer Basin Members contain pigeonite, augite, 

plagioclase and opaque minerals (Fig. 2.17).  Individual glomerocrysts contain only one 

population of pigeonite and one population of augite, whereas in the case of the McMullen Creek 
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Member, three populations of pigeonite and two of augite occur within the ignimbrite.  In the 

case of ‘glomerocryst 1’ (Fig. 2.1.6) in the McMullen Creek Member, 6 individual pigeonites are 

present, and if the glomerocryst was sampling all the pyroxenes found in the ignimbrite, at their 

relative proportions as currently known, the probability of all the pigeonites in glomerocryst 1 

being of the same composition is < 0.5%.  Applying this to the augites in glomerocryst 1, the 

probability of all the augites being of the same composition is 6%.  So considered together, this 

combination of pyroxenes is unlikely if the whole range of pyroxenes were available to the 

glomerocryst.  This suggests that at the time of formation of ‘glomerocryst 1’ in the McMullen 

Creek Member, only one composition of pigeonite and one composition of augite were available.  

Moreover, the fact that the high FeO pigeonite and the high FeO augite are found in the same 

glomerocryst, whereas the high MgO pigeonite and the high MgO augite are found in another 

glomerocryst indicates that they are cognate to the magma of the ignimbrite that contains them.      

 

The restricted composition of clinopyroxene in glomerocrysts compared to the range of 

clinopyroxene present in the ignimbrite as a whole suggests that the magma was efficiently 

segregated prior to eruption.  Two possibilities could explain this: 

1) A single magma chamber in which stratification was very efficient and the various 

compositions of pigeonite and augite were restricted to a single layer of the chamber; 

2) The magmas crystallised in separate chambers and were subsequently mingled during 

the eruption after crystallisation of clinopyroxene.    

 

A stratified magma chamber 

Zoned or stratified magma chambers are often inferred based on vertical zonation within the 

deposit of a single eruption.  This zonation is commonly in the form of chemical composition of 

juvenile clasts for example Mazama (Bacon and Druitt 1988) or Los Humeros (Ferriz and 

Mahood 1987; Carrasco-Nuňez and Branney 2005).  A stratified magma chamber, as invoked for 

the Bruneau-Jarbidge eruptive centre (Cathey and Nash 2004) appears unlikely for the origin of 

the Cassia Mountain ignimbrites.  Some of the ignimbrites appear to reflect a large volume of 

homogeneous magma, for example the Big Bluff Member contains a single composition of augite 
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both in the basal and upper vitrophyres.  In the units which contain multiple modes of pigeonite, 

there is little evidence for zonation of a single magma chamber.  For example, the Steer Basin 

Member has two populations of augite in the basal vitrophyre, but one composition in the upper 

vitrophyre.  Of the two modes of pigeonite in the Steer Basin Member, the high Mg mode 

comprises 68% of the pigeonite in the base of the unit (n =38) and 71% of the pigeonite in the 

upper vitrophyre (n=19), which again does not appear to suggest zonation of a magma volume.  

This may reflect zonation in terms of crystal content, but not in terms of composition.  Only in 

the Wooden Shoe Butte Member does the composition of pigeonite and augite change markedly 

between the base and the top which may reflect the upper and lower units being from separate 

eruptions as the contact between the two is not exposed and may contain a palaeosol. 

 

Multiple magma chambers 

An alternative hypothesis is simultaneous eruptive withdrawal from multiple smaller chambers 

containing batches of similar but slightly different magmas.  Multiple magma chambers 

contributing to single explosive eruptions have been reported from other areas (e.g. Ontake, 

Japan, Kimura and Yoshida, 1999; Taupo Volcanic Zone, Nakagawa et al. 1998; Bali, Reubi and 

Nicolls 2005; Neapolitan Yellow Tuff, Pabst et al. 2007; Tenerife, Edgar et al. 2007) and of 

course, the presence of multiple magma chambers would not preclude some of the chambers from 

being zoned.  An alternative suggestion for the production of the starkly different compositions 

of the pigeonite and augite between the lower and upper Wooden Shoe Butte using the multiple 

magma chamber model would be that the eruption began tapping a single magma chamber, as it 

progressed collapse of the caldera allowed eruption of a second volume of magma which 

contained the pyroxene compositions seen in the upper Wooden Shoe Butte unit.  More likely, 

the strong variation in compositions may reflect two separate eruptions. 

 

The restricted nature of clinopyroxene compositions within a single glomerocryst suggest pre-

eruptive conditions in which the compositional modes of pigeonite and augite were not mixing 

freely, consistent with the multiple magma chamber model.  Geothermometry of pigeonites and 

augites in different glomerocrysts suggests that the more evolved clinopyroxenes (higher FeO, 
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lower MgO) represent a cooler magma than the more mafic glomerocrysts (a difference of ca. 30 
oC although the temperatures overlap within error).  If the two magma chambers were of different 

size then the smaller chamber (all other things being equal) would cool faster and produce the 

more evolved, higher FeO pyroxenes.  Alternatively the magma chambers could have been of 

similar volume but different shapes with a more spherical chamber retaining its heat and 

crystallising the more mafic, higher MgO pyroxenes and a more sill-like chamber cooling faster 

and crystallising the higher FeO pyroxenes.  Another possibility is that the magma chambers 

formed at different depths in the crust.  The eastern Snake River Plain contains a mid crustal sill 

located at approximately 12 km depth (e.g. Peng and Humphreys 1998), if such a feature were 

present under the central Snake River Plain, then the depths of magma chambers would be 

limited to < 12 km.  Given that pressure variations have little effect on the QUILF thermometer 

(see earlier), and the glomerocrysts suggest differences in temperature of up to 30 oC derived 

using the QUILF thermometer, it seems unlikely that a difference in pressure would lead to the 

compositional variation observed.   

A final possibility is that the magma chambers were produced at different times from the same 

parental magma.  The higher FeO clinopyroxene magma chamber could have been produced 

earlier (and spent longer cooling) than the higher MgO clinopyroxene magma chamber, resulting 

in a greater degree of fractionation and more evolved compositions.     

 

Trend towards more mafic compositions 

Whole rock, glass, feldspar, pigeonite and augite data all show an overall trend towards more 

mafic compositions in the later erupted units, with the notable exception of the McMullen Creek 

Member.  Possible ways in which progressively more mafic phenocryst compositions may occur 

within a single eruption and through the whole succession are explored below: 

 

Changing amount of crustal melting over time: 

Rhyolites within the Snake River Plain are generally considered to result from melting of crustal 

materials (e.g. Bonnichsen and Citron 1982), about which little is known.  Crustal xenoliths have 

been used to determine the age of the craton, which decreases from 3.2 to 2.5 Ga passing from 
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east to west (Leeman et al. 1985; Wolf et al. 2005), but neodymium isotopes rule out a significant 

role for such old materials at the protolith.  Neodymium isotopes (Fig. 2.20; Nash et al. 2006) 

suggest an increasing mantle component in the younger rocks of the Cassia Mountain succession; 

however this is based on the assumption that the crustal component being assimilated always 

retains the same isotopic composition.  How the changing proportion of crust being melted 

affects clinopyroxene compositions is however, unclear.  In the case of the Cougar Point Tuff 

(12.7 to 10.5 Ma on Fig. 2.20) there is no relationship between the degree of crustal melting and 

the composition of clinopyroxene.   

 

The temperature contrast between a magma chamber and its surroundings may also play a role in 

the degree of fractionation the magma undergoes.  The first magma passing through a crust 

would be cooled by conduction of heat to the country rock and fractionate.  Magmas following 

this first batch through the same magmatic system pass up into crust which has been heated by 

the presence of the first magma, so the thermal gradient between the magma and the chamber 

walls will be much reduced.  This reduction in cooling is considered to cause a decrease in 

fractionation and produce less silicic magmas.  This scenario may explain the progressively less 

silicic compositions of the rhyolites from the Magpie Basin Member to the Wooden Shoe Butte 

Member, but it cannot explain the large time gap between the Wooden Shoe Butte Member and 

the McMullen Creek Member.   

  

Melting of a progressively more mafic source: 

In this scenario as melting of the craton progresses, the craton is progressively depleted in felsic 

minerals, as melting of the protolith continues, only the refractory material remains causing the 

rhyolites to become progressively more mafic.  The McMullen Creek Member could represent 

the melting of ‘fresh’ crust starting the cycle again and producing more evolved rhyolite. 

 

Duration of residence in the magma reservoir: 

If the duration of crystallisation in the magma chamber(s) prior to eruption varied then the 

amount of cooling and fractionation would vary, and be reflected in different compositions of 
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pigeonite and augite.  The lowest exposed unit in the Cassia Mountains is the Magpie Basin 

Member, estimated as being between 11.7 and 11.5 Ma (Bonnichsen et al. 2008).  So, taking 11.6 

Ma as the age of the Magpie Basin Member, the repose periods between the major eruptions 

progressively decreases from 700,000 years (between the 11.6 Ma Magpie Basin Member and the 

10.91 Ma Big Bluff Member) to < 300,000 years (between the Deadeye and the 10.13 Ma 

Wooden Shoe Butte members).  During this time, the compositions of the rhyolites become 

progressively less silicic until the eruption of the McMullen Creek Member which is much more 

evolved than the preceding Wooden Shoe Butte Member.  The hiatus between the Wooden Shoe 

Butte and McMullen Creek Members is variously estimated at between 1.2 and 1.6 Ma (Perkins 

et al. 1995; Nash et al. 2006).  This extended hiatus is associated with the increasing FeO and 

decreasing MgO in the pigeonite and augite of the McMullen Creek Member.  The length of time 

in the magma reservoir is based on the assumption that the period between eruptions represents 

the period of fractionation within a magma chamber.   

   

Given that there are no constraints on the basaltic input, the main driving force of the system, it is 

difficult to speculate on the cause of the trend towards less silicic compositions in the rhyolites 

over time.  As previously mentioned, the variation in time crystallising could explain the small-

scale variation in compositions of the clinopyroxenes within an individual eruption unit.  

However, the good correlation between length of repose between eruptions agrees with the whole 

rock and mineral compositions of the ignimbrites, especially the McMullen Creek Member, this 

would seem to be the most likely cause of the trend to less silicic compositions.  The other 

possibilities are not readily testable.  

 

Comparison with the Bruneau-Jarbidge eruptive centre 
The ignimbrites from the Cougar Point Tuff succession are similar in appearance, whole rock 

chemistry and mineralogy to those of the Cassia Mountain stratigraphy.  The ignimbrites are 

intensely welded and highly rheomorphic in places, and inferred to have been produced from 

high-temperature magmas.  Both successions are of SR-type and contain anhydrous phenocryst 

assemblages dominated by plagioclase, sanidine, quartz, pigeonite, augite and iron oxides with 
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accessory zircon and apatite.  A difference between the two successions is that the Cougar Point 

Tuff ignimbrites commonly contain fayalite whereas this is rare in the Cassia Mountain 

succession.  However, despite the similarities, there are some significant differences between the 

centres: 

 

Clinopyroxenes 

The ignimbrites of the Cougar Point Tuff contain numerous compositional modes of both 

pigeonite and augite (Cathey and Nash 2004).  The ranges of compositions of pigeonite and 

augite in the Cougar Point tuffs are almost identical to those of the Cassia Mountains, but there 

are some significant differences.  Firstly there is no systematic progression towards more mafic 

compositions of clinopyroxenes through time at the Bruneau-Jarbidge eruptive centre (Fig. 2.24).  

The compositions of pigeonites and augites in Cougar Point Tuff ignimbrites were repeatedly 

erupted in a number of different ignimbrites which does not occur with the Cassia Mountain 

succession, where compositions of clinopyroxene are not repeated, with the exception of the fall 

deposit of the Wooden Shoe Butte Member. 

 

Feldspars 

Feldspar compositions in the Cougar Point Tuff and the Cassia Mountain ignimbrites are similar 

in overall composition (Fig. 2.25).  Cathey and Nash (2004) note little compositional difference 

between the rims and cores of the feldspars in the Cougar Point Tuff succession, further 

emphasising the similarity in feldspar composition from each of the two eruptive centres.  In 

contrast to the Cassia Mountain succession, there is no apparent compositional trend in 

plagioclase compositions (which vary from An24 to An36) with height through the Cougar Point 

Tuff succession (Fig. 2.25).  

 



Chapter 2: Evolution of Twin Falls eruptive centre 

 

 

 

81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2: Evolution of Twin Falls eruptive centre 

 

 

 

82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2: Evolution of Twin Falls eruptive centre 

 

 

 

83 

 

 

Glass  

Cougar Point Tuff median glass compositions are similar to those of the Cassia Mountain 

ignimbrites (Fig. 2.26).  However, the range in glass composition in the Cougar Point Tuffs is 

less than that in the Cassia succession, both through the succession as a whole and within 

individual units.  This difference could be due to the relative lack of published data from each of 

the Cougar Point Tuffs (ranges shown in Fig. 2.26 represent individual shards for the Cougar 

Point Tuff) in comparison with the Cassia succession for which every sample contains > 50 data.  

The glass data from the Cougar Point Tuff succession are separated into three groups by Cathey 

and Nash (2004) on the basis of their Fe-number and iron content; as can be seen from Figure 

2.26, the Cassia glasses plot to a generally higher FeO wt% content.  The glass data of Cathey 

and Nash (2004) were obtained using a single analysis run, in contrast to the two run 

methodology used here.  To ensure that the divergence in results is not a function of analytical 

method, 50 analyses of the glass from the fallout deposits of Cougar Point Tuff 13 were analysed 

and they plotted close to the groups proposed by Cathey and Nash (2004) suggesting that the 

difference in the glass analyses is real rather than an artefact of analysis.  

 

Bruneau-Jarbidge model 

The repetition of pyroxene modes is interpreted by Cathey and Nash (2004) as reflecting the 

successive tapping of a single, long-lived and strongly thermo-chemically zoned magma 

chamber, this model with a series of layers each containing a discrete composition of pigeonite 

and augite, in equilibrium with the surrounding magma.  The magma chamber is inferred to have 

persisted for at least the duration of the Cougar Point Tuff succession, at least 2.2 million years 

(c. 12.7-10.5 Ma).  Such a magma chamber must have been very large volume: estimates for 

volumes of individual Cougar Point Tuff ignimbrites ranging up to 700 km3 (Cathey and Nash 

2004) or up to 1,800 km3 (Leeman et al. 2008).   
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Twin Falls eruptive centre model 
The multiple compositions of pigeonite and augite and the compositions of glomerocrysts are 

interpreted as representing a magmatic system whereby multiple batches of similar magma 

evolved in parallel.  The magma chambers are of subtly different size or shape which results in 

slightly different temperatures of the chambers and the variation in compositions of the pigeonite 

and augite.  Only the marked change in clinopyroxene compositions in the Wooden Shoe Butte 

Member are suggestive of a zoned magma chamber, although the sharp change in compositions 

between the two flow units are more easily explained as the result of separate eruptions.  Of 

course the presence of multiple magma chambers does not preclude the possibility of the 

chambers being zoned, although few of the ignimbrites suggest this.  This model has the magmas 

sharing a conduit, thoroughly mixing the multiple compositions of clinopyroxene and allowing 

them to be deposited together, creating the heterogeneity seen in hand specimen (Fig. 2.27).  An 

alternative to this model involves the magmas ascending different conduits and mixing during 

transport in a pyroclastic density current.  The conduit mixing model is favoured as the mixing of 

the multiple compositional modes is thorough and is seen at numerous localities (e.g. Chapter 3).        

 

The variation in the number of pyroxene modes is interpreted as reflecting the changing nature of 

the magmatic system between eruptions, with the Big Bluff Member explained by a single 

homogeneous magma chamber whereas the Steer Basin Member, containing two modes of 

pigeonite is interpreted as r esulting from two magma chambers.  The model of creating new 

magmatic plumbing systems for each eruption is consistent with the broadly time-transgressive 

nature of the volcanism, with the centres of volcanism overlapping and gradually migrating east.  

This contrasts with the previous models of volcanism that suggest a stationary magma chamber 

producing volcanism lasting for some 2.5 Ma before the locus of volcanism moved some 75 km 

to the proposed Twin Falls eruptive centre.       
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Conclusions: 

The Cassia Mountain succession, thought to record products of the Twin Falls eruptive centre is 

dominated by a series of intensely welded ignimbrites separated by a variety of non-welded 

rhyolitic pyroclastic deposits and rhyolitic volcaniclastic sediment.  The welded ignimbrites are 

the product of high temperature (900-950oC) magmas inferred to have been erupted from a 

source within the plain in the vicinity of Twin Falls (Fig. 2.1, 2.19).  The magmatic system that 

produced the explosive eruptions is inferred to have been dynamic, and changed between 

eruptions.  Ignimbrites of this succession become progressively less silicic up-succession and 

variably contain multiple compositions of pigeonite and augite.  A model that explains the main 

features of the magmatic system is proposed that invokes a parental magma that ponds in a 

number of magma chambers prior to eruptive withdrawal.  This model is supported by the 

compositions of pigeonite and augite in various units and glomerocrysts suggesting that the 

magmas were separated prior to eruption.  The trend towards less silicic compositions supports 

the work of Bonnichsen et al. (2008) which shows a similar trend for the Snake River Plain as a 

whole.  However, the McMullen Creek Member represents a fundamental change in the system 

as shown by clinopyroxene compositions and the whole rock chemistry: and after a long (1.2-1.8 

Ma) period of repose, more evolved rhyolites were again erupted.  This model contrasts with that 

proposed for the Bruneau-Jarbidge eruptive centre (Cathey and Nash 2004) which could reflect 

the eastward increasing thickness of the craton favouring the production of multiple smaller 

magma chambers in the eastern CSRP rather than a single long-lived system in the western 

CSRP.    
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Chapter 3: Eruptive volumes of Snake River-type ignimbrites 

 

Abstract 

The central Snake River Plain of southern Idaho and northern Nevada is surrounded by a 

number of massifs dominated by significant thicknesses (> 500 m) of intensely welded 

rhyolite.  By correlating between adjacent massifs surrounding the central Snake River 

Plain, three new eruption units are defined in the period c. 11.4-10.5 Ma.  Cougar Point 

Tuff 11, Big Bluff Tuff and Steer Basin Tuff are defined using a combination of techniques 

including field logging, magnetic polarity; whole rock, glass, clinopyroxene and feldspar 

chemistry; oxygen isotopes; and 40Ar/39Ar geochronology.  Several Snake River Plain 

ignimbrites show compositional heterogeneity in that they contain multiple compositional 

modes of both pigeonite and augite phenocrysts which are useful for correlation.  Bulk 

deposit volume estimates for the newly correlated eruption units range from 640 km3 for 

the Steer Basin Tuff to 1200 km3 for the Big Bluff Tuff, and are similar to DRE given the 

intensity of welding.  These represent the first volume estimates for ignimbrites in the 

central Snake River Plain and are large enough to be considered as ‘super-eruptions’.  They 

are comparable in volume to eruptions from the better studied Yellowstone plateau and 

Heise eruptive centres from the younger part of the Yellowstone hotspot.   

   

Introduction 

The Snake River Plain of southern Idaho and northern Nevada, USA, was the site of 

voluminous bimodal basaltic and silicic volcanism during the Miocene (Bonnichsen and 

Citron 1982; Pierce and Morgan 1992).  Several buried eruptive centres (Fig. 3.1) within 

the centre of the plain are inferred sources.  The silicic volcanism from the central Snake 

River Plain (CSRP) was sufficiently different from Plinian, ignimbrite-forming volcanism 

that it has been regarded as a different category of activity, ‘Snake River-type’ volcanism 

(Branney et al. 2008).  Snake River (SR)-type volcanism was defined by a distinctive  
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association of several facies.  SR-type ignimbrites are much better-sorted than ignimbrites 

from Plinian-forming volcanism (σφ < 1.5 compared to σφ 2-5 for ‘typical’ ignimbrites), 

often lacking pumice lapilli and lithic lapilli.  They are typically intensely welded and 

highly rheomorphic despite having metaluminous chemistry (Bonnichsen and Citron 1982; 

Cathey and Nash 2004; Christiansen and McCurry 2008; Branney et al. 2008).  SR-type 

ignimbrites are thought to be large volume, with estimates ranging from tens to hundreds of 

cubic kilometres of material (Andrews et al. 2008; Branney et al. 2008; Leeman et al. 

2008), but hitherto volumes have not been calculated.   
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Eruptive volume on the Yellowstone hotspot track: 

Super-eruptions are defined as those having erupted volumes larger than 300 km3 of non-

vesicular rock, equivalent to 750 km3 of volcanic ash (Sparks et al. 2005), or having 

erupted masses of larger than 1015 kg (Mason et al. 2004).  The Yellowstone-Snake River 

Plain system has produced a number of super-eruptions (Christiansen 2001; Bindeman and 

Valley 2001; Morgan and McIntosh 2005).  These include the 2,500 km3 Huckleberry 

Ridge Tuff; the 1,000 km3 Lava Creek Tuff and the 280 km3 Mesa Falls Tuff from the 

Yellowstone plateau (Christiansen 2001).  The ignimbrites from the older Heise eruptive 

centre (e.g. Fig. 3.1) vary in volume from the 300 km3 Conant Creek Tuff to the 1,800 km3 

Kilgore Tuff (Morgan and McIntosh 2005).    

 

The total volume of rhyolite in the central Snake River Plain is estimated as c. 7,000 km3 

on the basis that the thickness of rhyolite exposed in massifs bounding the plain is 

commonly 500 m or more and the area is 14,000 km2 (Bonnichsen et al. 2008).  Perkins 

and Nash (2002) suggest a volume of 10,000 km3 for just the Cougar Point Tuff succession 

(see later).  A ‘caldera-forming’ stage (although no calderas have yet been discovered from 

the CSRP) is proposed for the period 12.7-10.5 Ma wherein most of the volume was 

erupted followed by a volumetrically subordinate ‘rifting stage’ which is proposed to have 

occurred between 9.5-5.5 Ma (Bonnichsen et al. 2008).  Volumes of individual eruptions 

from the central Snake River Plain are not well constrained, they vary from 0.25 km3 to 

1,800 km3 (Andrews et al. 2008; Boroughs et al. 2005; Leeman et al. 2008) although many 

estimates are only accurate to an order of magnitude.  

 

Regional Stratigraphy 

The central Snake River Plain is bordered by a series of massifs (Fig. 3.1) composed of 

outflow ignimbrite sheets and poorly exposed, non-welded slope-forming sediments (Fig. 

3.1), separated by areas of low topographic relief with limited exposure (e.g. Shoshone 

Basin).  The massifs are fault bounded with major N-S trending faulting interpreted as 
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resulting from re-activation of pre-existing basin and range faults (e.g. Rodgers et al. 1990; 

Andrews et al. 2008) although recent work has suggested that extension may have been 

occurring in northern Nevada more recently (e.g. Colgan et al. 2004; 2006), removing the 

necessity of re-activation.  Hitherto the stratigraphies of each massif have been considered 

separately and how these stratigraphies relate to each other has yet to be addressed.  Some 

of the individual massifs are described below. 

 

Bruneau Jarbidge 

Bruneau and Jarbidge canyons (Fig. 3.2) expose a number of Snake River-type ignimbrites, 

collectively known as the Cougar Point Tuff succession, and a number of voluminous 

rhyolite lavas (Bonnichsen 1982b; Bonnichsen and Kauffman 1987).  The products of the 

Bruneau-Jarbidge eruptive centre (Bonnichsen 1982) onlap the older Bieroth volcanics in 

northern Nevada, a relationship that is well exposed in Bruneau canyon (Bonnichsen and 

Citron 1982).  Nine ignimbrites, named CPT III, V, VII, IX, X, XI, XII, XIII and XV were 

erupted over the period of 12.77 to c. 10.5 Ma as determined by 40Ar/39Ar  geochronology 

(Cathey and Nash 2004; Bonnichsen et al. 2008).  The ignimbrites are variously separated 

by little-studied fallout deposits, volcaniclastic sediments and palaeosols (although more 

may be present than are currently recorded).  Intercalated within the succession beneath 

CPT XII is a lava flow, the Black Rock Escarpment Lava, exposed in Bruneau river canyon 

but absent in Jarbidge river canyon (see Chapter 5).  The ignimbrites are high silica 

rhyolites containing plagioclase, sanidine, augite, pigeonite, fayalite, magnetite, ilmenite 

and quartz with accessory zircon and apatite (Cathey and Nash 2004).  All are inferred to 

have had high magmatic temperatures of 740-960 oC (Cathey and Nash 2004) or 882-997 
oC (Bonnichsen et al. 2008), and unusually low δ18O values (Boroughs et al. 2005).  

Overlying the ignimbrite succession are abundant basaltic lavas erupted from within the 

Bruneau-Jarbidge eruptive centre (Bonnichsen 1982).      
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Grasmere Escarpment 

The Grasmere Escarpment (Fig. 3.3), on the north-western margin of the Bruneau-Jarbidge 

eruptive centre exposes at least three SR-type rhyolitic ignimbrites, but the base of the 

succession is not exposed.  These units are variably exposed along the length of the 

escarpment.  The whole rock characteristics (74-75 wt.% SiO2) of these units are described 

by Bonnichsen et al. (2008) but no phenocryst contents or geochronological is available for 

this poorly understood succession. 

 

Browns Bench 

The Browns Bench massif (Fig. 3.4) is fault bounded on its eastern margin exposing a 

succession of rhyolitic ignimbrites that extend from southern Idaho into northern Nevada.  

These units were numbered 1-12 in ascending order by Bonnichsen et al. (2008) who also 

provide physical descriptions of some of them and their whole rock chemistry.  They are 

metaluminous rhyolites (72 to 77 wt.% SiO2), characteristic of the central Snake River 

Plain (e.g. Bonnichsen et al. 2008; McCurry and Christiansen 2008).  40Ar/39Ar 

geochronology for two of the ignimbrites on Browns Bench is provided by Bonnichsen et 

al. (2008) with Unit 7 10.98 ± 0.07 Ma and Unit 9 10.29 ± 0.09 Ma.  Phenocryst 

assemblages, dominated by quartz, plagioclase, sanidine, augite, pigeonite, iron oxides, 

zircon and apatite are reported by Bonnichsen et al. (2008) but details of the phenocryst and 

glass chemistries of these units has not yet been reported.  Between the welded ignimbrites 

are poorly-exposed, non-indurated ‘slope-forming’ units, probably of volcaniclastic origin. 
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Rogerson Graben 

The Rogerson Graben (Fig. 3.5) exposes 7 rhyolitic ignimbrites that range in welding 

intensity from the lava-like Jackpot 1-5 to partially-welded Sand Springs Ignimbrite 

(Andrews et al. 2008).  The base of the succession is not exposed and more units may be 

concealed.  The ignimbrites are high silica rhyolites of high inferred magmatic temperature 

(> 900 oC; Andrews et al. 2008) containing plagioclase, sanidine, pigeonite, augite, quartz, 

magnetite, ilmenite with accessory zircon and apatite; separated by volcaniclastic sediments 

and palaeosols.  One of the ignimbrites, the Grey’s Landing, overtops the adjacent Browns 

Bench massif, making it an important regional stratigraphic marker.  Glass, whole rock and 

phenocryst data are reported (Andrews et al. 2008), but only the Rabbit Springs ignimbrite 

has been dated with an 40Ar/39Ar age of 10.44 ± 0.13 Ma (Bonnichsen et al. 2008).            

 

Cassia Mountains 

The Cassia Mountains (Fig. 3.6) contain a succession of rhyolitic ignimbrites, which extend 

for tens of kilometres across southern Idaho.  They are also separated by little-described 

‘slope-forming’ volcaniclastic sediments and palaeosols.  The most prominent of the 

ignimbrites are the Big Bluff (65 m thick) and Steer Basin Members (40-50 m thick).  The 

Cassia Mountain ignimbrites unconformably overlie Permian limestones.  The area was 

mapped by Williams et al. (1990) and Mytton et al. (1991) and subsequent work has been 

mostly on petrological aspects of individual ignimbrites (e.g. Watkins et al. 1996).  The 

lower part of the Cassia Mountain stratigraphy, including phenocryst, whole rock and glass 

chemistry is described in Chapter 2.  The upper part of the Cassia Mountain stratigraphy 

comprises a series of ignimbrites referred to as the McMullen Creek (Wright et al. 2002).  

The McMullen Creek Member is poorly understood; at least four units are distinguished but 

more may be present.  It has distinctive whole rock and isotope chemistry that contrasts 

with underlying units and is inferred to represent a separate eruptive episode (Bonnichsen 

et al. 2008; Chapter 2).   
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West Bennett Mountain 

The West Bennett Mountain region, on the north side of the Snake River Plain (Fig. 3.7) 

contains at least 8 rhyolitic units that are of equivocal origin.  The base of the succession is 

not seen.  The rhyolites in the West Bennett Mountain region are high silica rhyolites (SiO2 

73-76 wt.%) and have a phenocryst assemblage including sanidine, plagioclase, quartz, 

augite, pigeonite, ilmenite, magnetite and accessory zircon (Bonnichsen et al. 2008).  The 

area was initially mapped by Wood and Gardener (1984), however recent work has 

proposed some revisions, suggesting that faulting has repeated the upper part of the 

stratigraphy that previously included the High Springs and Rattlesnake Springs, Frenchman 

Springs and Dive Creek units (Starkel pers. comm; Bonnichsen et al. 2008).  The revised 

stratigraphy is illustrated in Figure 3.7.  Geochronological data is sparse for this succession, 

the Windy Gap and High Springs rhyolites have K-Ar age determinations of 11.0 ±0.6 and 

10.0 ±0.3 Ma respectively (Clemens and Wood 1993).  No 40Ar/39Ar geochronology has 

been published.  

 

East Bennett Mountain 

The area north of the Snake River Plain surrounding Davis Mountain contains at least 

seven welded rhyolitic ignimbrites unusually intercalated with basalt and diatomite (Honjo 

et al. 1986; Oakley and Link 2006).  The units are metaluminous rhyolites typical of the 

central Snake River Plain, with phenocryst assemblages containing; sanidine, plagioclase, 

quartz, pigeonite, augite, ilmenite and magnetite in addition to accessory zircon (Oakley 

and Link 2006; Bonnichsen et al. 2008).  The uppermost ignimbrite in the East Bennett 

succession, the Tuff of the City of Rocks (Fig. 3.8), has relatively low SiO2 content for a 

Snake River-type rhyolite c.70 wt.% compared to the more typical 75 wt.% (Bonnichsen et 

al. 2008).  High precision 40Ar/39Ar ages using sanidine are available for the older rhyolitic 

units (Oakley and Link 2006; Figure 3.8) and K-Ar ages for some of the younger units 

(Armstrong et al. 1980).  The 11.21-9.15 Ma Miocene ignimbrites (Fig. 3.8) overlie 

deposits of Eocene Challis volcanism (Honjo et al. 1986; Oakley and Link 2006).      
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The King Hill ignimbrite and Tuff of Dempsey Meadow are present between the West and 

East Bennett Mountain successions, little is known about these ignimbrites, except for 

whole rock chemical characteristics Bonnichsen et al. (2008).  No correlations between 

these units and those in either the West or East Bennett Mountains have been determined.  

 

Rationale for study 

This work proposes and tests correlations along and across the central Snake River Plain.  

This has not been achieved hitherto because of the similarity of the welded ignimbrites in 

the region with few field characteristics sufficiently distinctive to establish correlations.  

The correlations proposed in this work, build on the proposed regional stratigraphy of 

Bonnichsen et al. (2008), which splits the Snake River Plain into CAT (composition and 

time) groups based on relative position, whole rock chemistry (particularly TiO2 contents), 

magnetic polarity and age.  Ignimbrites may exhibit significant changes in appearance over 

small distances particularly in response to palaeotopography. The Grey’s Landing 

ignimbrite in the Rogerson Graben, for example, thickens from less than five metres thick 

at the graben margins to greater than sixty metres thick over less than a kilometre at the 

graben axis (Andrews et al. 2008).  The most effective way to correlate ignimbrites is to 

characterise the associated fallout stratigraphy which changes thickness and grainsize in a 

predictable manner regionally whilst retaining its internal layering and grading stratigraphy.  

However in the central Snake River Plain, fallout deposits are generally insufficiently well-

exposed at the bases of the large ignimbrites so this method has limited applicability.  The 

large scale of the province further complicates attempts at correlation, with massifs on 

either side of the plain 50 km apart with no exposure of rhyolitic rocks within the plain.   

 

Zoning in ignimbrites 

Correlation by geochemistry is complicated by the possibility that some of the ignimbrites 

may show vertical or sectorial variations in their chemical composition.  Given that the 

emplacement of an ignimbrite can be spatially variable, compositional variation through a 
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deposit may be vertically through a single section or laterally over a distance.  Many 

ignimbrites are chemically zoned (e.g. Mazama Tuff, Bacon and Druitt 1988; Arico 

Ignimbrite, Brown et al. 2003; Zaragoza Ignimbrite, Carrasco-Nunez and Branney 2005), 

including ones that record large volume eruptions (e.g. Bandelier Tuff, Smith and Bailey 

1966; Bishop Tuff Hildreth 1979, Hildreth and Wilson 2007; and the Valley of Ten 

Thousand Smokes Ignimbrite, Hildreth 1983, Fierstein and Wilson 2005). 

 

Whereas medium-volume ignimbrites (e.g. Mazama and Zaragoza ignimbrites) are strongly 

zoned (e.g. from rhyolite to andesite), large volume ignimbrites tend to be more subtly 

zoned.  The ignimbrites of the central Snake River Plain are more strikingly heterogeneous 

in mineral chemistry than they are zoned.  Vertical zoning occurs in some Snake River 

Plain ignimbrites as recorded by a subtle change in the proportions of compositional modes 

of clinopyroxenes (Cathey and Nash 2004).  Crucially, the zoning exhibited takes the form 

of changes in the proportion of pigeonite and augite compositional modes rather than the 

compositions of these modes.  In rare cases the phenocryst compositions may vary (e.g. 

Wooden Shoe Butte Member, Chapter 2), however the Wooden Shoe Butte Member is 

composed of two discrete members which each have separate but internally consistent 

homogeneous clinopyroxene populations. 

 

Analytical techniques 

To test correlations proposed on the basis of fieldwork, rocks were analysed for whole rock 

chemistry by X-ray fluorescence (technique as described previously).  Glass and crystal 

chemistry were determined using electron microprobe (electron microprobe technique as 

described previously; Chapter 2).  FeO, SiO2, TiO2, CaO and MgO are considered to be the 

most reliable oxides as determined from glass analyses due to the potential problems in 

analysing Na2O (see Chapter 2).  A subset of samples in this study underwent age 

determinations at the Scottish Universities Environmental Research Centre (SUERC) in 

East Kilbride using 40Ar/39Ar geochronology.  Correlations were further tested by 

determining the oxygen isotopic characteristics of the units within a correlation with 

analysis at the University of Oregon.     
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Argon dating methodology 

Preparation 

Samples for 40Ar/39Ar dating were collected during fieldwork in 2006 and 2007.  Samples 

were prepared at the University of Leicester where they were split, and then crushed using a 

fly-press, before being wet-sieved to obtain a size fraction appropriate to the feldspar grain 

size of the sample, typically 355-500 µm and 500-710 µm.  Sanidine separates were then 

hand-picked under a binocular microscope to pick crystals that had no adhering glass, melt 

inclusions or visible alteration.  The selected crystals were cleaned in acetone (to remove 

any hydrocarbons from the surface) in an ultrasonic bath for twenty minutes, rinsed in de-

ionised water and placed in deionised water in an ultrasonic bath for a further twenty 

minutes.  This process was repeated using 2% nitric acid to remove any adhering glass or 

altered material from crystal surfaces or fractures.   

 

Each sample was packed in a 6 mm Cu-foil packet by SUERC staff, stacked and 

interspersed with packages containing a mineral standard.  All packets were held in place in 

a 6 mm ID quartz tube.  The quartz tube with samples and monitors was placed into a 25 

mm OD Al irradiation tube. The monitor mineral standard was Taylor Creek Rhyolite 

sanidine (TCR2a) with a 40Ar/39Ar age of 28.34 Ma (Renne et al. 1998).  Samples and 

monitors were irradiated for 1 hr in a Cd-lined facility (RODEO) at the Petten HFR, 

Netherlands on the 12th February 2007. 

 

Analysis 

After irradiation and cooling, laser 40Ar/39Ar single fusion experiments were carried out by 

Dan Barfod in the NERC Argon Isotope Laboratory, East Kilbride, Scotland.  Samples 

were loaded onto a 52 mm diameter Cu-sample tray that contained circular machined 

depressions (2 mm deep, 2 mm diameter), and placed in a UHV laser cell.  The laser cell is 

fitted with a zinc-selenide, doubly-pumped UHV-window for transmission of IR laser light.  
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A 25W CO2 laser was used to heat samples in two steps at ca. 3% and 15% power.  At these 

settings 15% laser power setting was sufficient to fuse the samples, typically extracting 

>95% of the remaining argon.  Argon evolved from samples was stripped of active gases 

using SAES getters running hot (ca. 250°) and at room temperature.  System blanks were 

measured every 2-4 grains and found to have been stable through the course of analysis.  

The laser firing, gas handling and mass spectrometer were controlled by in-house and GVi 

software.  Data were collected on a multi-collector mass spectrometer (GVI instruments 

Argus) using a variable sensitivity faraday collector array in static (non-peak hopping) 

mode. 

 

Comparison of 40Ar/39Ar ages 

To correlate between the adjacent massifs along the margins of the central Snake River 

Plain it is necessary to incorporate data from a number of sources, in terms of 40Ar/39Ar 

geochronology, most of the data available is from Bonnichsen et al. (2008) and Perkins et 

al. (1998).  Both of these studies use the Fish Canyon Tuff as a standard and use an age of 

27.84 Ma for the Fish Canyon Tuff (McIntosh pers. comm.).  To be able to compare results, 

these ages were increased by a factor of 1.00646 (28.02/27.84) to compensate for the use of 

the older standard (28.02 Ma, Renne et al. 1998) in the more recent work.  All the ages in 

this chapter are recalculated and quoted to the original reference.   

 

Oxygen isotopes 

Methodology 

Oxygen isotope analyses were performed at the University of Oregon stable isotope 

laboratory, using CO2-laser fluorination and a 35 W laser.  Samples ranging in weight from 

0.6 to 2 mg were reacted in the presence of purified BrF5 reagent to liberate oxygen.  The 

gases generated were purified through cryogenic traps and a small mercury diffusion pump 

to remove traces of fluorine gas.  Oxygen was converted to CO2 gas by a small platinum-

graphite converter, the yield was measured, and then CO2 gas was analyzed on a MAT 253 
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mass spectrometer. Four to seven standards were analyzed together with the unknowns 

during each analytical session with the San Carlos olivine (δ18O = 5.35‰) and Gore 

Mountain garnet (δ18O = 5.75‰) used as standards.  Day-to-day δ18O variability on 

standards ranged from +0.1‰ to -0.3‰, and these values were added or subtracted to the 

unknowns to correct for day-to-day variability.  Values are reported on a standard mean 

ocean water scale. 

 

Rhyolites from the central Snake River Plain have been found to contain a significant 

depletion in δ18O with feldspar values ranging from -1.4 to 3.8‰ (Boroughs et al. 2005).  

This range of δ18O is significantly depleted compared to the typical values 7-10‰ reported 

for rhyolites (Taylor 1968).  The range in δ18O observed in the CSRP (5.2‰) allied to the 

precision on the measurements (0.1‰) allows oxygen isotopes to be used as a correlative 

tool in addition to the methods previously described. 

 

Results 

40Ar/39Ar  

Results of the 40Ar/39Ar experiments are shown in Table 3.1.  Individual single crystal ages 

derived from a sample gave results with a wide scatter.  The scatter is likely to reflect 

geological causes; for example the lack of fallout deposits meant that it was necessary to 

sample ignimbrites which may have entrained xenocrystic material or accidental material 

into the pyroclastic density currents, or contain slightly altered feldspars.  To determine the 

validity of the individual ages, linear probability plots (Fig. 3.9) were used to assess ages to 

include in the calculation of the final age.  Given that all the ignimbrites in this study are of 

known magnetic polarity (Bonnichsen et al. 2008), the geomagnetic polarity time scale may 

be used to investigate the possibility of older xenocrystic material being incorporated into 

the ignimbrite.  The geomagnetic polarity timescale is based on the correlation of the 

sequence of magnetic deposits from the ocean-floor with deposits on land which have been 

dated (e.g. Cande and Kent 1995).   This timescale is then calibrated against astronomical  
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timings (e.g. Baksi 1993).  Thus, using this timescale, any ages of crystals that represent a 

polarity opposing the known polarity of the ignimbrite may be discounted from the final 

age derivation (e.g. Fig. 3.9).  The samples were split into a series of proposed correlations, 

which will be considered individually, starting with the oldest.   

 

Proposed correlation 1: Buckhorn Ignimbrite, Cougar Point Tuff 7 and Browns 

Bench 3 

The three ignimbrites of proposed correlation 1 (Fig. 3.10) are within CAT group 3, which 

is characterised by units with whole rock TiO2 contents of 0.38-0.59 wt. % and reverse 

magnetic polarity (Bonnichsen et al. 2008).  CAT group 3 lies within ‘Stage A’, which is 

thought to represent the first major period of eruptive activity during the evolution of the 

central Snake River Plain (Bonnichsen et al. 2008). 

 

Physical description 

The Buckhorn Ignimbrite (Fig. 3.11) is a lava-like rhyolitic ignimbrite composed of a 

slightly rheomorphic, welded and devitrified centre and an upper vesiculated zone that is 

poorly exposed along the Grasmere Escarpment (Fig. 3.1).  The base of the Buckhorn 

ignimbrite is not exposed.   

 

Cougar Point Tuff 7 is a rheomorphic rhyolitic ignimbrite (Fig. 3.11 E) composed of 

multiple zones of different weathering characteristics (Bonnichsen and Citron 1982).  The 

upper reaches of Cougar Point Tuff 7 are sheet jointed and pass upwards into a highly 

rheomorphic zone.  It contains quartz, sanidine, plagioclase, augite, pigeonite, ilmenite and 

magnetite. 

 

Browns Bench 3 (Fig. 3.11 A) is an intensely welded ignimbrite, with lithophysal horizons 

that indicate more than one cooling unit (e.g. Smith 1960) reflected in the step-like 

character of the unit.  The lowermost zone of the ignimbrite contain abundant fiammé of  
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black glass (Fig. 3.11 B) which have a lower crystal content than the surrounding 

ignimbrite and have classical flame shapes with ragged edges.  Fiammé are rare in Snake 

River-type ignimbrites due to the lack of pumice lapilli (Branney et al. 2008).  Above the 

eutaxitic zone is a zone of ignimbrite rich in chips of angular to sub-angular non-vesicular 

glass < 3 cm in size.  This passes up into a slightly rheomorphic zone and the upper part of 

the ignimbrite is vesiculated with prolate vesicles.     

 

Glass and phenocryst characteristics  

Microprobe analysis of glass in these ignimbrites shows that they cannot be distinguished 

on the basis of major element compositions of their glass (Fig. 3.12 A).  FeO contents 

ranging from 0.5-2.5 wt.% and CaO contents between 0.2 and 2 wt.% for all the units.     

 

With respect to phenocryst populations, Browns Bench 3 contains a single mode of 

pigeonite, the Buckhorn Ignimbrite contains two modes of pigeonite and Cougar Point Tuff 

7 contains three.  The two pigeonite modes of the Buckhorn Ignimbrite (average FeO 29.9 

and 31.5 wt.%) do not overlap with the pigeonite composition of Browns Bench 3 which 

has an average FeO content of 32.8 wt.% (Fig. 3.13) with typical errors at 2σ for this 

abundance of FeO being c. 0.4 wt.%.  Augite is much less common and the compositions 

again do not overlap.  Both the Buckhorn Ignimbrite and Browns Bench 3 contain 

plagioclase with overlapping compositional ranges (An41 to An58; Fig. 3.13).      

 

40Ar/39Ar ages 

Cougar Point Tuff 7 has been dated as 11.89 ± 0.03 Ma by 40Ar/39Ar (Bonnichsen et al. 

2008).  Ages of individual crystals from Browns Bench 3 show significant scatter with the 

range of ages spanning three million years (Fig. 3.9; Table 3.1).  This range of ages of 

individual sanidines means that the age as determined here has a very large error, 12.3 ± 1 

Ma.  The MWSD of the Browns Bench 3 age is 6, suggesting that the 40Ar/39Ar age is  
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unreliable.  The Buckhorn Ignimbrite has a 40Ar/39Ar age of 11.56 ± 0.17 Ma, which does 

not correlate with the older Cougar Point Tuff 7.   

 

Oxygen isotopes 

The Buckhorn Ignimbrite has an average δ18O of 2.06 ‰, and Browns Bench 3 has an 

average δ18O of 0.64 ‰.  Boroughs et al. (2005) analysed feldspars from Cougar Point Tuff 

7 and determined a δ18O of 0.20 ‰ (Fig 3.14).  
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Interpretation 

A difference in clinopyroxene compositions suggests that Browns Bench 3 does not 

correlate with either the Buckhorn Ignimbrite or Cougar Point Tuff 11.  The clinopyroxene 

compositions of Cougar Point Tuff 11 differ slightly from those in the Buckhorn Ignimbrite 

and the units have 40Ar/39Ar ages which do not overlap within error.  However, the age of 

the Buckhorn Ignimbrite is poorly constrained and the clinopyroxene compositions are not 

strikingly different.  The oxygen isotopic characteristics of the units are different outside of 

the error of measurement, suggesting that these three ignimbrites represent three different 

units.    

 

Proposed correlation 2: Browns Bench 5, Upper Grasmere Escarpment Ignimbrite, 

Windy Gap and Cougar Point Tuff 11 

CAT group 5 of Bonnichsen et al. (2008) contains all the units in proposed correlation 2 

(Fig. 3.15).  They have similar whole rock chemistry, TiO2 contents (between 0.26 and 0.43 

wt%) and reverse magnetic polarity.  CAT group 5 is estimated to contribute around 25% 

of the erupted volume of the central Snake River Plain (Bonnichsen et al. 2008).    

 

Physical description 

Browns Bench 5, is an intensely welded (Fig. 3.16 F), locally lava-like ignimbrite well 

exposed in the Corral Creek section of Browns Bench (Fig. 3.1).  The uppermost part of the 

ignimbrite is vesiculated tuff overlain by a well-developed palaeosol (Fig. 3.4).  It has a 

low phenocryst content ≤ 5 % and contains sanidine, plagioclase, quartz, augite, pigeonite, 

ilmenite and magnetite.     

 

The Upper Grasmere Escarpment Ignimbrite extends for at least 25 km along the Grasmere 

Escarpment to the north of the Bruneau-Jarbidge eruptive centre, where it has localised 

good exposure (Fig. 3.16 D).  It is rheomorphic with a stony, devitrified centre, and  
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medium-scale folds in the upper third of the ignimbrite.  The uppermost part is a highly 

vesiculated (pumiceous) zone, golden brown in colour.   

 

The Windy Gap Ignimbrite is c. 300 m thick, (Wood and Gardener 1987; Fig. 3.7), in the 

Bennett Mountains to the north of the Snake River Plain (Fig. 3.1).  It is composed of a 

succession of lithoidal rhyolite layers and the presence of medial vitrophyres suggests that 

it is a compound cooling unit.  Non-welded ash is reported at the base of the unit (Wood 

and Gardener 1987) but it is unclear whether this is an ashfall deposit or a non-welded 

lower part of the ignimbrite.  The Windy Gap Ignimbrite is characterised by coarse 

plagioclases, 3-4 mm in diameter (Bonnichsen et al. 2008).   

 

Cougar Point Tuff 11 (Bonnichsen and Citron 1982) is a voluminous, intensely welded 

rhyolitic ignimbrite which typically develops erosional pillars (Fig. 3.16 A).  It is widely 

the thickest of the Cougar Point Tuffs ranging from c. 40 m thick in Bruneau canyon to up 

to 100 m thick in Jarbidge canyon (Bonnichsen and Citron 1982).  Its uppermost part is 

highly rheomorphic and contains fiammé (Fig. 3.16 C) which follow the rheomorphic folds.  

Its phenocryst assemblage includes quartz, sanidine, plagioclase, augite, pigeonite, fayalite, 

ilmenite and magnetite (Bonnichsen and Citron 1982; Cathey and Nash 2004).   

 

Glass and phenocryst characteristics  

Windy Gap and Browns Bench 5 have average glass FeO contents of 1.48 and 1.55 wt.% 

respectively whereas the Upper Grasmere Escarpment Ignimbrite has an average FeO 

content of 2.14 wt.%, and given that the error on FeO analysis in glass at 2σ is 0.08 wt.% 

(e.g. Fig 3.12) it appears unlikely these units correlate (Fig. 3.12 B).  Cougar Point Tuff 11 

has identical glass compositions to Windy Gap Ignimbrite and Browns Bench 5. 

 

Pyroxene phenocrysts are relatively rare in all the ignimbrites considered in this proposed 

correlation.  Upper Grasmere Escarpment Ignimbrite has a single population of augite with  
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an average MgO content of 4.77 wt.%, whereas Browns Bench 5 has two compositional 

modes with average MgO contents of 6.56 and 3.00 wt.%, similar to the values of the two 

modes in Cougar Point Tuff 11 (Fig. 3.17).  The compositions of pigeonite and augite in the 

Windy Gap Ignimbrite appear to be similar (although there are insufficient data exist to test 

whether two compositional modes of augite are present).  Plagioclase to sanidine 

proportions and plagioclase compositions suggest that the Upper Grasmere Escarpment 

Ignimbrite unit is distinct again, with more calcic plagioclase than the other units (Fig. 3.17 

D).     

 

40Ar/39Ar ages 

Browns Bench 5 has a 40Ar/39Ar age of 11.34 ± 0.08 Ma while the Windy Gap Ignimbrite 

has a 40Ar/39Ar age of 10.98 ± 0.08 Ma.  Cougar Point Tuff 11, which is a prospective 

correlative of these units has a 40Ar/39Ar age of 11.29 Ma ± 0.07 (Bonnichsen et al. 2008).  

Ages derived from crystals taken from the Upper Grasmere Escarpment Ignimbrite show a 

large scatter, (Fig. 3.9; Table 3.1) resulting in an age of 10.68 ± 0.59.  The MWSD of the 

age of UGEI is 8, which suggests that the age is not reliable. 

 

Oxygen isotopes 

Browns Bench 5 has δ18O of 2.72 ‰ which overlaps with the 2.60 ‰ of the Cougar Point 

Tuff 11 as reported by Boroughs et al. (2005) within the estimated error of the 

measurements (0.1 ‰).  The Upper Grasmere Escarpment Ignimbrite has δ18O of 1.99 ‰ 

distinctly lower than the values for Browns Bench 5 and Cougar Point Tuff 11 (Fig 3.14).   

 

Interpretation    

The Upper Grasmere Escarpment Ignimbrite is distinct from the other ignimbrites in terms 

of both glass and clinopyroxene compositions.  These data do not favour a correlation 

despite the very poor precision of the 40Ar/39Ar age.  The age of the Windy Gap unit does 

not overlap with the age of Browns Bench 5 or Cougar Point Tuff 11 suggesting that the 
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Windy Gap is a different eruptive unit.  The phenocryst and glass compositions of Cougar 

Point Tuff 11 and Browns Bench 5 are identical and their ages overlap within error.  The 

oxygen isotopic characteristics of Browns Bench 5 overlap with those of Cougar Point Tuff 

11, and are distinct from the δ18O characteristics of UGEI.  Given the similarities of 

Browns Bench 5 and Cougar Point Tuff 11 in terms of glass, clinopyroxene compositions 

age and oxygen isotopic character, these units are considered to correlate.  

 

Proposed correlation 3: Big Bluff Member, Jackpot 1-6, Browns Bench 7 and 

Frenchman Springs Rhyolite 

A possible correlation between the Big Bluff Member, Jackpot 1-6, Browns Bench 7 and 

the Frenchman Springs Rhyolite is proposed because all these units are within the same 

CAT group, with normal magnetic polarity and have whole rock TiO2 abundances between 

0.22 and 0.38 wt.% (Bonnichsen et al. 2008).  The Big Bluff Member and Jackpot 1-6 

Member of Andrews et al. (2008) are thick units which are low in their respective 

successions on the south side of the central Snake River Plain.   

 

Physical description  

The Big Bluff Member in the Cassia Mountains (Chapter 2) is a thick, intensely welded, 

rhyolitic ignimbrite.  Overlying the basal ashfall deposits (Fig. 3.21), the ignimbrite is 

composed of a succession of massive layers with different weathering characteristics, 

separated by lithophysal horizons (Fig. 3.18).  Near the base of the ignimbrite, abundant 

non-vesicular clasts of black angular glass < 5 cm occur.  The uppermost unit is the thickest 

(40 m), and is slightly rheomorphic near the top, where there is a thin (< 1 m thick), black 

to dark grey, perlitic vitrophyre containing spherulites with characteristic green chalcedony 

fills.  This sub-unit is overlain by a yellow to pink, non-welded massive lapilli-tuff 

containing abundant chips of non-vesicular black glass and pumice clasts up to a few 

centimetres in diameter.    
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The Jackpot Member of Andrews et al. (2008) is composed of seven sub-units and located 

within the Rogerson Graben where its base is not exposed.  The lower five sub-units are 

intensely welded and variably lava-like (sensu Branney and Kokelaar 1992).  The majority 

of the thickness of the Jackpot Member is within sub-units 1-5, with each sub-unit 

separated by lithophysal horizons. At the base of sub-unit 4 of Andrews et al. (2008) is a 

layer of centimetre-scale (< 2 cm), angular chips of non-vesicular black glass (Fig. 3.19), 

identical to those in the Big Bluff Member.  The upper part of sub-unit 5 is slightly 

rheomorphic and has a thin (metre scale) perlitic vitrophyre which is folded by the 

rheomorphism.  Above this vitrophyre is a zone of non-welded material referred to by 

Andrews et al. (2008) as ‘Jackpot 6’.  This non-welded material becomes progressively 

more fused downwards towards the vitrophyre at the top of Jackpot 5.  The non-welded 

facies contains abundant angular chips of non-vesicular glass and concentric-laminated 

accretionary lapilli, < 2 cm in diameter.  Some of the accretionary lapilli have the angular 

glass clasts as cores (Fig. 3.19).  The accretionary lapilli become more abundant upwards in 

Jackpot 6, and are rare in the basal metre or so of the ignimbrite.  The Jackpot Member 

contains 10-15% phenocrysts of sanidine, plagioclase, clinopyroxene, quartz and magnetite 

with zircon and apatite present as accessories.    

 

Browns Bench 7 also contains several different weathering horizons which are in places 

separated by lithophysal horizons, and the upper part of the thickest sub-unit is slightly 

rheomorphic, but both the top and lower contact of Browns Bench Unit 7 are not exposed.   

 

The Frenchman Springs Rhyolite is a lava-like, flow-banded deposit < 100 m thick, 

containing 3-5% phenocrysts (Fig. 3.18).  It is entirely massive and lacks any internal 

stratigraphy.  It exhibits a basal breccia containing large clasts up to 20 cm in diameter 

(Fig. 3.19), many of which are vesiculated, indicative of an autobreccia.  Although 

autobreccias may occur locally at the bases of rheomorphic ignimbrites (e.g. Sumner and 

Branney 2002), they are much more common at the base of rhyolitic lavas, and their 

extensive development has been used as a diagnostic criterion for an effusive origin 

(Bonnichsen and Kauffman 1987; Henry and Wolff 1992; Branney and Kokelaar 1992).   



Chapter 3: Eruptive volumes of Snake River‐type ignimbrites  
 

126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Eruptive volumes of Snake River‐type ignimbrites  
 

127 

 

Unfortunately, the lateral extent of the autobreccia at the base of the Frenchman Springs 

Rhyolite has not been determined.    

 

Glass and phenocryst characteristics  

The Big Bluff Member and proposed correlative units have similar glass chemistry in terms 

of SiO2, TiO2, FeO and CaO, although Browns Bench 7 shows a wider range of FeO than 

the other units (Fig. 3.12 C) with values less than 1 wt.% FeO.   

 

The pyroxene compositions of the Big Bluff Member and proposed correlatives are 

distinctive throughout the Snake River Plain as a whole.  Most Snake River-type rhyolites 

contain both augite and pigeonite, whereas the Big Bluff Member, Browns Bench 7 and 

Frenchman Springs contain augite, and rarely fayalite but lack pigeonite.  However, the 

pyroxenes in Jackpot 1-6 are too altered to analyse (e.g. Andrews et al. 2008; this study).  

The lack of pigeonite in the other three units separates them from the overlying ignimbrites 

both at the Rogerson Graben and Cassia Mountains where pigeonite is ubiquitous in the 

younger ignimbrites (Andrews et al. 2008; Chapter 2).  Feldspar compositions and 

morphology in the 4 units of proposed correlation 3 are similar; plagioclase is present in all, 

with compositions overlapping as oligoclase An24-30 (Fig. 3.20).  These compositions are 

distinct from those of overlying ignimbrites in both the Rogerson Graben and Cassia 

Mountains which contain andesine (Andrews et al. 2008; Chapter 2).  All the four units 

contain sanidine with compositions, Or53-57 (Fig 3.20) similar to the compositions of 

sanidine in other central Snake River Plain rhyolites.  With respect to crystal textures, 

Jackpot 5 contains sanidines with myrmekitic textures, which  in the Rogerson Graben are 

unique to the Jackpot Member (Andrews et al. 2008), and identical textures are seen in the 

upper parts of the Big Bluff Member in the Cassia Mountains.     

 

The Big Bluff Member and Jackpot 1-6 both contain some ilmenite and a greater 

abundance of titanomagnetite which are not in equilibrium, using the criteria of Bacon and  
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Hirschmann (1988).  In contrast, the Frenchman Springs Rhyolite contains ilmenite and 

rare titanomagnetite. 

 

40Ar/39Ar ages 

Browns Bench 7 has an 40Ar/39Ar of 10.98 ± 0.07 Ma as derived from single crystal 

sanidine by Bonnichsen et al. (2008).  The Big Bluff Member has been dated by 40Ar/39Ar 

as 10.83 ± 0.03 Ma (Perkins et al. 1995) on an assumed correlative distal ashfall, the same 

age was later refined to 10.93 ± 0.03 Ma, Perkins et al. (1998) and further corrected here to 

an age of 11.01 ± 0.03 Ma.  This study uses a sample from the Big Bluff ignimbrite to give 

an 40Ar/39Ar age of 10.91 ± 0.07 Ma (Fig. 3.25).  The Frenchman Springs Unit has an age 

of 10.96 ± 0.09 and the Jackpot 1-6 unit has an 40Ar/39Ar age of 10.95 ± 0.16 Ma (Table 

3.1).   

 

Oxygen isotopes 

The Tuff of Big Bluff has a δ18O of 2.98 ‰, the Jackpot 1-6 unit has δ18O of 2.81 ‰ and 

Browns Bench 7 has δ18O of 2.86 ‰.  The Frenchman Springs unit in the West Bennett 

Mountains has a distinctly lower δ18O of 2.39 ‰ (Fig. 3.14). 

 

Interpretation  

The ages of all units in this correlation overlap within error of the analysis.  The Big Bluff 

Member, Jackpot 1-6 and Browns Bench 7 are now considered to be the same unit (Fig. 

3.21), which I name the Big Bluff Tuff.  Although the Frenchman Springs Rhyolite 

overlaps with the Tuff of Big Bluff within error of the age determination, it is considered to 

be a lava which was erupted at around the same time, for the following reasons: 

(1) The Frenchman Springs Rhyolite has a basal autobreccia composed of 

vesiculated blocks which is not present in the Big Bluff Tuff.  Widespread basal 

autobreccias are characteristic of rhyolitic lavas but breccias can be locally developed in 

intensely rheomorphic ignimbrites. 
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(2) The phenocryst content of the Frenchman Springs unit is c. 2%, significantly 

lower than the 15% recorded in the Big Bluff Member or correlatives.  

(3) The Frenchman Springs unit contains little titanomagnetite, whereas in the Big 

Bluff Member it is more common than ilmenite.   

(4) All the units which comprise the Big Bluff Tuff overlap within error in terms of 

oxygen isotopes whereas the Frenchman Springs unit is isotopically distinct. 

 

Proposed correlation 4: Steer Basin Member, Jackpot 7 and Browns Bench 8 

Proposed correlation 4 involves the ignimbrites directly above those in correlation 3 in their 

respective massifs (Fig. 3.22).  The Steer Basin Member, Jackpot 7 and Browns Bench 8 

(BBU8) are all found within CAT group 8A with TiO2 contents of between 0.39 and 0.67, 

and normal magnetic polarity (Bonnichsen et al. 2008).   

 

Physical description 

The Steer Basin Member is an intensely welded, highly rheomorphic ignimbrite in the 

Cassia Mountains (Chapter 2), between 40 and 50 m thick.  The lowermost exposure 

includes a distinctive layer of aphyric obsidian (Fig. 3.23 A), used by Native Americans as 

a source of tool points (Williams et al. 1990).  Directly above this obsidian layer is a crystal 

rich basal vitrophyre which passes up into intensely welded lithoidal rhyolite containing 

fiammé (Fig. 3.23 C) probably formed by the post-welding vesiculation of tuff.  The 

uppermost part of the ignimbrite is highly rheomorphic, containing metre to decimetre-

scale open folds, picked out by flow banding and partly by sheet-jointing.  A thin (< 1 m 

thick) perlitic upper vitrophyre lies on the rheomorphic zone and passes upwards into a 

non-welded facies (c. 2 m thick) of ignimbrite overlain by a palaeosol (Fig. 3.26). 

 

The Jackpot 7 ignimbrite in the Rogerson Graben is an intensely welded ignimbrite, thirty 

to forty metres thick (Andrews et al. 2008).  It overlies a deposit of obsidian interpreted as 

fused ashfall (Fig. 3.23 B), overlain by the ignimbrite’s basal vitrophyre.  The interior of  
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Jackpot 7 contains fiammé (Fig. 3.23 D) near the base reaching several centimetres, 

interpreted as post-welding vesiculated tuff (Andrews et al. 2008) which passes up into 

lithoidal sheet-jointed rhyolite.  The uppermost part of the deposit is lithoidal and highly 

rheomorphic. 

 

Browns Bench 8 is an extremely high-grade rheomorphic ignimbrite with a prominent 

upper rheomorphic zone.  The base of the ignimbrite is not exposed but abundant obsidian 

occurs in float beneath the ignimbrite, suggesting the presence of a non-exposed fused 

ashfall layer. 

 

Glass and phenocryst characteristics  

Microprobe analyses of glass show that the Steer Basin Member, Jackpot 7 and Browns 

Bench 8 are identical in terms of most major element oxides.  TiO2 contents in all 3 units 

range from 0.2-0.35 wt.% and SiO2 contents are similar (74-77.5 wt.%).  The FeO and CaO 

contents are shown in Figure 3.12 D with Browns Bench 8 having a larger range of FeO 

and CaO than the Steer Basin Member and Jackpot 7.   

 

All three ignimbrites contain both pigeonite and augite crystals, with pigeonite more 

abundant than augite.  Identical compositional modes in both pigeonite and augite are 

recorded from all the ignimbrites (e.g. Chapter 2; Fig. 3.24).  The compositional groups are 

outside of analytical error and are significantly different from the compositions of 

pyroxenes in the ignimbrites of correlation 3.  The clinopyroxene compositions are unique 

in the Snake River Plain, in that the compositions of pigeonite and augite may overlap with 

other units, only the units within this correlation have the exact same combination of modes 

in both pigeonite and augite.   

 

The feldspars within ignimbrites of this proposed correlation are similar, in both proportion 

and composition; plagioclase is much more abundant than alkali feldspar.  The plagioclase 

in all these units is oligoclase to andesine An32 to An38 (Fig. 3.24) in contrast with the  
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oligoclase in the stratigraphically lower Big Bluff Tuff.  Units of this proposed correlation 

all contain sanidine with Or55 to Or59 and these compositions overlap.   

 

40Ar/39Ar ages 

The Steer Basin Member has a 40Ar/39Ar age of 10.48 ± 0.09 Ma, the Jackpot Member 7 

units of Andrews et al. (2008) has a 40Ar/39Ar age of 10.4 ± 0.09 Ma and the Browns Bench 

8 has a 40Ar/39Ar age of 10.56 ± 0.09 Ma (Table 3.1).  All of these ages overlap within error 

of the measurements (Fig. 3.25) and even more compellingly, the spread of ages for all 

three units in this proposed correlation are similar, with all three units containing an older 

component of c. 11.5 Ma (Fig. 3.9). 

 

Oxygen isotopes 

All the units in correlation 4 have similar depletion in δ18O; the Steer Basin Member has 

2.24 ‰, the Jackpot 7 unit has δ18O of 2.20 ‰ and Browns Bench 8 has δ18O of 2.32 ‰ 

(Fig. 3.14). 

 

Interpretation 

Stratigraphically, these units overlie the ignimbrites of the previous correlation and have 

numerous similar physical features such as the presence of a basal layer of obsidian (Fig. 

3.26).  The identical clinopyroxene compositions which are preserved vertically through a 

section (e.g. Chapter 2) are a strong indication that the Steer Basin Member, Jackpot 7 and 

Browns Bench 8 are correlatives.  This is supported by the similarities in glass and feldspar 

compositions.  The 40Ar/39Ar geochronology for these units produces ages which overlap 

and have the same distribution of ages.  Underlying and overlying units have 40Ar/39Ar ages 

which are different outside of analytical uncertainty.  All the units in this correlation have 

oxygen isotopic characteristics which overlap within error of the measurement.  Given this 

weight of evidence, the Steer Basin Member, Jackpot 7 and Browns Bench 8 are considered  
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to correlate, and are interpreted as from a single eruptive unit.  This new unit is hereby 

termed the Steer Basin Tuff.   

 

Discussion: 

Correlation of local units into three widespread ignimbrites, here termed Cougar Point Tuff 

11, the Big Bluff Tuff and the Steer Basin Tuff is compelling because the regional 

representation of each correlation has good agreement in terms of mineral compositions, 

whole rock chemistry, magnetic polarity, geochronology, oxygen isotopic composition and 

glass chemistry in each correlation.  The volumes of these units and their significance will 

be explored in the following section.  

 

Eruptive volumes: 

In this study it is inferred that three widespread ignimbrites; Cougar Point Tuff 11, Big 

Bluff Tuff and the Steer Basin Tuff represent the products of individual large eruptions.  

Estimations of the erupted volumes of each are presented below:  

 

Cougar Point Tuff 11: 

This unit contains the sub-units of Cougar Point Tuff 11 in the Bruneau-Jarbidge eruptive 

centre (Bonnichsen 1982; Bonnichsen and Citron 1982; Cathey and Nash 2004) and 

Browns Bench 5 (Bonnichsen et al. 2008).  The volume of Cougar Point Tuff 11 has been 

estimated at between 50 and 1800 km3 (Boroughs et al. 2005; Leeman et al. 2008), 

although no distribution of the unit is given.  The inferred distribution for Cougar Point 

Tuff 11 stretches from the Bruneau-Jarbidge eruptive centre to the Browns Bench 

escarpment (Fig. 3.1), an area of approximately 6,180 km3.  The thickness of the unit varies 

between 75 and 30 m, so 50 m thick is taken as an average and produces an extracaldera 

volume of 309 km3.  The intracaldera deposits of well-known ignimbrites have been 

considered to be of equivalent volume to the outflow volumes, and ashfall deposits have 

also been considered to be of similar volume (e.g. Rose and Chesner 1987; Wilson 2001; 
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Mason et al. 2004).  Although this is not necessarily the case, it seems a reasonable 

approximation for the central Snake River as large volume calderas have been identified 

from the eastern Snake River Plain and Yellowstone (e.g. Morgan and McIntosh 2005; 

Christiansen 2001).  Furthermore, the ashfall deposits from Snake River-type eruptions are 

widely recorded in the intermontane basins of the western United States (e.g. Perkins et al. 

1998; Perkins and Nash 2002) with deposits recorded > 1000 km to the east in Nebraska 

(e.g. the Ogallala Formation, Rose et al. 2003).  Following the above assumption, that the 

extracaldera volume is equal to the intracaldera volume which is equal to the ashfall 

volume, the estimated volume for Cougar Point Tuff 11 is 927 km3.   

 

The Big Bluff Tuff: 

The Big Bluff Tuff includes the Big Bluff Member (Williams et al. 1991), the majority of 

the Jackpot Member (Andrews et al. 2008) and Browns Bench 7 (Fig. 3.21; Bonnichsen et 

al. 2008).  No volume estimates have been made for the Big Bluff Member but the Jackpot 

Member has an estimated minimum volume of >> 22.5 km3 (Andrews et al. 2008).  The 

newly correlated Big Bluff Tuff is exposed in the Cassia Mountains, Rogerson Graben and 

on Browns Bench (Fig. 3.1), covering an area of c. 5,335 km2 (Fig. 3.18), and is typically 

75 m thick (a conservative estimate as the base of the Jackpot Member is not exposed).  

This gives a volume of 400 km3.  Typical volume assumptions normally involve radial 

distributions from a central vent; however this assumption is not followed here because in 

the successions to the north of the Plain no units are currently known which have the same 

characteristics (discounting the Frenchman Springs unit as discussed above).  This 

produces an estimated total volume of c. 1200 km3 for the Big Bluff Tuff. 

 

The Steer Basin Tuff: 

The outcrop area is approximately the same as the Big Bluff Tuff, however, the unit is 

typically only 40 m thick (Fig. 3.26) making the volume of the exposed Tuff of Steer Basin  
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213 km3.  Using the same assumptions as for the Big Bluff Tuff, the overall volume of the 

Steer Basin Tuff is estimated at ~640 km3.     

 

Volume or magnitude? 

Historically the volume of volcanic eruptions has been measured using the semi-

quantitative Volcanic Explosivity Index (VEI) of Newhall and Self (1992).  The VEI is 

based on a combination of observations on eruptive behaviour and the bulk volume of the 

deposit.  Using this scale, the Big Bluff Tuff has a VEI of 8 and the Steer Basin Tuff has a 

VEI of 7.  However, measuring the volume of deposits over-estimates the volume of non-

welded deposits when compared with welded rocks, to avoid this a dense rock equivalent 

was used (e.g. Carey and Sigurdsson 1986; Mason et al. 2004).  The magnitude system of 

Mason et al. (2004) uses the eruptive mass of the deposit to generate a magnitude for the 

eruption.  To determine the mass of the deposit the MAGMA program (Wohletz 1999) was 

used, assuming anhydrous conditions with the chemistry of the magma and the inferred 

magmatic temperature to calculate rock density and then the method of Mason et al. (2004) 

was followed.  The results gave estimated magnitudes of 8.47 for the Big Bluff Tuff, 8.36 

for Cougar Point Tuff 11 and 8.15 for the Steer Basin Tuff (Table 3.2).  For ease of 

comparison, and using the same method of estimating volume (e.g. I = O = A), the Big 

Bluff Tuff is estimated to be slightly larger than the Cerro Galan ignimbrite (Sparks et al. 

1985 and De Silva 1989) whereas the Steer Basin Tuff is estimated to be slightly larger 

than the Oruanui eruption (Wilson 2001). 

 

The Yellowstone hotspot track: 

The Yellowstone hotspot track has produced a number of eruptions large enough to be 

classified as super-eruptions (> 750 km3 and 300 km3 DRE; Sparks et al. 2005) from both 

the Yellowstone plateau and the Heise eruptive centre (Christiansen 2001; Morgan and 

McIntosh 2005).  The Tuff of Big Bluff and the Tuff of Steer Basin are both of similar size 

to known eruptions from the Yellowstone hotspot (Fig. 3.27).  The Big Bluff Tuff is of 

equivalent magnitude to the Blacktail Tuff of Morgan et al. (1984) and represents one of  
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the largest eruptions from the Yellowstone hotspot.  The volume of the Steer Basin Tuff is 

most similar to the Walcott Tuff from the Heise eruptive centre (Morgan and McIntosh 

2005).  However, as discussed above, as it has a greater intensity of welding, the Steer 

Basin Tuff is of greater magnitude. 

 

The total erupted volume of the central Snake River Plain is significantly larger than the 

Yellowstone plateau.  The Yellowstone plateau erupted ~3,800 km3 of rhyolite over a 

period of 2.2 million years (Christiansen 2001) whereas in the 2.2 million years from 12.7-

10.5 Ma, estimates for the amount of rhyolite erupted in the central Snake River Plain are 

between 7-14,000 km3 (Perkins and Nash 2002; Bonnichsen et al. 2008).  This suggests that 

during the early part of the hotspot history the Yellowstone hotspot was approximately 

three times more productive than the Yellowstone plateau.      

 

Eruption frequency 

The new correlations in the central Snake River Plain reduce the number of eruptions from 

the Miocene Yellowstone hotspot.  Hitherto 56 ignimbrites, 19 lavas and 15 rhyolites of 

equivocal (explosive or effusive) origin from the central Snake River Plain erupted between 

13-5.5 Ma (Bonnichsen et al. 2008).  Assuming half (8) of the unknown rhyolites are 

ignimbrites, and given that in the record of events that allow unequivocal interpretation the 

ratio of ignimbrites to lavas is ~ 3:1 this is conservative, the tally for the central Snake 

River Plain is 64 ignimbrites spanning a period of 7.5 million years.  This equates to 8.5 

ignimbrite-forming eruptions per million years.  This is in marked contrast with the 

younger volcanic fields of Heise, which had 5 explosive eruptions over 2.2 Ma, a rate of 

2.27 eruptions per million years.  The Yellowstone plateau has produced 6 explosive 

eruptions in the past 2.2 Ma, with the tuffs of Sulphur Creek, Bluff Point and Lyle Spring 

in addition to the three large volume eruptions (Christiansen 2001).  The Yellowstone 

plateau has experienced explosive eruptions at an average rate of 2.72 eruptions per million 

years. 
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The new correlations in this work reduces the known number of ignimbrites from the 

central Snake River Plain by five, giving 59 ignimbrite-forming eruptions at a rate of 7.4 

per million years, or one explosive eruption per 135,000 years.  The ‘ignimbrite flare-up’ of 

the central Snake River Plain (Bonnichsen et al. 2008) is best represented by the Cougar 

Point Tuff succession of the Bruneau-Jarbidge eruptive centre which had an ignimbrite 

forming eruption every 200-300 ka (Cathey and Nash 2004; Bonnichsen 2008).  As the 

entirety of the Cougar Point Tuff may be seen vertically stacked in steep canyon sections 

(e.g. Fig 3.11 E), the frequency of these eruptions cannot be reduced by correlation.  Given 

that the Cougar Point Tuff succession represents part of the ‘flare-up’ event, the relative 

eruptive frequencies suggest that there are numerous other correlations that have yet to be 

made. 

 

Other possible correlations 

The new geochronological data available here allows speculation on further correlations 

based on the CAT groups of Bonnichsen et al. (2008).  Some possible correlatives are 

suggested below; all require further work:   

 

Big Bluff Tuff and Cougar Point Tuff 13 

It is possible that the Big Bluff Tuff has a correlative unit further west within the Cougar 

Point Tuff succession.  The most likely candidate is Cougar Point Tuff 13 as both units are 

within CAT group 7 of Bonnichsen et al. (2008).  Cougar Point Tuff 13 contains fayalite 

and augite and lacks pigeonite similar to the Big Bluff Tuff (Fig. 3.28).  In terms of age, 

Cougar Point Tuff 13 has a 40Ar/39Ar age of 10.86 ± 0.06 Ma (Bonnichsen et al. 2008) 

which is an average of three 40Ar/39Ar age determinations (10.89 ± 0.06, 10.7 ±0.06 and 

10.82 ± 0.07 Ma).  Previously it was thought that the Big Bluff Tuff did not correlate with 

Cougar Point Tuff 13 because the 40Ar/39Ar age of the Big Bluff Tuff quoted was that of 

Perkins et al. (1998) as 11.01 ± 0.03 Ma.  The 40Ar/39Ar age of the Big Bluff Tuff as 

determined here, 10.91 ± 0.07 Ma, overlaps with all three ages of Cougar Point Tuff 13 

from Bonnichsen et al. (2008).  Only the age of the Tuff of Big Bluff as determined by 

Perkins et al. (1998) does not agree with the ages of the later studies.  Some of the ages  
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attributed by Perkins et al. (1995), the original paper from which the age was recalculated, 

have been shown to have been correlated incorrectly.  Given the good agreement between 

the ages and chemistry of the Tuff of Big Bluff and Cougar Point Tuff 13, it is suggested 

here that these units correlate.  The compositions of the augites and ages of all the units are 

shown in Figure 3.28.  If the Big Bluff Tuff and Cougar Point Tuff 13 correlate then the 

resultant volume of that eruption would be the largest erupted from the Yellowstone 

hotspot and one of the largest eruptions known. 

 

Steer Basin Tuff, Cougar Point Tuff 15 and the Tuff of Knob 

If the Big Bluff Tuff correlates with Cougar Point Tuff 13 to the west, it is possible that the 

overlying Steer Basin Tuff also correlates further west to Cougar Point Tuff 15 which is 

thought to be ~ 10.5 Ma (Perkins et al. 1998; Perkins and Nash 2002; Bonnichsen et al. 

2008) based on interpolation between units of known age.  The constituent units of the 

Steer Basin Tuff all have ages which overlap with 10.5 Ma (Fig. 3.29).  Cathey and Nash 

(2004) identify two units that they suggest represent Cougar Point Tuff 15, referred to as 

15b and 15j reflecting their relative outcrop in Bruneau and Jarbidge canyons respectively.  

Clinopyroxene compositional data in Cathey and Nash (2004) suggests that it is the CPT 

15b unit that may correlate with the Steer Basin Tuff (Fig 3.29).  It is also possible that the 

Steer Basin Tuff correlates to the north side of the Snake River Plain with the Tuff of Knob 

in the Davis Mountain area (Fig. 3.8) (Oakley and Link 2006) as this has a similar crystal 

content and assemblage, whole rock chemistry and 40Ar/39Ar age.  The Tuff of Knob 

contains 10-20% lithics of Eocene Challis volcanics but the Challis calderas lie north of the 

Snake River Plain, so these lithics could have been incorporated locally.  The Tuff of Knob 

has a 40Ar/39Ar age of 10.6 ± 0.2 Ma (Oakley and Link 2006; Fig. 3.8).  If the Steer Basin 

Tuff does indeed correlate with the Tuff of Knob in the Davis Mountain area, this would 

greatly increase the volume of the unit, likely making it larger than the Big Bluff Tuff.  If 

these units all correlate, then the estimated erupted volume would be 3,060 km3.  Further 

work is needed. 
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Wooden Shoe Butte Member and Tuff of Thorn Creek 

The 10.20 ± 0.03 Ma Wooden Shoe Butte Member (WSB) (Perkins and Nash 2002) may 

correlate across the plain to the Tuff of Thorn Creek which has a K/Ar age of 10.1 ± 0.3 Ma 

(Armstrong et al. 1980).  The location of the units suggest that they may correlate (Fig. 

3.30) and despite the fact that the WSB and Tuff of Thorn Creek are in different CAT 

groups, WSB is in group 9 and Thorn Creek in 10, there remains the possibility of 

correlation.  The two units have similar whole rock TiO2 contents, WSB average 0.63 wt.% 

(n=15) and Tuff of Thorn Creek 0.56 wt.% (n=3; Bonnichsen et al. 2008) and similarities in 

terms of their reported abundances of Zn and Nb (Oakley and Link 2006).  However, better 

resolution is required for the geochronology, along with more detailed characterisation of 

the phenocryst chemistry to test this hypothesis. 

 

Eruptive centres: 

Ignimbrites in the CSRP have been thought to have originated from discrete eruptive 

centres along the axis of the Snake River Plain with activity moving eastwards from centre 

to centre with time (Pierce and Morgan 1992; McCurry et al. 1996).  Inferred eruptive 

centres thought to be the source of ignimbrites described in this chapter are the Bruneau-

Jarbidge centre in the west (Bonnichsen 1982) and the Twin Falls eruptive centre further 

east (McCurry et al. 1996).  The increasing amount of geochronology (e.g. Oakley and 

Link 2006; Bonnichsen 2008; this work) suggests that volcanism was more widely 

distributed along the central Snake River Plain in the Miocene.  Deposits in the East 

Bennett Mountain region are of 11.2 Ma (e.g. Fig. 3.8), located at least 150 km north east 

of the proposed Bruneau-Jarbidge centre, yet considerably older than the proposed onset of 

activity from the Twin Falls eruptive centre (Pierce and Morgan 1992).  This suggests that 

either the sources of the eruptive activity were more dispersed than the eruptive centre 

model currently suggests, or that the density currents produced from these eruptions were 

very far-travelled.        
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Conclusions:   

Different ignimbrites from the central Snake River Plain contain different phenocryst 

populations, often including multiple compositional modes of clinopyroxene.  These 

multiple modes of both augite and pigeonite are sufficiently variable between ignimbrites 

to act as ‘fingerprints’ of individual eruptive units, yet appear to remain relatively constant 

within an eruptive unit.  Using clinopyroxene compositions in concert with whole rock 

chemistry; magnetic polarity; glass and feldspar chemistry; oxygen isotopes and 40Ar/39Ar 

geochronology, has allowed correlation of ignimbrites between adjacent massifs (for the 

first time).  Three super-eruptions have been identified with volumes of 640 km3, 927 km3 

and 1,200 km3 comparable in magnitude to the well-known eruptions from the younger 

Yellowstone and Heise volcanic fields.  In addition, a number of predicted correlations 

have been disproved on the basis of the combination of field and geochemical evidence.             

 

The frequency of eruptions from the central Snake River Plain is thought to be 

approximately three times higher than that recorded at the Yellowstone plateau.  Given the 

number of ignimbrite units recorded by Bonnichsen et al. (2008) and the timespan in 

question, it is likely that deposits of more super-eruptions may be present in the central 

Snake River Plain, and the techniques detailed here demonstrate how such correlations may 

be achieved.   

 

In addition to the change in eruption frequency through the history of the hotspot, the 

deposits from most eruptions in the central Snake River Plain are significantly different to 

those from the Yellowstone plateau (e.g. Branney et al. 2008).  The central Snake River 

Plain is dominated by well-sorted (lacking pumice and lithic lapilli), intensely welded, 

lava-like ignimbrites of high-inferred magmatic temperature, which contrasts with the non 

to poorly-welded, poorly-sorted, pumice-bearing deposits from Yellowstone and Heise.  

This illustrates how the eruptive behaviour of hotspot volcanism may vary through time 

both eruption frequency and eruptive style.     
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Chapter 4: The Deadeye Member: a rhyolitic phreatomagmatic 

eruption from the Yellowstone hot spot track 
 

Abstract 

The Deadeye Member records a large (1.3 km3), rhyolitic phreatomagmatic eruption from 

the Yellowstone-Snake River Plain volcanic province.  It is a single, 6 m thick soil-bound 

eruption unit, comprising a succession of fallout deposits overlain by a non-welded 

ignimbrite containing abundant accretionary lapilli, flattened mud clumps and exhibiting 

local cross-stratification.  Two distinct pumice fall beds contain four populations of glass: 

black pumice, white pumice, grey macroscopic cuspate shards and non-vesicular black 

glass fragments.  The populations exhibit broadly similar chemical characteristics, but 

reflect magmas that had different histories prior to the Deadeye eruption; some interpreted 

as juvenile and others as accessory.  The magma of the Deadeye eruption was similar to 

those that formed the typical ‘Snake River-type’ intensely welded ignimbrites which 

dominate the central Snake River Plain as indicated by similar whole rock and glass 

compositions, estimated magmatic temperature and oxygen isotope characteristics.  The 

different (e.g. non-welded) lithofacies of the Deadeye Member are interpreted as the result 

of a different eruptive style whereby water interacted with already fragmenting rhyolitic 

magma resulting in a phreatomagmatic eruption.  The Deadeye Member is one of several 

non-welded ‘slope-forming’ deposits that separate cliff-forming welded ignimbrites and 

lavas along the margins of the Snake River Plain.  These deposits have received little 

attention, and it is possible that silicic phreatomagmatic behaviour in the Miocene 

Yellowstone Snake River Plain volcanic province was more common than has been 

appreciated.      
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Geological Background 

The Yellowstone-Snake River Plain volcanic province (YSRP) of southern Idaho and 

northern Nevada is a bimodal continental igneous province, dominated by basalt and 

rhyolite.  Large volumes of rhyolite are thought to have erupted from discrete eruptive 

centres that young eastwards reflecting westward movement of the North American plate 

over the Yellowstone hotspot (Pierce and Morgan 1992; McCurry et al. 1996; Fig. 4.1 

inset).  The explosive rhyolitic eruptions date from c. 16 Ma in the west (the McDermitt 

caldera, Nevada; Henry et al. 2006) to 639 ka in the east (Yellowstone, Wyoming; 

Lanphere et al. 2002).  At each location along the hotspot track the rhyolitic volcanism was 

followed by extensive effusions of basalt lava (Greeley 1982; Godchaux and Bonnichsen 

2002) and so the ‘eruptive centres’ (Bonnichsen 1982) are poorly constrained as they are 

buried by the younger basalt lavas (Godchaux and Bonnichsen 2002). 

   

‘Snake River-type’ volcanism  

The rhyolitic volcanism in the central Snake River Plain was sufficiently different from 

‘typical’ Plinian and ignimbrite-forming rhyolitic volcanism elsewhere (deposits described 

in Bond and Sparks 1976; Walker 1981) that a new category of volcanism, ‘Snake River 

(SR)–type volcanism’ has been defined (Branney et al. 2008) with a type area that includes 

the inferred Bruneau-Jarbidge and Twin Falls eruptive centres (Fig. 4.1 inset).  SR-type 

volcanism is defined by an unusual association of volcanic facies, including intensely 

welded and commonly lava-like, rheomorphic ignimbrites with high inferred magmatic 

temperatures (830-1050 °C; Honjo et al. 1992; Cathey and Nash 2004; Chapter 2), and 

large volume, extensive rhyolite lavas (Bonnichsen 1982b; Bonnichsen and Kauffman 

1987).   

 

SR-type fall deposits are unusually fine-grained compared with Plinian pumice fall deposits 

elsewhere and yet are significantly thicker than distal Plinian deposits of equivalent grain-

size. 
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SR-type ignimbrites are better sorted than ignimbrites from ‘typical’ rhyolitic eruptions.  

Both the fall deposits and ignimbrites commonly contain few if any lithic clasts, but 

centimetre-scale clasts of non-vesiculated black volcanic glass are however common.  

Pumice lapilli are rare in SR-type deposits and both ignimbrites and the fall deposits are 
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dominated by ash (Branney et al. 2008).  Ash aggregates (both pellets and accretionary 

lapilli) are common in products of Snake River-type volcanism, for example in Jackpot 6 

(Andrews et al. 2008), the Wooden Shoe Butte Member (Chapter 2), Cougar Point Tuff XV 

and the Dry Gulch ignimbrite.   

 

Aims 

The intensely welded ignimbrites that typify Snake River-type volcanism are well-exposed 

at steep sided canyons and escarpments, forming cliffs.  The welded ignimbrites are 

separated by poorly exposed slope-forming units which have hitherto received scant 

attention, generally being referred to as volcaniclastic sedimentary intervals (e.g. 

Bonnichsen and Citron 1982; Williams et al. 1990; Andrews et al. 2008).     

 

This chapter investigates the non-welded pyroclastic deposits associated with Snake River-

type volcanism, with reference to a newly discovered, non-welded ignimbrite within the 

Cassia Mountains.  The poorly exposed nature of the deposits presents a particular 

challenge to interpreting the physical volcanology, for example hindering construction of 

isopach maps, resolution of deposit architecture and estimating volumes of individual 

deposits.     

 

The Cassia Formation  

The Deadeye Member is part of the Cassia Formation (Chapter 2), a Miocene succession 

dominated by pyroclastic units exposed in the Cassia Mountains in southern Idaho south of 

the Snake River Plain (Fig. 4.1). The Cassia Formation overlies the ignimbrites and 

sediments of the Rogerson Formation (Andrews et al. 2008; Chapter 2), which 

unconformably overlies Permian limestone (Williams et al. 1990; Mytton et al. 1990).  The 

basal part of the Cassia Formation conformably overlies the Steer Basin Member (Fig. 4.2) 

which is equivalent to the Jackpot 7 sub-member in the Rogerson Graben (Andrews et al. 

2008).  The base of the Cassia Formation is formed of a series of volcaniclastic fluvio-

lacustrine deposits that are overlain by the Deadeye Member (Fig 4.2).  The entire  
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succession between the Steer Basin and Wooden Shoe Butte Members (Fig. 4.2) was 

mapped as ‘reworked volcaniclastic sediment and airfall tuff’ by Williams et al. (1990). 

 

The Deadeye Member 

The Deadeye Member (new name) lies on a palaeosol developed in sediments (Fig. 4.3).  It 

is subdivided into three sections based on the lithofacies present in the unit.  Section A is 

the lowest section, typically 1 m thick and composed of a series of thinly bedded deposits 

interpreted to be of ashfall origin.  Section B is approximately 3 m thick, variably massive 

to cross-stratified and interpreted as the deposits of a pyroclastic density current.  Overlying 

section B, section C is a metre thickness of parallel-bedded deposits inferred to represent 

fallout.  At the top of section C, a strong palaeosol is developed in the top of the Deadeye 

Member.      

 

Lithofacies of the Deadeye Member  

The Deadeye Member exhibits several lithofacies (Table 4.1) which are distinguished on 

the basis of grain size, sorting, composition, sedimentary structures and geometry (partly 

following Sohn and Chough 1989; Brown et al. 2007).  Lithofacies interpreted as 

sedimentary are described using sedimentological terms (e.g. sand) whereas those 

interpreted as pyroclastic are described using volcanic terminology (e.g. ash; White and 

Houghton 2006).  Lithofacies codes are adapted from Branney and Kokelaar (2002).   

 

Clast-supported pumice bedded lapilli (bpL) facies 

Description 

The clast-supported pumice bedded lapilli lithofacies is composed of well-sorted, 

centimetre-sized framework-supported pumice lapilli, abundant chips of dense black glass, 

large millimetre to centimetre-sized, bubble-wall glass shards and lesser amounts of 

euhedral sanidine crystals.  Alteration is common and gives the facies a characteristic  
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yellow colour and obscures the outlines of individual pumice clasts.  Beds up to 20 cm 

thick maintain an even thickness across an exposure with sharp contacts and non-erosive 

bases.  The bpL lithofacies contains four varieties of glass clasts (described later): black 

pumice, white pumice, macroscopic shards and dense black clasts.  The bpL facies is 

interbedded with the bedded tuff (//bT) lithofacies (Fig. 4.3; Fig. 4.4 A).        

 

Interpretation 

The well-sorted, clast-supported and angular nature of the pumice lapilli suggests 

deposition by fallout.  This is consistent with the absence of erosive bases and constant 

thickness across an exposure.  These deposits likely correspond to an eruption of Plinian 

style, but restricted outcrop precludes definition on the basis of fragmentation / dispersal 

index (see Fig. 4.10).  Similar facies are common in other volcanic provinces (e.g. 

Vesuvius, Barberi et al. 1989; Tenerife, Brown et al. 2003).   

 

Parallel-bedded coarse to fine ash (//bT) lithofacies 

Description 

The parallel-bedded coarse to fine ash facies is composed of brown to grey, well-sorted 

glass shards in beds 2-15 centimetres thick.  These ash shards are mostly thick walled 

bubble-wall remnant shards of coarse to fine ash with minor amounts of crystals of feldspar 

and pyroxene also present.  This facies is variably normal to reverse graded and contacts 

between beds are dominantly sharp and non-erosional.  Individual beds maintain their 

thickness and internal stratigraphy across an exposure.  The facies appears well-sorted 

although lithification has prevented granulometric analysis.  In Rock Creek this facies 

composes 75% of section A (pre-ignimbrite) of the Deadeye Member (e.g. Fig. 4.9) and is 

found interbedded with the bpL facies. 
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Interpretation 

The parallel-bedded coarse to fine ash facies is interpreted as the product of fallout from an 

eruption column on the basis of the high degree of sorting, the maintenance of thickness of 

individual beds and the lack of erosional bases to beds.  The facies shows no evidence of 

cross-stratification and in the Rock Creek area, the facies is interbedded with the clast-

supported pumice bedded lapilli facies, which is also interpreted as being of fallout origin.  

The facies shows no evidence of reworking (e.g. scours or ripples). 

 

Clast-supported pumice bedded lapilli with ash pods and parallel-bedded coarse to 

fine ash with ash pods (bpL pod and bT pod) 

Description 

The clast-supported pumice bedded lapilli with ash pods and parallel-bedded coarse to fine 

ash with ash pods are grouped together as the main feature is the presence of pods of fine 

ash within the two facies previously described.  Both the bpL pod and bT pod facies are 

parallel-bedded and well-sorted containing abundant pods of white fine ash.  These pods 

may reach five centimetres in diameter and have shapes which range from irregular to 

ovoid.  The pods contain no internal stratigraphy and are separated from the surrounding 

deposit by a sharp boundary.  Rare millimetre-scale coated pellets are found in the same 

bed as the pods (e.g. Fig. 4.4 D).  Neither the bpL pod nor bT pod facies show any evidence 

of having an erosive base or cross-stratification.  The bpL pod and bT pod facies are both 

only found in section C of the Deadeye Member.         

 

Interpretation 

This facies has close similarities to the parallel-bedded coarse to fine ash facies and is 

similarly interpreted as ashfall.  The planar geometry of this facies combined with the 

absence of erosional bases, supports this interpretation.  However, the strongly bimodal 

grain size distribution of the deposit is atypical of fallout deposits.  The origin of the fine-

grained, well-sorted material which comprises the pods is enigmatic, it may be a fraction of 
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the eruption column within the main eruption cloud, or it may be the result of lofting of the 

pyroclastic density current adding fine ash to the atmosphere.  The fine ash in the eruption 

column is interpreted to have aggregated under the influence of moisture, causing the fine 

ash particles to cling together and the aggregate to have the properties of a much larger 

clast.  This process has been previously described from ‘wet’ eruptions e.g. (Walker 1981b; 

Talbot et al. 1994; Palladino and Taddeucci 1998).  The Oruanui eruption from the Taupo 

volcanic zone contains a range of depositional styles from those interpreted as dry to ‘wet-

flushed’ (Wilson 2001) and the pods of fine ash in the Deadeye Member most closely 

resemble features inferred to be ‘moisture flushed’ from the Oruanui deposits (Wilson 

2001).      

 

Although the density current deposits contain abundant ash aggregates in the form of 

accretionary lapilli and coated pellets, the pods are unlikely to be the result of collapse of 

either coated pellets or accretionary lapilli.  Many of the pods are orders of magnitude 

larger than any ash aggregate within the density current deposit. 

 

Deposits have been reported with local complexities which are laterally traceable into 

typical fallout deposits and are interpreted to represent deposition of pyroclastic material 

initially deposited on vegetation and subsequently deposited some time later.  In the 

proximal deposits of the Rotongaio ash of the Taupo volcanic zone, this redeposited 

material is coarser pumices within a fine-grained matrix, whereas in most distal areas the 

redeposited material is a finer pumiceous ash (Smith and Houghton 1995).  This 

mechanism appears unlikely for the production of the pods seen in the Deadeye Member as 

all the pod-bearing beds are stratigraphically above the pyroclastic density current deposits 

which are up to three metres in thickness.  No casts of vegetation have been observed in the 

pyroclastic density current deposits, and vegetation taller than 3 m is rare in southern Idaho 

today.     
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Parallel-laminated fine to medium ash (//sT) facies 

Description 

The parallel-laminated ash (//sT) facies is well-sorted white to grey, fine to medium ash 

with 1-5 millimetre thick laminations picked out by sharp changes in grain size (Fig 4.4 F).  

Individual laminations extend across exposures for as much as a metre without truncations 

or thickness changes.  The facies is a volumetrically subordinate facies of the Deadeye 

Member (always less than 2% of any succession in Rock Creek) and occurs as units < 5 cm 

thick (Fig. 4.1).  In Rock Creek (Fig. 4.1) it is associated with the parallel-bedded tuff 

facies, whereas further east in Trapper Creek the facies is associated with the scour-

dominated sand (ScS) and well-sorted, fine sand and silt (bT b) facies. 

  

Interpretation  

In Rock Creek, where it is associated with other facies which are clearly sub-aerial, the //sT 

facies is interpreted as a fallout deposit with the laminations being produced by small scale 

changes in the eruption column.  In Trapper Creek, where the laminated ash facies is 

associated with the scour-dominated sand, it may also represent a subaerial ashfall deposit.  

It may also represent a fallout deposit through shallow water that may have been 

periodically present in the Trapper Creek location (Perkins et al. 1995).  The addition of 

material to shallow water by remobilisation of recently deposited fine ash by wind is not 

discounted.  No desiccation cracks (e.g. Branney 1991), reflecting periods of drying of the 

substrate have been observed and an interpretation as an ashfall deposit is preferred. 

 

Massive lapilli-tuff (mLT) 

Description 

The massive lapilli-tuff lithofacies is white to grey, non-graded, and commonly forms a 

unit 0.5-1.5 metres thick.  It is composed of well-sorted (σφ 1.1-1.7; Fig. 4.5) medium to 

coarse ash with abundant chips of non-vesicular dense black glass up to 3 centimetres in 

size.  These glass clasts are angular to sub-angular and form up to 5% of the lithofacies.    
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No clasts of other lithologies have been observed.  The lithofacies contains <3% by volume 

euhedral feldspar crystals up to 5 mm in length.  The massive lapilli-tuff facies commonly 

grades upwards into diffuse cross-stratified lapilli-tuff (dxsLT) and ash aggregate-bearing 
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diffuse cross-stratified tuff ( dxsLT acc) facies.  The mLT lithofacies has a lenticular 

geometry and is absent in some locations (e.g. Fig 4.8).    

 

Interpretation 

Massive lapilli-tuff is interpreted as a primary pyroclastic deposit as it is dominantly 

composed of rhyolitic glass and overlies a series of deposits interpreted as deposited by 

ashfall.  The presence of accretionary lapilli, higher in the deposit (e.g. Fig. 4.3) is also 

indicative of a pyroclastic deposit.  The mLT facies represents a pyroclastic density current 

deposit (i.e. an ignimbrite) on the basis of the lateral, non-systematic variability in 

thickness and the gradational transformation into a diffuse cross-stratified facies (e.g. Fig. 

4.4 B; 4.6 A).  The massive nature and absence of tractional bedforms suggest deposition 

was from a granular fluid-based type of pyroclastic density current in which any turbulence 

was dampened within the lower flow-boundary zone by high particle concentrations 

(Branney and Kokelaar 1992; 1997; 2002).  Like most SR-type ignimbrites the mLT facies 

of the Deadeye Member is better sorted than typical (non SR-type) ignimbrites, which have 

sorting of σφ 2.5-3.5 (Walker 1971; Branney and Kokelaar 2002).   

 

Diffuse cross-stratified lapilli-tuff (dxsLT) 

Description 

The diffuse cross-stratified lapilli-tuff facies is composed of well-sorted, white to grey, 

medium to coarse grained vitric ash with abundant chips of dense black glass, identical to 

those in the mLT facies.  The thickness of the facies varies from tens of centimetres to 

several metres (Fig. 4.3).  The stratification is typically low angle (5-10o) and is picked out 

by the changes in the abundance of glass chips which reach 30 vol.%.  Accidental lithics of 

other lithologies (e.g. basalt or sedimentary clasts) are absent.  Individual beds persist for 

tens of centimetres to metres laterally before truncation.  This lithofacies grades vertically 

into the massive lapilli-tuff (mLT) and ash aggregate-bearing diffuse cross-stratified tuff 

(dxsLT acc) as shown in Figure 4.4 B. 
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Interpretation 

The gradational contact between the mLT facies and the dxsLT facies requires that the 

interpretation for the mLT facies be consistent with that for the dxsLT facies.  The cross-
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stratified nature of the deposit requires deposition from a current.  The upwards facies 

change from massive to diffusely cross-stratified reflects a change in the properties of the 

flow-deposit boundary zone.  Cross-stratification results from the impingement of turbulent 

eddies on the flow-deposit boundary (Branney and Kokelaar 2002) suggesting with time 

the flow boundary zone became less concentrated allowing greater influence of turbulence.  

The diffuse nature of the cross-stratification is the result of small-scale unsteadiness at the 

flow deposit boundary, which may be the result of one of more of the following processes: 

(1) successive surges of a pulsating current (2) periodic impingement of turbulence on the 

flow deposit boundary zone (3) intrinsic frictional effects due to a thickening granular flow-

dominated boundary zone (Branney and Kokelaar 2002).  Each of the cross-stratified layers 

which are reversely graded with ash-dominated bases and dense glass chips at the top, may 

represent the stratigraphy within the base of the Deadeye density current at various periods 

through the history of the current.  The grain size segregation is preserved in the deposit by 

the fluctuations in shear stress acting on the flow deposit boundary, causing freezing of the 

basal grainflow layers (e.g. Branney and Kokelaar 1992; 2002).      

 

Ash aggregate-bearing diffuse cross-stratified lapilli-tuff (dxsLT acc) 

Description 

The ash aggregate-bearing diffuse cross-stratified lapilli-tuff lithofacies is well-sorted (σφ 

2.5; Fig. 4.5) with similarities to the massive lapilli-tuff and diffuse cross-stratified lapilli-

tuff facies.  Abundant accretionary lapilli and coated pellets ranging from 0.3 to 1.5 cm in 

diameter are supported in a matrix of fine to medium ash (Fig. 4.5).  Both the accretionary 

lapilli and the coated pellets have an unstructured core of medium to coarse ash (350-500 

µm), where the core is surrounded by multiple layers of white fine (125-180 µm) ash it is 

termed an accretionary lapillus, where it exhibits a single coating it is termed a coated 

pellet.  The accretionary lapilli are more abundant than the coated pellets and occur in low-

angle cross-sets with the same attitude as the cross-stratification in the diffuse cross-

stratified tuff facies.  Ash aggregates are so abundant as to be clast supported in some 

layers and some show evidence of soft-state deformation.  As with the massive lapilli-tuff 
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and the diffuse cross-stratified lapilli tuff facies, the ash aggregate-bearing cross-stratified 

lapilli tuff lithofacies contains some large (up to 3 cm) clasts of dense black glass, often 

containing euhedral crystals of feldspar.   

 

Interpretation 

The gradational contact between the dxsLT and dxsLT acc facies (Fig. 4.6) requires a 

consistent interpretation.  The lithofacies is interpreted in a similar way to the diffuse cross-

stratified tuff facies, i.e. as the deposit of a pyroclastic density current in which turbulence 

periodically dominated the flow-boundary zone (Branney and Kokelaar 2002).  The soft-

state deformation of the ash aggregates suggests that they were deposited from a cool, 

moist current, which allowed them to retain their moisture to the point of deposition.  

Recent work on Tenerife (Brown et al. 2008; Branney et al. in prep) has suggested that the 

different morphologies of ash aggregates reflect growth histories in differing environments.  

The Brown et al. (2008) model suggests that coated pellets (ash cores surrounded by a 

single finer-grained rim) are representative of fallout deposits (e.g. Brown and Branney 

2004) whereas accretionary lapilli (those with numerous rims) are characteristic of density 

current deposits.  The presence of both coated pellets and accretionary lapilli within the 

dxsLT acc facies may be indicative of a complex depositional environment.  The 

aggregates with single rims within the deposit may suggest that the density current was 

either pulsatory, in which case the ash aggregates were deposited between pulses of the 

current and were never entrained by the current or that the coated pellets fell through a 

dilute current wake, which helped acquire the coating on the pellet.  The accretionary lapilli 

are interpreted as pellets which fell into the density current closer to source and were 

transported for a distance, acquiring multiple rims, before being deposited.  Similar 

deposits, of locally occurring lenses of fallout within what are primarily density current 

deposits are reported from Roccamonfina (Valentine and Gianetti 1995).   
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Scoured, fine sand and silt lithofacies (ScS) 

Description 

The scoured, fine sand and silt lithofacies, is composed of well-sorted, rhyolitic glass 

shards and crystals.  Abundant scour surfaces erode into the substrate to millimetre to 

centimetre depth, and have white silt drapes which are thinner than a millimetre (e.g. Fig 

4.4 F).  The ScS facies is found in lenticular beds which are typically centimetre-scale 

thickness, reaching a maximum of ten centimetres.  It is only recorded in the Trapper Creek 

locality (Fig. 4.1) where it is found interbedded with the bedded sand of irregular thickness 

facies.      

 

Interpretation 

This facies is interpreted as reworking of the parallel-bedded fall deposits (bT and //sT 

facies) with periodic erosion, causing the scours, and periodic deposition causing the 

deposit to be preserved.  This facies is thought to represent a series of small-scale scours 

and rills as seen in other areas (e.g. Branney 1991), with small, ephemeral streams being 

established on the new deposit surface.  The suppression of bedforms is due to the high 

particle concentration in the streams (e.g. Leeder 1999; Fisher et al. 2008) and the fine 

grained material represents the last very thin (millimetre-scale) covering of the deposit 

allowing the finest sediment to settle.  It would be difficult to produce such an evenly 

deposited and fine-grained drape under sub-aerial conditions with reworking by aeolian 

processes and none of the scours show reverse grading as is common in aeolian ripples 

(Anderson and Bunas 1993).  

 

Bedded sand of irregular thickness (bS) 

Description 

The bedded sand of irregular thickness facies is dominated by well-sorted, medium to 

coarse sand composed of brown to grey volcanic glass fragments.  Grading within this 

facies may be normal or reverse and contacts are variably sharp and gradational.  This 
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facies shows thickness variations across a single exposure with low angle truncations which 

may only be observed with good lateral continuity of outcrop.  This facies is very similar to 

the bT facies in terms of composition and bed thickness and where continuity of outcrop is 

poor, the two facies may be indistinguishable.   

 

Interpretation    

The close similarities between the bedded sand of irregular thickness facies and the 

parallel-bedded coarse to fine ash facies suggest that these two facies are related, however 

the variations in thickness seen in the bS facies cannot be reconciled with an origin by 

fallout.  These thickness variations range up to 25% of the thickness of that bed, although 

commonly the variation is less.  Massive deposits may be produced by a variety of 

depositional processes; turbidity currents commonly produce massive deposits and are 

often found in areas of volcanic activity (Bouma 1962; Fisher 1984; Kneller and Branney 

1995).  The origins of turbidity currents may be slope instabilities (e.g. Masson 1996), 

direct input of pyroclastic density currents to marine or lacustrine environments (Trofimovs 

et al. 2006) or by vertical density currents (e.g. Manville and Wilson 2004).  The thin 

nature of the beds would be consistent with turbidite deposits in distal areas although distal 

volcaniclastic turbidites have an overall tendency to a fining upwards succession and 

abundant ripples (e.g. Bouma 1962; Schneider et al. 2001).  An alternative possibility is 

that the reworking of the parallel-bedded coarse to fine ash facies occurred by a series of 

hyperconcentrated flows (HCF), which are high particle concentration flows (20-60% e.g. 

Lavigne and Suwa 2004; 40-70% e.g. Mulder and Alexander 2001 or 40-80% e.g. Smith 

1986).  The massive to crudely stratified nature, scale and thickness changes of individual 

beds are all consistent with deposition from HCF.  Although some hyperconcentrated flow 

deposits are poorly sorted (e.g. Kataoka and Nakajo 2002), the well-sorted nature of the 

deposits reflects the nature of the available material, dominantly ash which had already 

been well-sorted due to initial deposition as fallout.  The variable nature of the grading seen 

in the bS facies is also consistent with hyperconcentrated flow deposits (Giordano et al. 

2002; Svendsen et al. 2003).  In the Trapper Creek succession (Fig. 4.1; Fig 4.8) the sub-

ignimbrite succession (comprising the bS, ScS and //sT facies) reaches at least 2.8 m  
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thickness (the base of the succession is not exposed) which is considerably thicker than the 

next closest locality which has a sub-ignimbrite succession of 1.2 m (Fig. 4.10).  The 

limited data available from the isopach map (Fig. 4.10) suggests that this amount of 

thickening is not a primary feature, which is consistent with the interpretation of the 

majority of the Trapper Creek succession as representing reworked volcaniclastic deposits.  

Distinguishing between primary and reworked volcaniclastic deposits is often problematic 

(e.g. Branney 1991; Manville and Wilson 2004; Sohn et al. 2008) and how common this 

lithofacies is in the Trapper Creek section is difficult to quantify for the reasons given 

above.  The interpretation of this facies is based on its associated with other lithofacies 

which represent reworking of primary pyroclastic material particularly the interbedding of 

the bS lithofacies with the ScS lithofacies at Trapper Creek. 

 

Lithofacies associations 

Associations between the lithofacies of the Deadeye Member (Figs. 4.3 and 4.4 and Table 

4.1) assist in interpretations of processes and environments. 

 

Fallout deposit association //bT, bpL, //sT, //bT pod ± bpL pod 

The massive to parallel-bedded coarse to fine ash (//bT), clast supported pumice (bpL), 

parallel laminated ash (//sT) and both pod-bearing facies (//bT pod and bpL pod) comprise 

the fall deposit association (Fig. 4.7).  The //bT, bpL and //sT facies are commonly found 

interbedded with each other in section A of the Deadeye Member.  The fall deposit 

association is also seen above the density current deposit of the Deadeye Member (section 

C) where the facies containing the pods of ash may be present.  This association is termed 

fallout because all the facies exhibit features typical of fallout deposits e.g. parallel-

bedding, maintenance of grain size and thickness, a good degree of sorting and a lack of 

erosional scours.   
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Pyroclastic density current deposit association mLT, dxsLT, dxsLT acc 

The mLT, dxsLT and dxsLT acc facies are intergradational.  The change in facies in the 

pyroclastic density current deposit association (PDCDA) represents the changing 

conditions in the pyroclastic density current through time and space.  The massive lapilli-

tuff facies represents a granular fluid-based current whereby the concentration of grains 

dampened the effect of turbulence to such a degree that massive deposits resulted (Branney 

and Kokelaar 2002).  The gradational transformation to a diffusely cross-stratified lapilli 

tuff represents the intermittent influence of turbulence on the fluid boundary layer, giving 

the deposit its diffuse characteristics.  This upwards change in facies could be the result of a 

increase in unsteadiness of the current, which allowed turbulence to variably influence the 

flow boundary zone, or a decrease in particle concentration in the current which would 

allow a fixed degree of turbulence to have a greater effect on depositional facies (Branney 

and Kokelaar 2002).  The appearance of ash aggregates in the upper reaches of this 

association is a common feature of pyroclastic deposits (e.g. Cole and Scarpati 1993; 

Wilson 2001; Brown and Branney 2004; Brown et al. 2008).  The lower part of the 

pyroclastic density current deposits, contain no ash aggregates, taken as reflecting 

deposition occurring from the density current (to give the mLT and dxsLT facies) occurring 

in the time taken for the ash to aggregate in the atmosphere.  The ash pellets then fall into 

the density current where they are inferred to acquire their fine-grained rims prior to 

deposition (Brown and Branney 2004).  The deformation of the accretionary lapilli suggests 

that the pyroclastic density current into which the pellets fell was not sufficiently hot to 

cause the lapilli to dry and harden.  The dxsLT acc facies is interpreted in the same way as 

the dxsLT facies with periodic influence of turbulence on the flow boundary zone.  The 

combination of coated pellets and accretionary lapilli in a single deposit is unusual and may 

reflect a pulsating current whereby the coated pellets were deposited primarily during the 

period between pulses of the current.  Alternatively the pellets could have fallen through 

the wake of a very dilute current with little influence of the current on the morphology of 

the aggregate. 
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Reworked association ScS and bS 

An association of the ScS and bS facies is observed only in the Trapper Creek region 

(location 7; Fig. 4.1).  This association is dominated by lithofacies which are interpreted as 

not being of primary volcanic origin, and it is named the reworked association.  Trapper 

Creek contains reworked deposits, tuffaceous shale and diatom-bearing deposits (Perkins et 

al. 1995), suggesting the presence, at least periodically, of a lake during the Miocene.  

Separating the Deadeye Member from the overlying Wooden Shoe Butte Member is a well-

developed palaeosol containing calcified rootlets, indicating that periodic drying occurred.  

Even during these dry periods, significant reworking of the primary Deadeye deposits may 

have occurred through fluvial or mass-flow processes.  The pre-ignimbrite fallout 

succession is much thicker at Trapper Creek than would be expected for this location (Figs. 

4.8 and 4.9) considering the next closest succession in Big Cottonwood Canyon is less than 

half as thick (>2.5 m at Trapper Creek to 1.18 m).  This indicates that Trapper Creek was a 

local depocentre with sedimentary input (e.g. bS and ScS facies) thickening the succession.  

Big Cottonwood Canyon was separated from Trapper Creek by a palaeotopographic high 

which would have allowed the presence of different depositional environments in these two 

locations.  The proportion of facies pre-ignimbrite in the Deadeye Member is shown in 

Figure 4.9 and for the member as whole in Figure 4.10.   

 

Source of the Deadeye Member 

As with most of the ignimbrites in the central Snake River Plain, the source area of the 

Deadeye Member is not exposed.  None of the lithofacies associated with the Deadeye 

Member are indicative of proximal areas; e.g. large lithic clasts (e.g. Pittari et al. 2006), 

well-developed cross-bedding (e.g. Rowley et al. 1985 Mount St. Helens), impact sags 

resulting from ballistically emplaced blocks (e.g. Pfeiffer 2001; Geshi et al. 2002).  

Isopachs of the pumice-lapilli fall deposit in the Deadeye Member (Figs. 4.7 and 4.11) 

tentatively suggest an eruption source somewhere within the Snake River Plain to the north 

east of the Cassia Mountains, although the data are insufficient to confirm this.  As shown 

in Figure 4.11, the prevailing wind direction during the Miocene was westerly (Rose et al.  
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2003).  This is consistent with a source to the north of Rock Creek for the Deadeye 

Member, a source east or west of Rock Creek is possible, but is considered less likely 

because nothing is exposed to the east or west of the Cassia Mountains that is suggestive of 

an eruptive centre.    
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Volume of the Deadeye Member 

Using the typical 5 m thickness and the known distribution of 255 km2, gives a minimum 

volume of 1.3 km3 for the Deadeye Member.  It is possible that the erupted volume was 
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much larger, given that the unit is only exposed within a limited area, no intracaldera 

deposits are known and erosion of the non-welded deposit was likely.  Within the Rogerson 

Graben to the west of the Cassia Mountains a sequence of reworked volcaniclastic deposits 

are found in a position stratigraphically equivalent to the Deadeye Member.  The 

volcaniclastic deposits are located above the 10.44 ± 0.13 Ma Rabbit Springs Member in 

the Rogerson Graben (Andrews et al. 2008; Bonnichsen et al. 2008), however no primary 

pyroclastic deposits are present in this section, and it cannot be determined whether the 

reworked material was originally from the Deadeye eruption. 

 

In terms of deposit architecture, the Plinian bed decreases in thickness to the south in the 

Cassia Mountains by approximately 30% of their initial thickness over a distance of > 10 

km; more consistent with a sheet-like deposit geometry than a cone-like geometry.  A 

sheet-like geometry would be consistent with a significantly larger volume for the Deadeye 

Member than that proposed here. 

 

Geochemistry 

Because the Deadeye Member contrasts in appearance to the other Snake River-type 

ignimbrites (e.g. non-welded, diffusely cross-stratified, fine-grained) whole rock chemistry 

and electron microprobe analyses were carried out to determine whether the Deadeye 

Member is chemically similar to other SR-type ignimbrites.  The methodology for whole 

rock chemical analysis is described in Chapter 2.   

 

Whole Rock Chemistry results 

The Deadeye Member is a typical Snake River metaluminous rhyolite, whole rock 

chemistry of the Deadeye Member and other SR-type ignimbrites from the Cassia 

Mountain Group is shown in Table 4.2.  It has high concentrations of TiO2, MgO and Fe2O3 

and affinities with A-type granites (c.f. Bonnichsen and Citron, 1982; Cathey and Nash 

2004; Andrews et al. 2008; Chapter 2).   
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Multiple glass populations 

The pumice-lapilli fall deposits (bpL) within the lower parts of the Deadeye Member 

contain four visually distinct populations of glass: white pumice, black pumice, 

macroscopic shards and non-vesicular clasts.  In order to determine whether these were 

chemically distinct, and which may be juvenile, the different populations were hand-

picked, cleaned using deionised water and made into polished thin section for analysis 

using a JEOL JXA-8600S electron microprobe at the Geology Department of the 

University of Leicester.  The methodology for analysing glass on the microprobe is the 

same as that used in Chapter 2.  

 

White pumice population 

Description 

The white pumice population contains clasts 2-10 mm in diameter of microvesicular glass 

with a pearly lustre and containing abundant, mostly lineated, microvesicles.  Some original 

clast outlines have been obscured by alteration; others can be seen in thin section (Fig. 4.12 

A).  Microvesicle walls are thin (Fig. 4.13 A), typically in the order of tens of micrometers 

(< 50 µm), and the vesicularity is typical of pumice in rhyolitic Plinian deposits elsewhere 

(e.g.Vesuvius, Barberi et al. 1989).  There is a wide range of SiO2 (74.4-77.4 wt.%), FeO 

(1.63-4.03 wt.%)  and  TiO2 (0.28-0.44 wt.%).  The average abundances of Na2O (1.67 

wt.%) and  K2O (6.16 wt.%) are similar to the surrounding welded ignimbrites in the Cassia 

Mountains (Fig. 4.14).  Using the aluminosity index of molar Al / (Ca+Na+K), the white 

pumice population span the range of metaluminous to peraluminous (Fig. 4.15 A). 

    

Interpretation  

The greater scatter in the glass compositions for the white pumice population may suggest 

either 1) that the white pumice population is more compositionally heterogeneous than the 

macroscopic shard population or 2) the pumiceous morphology has undergone a greater 

degree of alteration than the macroscopic shard population.  The range of aluminosity (Fig. 
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4.15 A) indicates that the white pumice population has undergone sodium exchange, with 

hydration of the glass causing Na+ to be exchanged for H+ (e.g. Aramaki and Lipman 

1965).  The electron microprobe methodology was designed to reduce volatilisation of 

sodium, so the sodium exchange likely occurred prior to sampling.  Sodium exchange 

would be promoted by the large surface area of the pumiceous population. 

 

The microvesicular nature of this pumice may reflect a lower eruptive temperature than the 

macroscopic shard population, because such textures can be promoted when high viscosity 

prevents coalescence of bubbles; and viscosity of rhyolites is strongly temperature 

dependent (e.g. Murase and McBirney 1973).  The multiple glass populations are present in 

a fallout deposit which appears to be of Plinian style.  The abundance of the white pumice 

population in this Plinian deposit suggests that it is juvenile as most distal Plinian deposits 

are dominated by juvenile material with a sub-ordinate lithic component. 

 

Black pumice population 

Description 

This pumice population is dominantly black, but varies to brown and bronze.  It has a 

microvesicularity broadly similar to the white pumice and both pumice morphologies can 

commonly be found inter-mingled on a single clast.  The ranges of SiO2 (73.3-78.6 wt.%), 

CaO (0.37-1.04 wt.%) TiO2 (0.28-0.43) and FeO (1.29-4.69 wt.%) are similar to those of 

the white pumice population (Fig. 4.14 B).  The black pumice population spans a similar 

range of aluminosity (0.96-1.35) to that seen in the white pumice population (Fig. 4.15 A).  

 

Interpretation 

As with the white pumice population, the black pumice is similar to the surrounding welded 

ignimbrites in terms of major element chemistry (Fig 4.14).  The black pumice has a spread 

of data similar to the white pumice population, which is also attributed to alteration due to 

its large surface area.  Given the similarities in appearance and geochemistry between the  
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black and white pumice populations, are interpreted as closely related.  This is supported by 

the presence of black and white glasses mingled together in the same clast (Fig 4.15 B).  

The difference in their appearance which does not appear to be related to chemical 

composition could be explained by a subtle difference in vesicularity (Figs. 4.12 B and 4.13 

B), with the black pumice population having slightly thicker bubble walls than the white 
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pumice population.  As these two populations are intimately linked, the black pumice 

population is also interpreted as juvenile.  

 

Macroscopic shard population 

Description 

The macroscopic shard population comprises dark grey shards bi and tri-cuspate (in three 

dimensions) shards typically ≤ 7 mm.  The shapes suggest that they represent chilled 

fragments of large walls of (~ 0.25 mm3) ellipsoidal to spherical bubbles that must have 

been present at the time of fragmentation (Fig. 4.12 C).  The thickness of the bubble walls 

averages 634 microns, much thicker than the bubble walls of the white and black pumice 

populations (Fig. 4.12 C).  Macroscopic shards of this type are a common feature of SR-

type volcanism and also occur in the Magpie Basin Member, the Big Bluff Member, and 

the Dry Gulch ignimbrite.  They are rhyolitic, with the most restricted range of chemistry of 

any of the shard populations and compositions similar to those of the surrounding 

ignimbrites in the Cassia Mountains (Fig. 4.14).  The compositional range of SiO2 (76.2-

77.3 wt.%) is very restricted and this is the case for most of the other elements e.g. FeO 

(1.79-2.01 wt.%) and CaO (0.67-0.78 wt.%) the TiO2 (0.17-0.37 wt.% e.g. Fig. 4.12 C) has 

a range similar to the other glass populations, but at a lower TiO2 abundance.  Given the 

number of analyses (n=79) the restricted range of major elements suggests, that the 

macroscopic shards are a single compositional mode (sensu Cathey and Nash 2004).   

 

Interpretation 

The macroscopic shards are interpreted as juvenile because of their high abundance, 

vesicularity and restricted compositional range.  The morphology of the shards including 

large vesicles and thick bubble walls is similar to that seen in scoriaceous, more basaltic 

tephras (e.g. Mangan and Cashman 1996).  Such morphologies are promoted in magmas 

which are of sufficiently low viscosity to allow the coalescence of bubbles.  Typically 
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rhyolitic magmas are too viscous to allow this to occur and this high viscosity promotes the 

micro-vesicular pumiceous texture common in rhyolitic pyroclasts.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Non-vesicular black glass population 

Description 

A population of non-vesicular glass clasts comprises angular to sub-rounded non-vesicular 

black glass (millimetre scale in the Plinian fall deposit, but reaching 3 cm in the overlying 
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ignimbrite).  These clasts show no evidence of vesiculation, and contain a variable content 

of euhedral phenocrysts of feldspar.  Perlitic cracks reflect partial hydration.  Microprobe 

analysis shows that their composition overlaps with those of the other glass populations 

(Fig. 4.14).  However, the dense black glass population has a large scatter in terms of SiO2 

(74.0-78.1 wt.%), FeO (0.8-3.6 wt.%), CaO (0.4-1.7 wt.%) and TiO2 (0.27-0.59 wt.%) with 

aluminosity ranging from 0.88 to 1.23 (Fig. 4.15 A).   

 

Interpretation 

The origin of these non-vesicular glass fragments is enigmatic.  If juvenile there are two 

possibilities; 

1) They may represent pyroclastic material welded to the conduit walls, and then ejected as 

the eruption progressed and the vent flared, as suggested for obsidian clasts at Newberry 

volcano by Rust and Cashman (2007).  However the obsidian from Newberry contains 

vesicles whereas that in the Deadeye Member does not and the largest obsidian clasts from 

Newberry reach 1 cm whereas those in the Deadeye Member may be considerably larger.  

2)  The non-vesicular black glass clasts could be similar to ‘blocky shards’ reported from 

explosive eruptions elsewhere (Rotongaio ash, Walker 1981b; Panum Crater deposits, 

Heiken and Wohletz 1985).  This range in clast size (< 1mm to 3 cm in the ignimbrite) 

suggests the glass clasts are not ‘blocky shards’, which are generally found to be c. 300 

microns in diameter (e.g. Wohletz et al. 1995).   

 

If the dense glass clasts are not juvenile, then their origin must be explained in some other 

way.  Smith and Houghton (2006) refer to anything that does not contribute energy to the 

eruption as ‘lithic’ so even glassy clasts could be ‘lithic’ in this sense.  The non-vesicular 

glass clasts occur within both the fall deposits and the ignimbrite, so they were probably 

sourced from the vent rather than being entrained by a pyroclastic density current.  

Abundant rhyolite lavas occur at eruptive centres (e.g. Bruneau-Jarbidge, Bonnichsen 

1982b; Bonnichsen and Kauffman 1987) and such lavas could be the source of the non-

vesicular glassy clasts.  In other volcanic fields, non-vesiculated rhyolite clasts are common 

in eruptions which have blasted through pre-existing lava domes, including phreatoplinian  
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eruptions (e.g. Rotongaio, Walker 1981b; Mascall ignimbrite; Streck and Fearns 2004).  

However only a small proportion (<5 %) of the volume of the lavas in the Snake River 

Plain are glassy, and by far the greater proportion is lithoidal whereas the Deadeye Member 

contains no clasts of lithoidal rhyolite.  This suggests that the non-vesicular dense glass 

clasts are not simply lava entrained at the vent during the eruption, otherwise much more 

devitrified rhyolite would be expected.   

 

An abundance of glassy rhyolite with little or no devitrified rhyolite could be present at the 

source if rhyolite there had been emplaced sub-aqueously and formed hyaloclastite by 

quenching.  Although hyaloclastite originally referred to glassy fragments produced from 

basaltic pillow lavas, the term has since been extended to refer to any glass fragments 

formed by subaqueous spalling (e.g. Fisher 1984; White and Houghton 2006).  Silicic 

hyaloclastites have been reported from Iceland (Furnes et al. 1980), Canada (De-Rosen 

Spence et al. 1980) and Japan (Maeno and Taniguchi 2006).  In them, angular glass 

fragments range in size from less than a millimetre to 40 cm (Furnes et al. 1980).   

 

The non-vesicular glass clasts in the Deadeye Member fallout deposits are tentatively 

interpreted as hyaloclastite, entrained at source by the Deadeye explosive eruption.  Thus 

the clasts are lithics sensu White and Houghton (2006), although the term accidental seems 

more useful given that the clasts are glassy rather than lithoidal (Cas and Wright 1987).     

 

Overview of the Deadeye Member  

The Deadeye Member is the product of an explosive rhyolitic eruption, from a source 

probably located within the Snake River Plain, to the north of its outcrop area. After a 

period of quiescence during which a palaeosol developed at Rock Creek, the eruption began 

with an explosive eruption column that gave rise to widely dispersed ash and pumice 

fallout.  Depositional environments varied across the region.  In Trapper Creek, the ash was 

reworked with lithofacies dominated by scouring and lateral thickness variations whereas in 
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Rock Creek the deposition was subaerial as indicated by the primary ashfall deposits and 

lack of reworking features.  Following the fallout, a fine-grained pyroclastic density current 

deposit was emplaced, over at least 255 km2.  Gradational variations in the ignimbrite 

between massive and diffusely-stratified facies reflecting variability in the flow boundary 

zone of the density current, between fluid-escape dominated (massive lithofacies) and 

periodic impingement of traction (diffusely-stratified lithofacies) conditions (Branney and 

Kokelaar 2002).  The upper reaches of the density current deposits (section B) contain a 

variety of ash aggregates including both accretionary lapilli and coated pellets.  These 

aggregates are in diffuse low angle cross-stratified layers and show soft-sediment 

deformation features indicating that they were moist at the time of deposition.  These 

aggregates had varying pre-emplacement histories and reflect unsteadiness of the density 

current.  Fallout deposition continued after the ignimbrite emplacement, with fine ash 

falling as clumps rather than individual grains, reflecting moisture in the atmosphere.  The 

Deadeye eruption then ended and a palaeosol developed on the deposit.        

 

Discussion 

Being entirely non-welded and with a distinctly fine-grained ignimbrite, the Deadeye 

Member is significantly different in appearance to the surrounding intensely welded SR-

type ignimbrites.  Clearly the Deadeye Member erupted in a different style; but what 

caused this difference? 

 

The non-welded nature of the Deadeye Member and the moist nature of the pellets and 

accretionary lapilli in the Deadeye Member suggest a low emplacement temperature.  

However thermometry using zircon saturation (Watson and Harrison 1983) suggests that 

the magmatic temperature of the Deadeye Member was ~925 oC, similar to those for the 

intensely welded ignimbrites within the Cassia Mountains (Fig. 4.16 and Chapter 2).  The 

magma which erupted to form the Deadeye Member also had a depletion in δ18O 

characteristic of Snake River-type rhyolites from elsewhere in the central Snake River Plain 
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area, with magmatic feldspar values for Snake River-type volcanic products ranging from -

1.4‰ to 3.8‰ δ18OVSMOW (Boroughs et al. 2005), considerably depleted from the typical  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

range for rhyolites of 7‰ to 10‰ (Fig. 4.16).  Major element chemistry of all four glass 

component types in the bpL facies is indistinguishable from the glass compositions of the 

surrounding SR-type welded ignimbrites of the Cassia Mountains (Fig. 4.14).  Additionally, 

the whole rock compositions and inferred magmatic temperatures of the Deadeye Member 

are similar to those of the Snake River-type rhyolites.  These similarities suggest that the 

magmas erupted in the Deadeye eruption was closely similar to those of the intensely 
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welded ignimbrites.  Thus the contrast in deposit facies reflects a difference in eruptive 

style.  

 

The relatively small volume (1.3 km3) of the Deadeye Member compared to other Snake 

River-type ignimbrites (e.g. the Big Bluff Tuff ~ 1200 km3 and Cougar Point Tuff 11 927 

km3, Chapter 3) might favour the development of non-welded facies in that the smaller 

volume may allow a greater proportion of air to be ingested into the density current, 

cooling the pyroclasts and reducing the emplacement temperature.  However, the central 

Snake River Plain does not exhibit a simple relationship between deposit volume and 

welding intensity, as some small-volume ignimbrites are intensely welded (e.g. the < 10 

km3 Magpie Basin Member, Williams et al. 1990) whereas some larger volume deposits are 

less intensely welded (e.g. McMullen Creek Member; Chapter 2).   

 

A phreatomagmatic origin?   

A possibility which explains all the features seen in the Deadeye Member is 

phreatomagmatism.  The presence of the pods of fine ash in section C of the Deadeye 

Member interpreted as representing ash falling as clumps have been reported from 

phreatomagmatic eruptions (e.g. Walker 1981b; Wilson 2001).  The abundance of ash 

aggregates, both accretionary lapilli and coated pellets, in section B of the Deadeye 

Member is suggestive of an environment with abundant moisture.  Ash aggregates are 

common, almost ubiquitous, in phreatomagmatic ignimbrites and tuffs (Self and Sparks 

1978, Self 1983; McPhie 1986; Allen and Cas 1998; De Rita et al. 2002; Wilson 2001; 

Table 4.5).  Although the Deadeye Member contains a higher proportion of aggregates than 

any other SR-type ignimbrite, this cannot be used alone as a discrimination between 

phreatomagmatic and magmatic deposits, as magmatic deposits are known to contain a 

variety of ash aggregates (e.g. Sakurajima, Gilbert and Lane 1994; Unzen, Watanabe et al. 

1999; Montserrat, Bonadonna et al. 2002; Tenerife, Brown and Branney 2004).  The 

deformation of these aggregates reflects cool emplacement conditions in contrast to the 

surrounding welded ignimbrites.  This divergence in emplacement temperatures from 

similar magmatic temperatures (Fig. 4.16) is consistent with the magma interacting with 
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water as non-welded ignimbrites are common from phreatomagmatic eruptions (e.g. Self 

and Sparks 1978; Brand and White 2007). 

   

The presence of the abundant hyaloclastite clasts both within the ignimbrite and the fall 

deposits is also consistent with an eruptive source that was sub-aqueous for some period at 

least.  While other, intensely welded, ignimbrites contain these hyaloclastite chips (e.g. 

Branney et al. 2008; Chapters 2 and 3), other characteristics (such as their high 

emplacement temperature) argue against a phreatomagmatic origin for these units. 

 

Silicic phreatomagmatism 

Deposits of large and small volume may be readily defined as the products of 

phreatomagmatism (e.g. Sheridan and Updike 1975; Bond and Sparks 1976; De Rita et al. 

2002).  Smaller volume deposits commonly form tuff rings or tuff cones (morphological 

features) which are defined as being of either Surtseyan or Taalian eruptive style.  The 

variety seen within the larger volume deposits of phreatomagmatism (e.g. Table 4.4) 

suggests that they are not simply scaled-up Surtseyan or Taalian style eruptions.  The terms 

commonly used to describe phreatomagmatic eruptions are described below.   

 

Surtseyan 

Surtseyan eruptions result when external water gains access to the top of a vent (Kokelaar 

1983), so that a slurry of tephra, hyaloclasts and water slumping into the top of the vent 

mixes with erupting magma and steam (Kokelaar 1983).  As rising magma passes through 

this three phase slurry, mixing of the fluids occurs and some of the water flashes to steam 

on contact with the magma and rapidly expands resulting in continuous jets of tephra slurry 

rather than a single explosion (Kokelaar 1983).  Fine comminution of the pyroclasts is 

thought to result from multiple involvements in eruptive events; such recycling of clasts has 

also been recognised in larger phreatomagmatic eruptions (Houghton and Smith 1993).  

Surtseyan eruptions are small-scale, with 1 km from the vent considered to be distal during 

the Caphelinhos eruptions of 1958 (Cole et al. 2001) and associated density current 
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deposits being small volume (<< 1 km3).  Surtseyan eruptions have only been reported from 

basaltic settings (Kokelaar 1983; Kokelaar and Durant 1983; Cole et al. 2001; Table 4.5). 

 

Taalian 

Taalian eruptions are produced by the explosive interaction of rising magma and water 

within the surrounding aquifer (Moore et al. 1966; Kokelaar 1986).  As a result, 

fragmentation of the magma disrupts the aquifer, and the deposits contain a large 

proportion of lithic clasts.  In contrast to Surtseyan eruptions, Taalian eruptions occur 

where water gains access to the volcanic conduit below the vent (Kokelaar 1986).   The 

deposits of Taalian eruptions include fallout deposits and density current deposits (Sohn 

1996).  Taalian eruptions are most commonly basaltic (Table 4.5).   

 

Phreatoplinian 

In contrast to the terms Surtseyan and Taalian, phreatoplinian refers to a deposit rather than 

an eruptive style.  Self and Sparks (1978) defined phreatoplinian as fallout deposits with a 

dispersal index (D) > 500 km2 and a high fragmentation index (F).  Dispersal index is the 

area in km2 enclosed by the 0.01 isopach of maximum thickness; and F is the weight 

percentage less than 1 mm collected where the 0.1 isopach of maximum thickness collected 

on the dispersal axis (Walker 1971; Self and Sparks 1978).  Subsequently, the term 

phreatoplinian has been used to refer to density current deposits (e.g. Camus et al. 2000; De 

Rita et al. 2002) or a style of eruption (Allen and Cas 1998).  The mechanism of how 

phreatoplinian deposits are formed is still unclear; it is thought to reflect large-scale fuel-

coolant interaction yet how this occurs in high mass-flux, large volume eruptions has yet to 

be resolved.  Fine-grained density current deposits, commonly bearing abundant ash 

aggregates have been reported in association with phreatoplinian ashfall layers (e.g. Wilson 

2001; De Rita 2002).  However welded deposits inferred to represent transitions to 

magmatic activity (Branney 1991) are also known.    
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Eruptive style of the Deadeye Member 

Section A of the Deadeye Member contains a series of fallout deposits which are similar to 

other ashfall deposits of the central Snake River Plain (Branney et al. 2008) and beds of 

pumice which were produced by magmatic activity prior to the onset of phreatomagmatic 

activity.  This switch between magmatic and phreatomagmatic eruptive behaviour has been 

recorded in numerous other phreatomagmatic eruptions, e.g. Santorini (Bond and Sparks 

1976), Neapolitan Yellow Tuff (Scarpati et al. 1993), Kos Plateau Tuff (Allen and Cas 

1998; Allen et al. 1999) and Oruanui (Wilson 2001).   

 

Section B of the Deadeye Member represents the onset of phreatomagmatism, producing 

variably massive, diffuse cross-stratified and ash aggregate-bearing diffuse cross-stratified 

tuff facies.  Silicic phreatomagmatic deposits commonly exhibit massive (e.g. Cana Creek, 

McPhie 1986; Astroni, Isaia et al. 2004; Oruanui, Wilson 2001), cross-stratified (e.g. 

Pisolitic tuffs, De Rita et al. 2002; Caldera del Rey, Davila-Harris 2008) and ash aggregate-

bearing facies (e.g. Whorneyside, Branney 1991; Neapolitan Yellow Tuff, Scarpati et al. 

1993; Glaramara, Brown et al. 2007), with massive deposits dominating in ignimbrites 

associated with phreatoplinian deposits (e.g. Table 4.5).  The pod-bearing fallout deposits 

overlying the density current deposits of section B are similar to those described from 

large-scale phreatomagmatic eruptions (e.g. Askja C, Sparks et al. 1981; Oruanui, Wilson 

2001).   

 

The Deadeye Member contains facies with similarities to both tuff ring-forming deposits 

and those from larger phreatomagmatic events.  This reflects a gradation in processes 

between eruptions which form tuff-rings and those associated with phreatoplinian deposits, 

as suggested by Brown et al. (2007); this intergradation is further emphasised by the 

volume and runout distance of density currents of the Deadeye Member which are 

intermediate between the two end members (Table 4.4).  In terms of an eruptive style, 

neither Surtseyan nor Taalian are suitable for the Deadeye Member and the term 

phreatoplinian represents a deposit produced by a poorly-understood, un-named style of 
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eruption.  The Deadeye Member represents an eruption intermediate in scale between the 

small-volume tuff-ring forming eruptions and larger phreatoplinian-forming eruptions.    

 

Other phreatomagmatic units in the Snake River Plain 

The Deadeye Member represents the first recognised example of silicic phreatomagmatism 

in the central Snake River Plain.  Other units from the province show facies which are 

suggestive of phreatomagmatism, discussed in order of decreasing evidence for 

phreatomagmatism. 

 

Unnamed unit in Big Cottonwood Canyon 

At the mouth of Big Cottonwood Canyon (Fig. 4.1), a series of ashfall deposits are overlain 

by a non-welded density current deposit.  The fallout deposits are parallel-bedded, well-

sorted and composed of medium to coarse ash, identical to the //bT facies of the Deadeye 

Member.  The overlying ignimbrite is fine-grained and contains abundant accretionary 

lapilli.  The ignimbrite in this unnamed unit does not exhibit any of the facies seen by the 

Deadeye Member as it is massive whilst containing accretionary lapilli (Fig. 4.17).  The 

Deadeye Member is exposed further south west in Cottonwood Canyon, at a higher 

stratigraphic interval and the fallout stratigraphies of the two deposits differ.  The unnamed 

unit has yet to be recognised elsewhere in the central Snake River Plain.   

 

Jackpot 6 

The Jackpot 6 unit of Andrews et al. (2008) is exposed south of the town of Jackpot in the 

Rogerson Graben where it is cross-stratified, non to partially welded and contains abundant 

clasts of non-vesicular black glass which reach up to 3 cm diameter (Fig. 4.17 C).  These 

clasts of non-vesicular glass may act as the core of accretionary lapilli (Fig. 4.17 D) which 

reach a few centimetres in size and are common in this unit.  Jackpot 6 is deposited directly 

atop a thick, intensely welded ignimbrite (Jackpot 1-5, Andrews et al. 2008; Chapter 3).  

The Jackpot 6 unit is widespread, extending east to the Cassia Mountains (Chapter 2).   
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Wooden Shoe Butte Member 

The Wooden Shoe Butte Member contains two ignimbrite cooling units, which vary in 

welding intensity from lava-like to moderately welded.  The base of the unit is a thick 

succession of fallout and variably reworked deposits which in Rock Creek are fused to 

glass by the heat conducted downwards from the ignimbrite.  Within these ashfall deposits 

are layers of coated pellets which are fused in Rock Creek but are non-welded and show 

impact marks in Trapper Creek to the east.  In Trapper Creek, the succession of non-welded 

material above the ignimbrite also contains abundant coated pellets, more than 9 separate 

layers.   The coated pellets seen in the Wooden Shoe Butte Member are much smaller (< 1 

cm) than those seen in the Deadeye Member, and may reflect moisture in the atmosphere 

rather than phreatomagmatic activity.  Despite the welded nature of the Wooden Shoe Butte 

Member, the presence of multiple beds of coated pellets (Fig. 4.17 E) are suggestive of 

some interaction with water.            

 

Rabbit Springs Member 

The Rabbit Springs Member was erupted c. 10.44 ± 0.13 Ma (Bonnichsen et al. 2008) and 

is located in the Rogerson Graben where it is moderately welded with basal and upper 

vitrophyre and a eutaxitic fabric (Andrews et al. 2008).  Beneath the welded ignimbrite of 

the Rabbit Springs Member is a non-welded, cross-stratified tuff containing abundant 

accretionary lapilli (Fig. 4.17 F).  The accretionary lapilli have multiple rims and reach a 

centimetre in diameter within a well-sorted ash deposit.  This non-welded cross-stratified 

tuff may represent a precursory phreatomagmatic phase to the Rabbit Springs eruption, 

prior to the main part of the eruption which deposited the welded ignimbrite. 

 

Cougar Point Tuff 15 

At Murphy Hot Springs, Cougar Point Tuff 15 is well exposed and the basal fallout 

deposits contain framework supported pumice lapilli (rare for Snake River-type volcanism) 

shown in Figure 4.17 G and I.  The fallout succession also contains a distinct bed of coated 

pellets which are composed of a core of medium ash with a single fine-grained rim (Fig. 
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4.17 H).  Above the fallout deposits the ignimbrite varies from non-welded to intensely 

welded.  Similarly to the Deadeye Member, at Murphy Hot Springs, Cougar Point Tuff 15 

has pumice lapilli within its fallout deposit, it contains ash aggregates and has a non-welded 

ignimbrite.  However, when traced laterally, the ignimbrite of Cougar Point Tuff 15 

becomes an intensely welded sheet of glass, a feature not seen in the Deadeye Member.  

 

Conclusions  

Detailed fieldwork in the Cassia Mountains of southern Idaho has discovered the presence 

of an entirely non-welded eruption unit within a sequence previously mapped as reworked 

sediments.  The Deadeye Member represents the first entirely non-welded eruption unit 

described from the central Snake River Plain and it has similar geochemical characteristics 

to the surrounding intensely welded ignimbrites. This suggests that the difference in 

depositional facies were the result of differing eruption processes.  The Deadeye eruption 

began in magmatic style producing Plinian pumice fallout deposits before a transition to 

phreatomagmatism.   

 

The presence of ash clumps; abundant accretionary lapilli; low emplacement temperature 

and non-welded nature of the density current deposit; and the presence of abundant 

hyaloclastite are interpreted as the result of interaction between a rising, hot rhyolitic 

magma and shallow or surficial water.   

 

Given that the non-welded, slope-forming units in the central Snake River Plain are poorly 

exposed and have received little attention, it is possible that phreatomagmatism is an under-

estimated component of volcanism from the central Snake River Plain.  Following the 

recognition of the Deadeye Member as a phreatomagmatic deposit, other units which have 

some similar characteristics have been proposed as representing variable degrees of 

phreatomagmatism.  The presence of a lake in the current Yellowstone caldera makes 

phreatomagmatic activity similar to that inferred for the Deadeye Member a possible future 

scenario at Yellowstone.   
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Chapter 5: Pre-eruptive volatile contents and eruptive 

behaviour of Snake River-type ignimbrites and lavas 
 

Abstract 

The pre-eruptive water, fluorine and chlorine contents of Snake River-type magmas have 

been determined from analyses of plagioclase-hosted melt inclusions in six rhyolitic units.  

The chosen units comprise three experiments each containing a lava and an ignimbrite 

which were erupted over the same geographic area, closely spaced in time and of similar 

geochemical characteristics.  The water contents of the inclusions are relatively low and are 

in agreement with both previous estimates and the observed anhydrous mineral assemblage.  

Chloride contents are lower than those reported from other rhyolites and fluorine contents 

are similar.  No systematic difference in pre-eruptive volatile contents was observed 

between magmas that formed ignimbrites or lavas suggesting the divergence in eruptive 

style must be controlled by another factor.  The uniformly low chloride contents with 

varied water contents are inferred to reflect a magmatic system that entrapped inclusions 

during degassing.  The low chloride content of the inclusions may reflect the presence of 

another magmatic volatile, such as carbon dioxide, acting to reduce the solubility of 

chloride.  The central Snake River Plain is inferred to have a gas-saturated magmatic 

system, similar to recent models proposed for the current Yellowstone magmatic system.   

The low halogen contents determined from the inclusions and groundmass suggest that low 

emplacement viscosities in these units, and more broadly within Snake River-type 

ignimbrites, is a function of the combination of high emplacement temperatures and high 

mass fluxes rather than due to the retention of magmatic volatiles.   
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Introduction 

Silicic volcanism in the Yellowstone-Snake River mega-province has been shown to be 

broadly time-transgressive along the Yellowstone hotspot track (Pierce and Morgan 1992; 

Smith and Braille 1994) decreasing in age towards Yellowstone in the east.  Along the 

hotspot track in southern Idaho and northern Nevada (Fig. 5.1), an enigmatic and 

catastrophic style of volcanism defined from 13-8 My-aged deposits has been recognised 

and termed ‘Snake River (SR)-type’ volcanism (Branney et al. 2008).   

 

SR-type volcanism brings together eighteen volcanic facies that are unusual in their 

association, such as (1) well-sorted ignimbrites lacking pumice and lithic lapilli; (2) ashfall 

deposits, in place of the pumice lapilli fall deposits that typify Plinian deposits; (3) a 

predominance of large volume, highly rheomorphic, intensely welded ignimbrites 

(Bonnichsen and Citron 1982; Cathey and Nash 2004; Andrews et al. 2008); and (4) large 

volume rhyolitic lavas, reaching 200 km3 (Bonnichsen 1982; Manley 1996), many times 

larger than typical silicic lavas that have outcrops in the range of 5 km2 (e.g. Fink and 

Bridges, 1985). 

 

Rationale 

The highly rheomorphic nature of SR-type ignimbrites and areal extent of the ignimbrites 

and lavas, suggest a low viscosity upon emplacement, which could be controlled by 

numerous factors including volatile content and/or temperature.  High magmatic 

temperatures of both ignimbrites and lavas have been inferred in a number of previous 

studies (Honjo et al. 1992; Cathey and Nash 2004; Andrews et al. 2008; Chapter 2), yet the 

pre-eruptive volatile contents of SR-type magmas have not been constrained.  The main 

objectives of this study are:  

1) to determine and quantify the main volatile species present and lost during SR-type 

eruptions and  

2) to examine whether there is a difference between pre-eruptive volatile contents in lavas 

and ignimbrites in SR-type eruptions.  Determination of the main volatile species present in  



Chapter 5: Volatiles in Snake River‐type magmas 

 

 

210 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the SR-type magmas is of interest because these high temperature rhyolitic magmas have 

an anhydrous crystal assemblage indicative of relatively low water contents at the time of 

crystallisation, yet the majority still erupt in a highly explosive manner.   

 

 Previous studies 

Lava versus ignimbrite discrimination criteria 

Distinguishing lava-like ignimbrites (sensu Branney and Kokelaar 1992) from true lavas in 

the field has long been considered problematic (Henry et al. 1988; Henry and Wolff 1992; 

Green and Fitz 1993).  Criteria for distinguishing between a strongly rheomorphic 
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ignimbrite and a lava were proposed by Henry and Wolff (1992); lavas can be defined by 

the presence of a basal autobreccia (although rheomorphic ignimbrites may locally have 

basal autobreccias e.g. Sumner and Branney 2002) and steep terminations.  Ignimbrites 

may be definitively recognised where they grade into non-welded facies.  The relationship 

of the deposit with topography is the most reliable indicator of eruptive style, with 

ignimbrites feathering out as they onlap fault scarps whereas lavas are restricted to 

palaeovalleys.  Snake River-type lavas are rarely less than 20 m thick, whereas numerous 

ignimbrites are known to be metre-thick sheets of glass (e.g. Grey’s Landing, Sand Springs 

and Cougar Point Tuff 15).  The characteristics of a typical SR-type lava and ignimbrite are 

shown in Figure 5.2.  In many locations in the Snake River Plain, the lack of basal exposure 

prevents unequivocal interpretation of the mode of deposition of thick rhyolites, due to the 

dense welding and lava-like appearance of the ignimbrites.  Units chosen for this study 

were selected on the basis of unambiguous field evidence.    

 

Melt inclusions 

Studies of melt inclusions within silicic ignimbrites have typically found pre-eruptive water 

contents from 2-7 wt.% e.g. Katmai (Lowenstern 1993), Bishop Tuff (Anderson et al. 

1989), Mt. St. Helens (Rutherford et al. 1985) and Taupo volcanic zone (Dunbar et al. 

1989), see Table 5.1.  Carbon dioxide contents are normally 1000 ppm or less (Anderson et 

al. 1989; Skirius et al. 1990; Lowenstern 1993).  Chlorine contents are often higher than 

CO2 with typical values of 0.1-0.2 wt. % (Newman and Chesner 1989; Stix et al. 1993; 

Lowenstern 1994).  Fluorine contents are typically 400-1500 ppm although they can be 

much larger in continental settings, up to 6000 ppm in the Taylor Creek rhyolite (Webster 

and Duffield 1991; Lowenstern 1995).  Sulphur is present typically in small concentrations 

up to 200 ppm (e.g. Dunbar et al. 1989).   

 

The only previous study of melt inclusions from rhyolites in the Snake River Plain was that 

of the Badlands lava from the Owyhee-Humboldt eruptive centre (Manley 1996b; Fig. 5.1 

inset) which reported water contents ranging from 0.73 to 4.55 wt.%.  Despite its proximity 

to the type area of Snake River-type volcanism, the rhyolites from Owyhee-Humboldt  
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differ in a number of respects.  Eruptions from the Owyhee-Humboldt eruptive centre were 

exclusively effusive, with no ignimbrites yet defined (Manley and McIntosh 2002) and the 

analysed rhyolites were chemically more evolved, than those studied here, up to 78 wt.% 

SiO2 with magmatic temperatures (~850oC) lower than those which characterise SR-type 

volcanism (Manley 1996; Manley and McIntosh 2002). 

 

Melt inclusion compositions may be modified if the phenocryst host is ruptured 

(Danyushevsky et al. 2002; Wallace 2005).  Decompression may cause rupture of 

phenocrysts and although broken phenocrysts are common in other ignimbrites (Best and 

Christiansen 1997), they are relatively rare in SR-type ignimbrites.  If a melt inclusion 

contracts more than the surrounding crystal, it may produce a vapour (or shrinkage) bubble.  

The formation of such a bubble may leave the melt inclusion depleted in volatile 

components such as CO2 (Anderson and Brown 1993; Wallace 2005).  The presence or 
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absence of vapour bubbles appears to have little effect on the water content of an inclusion 

(e.g. Blundy and Cashman 2005).    

 

Criteria for unit selection 

To enable conclusions to be drawn relating to eruptive style, it is necessary to compare 

units which are as similar as possible.  Samples were split into three experiments, with each 

experiment containing an ignimbrite and a lava from a geographically similar area.  Where 

possible, the units within an experiment were in stratigraphic contact with each other, 

making comparison of the units easier.  Bonnichsen et al. (2008) showed that during certain 

time periods, distinct chemical compositions (as determined by whole rock analyses) 

dominated the erupted products, with FeO and TiO2 values best differentiating the units 

into composition and time (CAT) groups.  To ensure that samples selected for comparison 

in this study were from similar magma batches, each pair of samples was taken from within 

single CAT groups of Bonnichsen et al. (2008).  Whole rock chemistry (see analytical 

techniques section later for details) of the units within the three experiments is shown in 

Figure 5.3.   

 

Units within a single experiment have similar pyroxene compositions (see analytical 

techniques section for technical details) in terms of MgO and FeO wt.% in both pigeonites 

and augites (Fig 5.4).  The Balanced Rock and Castleford Crossing units of experiment 2 

are distinct from the other units in having abundant orthopyroxene and rare pigeonite, 

whereas co-existing augite and pigeonite is a much more common phenocryst assemblage 

for Snake River rhyolites (e.g. Honjo et al. 1992; Cathey and Nash 2004; Chapter 2).   
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A variety of geothermometers (techniques as in Chapter 2) were employed to test whether 

the samples within each experiment had similar magmatic temperatures.  As in Chapter 2, 

the use of mineral thermometers assumes that the rim of the mineral has equilibrated with 

the liquid even if the core may not have.  In experiment 1, both the ignimbrite and the lava 

had magmatic temperatures which overlapped within error of the thermometers around 930 
oC (Fig. 5.5).  These results for Cougar Point Tuff 12 and Black Rock Escarpment Lava 

agree with previously published work (Cathey and Nash 2004).  The Balanced Rock Lava 

and the Castleford Crossing Ignimbrite also have magmatic temperatures which overlap 

within error, although the lava appears to have had a slightly higher pre-eruptive 

temperature (Fig. 5.5).  In experiment 3, the Shoshone Falls Rhyolite Lava consistently 

suggests a higher magmatic temperature than the Sand Springs Ignimbrite.  The magmatic 

temperatures determined for the Sand Springs Ignimbrite in this study are slightly lower 

than those determined by Andrews et al. (2008), illustrated in Figure 5.5.   

 

In order for units to be included in this study, samples required a suitable phenocryst 

assemblage that contained melt inclusions.  The melt inclusions in this study were between 

20 and 80 µm and hosted in plagioclase phenocrysts (Fig. 5.6).  Where possible individual 

phenocrysts were examined under a binocular microscope to select inclusions that 

contained neither microlites nor vapour bubbles.  Typical melt inclusions similar to those 

used in this study are shown in Figure 5.6.  Inclusions hosted in feldspar have been 

considered to be less reliable than those hosted in quartz (Lowenstern 1995), because the 

feldspar is more likely to fracture along its cleavage and possibly lose water from the 

inclusion.  However, recent work has shown that plagioclase can be used successfully (e.g. 

Blundy and Cashman 2001; 2005).   

 

 

 

 

 

 



Chapter 5: Volatiles in Snake River‐type magmas 

 

 

218 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5: Volatiles in Snake River‐type magmas 

 

 

219 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analytical techniques 

Whole Rock Chemistry 

Samples were analysed by X-ray fluorescence at the University of Leicester and 

Washington State University (Bonnichsen et al. 2008).  Sample preparation for X-ray 
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fluorescence analysis is detailed in Chapter 2.  The results of X-ray fluorescence analysis 

are shown in Figure 5.3.   

 

Electron microprobe  

Samples were analysed with a JEOL JXA-8600S electron microprobe at the Department of 

Geology at the University of Leicester, using the methodology as described in Chapter 2.  

Some melt inclusions have insufficient exposed area to allow two analyses with a beam 

diameter of > 40 microns.  In these cases it was necessary to use a focussed beam, so 

multiple spots of a groundmass glass sample were analysed using the two-run method and 

compared to multiple analyses of groundmass glass using a focussed beam, and correction 

factors were applied where necessary to correct the results from the focussed beam 

experiments to those of the two-run experiments.  Phenocrysts were analysed using 

standard operating conditions of a 10 micron beam and an operating current of 30 

nanoamps.   

 

Ion microprobe 

Samples were analysed using the NERC Scientific Services CAMECA IMS-4f ion 

microprobe at the University of Edinburgh.  Inclusions and their enclosing phenocrysts 

were hand-picked and set in resin before being sectioned; with additional samples coming 

from thin sections.  One inch round sections were polished initially using diamond paste, 

followed by a final thirty second polish with Al2O3, cleaned using methanol then gold 

coated.  The primary beam was O- ions with an accelerating voltage of 15 kev.  The beam 

was initially rastered over a 50 mm2 area for two minutes to remove any surface 

contamination from the sample.  The sample was then analysed using a 15 µm diameter 

spot.  Spots were analysed for a total of twenty cycles; a total of 1000 seconds for all 

elements.  The first eight cycles are not considered in the determination of elemental 

abundance to further reduce the chance of surface contamination, giving a total counting 

time of 600 seconds.  Secondary ions produced were accelerated to 4500 V, and an offset of 

75 keV was used to reduce the chances of analysing molecular ions.  The following 
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isotopes were analysed 1H, 7Li, 12C, 19F, 25Mg, 26Mg, 35Cl, 42Ca, 47Ti and 54Fe with the 

major elements ratioed to 30Si as determined by electron microprobe analyses.  The ion 

yield of H/Si mirrors the change in Si content so that as the silica content increases, the 

ionisation of H relative to Si also increases.  Thus the ratio of H/Si can be used as a 

constant (basalt or rhyolite would both work); this was determined from known standard 

compositions and gave a constant to apply to the measured H/Si ratio of the unknown.  

Carbon also shows the same ionisation behaviour and can be measured in the same way.    

 

Backgrounds 

Backgrounds were estimated by analysis of standards such as BOG quartz, and tested by 

analysing plagioclase phenocrysts for H and C.  Using the BOG quartz standard, 

backgrounds were: H, 0.02 wt.%; C, 81.5 ppm; F ~2 ppm; and Cl, 12 ppm.   

 

Analytical errors 

Errors determined by ionprobe are based on counting statistics for the elements of interest; 

these are typically small (e.g. 0.0009 wt.% on an abundance of 4.01 wt.% water for the 

Siss51 standard).  This gives an error of 0.017% and represents the smallest possible error 

on that analysis.  A more realistic method of expressing error is to use the standard 

deviation of multiple replicates of a standard homogeneous material to assess the precision 

of the ionprobe.  Using the Siss51 glass as a standard, as its water content most closely 

matches the water contents of the samples (as inferred from electron microprobe totals), the 

standard deviation of 7 replicate analyses was 0.22 wt.%.  This value represents 4.8 % of 

the average water content determined for that glass, and this percentage can be used as the 

error on the unknowns.  For F the relative standard deviation (using NIST610) was 7.01% 

and for Cl, 3.33%.  For C, Rb 497 gives a relative standard deviation of 3.4 %, with Siss51 

giving a relative standard deviation of 9.03 %.   
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Accuracy 

Abundances of water determined from the standards were somewhat higher than the 

certified values.  For example, the NIST610 standard glass has a certified water contents of 

0.013 wt.% whereas the average abundance determined during this study was 0.029 wt.%.  

The Siss51 standard glass has a nominal water content of 4.00 wt.% (Mangan and Sisson 

2000), however multiple replicates during this work average at 4.30 wt.%, again an over-

estimate.  The smaller over-estimate of Siss51 glass as opposed to the NIST610 standard 

supports use of the former as primary standard.  Chlorine contents were also slightly higher 

than expected; Siss51 glass (Mangan and Sisson 2000) nominally contains 600 ppm Cl, 

whereas values obtained here ranged from 740-960 ppm.  Over-estimation of F in the 

NIST610 glass was significant with the average determined at 854 ppm, rather than the 

quoted range of 295-611ppm (http://georem.mpch-mainz.gwdg.de/).  The difference 

between the certified values of the standards and the values returned by analysis, suggests 

that the results here may be slightly higher than the actual values, and may be considered an 

upper limit on the true values.  The apparent over-estimation may be a function of the 

efficiency of detector in use at the time of analysis (Hinton pers. comm.). 

 

Experiment 1 

Field description 

Cougar Point Tuff XII 

Located within the Cougar Point Tuff succession of Bonnichsen and Citron (1982), Cougar 

Point Tuff 12 is a 30 m thick, intensely welded ignimbrite with an estimated volume 

between 10-100 km3 (Boroughs et al. 2005).  The base of the unit contains a dense 

vitrophyre with an overlying zone of lithophysae and spherulites (Fig. 5.7).  It is strongly 

sheet jointed in places, with some medium scale open folds above the sheet jointed facies.   

The age of Cougar Point Tuff 12 is estimated as 11.1 Ma (Cathey and Nash 2004; 

Bonnichsen et al. 2008), as it is interbedded between units which are well constrained in 

terms of age by 40Ar/39Ar geochronology, Cougar Point Tuff 11, aged 11.29 ± 0.07 Ma and 

Cougar Point Tuff 13, aged 10.86 ± 0.06 Ma (Bonnichsen et al. 2008; Chapter 3).   



Chapter 5: Volatiles in Snake River‐type magmas 

 

 

223 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5: Volatiles in Snake River‐type magmas 

 

 

224 

 

 

Black Rock Escarpment Lava 

First described as the unnamed lava within the Cougar Point Tuff succession (Bonnichsen 

1982), the Black Rock Escarpment Lava ranges in thickness from 20 to 60 m.  It has a blunt 

termination and large scale thrusts that extend from the base of the unit to the upper 

surface.  The Black Rock Escarpment Lava outcrops in the Bruneau River canyon but is 

absent in the Jarbidge River canyon.     

 

Electron microprobe   

Inclusions 

Melt inclusions in both Cougar Point Tuff 12 and Black Rock Escarpment Lava are 

rhyolitic, with the ignimbrite containing 72.9-78.9 wt.% SiO2 and the lava 74.5-77.9 wt.% 

SiO2 (Fig. 5.8 A).  While the melt inclusions in the lava and ignimbrite overlap in 

abundances of all major elements, the melt inclusions from the lava have a smaller 

geochemical variation and a slightly higher abundance of TiO2.  The average F content of 

the melt inclusions is low, 0.11 wt.% (1100 ppm) in the lava and 0.04 wt.% (400 ppm) in 

the ignimbrite (Table 5.2).  Chlorine contents are low in both the lava and the ignimbrite, 

around 300 ppm in the ignimbrite and 100 ppm in the lava.  Although the lava has 

considerably more F than Cl, in the ignimbrite the abundances are similar (Table 5.2).  

However the abundances of halogens as determined by electron microprobe should be 

regarded with some caution (see later).  The melt inclusions have electron probe totals 

which are high, the average for Cougar Point Tuff 12 is 98.8% and for the Black Rock 

Escarpment Lava it is 97.1%.  These totals suggest that the total initial volatile content of 

the lava was higher than that of the ignimbrite. 

 

Groundmass 

Cougar Point Tuff 12 and Black Rock Escarpment Lava have similar groundmass glass 

chemistries, although the ignimbrite shows a greater range of FeO and CaO than the lava 

(Fig. 5.8).  Cathey and Nash (2004) show that the fallout deposit associated with Cougar  
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Point Tuff 12 has a number of compositional modes of different chemistry in terms of SiO2 

and FeO.  If such modes were homogenised within the welded ignimbrite this may explain 

the greater variability in glass compositions. The average F and Cl contents of both the lava 

and the ignimbrite are similar, for F (1000 ppm for the ignimbrite and 700 ppm in the lava) 

and for Cl was 200 ppm for the ignimbrite and 100 ppm in the lava.  The average 

groundmass glass totals are 96.8 and 96.5 for Cougar Point Tuff 12 and Black Rock 

Escarpment Lava respectively, reflecting hydration of the glass post-emplacement. 

 

Experiment 2  

Field description 

Balanced Rock Lava 

The thickness of the Balanced Rock Lava ranges between 30-50 m with autobreccias at the 

top and bottom of the unit (Fig. 5.9 C).  Both breccias are glassy with the devitrified centre 

of the lava being roughly columnar (Fig. 5.9).   This unit covers at least 400 km2, and has a 

minimum estimated volume of 16 km3.   

 

Castleford Crossing Ignimbrite 

This unit overlies a palaeosol above the irregular upper autobreccia of the Balanced Rock 

Lava.  Directly above the soil lies a series of well-sorted parallel-bedded cm-scale fall 

deposits dominated by fine to coarse ash.  Such ashfall deposits are typical of SR-type 

eruptions (Branney et al. 2008).  Above the fall deposits is a m-thick vitrophyre which 

passes up into lava-like ignimbrite reaching 50 m in thickness.  The Castleford Crossing 

Ignimbrite is highly rheomorphic showing flow banding and flow folds (Fig. 5.9 D) 

including beautifully preserved sheath folds.  Sheath folds predominate in the lower parts 

of the ignimbrite (Fig. 5.9 B) and larger scale open folds are seen in the upper reaches of 

the ignimbrite; a similar style of folding to that seen in other SR-type ignimbrites e.g. Greys 

Landing ignimbrite (Andrews et al. 2008).  The Castleford Crossing Ignimbrite is unusual 

with respect to SR-type ignimbrites in that flow banding picks out the majority of the 

rheomorphic features and sheet jointing is rare.  This suggests that rheomorphism may well  
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have finished by the time that the ignimbrite had cooled sufficiently to behave in a brittle 

manner.  Where the ignimbrite thins against palaeotopography it becomes entirely 

vitrophyric (Fig. 5.9 A).  The Castleford Crossing ignimbrite has normal magnetic polarity, 

unlike the underlying Balanced Rock Lava, and has a 40Ar/39Ar age of 8.13 ± 0.29 Ma 

(Bonnichsen et al. 2008).   

 

Electron microprobe 

Inclusions 

Inclusions in both the ignimbrite and the lava are rhyolitic with similar average 

compositions (e.g. Table 5.2, Fig. 5.8).  The melt inclusions in the lava have higher 

abundances of TiO2 and slightly lower values of SiO2, similar to the whole rock chemistry 

which shows the lava to be slightly more mafic than the ignimbrite (Fig. 5.3).  The 

compositional range in melt inclusions is larger in the lava than in the ignimbrite, with SiO2 

varying by 5.5 wt.% in the lava and 3.8 wt.% in the ignimbrite, although this may be a 

function of the greater number of analyses in the lava (45 for the lava, 16 for the 

ignimbrite).  Fluorine and chlorine contents of the inclusions are similar albeit with large 

errors (see later).  Average microprobe totals are around 95% for the lava and around 

98.5% for the ignimbrite.   

 

Groundmass 

The groundmass glass compositions of the Balanced Rock Lava and Castleford Crossing 

Ignimbrite overlap in terms of major elements (Table 5.2).  Both the groundmass 

compositions are rhyolitic, with the ignimbrite 74.7 to 79.2 wt.% SiO2 and the lava 76.6 to 

78.8 wt.% SiO2.  The range of most major elements is larger in the ignimbrite than the lava 

(e.g. SiO2, Al2O3, CaO, FeO and MgO).  Fluorine and chlorine contents in the groundmass 

have an almost identical range of values in the lava and ignimbrite (1100 ppm lava and 900 

ppm ignimbrite for F and 100 ppm lava and 200 ppm ignimbrite for Cl).  In contrast to the 

inclusions, the groundmass electron probe totals are almost identical (Table 5.2).    
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Experiment 3 

Field description 

Sand Springs Ignimbrite 

 The Sand Springs Ignimbrite is a small volume unit (< 10 km3) that outcrops in the north 

of the Rogerson Graben (Andrews et al. 2008; Fig. 5.1).  It has thin (< 5 cm) fall deposits 

overlain by a non-welded ignimbrite which contains abundant small angular chips of dense, 

black, volcanic glass (Fig. 5.10).  The base of the ignimbrite is cross-stratified and passes 

upwards into a massive lapilli-tuff.  The unit is progressively more fused until it becomes 

partially welded at the uppermost exposed section.  The ignimbrite is exceptionally well-

sorted (σφ 0.82 compared to σφ 2-5 for typical ignimbrites; Branney and Kokelaar 2002) 

and the fall deposits which it overlies are medium ash.  The Sand Springs Ignimbrite is of 

unknown age, but is within the CAT group of estimated age 5.5-7.5 Ma (Bonnichsen et al. 

2008). 

 

Shoshone Falls Rhyolite Lava 

Well exposed in the Snake River canyon, the Shoshone Falls Rhyolite Lava has a highly 

irregular upper surface with a characteristic breccia composed of poorly sorted black clasts 

of dense black vitrophyric rhyolite in a red, hydrothermally altered ash matrix.  The lava is 

at least 60 m thick near the Perrine Bridge, however drilling has shown that the true 

thickness is around 200 m (Street and DeTar 1987).  The age of the lava is approximately 

6.4 ± 0.3 Ma (average of K-Ar determinations of Armstrong et al. 1975, 1980; Bonnichsen 

et al. 2008).  Unfortunately, the Shoshone Falls Rhyolite Lava and the Sand Springs 

Ignimbrite are not seen in stratigraphic contact so their relative ages are unclear.   
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Electron Microprobe 

Inclusions 

Melt inclusions in the Sand Springs Ignimbrite are more mafic than those in the Shoshone 

Falls Rhyolite Lava (Table 5.2; Fig. 5.8).  The inclusions from the lava have a more 

restricted compositional range than those of the ignimbrite; in terms of SiO2 the range in 

the lava is 4.8 wt.% whereas it is 7.1 wt.% in the ignimbrite.  The halogen abundances in 

the ignimbrite and lava of experiment 3 are almost identical, with Cl present at 400 ppm in 

the lava and 300 ppm in the ignimbrite, and the F contents of 700 ppm in the lava and 800 

ppm in the ignimbrite. 

 

Groundmass 

The average groundmass compositions of the Sand Springs Ignimbrite and the Shoshone 

Falls Rhyolite Lava are similar (Fig. 5.8).  The ignimbrite contains slightly higher 

abundances of TiO2 (0.36 to 0.29 wt.%) and CaO (0.84 to 0.48 wt.%) than the lava (Fig. 

5.8).  The compositional range of the groundmass in the ignimbrite is larger for all 

elemental oxides except Al2O3 than the lava.  The average F contents are 1100 ppm in the 

lava and 1200 ppm in the ignimbrite; the average Cl content of the lava is 200 ppm and 400 

ppm in the ignimbrite.  Electron probe totals of the ignimbrite and the lava are similar, with 

the lava 96.6 and the ignimbrite 97%.   

 

Ionprobe Results 

H2O 

Experiment 1  

The abundance of water in the melt inclusions of Cougar Point Tuff 12 ranges from 2.07 to 

2.86 wt.%, with an average of 2.55 wt.% (Fig. 5.11) while the overlying Black Rock 

Escarpment Lava has higher water contents (2.20 to 3.96 wt.%, average 3.12 wt.%).  In this 

experiment the electron probe totals are consistent with the water contents as determined by  
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the ionprobe.  The groundmass water contents of the glasses are similar in both the lava and 

the ignimbrite (Table 5.3; Fig. 5.11) around 2.5 wt. %.   

 

Experiment 2 

The Balanced Rock Lava has a range of water contents from 1.49-2.71 wt.% (Fig. 5.11) 

with an average of 2.11 wt.%.  The Castleford Crossing Ignimbrite has water contents 

ranging from 2.41-3.27 wt.% with an average of 2.84 wt.%.  Within the analyses of the 

Balanced Rock Lava, one analysis provided an anomalously low water content of 0.4 wt.% 

which is discussed at the end of the section.  The groundmass glass in both the lava and 

ignimbrite contains around 2.5 wt. % water.   

 

Experiment 3 

On the basis of inclusion data, the Shoshone Falls Rhyolite Lava has a higher pre-eruptive 

water content (3.21 to 3.33 wt.%; average 3.27 wt.%) than the Sand Springs Ignimbrite 

(1.48 to 2.25 wt.%; average 1.82 wt.%).  In the case of the Shoshone Falls Rhyolite Lava, 

the water contents of the inclusions are distinct from the water contents of the groundmass 

glass (1.13 to 2.26 wt.%; average 1.93 wt.%; Fig. 5.11).  The differences between the water 

contents derived from inclusions and groundmass glasses support the notion that the 

inclusions represent the magmatic water contents.     

 

Leaked inclusions 

A few inclusions analysed in this study produced significantly lower water contents than 

the majority of inclusions analysed from that unit, e.g. one inclusion from Balanced Rock 

Lava contained 0.4 wt.% H2O as opposed to the average of 2.11 wt.% and an inclusion in 

Sand Springs Ignimbrite an inclusion contained 0.3 wt.% H2O compared to the average of 

1.82 wt.% (Fig. 5.11).  That these low water contents overlap with neither the majority of 

the melt inclusions, nor the groundmass glass suggests that these analyses represent 

inclusions which have leaked.  
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Rehydration of groundmass 

For groundmass glass at surficial pressure, < 0.2 wt.% water is soluble in rhyolite using 

experimental data (Blank et al. 1993; Newman and Lowenstern 2002).  The high water 

contents of the groundmass glasses suggest that this water is not magmatic, but reflects 

post-emplacement alteration of the glass.  Abundant perlitic cracks in the glass matrix 

support this suggestion (Fig. 5.12), as has been seen in other locations (e.g. New Mexico; 

Duffield and Dalrymple 1990) whereas non-hydrated volcanic glass (e.g. Crater Lake) 

typically contains close to 0 wt.% H2O (Bacon et al. 1992).   

 

Summary 

The water contents of the melt inclusions in this study show no relationship with eruptive 

style; in experiments 1 and 3 the water contents of the lava-forming magmas was higher 

than the ignimbrite forming equivalents, whereas in experiment 2 the ignimbrite has a 

greater abundance of water.  This suggests that the pre-eruptive water content is not the 

primary controlling factor in terms of eruptive style. 

 

Fluorine 

Fluorine contents in Snake River-type magmas range from 175 to ~3700 ppm, similar to 

those determined for other high silica rhyolites which range from 300 ppm (Bacon et al. 

1992) to > 1 wt.% (Webster and Duffield 1994), with higher values expected in continental 

systems (Lowenstern 1995).        

 

Experiment 1 

The inclusions in the lava and ignimbrite overlap in F contents with the lava having a wider 

range of F contents than the ignimbrite.  The groundmass F contents are similar to or 

slightly less than the abundances in the melt inclusions (Fig. 5.11).  The similarity in F 

contents between the groundmass and the inclusions suggests that little fluorine is lost  
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during the course of the eruption.  In terms of average compositions, the Black Rock 

Escarpment Lava and Cougar Point Tuff 12 lose similar amounts of their pre-eruptive 

fluorine, with the lava losing 7.8% and the ignimbrite 8.8%.   
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Experiment 2     

The melt inclusions in the Castleford Crossing Ignimbrite have larger abundances of F than 

the lava (ignimbrite average 1741 ppm, lava average 1229 ppm) although there is a large 

amount of overlap between the two units.  The F contents of the groundmass of the 

Balanced Rock Lava and Castleford Crossing Ignimbrite are very similar (Fig. 5.11).  In 

experiment 2, the lava lost 12.4% of its pre-eruptive F content whereas the ignimbrite lost 

29.9% of its F during eruption.   

 

Experiment 3 

The inclusions in the Sand Springs Ignimbrite and the Shoshone Falls Rhyolite Lava 

overlap in terms of F content (Fig. 5.11), with the ignimbrite having a wider range of 

values, reaching up to 784 ppm.  The groundmass compositions are similar in both the 

ignimbrite and the lava with the lava reaching 565 ppm.  An interesting feature of the 

results is that the  Shoshone Falls Rhyolite Lava has higher values of F in its groundmass 

than in its inclusions (albeit only four inclusions were analysed) whereas most of the units 

lose F during as eruption as would be expected.  The Sand Springs Ignimbrite in contrast, 

loses 80.7% of its F during the period between entrapment of melt inclusions and 

emplacement as ignimbrite. 

 

Summary 

Fluorine contents of the lavas and ignimbrites overlap in all the experiments although the 

ranges of F contents may vary between the ignimbrite and lava of a single experiment.  

Given that the abundances of F overlap, the variation in F is not the cause of the divergence 

in eruptive style.   

 

Chlorine 

Chlorine contents within SR-type magmas are typically in the range of 200-800 ppm, lower 

than those reported from other areas (e.g. 1700 ppm Taupo Volcanic Zone, Dunbar et al. 
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1989; ~1700 ppm Katmai, Westrich et al. 1991; 900-2500 ppm Galeras, Stix et al. 1993; 

Figure 5.14 B).   

 

Experiment 1 

The average chloride contents of the inclusions in experiment one are very similar, with the 

range of chloride abundances larger in the Black Rock Escarpment Lava (Fig. 5.11).  

Chloride contents in the groundmass of the Black Rock Escarpment Lava and Cougar Point 

Tuff 12 have a very restricted range and are similar between the units with the ignimbrite 

having slightly higher values.  Both the units in experiment 1 have much lower Cl contents 

in their groundmass than their inclusions, Black Rock Escarpment Lava loses 69% of its Cl 

between entrapment and deposition while Cougar Point Tuff 12 loses 49%.   

 

Experiment 2 

Melt inclusions from the Castleford Crossing Ignimbrite and the Balanced Rock Lava have 

similar chloride contents with the lava having a larger range of values which stretch to 

larger abundances of Cl (up to 1441 ppm).  The groundmass values of Cl in experiment 2, 

as in experiment 1, are constant and have a smaller range than the abundances in the melt 

inclusion.  The relative loss of Cl between inclusions and groundmass of both the 

ignimbrite and lava in experiment 2 is around 35%. 

 

Experiment 3 

The inclusions in the Sand Springs Ignimbrite and the Shoshone Falls Rhyolite Lava have 

similar abundances of Cl to those from the units in experiments 1 and 2.  The inclusions in 

the ignimbrite have some higher values than the lava in this experiment.  The groundmass 

glass abundances of chloride in the Shoshone Falls Rhyolite Lava span the range seen in 

the inclusions, similar to the results for F.  Sand Springs Ignimbrite loses 85% of its pre-

eruptive Cl while Shoshone Falls Rhyolite Lava gains 12% more Cl than was present in the 

inclusions. 
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Summary 

The Cl contents of the inclusions are uniformly low in all the experiments (Fig 5.11 C).  

Not only do the lavas and ignimbrites within a single experiment have overlapping Cl 

abundances, but all the units in this study overlap.  This shows that Cl contents have no 

bearing on the subsequent eruptive style.      

 

A note regarding F and Cl results 

The agreement in the fluorine and chlorine as measured by electron microprobe and ion 

microprobe is shown in Figure 5.13.  The results show that the electron microprobe tends to 

give lower values of Cl than the ionprobe, while the values of F are similar.  All the 

ionprobe values are within the error (at 2 σ) of the electron microprobe analyses, which is 

unsurprising given the large errors by electron microprobe (> 300%) on the low abundances 

of these elements.      

 

CO2 

The carbon analyses gave highly variable results, for both melt inclusions and groundmass.  

While values of CO2 in melt inclusions from other rhyolites are commonly up to 1000 ppm 

(see Table 5.1), abundances measured in this study for CO2 in groundmass glass range from 

zero to > 10,000 ppm or 1 wt.% (Fig. 5.15).  Carbon is dissolved in rhyolites as molecular 

CO2 (Fogel and Rutherford 1990) and is increasingly soluble with increasing pressure, but 

decreasingly soluble with increasing temperature, with the effect of temperature much less 

significant than pressure (Fogel and Rutherford 1990; Lowenstern 1995).  The high 

abundance of C in the groundmass glass of the Snake River-type rhyolites was unexpected.  

There are some possibilities to explain this: 

1) The values represent the actual abundance of C dissolved in the rhyolitic glass.  This 

scenario is highly unlikely because experimental work on high silica rhyolites has shown 

that at a pressure of < 1 bar the solubility of CO2 in rhyolite is virtually zero, irrespective of 

temperature (Blank et al. 1993; Newman and Lowenstern 2002).  Even using the 

temperatures most relevant to this study (e.g. 950 oC)  pressures greatly exceeding 10,000 
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bars would be required to dissolve > 10,000 ppm in rhyolitic glass; equivalent to a depth of 

37 kilometres, which cannot be the case for groundmass glass. 

 

2) Rare samples may have bubbles of CO2 within them which are giving elevated C 

abundances.  This scenario is also unlikely, for a number of reasons; firstly, there is no 

reason why CO2 should remain in bubbles in the groundmass rather than be released during 

the eruption.  Secondly, the pattern of release of C during the numerous cycles of analysis 

from which one result is determined are not what would be expected if ablation of the 

sample was exposing a bubble of CO2 (Fig. 5.15).  If a bubble were exposed during 

ablation of the sample, a sudden rise in the counts per second of C would be recorded, 

which would then drop off during the next analysis cycle.  Also shown in Figure 5.15 are 

data from a plagioclase which was run at the same time as the groundmass, which shows 

that the high C counts are not related to a high background of C.     

   

3) Another possibility is that the samples are contaminated with carbon.  The samples were 

prepared using diamond paste in the polishing and some were subsequently carbon coated 

for use in the electron microprobe.  Samples were cleaned twice using methanol in an 

attempt to remove all traces of carbon and given a final polish with Al2O3 but it is possible 

that some remained.  This situation would be especially prevalent if the sections had any 

topography on them, even on a micro-scale, which would allow carbon to collect in the 

valleys.  This might explain the variable results seen in these samples, a reflection of the 

variable amounts of contamination in each locality.  However, given the process of analysis 

of two minute rastering, then 8 cycles of counting on the spot which are not included before 

analysis begins, any contaminating material would be expected to have been ablated by the 

time of analysis.  Despite this misgiving, the contamination of samples with C appears the 

most credible explanation for the data (Fig. 5.16).  Given that the C analyses in these 

experiments may be unreliable, they are not considered in the discussion below. 
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Discussion 

Snake River-type rhyolites 

The SR-type rhyolites as defined from the Snake River Plain have an anhydrous phenocryst 

assemblage dominated by quartz, sanidine, plagioclase, pyroxenes, ilmenite, 

titanomagnetite and accessory minerals such as zircon and apatite (Bonnichsen and Citron 

1982; Cathey and Nash 2004; Chapter 2), leading to them being termed hot and dry 

magmas (Honjo et al. 1992; Christiansen and McCurry 2008), volatile under-saturated 

(Ekren et al. 1984) and water under-saturated (Bonnichsen et al. 2008).  Snake River-type 

volcanism has been described from other volcanic provinces; how these units compare to 

the Snake River rhyolites in terms of temperature and pre-eruptive magmatic temperature is 

discussed below and summarised in Table 5.4.        

 

The Gawler volcanic province 

In the Mesoproterozoic Gawler volcanic range in southern Australia the Yardea dacite is 

reported as being a 3,000 km3 lava.  It has an anhydrous mineral assemblage and an 

estimated magmatic temperature between 900 -1000 oC (Creaser and White 1991).  Pre-

eruptive water contents for the Yardea dacite are estimated as being < 2 wt.% (Creaser and 

White 1991; Garner and McPhie 1999).  The 675 km3 Eucarro rhyolite from the same 

province, interpreted as a lava by Allen and McPhie (2002), is silicic (71 to >74 wt.% SiO2) 

with pyroxene as the main ferromagnesian phase although amphibole is present in some 

places.  However, not all of the units within the Gawler province are entirely of Snake 

River-type, for example the Bittali rhyolite comprises lava domes and ignimbrites with 

abundant pumice and fiammé (Parker and Flint 2005).  

 

Trans Pecos, Texas 

The Oligocene-Eocene Trans Pecos province in Texas contains a number of units 

interpreted as intensely welded ignimbrites and lavas, formed in a subduction-related 

system dominated by major caldera volcanism (Henry et al. 1990). The Bracks rhyolite, a 
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low silica rhyolite, containing alkali feldspar, clinopyroxene, fayalite and magnetite has an 

estimated magmatic temperature of around 900oC (Henry et al. 1990), based on similar 

rhyolites which have co-existing ilmenite and magnetite pairs. With the lack of hydrous 

mineral phases, the total volatile contents are inferred to be low, less than 2 wt.% (Henry et 

al. 1990, Henry et al. 1994). 

 

Etendeka-Paraná 

The Mesozoic rhyolitic units of the Etendeka-Paraná province were formed in response to a 

combination of continental rifting and mantle upwelling associated with the Tristan da 

Cunha hotspot (O’Connor and Duncan 1990; Ewart et al. 1998).  These quartz latite units 

have an anhydrous phenocryst assemblage dominated by plagioclase, pyroxene, 

titanomagnetite and ilmenite (Milner et al. 1992; Ewart et al. 1998).  Magmatic 

temperatures, as estimated by pyroxene thermometry are >1,000 oC and the magmas that 

produced the quartz latites are interpreted as having been water-undersaturated (Ewart et al. 

1998).   

  

Middle Proterozoic Keewenawan volcanics, Minnesota 

The Keewenawan volcanics were produced in a mid-continental setting where rhyolites 

formed by crustal melting were related to a mantle plume (Green and Fitz 1993).  Both 

rheomorphic ignimbrites and large-volume lavas are present with anhydrous mineralogies.  

The phenocryst assemblage and high iron contents are thought to reflect low water contents 

which are associated with high magmatic temperatures inferred to be in the range of 970-

1100oC (Green and Fitz 1993).     

 

The majority of these global examples of Snake River-type volcanism have evidence for 

high magmatic temperatures and estimations of low water contents, consistent with the data 

produced in this study.  Units from intra-continental settings that have low water contents 

and exhibit only limited characteristics of Snake River-type volcanism are described below.     
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Eritrea 

The Alid volcanic centre formed near a triple junction due to the same rifting currently 

forming the Red Sea (Barberi and Varet 1977).  Rhyolites from this centre exhibit some 

Snake River-type characteristics such as an anhydrous mineralogy (although amphibole is 

present in some of the older deposits).  The main phenocryst phases are alkali feldspar, 

clinopyroxene and magnetite with accessory minerals such as apatite and zircon 

(Lowenstern et al. 1997).  Non SR-type features include the presence of blocks of 

granophyric intrusives which contain biotite.  Analysis of melt inclusions in the ‘pf’ 

ignimbrite give water contents ranging from 1.99 to 3.40 wt.% and the magmatic 

temperature was estimated at 870 oC based on zircon thermometry (Lowenstern et al. 

1997). 

 

Pantelleria 

Pantelleria represents the sub-aerial portion of a submerged rift (Villari 1974).  It has 

produced numerous pantelleritic ignimbrites and lavas with anhydrous mineral assemblages 

commonly containing quartz, sanidine, clinopyroxene, rare olivine and ilmenite (Wolff and 

Wright 1981).  The presence of well-developed Plinian pumice lapilli fallout deposits and 

peralkaline composition are not features of Snake River-type volcanism.  Melt inclusions 

hosted in quartz phenocrysts were analysed by Lowenstern and Mahood (1991) with water 

contents ranging from 1.4 to 2.1 wt.%. 

 

‘Typical’ rhyolites 

Rhyolites formed in subduction zones commonly have lower magmatic temperatures and 

higher volatile contents than Snake River-type rhyolites (Table 5.1; Fig. 5.17).  For 

example, water contents from Taupo Volcanic Zone range from 4.3-5.9 wt.%, those from 

Toba range from 3.8-5.3 wt.% (Newman and Chesner 1989) and Crater Lake 5.1-6.8 wt.% 

(Bacon et al. 1992).       
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This work quantitatively shows that Snake River-type rhyolites have low pre-eruptive water 

contents as predicted by Ekren et al. (1984), Honjo et al. (1992) and Bonnichsen et al. 

(2008).  However, as shown in Figure 5.17, the H2O contents of some of the Snake River-

type rhyolites overlap with those from other provinces (e.g. Eritrea, Taylor Creek, 

Bandelier), albeit at different magmatic temperatures.  This overlap in water contents is 

consistent with the idea of Snake River-type volcanism being an association of numerous 
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facies (see Branney et al. 2008), which may be variably present, giving a greater or lesser 

degree of Snake River-type behaviour. 

 

Eruptive style 

It has been suggested that magmatic water content is responsible for controlling eruptive 

style from a number of studies of variable magma compositions; andesite at Mt. St. Helens 

(Blundy and Cashman 2005), phonolite at Vesuvius (Webster et al. 2003) dacite in the 

Andes (Schmitt 2001) and the rhyolitic Bishop Tuff (Anderson et al. 1989).  In contrast, 

other work has suggested that there is no link between magma volatile content and the 

subsequent eruptive style e.g. Crater Lake (Bacon et al. 1992), Mayor Island, New Zealand 

(Barclay et al. 1996), Pantelleria (Lowenstern and Mahood 1991) and Taupo Volcanic Zone 

(Dunbar and Kyle 1993).  Other factors considered to control eruption style include: rates 

of magma ascent and supply (Barclay et al. 1996) and degassing prior to eruption 

(Lowenstern and Mahood 1991).   

  

Given that pre-eruptive H2O, F and Cl contents in these magmas show no variation between 

lavas and ignimbrites, it is proposed that this is not the controlling factor in terms of 

subsequent eruptive style in the Snake River Plain.  Therefore other factors must be 

responsible for the differences of eruption style.  Possibilities are discussed below:    

 

CO2 content   

Variable input of CO2 into a magmatic system could be a control on eruptive style.  The 

addition of heat and CO2 to a silicic system from basalt below, so called ‘gas sparging’ 

(Bachmann and Bergantz 2003), has been proposed as the trigger mechanism for the 

explosive eruptions of the Fish Canyon Tuff (Bachmann and Bergantz 2003) and the 

Bishop Tuff (Wark et al. 2007).  Abundant CO2 is emitted by the hydrothermal system at 

Yellowstone, suggesting both the hydrothermal system and the deeper magmatic system are 

gas saturated, with the overall source being underlying basalt (Lowenstern and Hurwitz 

2008).  Although the deposits of Yellowstone and the central Snake River Plain are 
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significantly different, the Yellowstone volcanic field remains the best analogue for the 

central Snake River Plain.  However this would only be the cause of the divergence in style 

if the input were episodic rather than continuous, or if the degassing of the rhyolite was 

variable.   

 

Variation in ascent rate 

Variation in ascent rate has been suggested as the cause of variation between explosive and 

effusive eruptions (e.g. Barclay et al. 1996), with higher ascent rates relating to explosive 

eruptions (e.g. Dingwell 1996; Gonnermann and Manga 2007).  The ascent rate is a 

complex function of a number of inter-related factors including chamber overpressure, 

conduit geometry, rheology of the rising magma, outgassing, viscous heating and crystal 

growth (Gonnerman and Manga 2007).  Castro and Gardner (2008) experimentally 

recreated microlite textures seen in Inyo volcanic chain sub-Plinian and effusive rhyolites 

in decompression experiments suggesting that there was no significant difference in magma 

ascent rate between the explosive and effusive deposits.  They explain this observation by a 

downward propagating fragmentation front, similar to that proposed for Vulcanian style 

eruptions (Alidibirov and Dingwell 1996).  An implication of this model is that the magma 

chamber was zoned in terms of bubble content (as this prevents the run-away of the 

fragmentation front).  It is not clear how these small, sub-Plinian scale eruptions may be 

scaled to the size of the large Snake River-type eruptions.   

 

Degassing  

Using melt inclusion data to infer the water content of a magma at the time of eruption is 

based on the assumption that no degassing occurs between entrapment of the inclusion and 

subsequent eruption.  Degassing may have caused variable loss of volatiles from the 

magma and allowed the eruptive styles to be controlled by volatile content at the time of 

eruption.  In this case it is assumed that the magmas erupted as lavas degassed to a greater 

degree than those which erupted as ignimbrites.  Mechanisms to explain this anticipated 

loss of volatiles include the production of a permeable foam which subsequently collapses 
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following degassing (Eichelberger et al. 1986) or brecciation of conduit walls and country 

rock (Gonnermann and Manga 2003; Rust et al. 2004).  Degassing has been suggested as 

the cause of different eruptive styles from studies whereby no evidence of a difference in 

volatile contents was recorded in melt inclusions (Barclay et al. 1996; Lowenstern and 

Mahood 1991). 

 

Magma chamber conditions 

The melt inclusion data allow speculation about the conditions within the magmatic 

plumbing systems which gave rise to the SR-type rhyolites.  Firstly, the relationship of 

water and chloride in melt inclusions can be used to infer conditions in the magma.  

Chloride saturation is dependent upon the composition of the magma in question, for 

example chloride solubility increases with increasing ANCM/S (molar (Al + Na + Ca + 

Mg)/ Si) in a linear manner (Webster 1997).  Samples from the Snake River Plain have low 

ANCM/S (Fig. 5.18), ranging from 0.22 to 0.31, reflecting a low chloride solubility.  When 

considering Cl solubility, the abundance of F must also be considered, as high levels of 

fluorine act to increase Cl solubility considerably (Webster et al. 1999).  The abundance of 

fluorine required to have an effect on chloride solubility is ≥ 1.2 wt. % (Webster 1997), 

considerably more than that found in Snake River rhyolites (0.02 to 0.82 wt. %).       

 

The relationships between Cl and water from a variety of rhyolitic magmas are shown in 

Figure 5.19.  Magmas which show trends of increasing H2O with increasing Cl that would 

intersect the origin (Fig. 5.19 A and B) are interpreted as being produced in systems 

undergoing fractional crystallisation in the absence of a magmatic volatile phase (Webster 

1997).  The slope of the line will partially relate to the crystallising phases, but the trend 

will remain the same.  If the slope of the trend line is negative i.e. decreasing Cl with 

increasing water contents (Fig. 5.19 B), then the trend is following the experimentally 

derived solubility curves for chloride in vapour-saturated magmatic systems (Webster 

1997; Webster et al. 1999).   
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A third trend, of varying water contents with low, non-varying chloride contents has been 

reported from inclusions in the Bandelier Tuff (Dunbar and Hervig 1992; Stix and Layne 

1996), the Bishop Tuff (Dunbar and Hervig 1992) and the Pine Grove Tuff (Lowenstern, 

1994).  Such a trend has been interpreted as resulting from entrapment of inclusions from 

magmas which had already degassed to some degree (Dunbar and Hervig 1992; Stix and 

Layne 1996).  The trends in terms of Cl and water are shown (Fig. 5.19 D) with the Snake 

River rhyolites most closely resembling the third trend of low, stable chloride contents and 

variable water (Fig. 5.14), suggest that degassing may have been occurring while the 

inclusions were entrapped (Fig. 5.19). 

 

Source of the volatiles  

The magma chamber currently situated underneath Yellowstone is estimated to be 15,000 

km3 in volume (Lowenstern et al. 2006) and is degassing a minimum of 45,000 tonnes of 

CO2 per day (Werner and Brantley 2003).  Using C and He isotopes, 30-50 % of the CO2 

emitted by Yellowstone is attributed to pre-Tertiary basement rocks, with the remainder 

inferred to be produced by degassing of the magma (Werner and Brantley 2003).  Melt 

inclusions from post-caldera rhyolites contain 0 to 400 ppm CO2 (Lowenstern and Hurwitz 

2008), so using 500 ppm as the CO2 content of the magma chamber, if the measured flux of 

CO2 had the rhyolitic magma as its only source, the entire magma chamber would be 

degassed in terms of CO2 in around 1000 years (Lowenstern and Hurwitz 2008).  The gas 

emitted from Yellowstone has abundances of CO2 orders of magnitude larger than halogens 

(whereas rhyolitic melt inclusions have the reverse e.g. Table 5.1), suggesting a basaltic 

source (Lowenstern and Hurwitz 2008).  Therefore it is likely that the rhyolitic magma is 

not the main source of the volatiles which are currently being emitted from Yellowstone, 

rather the basaltic magma likely to underlie the rhyolitic magma.  In the central Snake 

River Plain, the hotspot was three times more productive than at present (Cathey and Nash 

2004).  Given that the majority of the CO2 at Yellowstone comes from basaltic magma, it 

seems a reasonable assumption that with a higher influx of basalt, the CSRP magma 

chambers were also saturated with CO2.  A mid-crustal sill (Rodgers et al. 2002; Shervais et 

al. 2006), inferred to be approximately 10 km thick and lie at 12 km depth has been located 



Chapter 5: Volatiles in Snake River‐type magmas 

 

 

257 

 

 

under the eastern Snake River Plain and a similar feature may have been present under the 

central plain.  At 12 km depth, the solubility of CO3 in basalt is 1700 ppm, irrespective of 

temperature (Newman and Lowenstern 2002), and the solubility in rhyolite is slightly 

higher depending upon the temperature.  

 

Rheomorphism 

Many of the ignimbrites in the central Snake River Plain are intensely welded and show 

abundant rheomorphic features (e.g. Branney et al. 2004; Branney et al. 2008).  The 

Castleford Crossing Ignimbrite in experiment 2 shows numerous rheomorphic features e.g. 

folding on a variety of scale (including sheath folds) and flow banding.  Rheomorphism is 

primarily controlled by emplacement temperature, chemistry, dissolved volatile content and 

mass flux (e.g. Mahood 1984; Branney et al. 2004) with the solid and vesicle contents of 

lesser importance.  The intense degree of rheomorphism in the Snake River Plain has been 

attributed to a combination of high emplacement temperatures and the retention of halogens 

(e.g. Branney et al. 2008).  The controls on rheomorphism in the Snake River Plain are 

assessed below.    

 

Solid and bubble content 

Increasing the solid content of a magma has been shown to increase the viscosity 

(Pinkerton and Stevenson 1992) with the magnitude of the increase in viscosity increasing 

with larger axial ratio.  Snake River-type ignimbrites commonly contain 10% phenocrysts 

(e.g. Cathey and Nash 2004; Andrews et al. 2008) whereas non-welded ignimbrites from 

other provinces may have lower phenocryst contents e.g. Granadilla ignimbrite on Tenerife 

contains < 5% phenocrysts (Bryan et al. 2002).  Increasing the bubble content of a magma 

has been shown to slightly decrease its viscosity (Manga et al. 1998).  Although the Snake 

River-type ignimbrites contain abundant lineations, interpreted as reflecting the shearing of 

bubbles in the ignimbrite (e.g. Branney et al. 2004; Andrews et al. 2008), the low volume 

fraction of these vesicles (<< 1%) and the small change in viscosity that results from such 

bubble contents is unlikely to be the cause of the rheomorphism. 
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Water Content 

The addition of water to a magma reduces viscosity (Giordano et al. 2004).  The non-linear 

curve (Fig. 5.20), means that adding 2 wt.% water to a dry rhyolite will decrease its 

viscosity by approximately 6 log units.  The addition of a further 2 wt.% (from 2 to 4 wt.%) 

will only cause the viscosity to decrease by one additional order of magnitude.  Although 

Snake River-type ignimbrites have magmatic water contents distinct from ‘typical’ 

rhyolites, this is unlikely to have any bearing on rheomorphism.  Firstly SR-type rhyolites 

tend to have lower magmatic water contents than the majority of rhyolites (a factor which 

would act to increase the viscosity of the rhyolite Fig. 5.20 B and C).  Secondly, 

rheomorphism is a post-fragmentation, syn-depositional process.  Little if any water will be 

remaining in the ignimbrite at this stage, as shown by solubility models of water contents in 

rhyolite (e.g. Zhang 1999; Newman and Lowenstern 2002) and from analyses of pristine 

rhyolitic glass (e.g. Bacon et al. 1992; Manley 1996).  On this basis water cannot be the 

cause of the rheomorphism.   

 

Halogens  

Increasing halogen content decreases melt viscosity, depolymerising the melt by breaking 

the Al2O3 framework (Dingwell et al. 1985), with fluorine having a larger effect than 

chlorine.  Fluorine contents in melt inclusions from the Snake River Plain rhyolites are 

similar to those seen from rhyolites in other provinces (Fig. 5.14C) while chlorine 

abundances are slightly lower than other rhyolites.  Fluorine and chlorine are variably lost 

during the processes of eruption, with typically only 7-30 % of the fluorine lost during the 

eruptions (with the exception of the Sand Springs Ignimbrite which lost 81 % of its F) and 

35-85 % of the chlorine.  Fluorine is commonly retained to a greater degree than chlorine in 

rhyolitic eruptions (Bacon et al. 1992; Barclay et al. 1996).  The Plinian fallout preceding 

the Bandelier Tuff and a fallout deposit underlying the Cerro Toledo rhyolite (Fig. 5.14C) 

contain fluorine abundances three times larger than the Snake River Plain rhyolites and 

both are associated with non-welded pyroclastic deposits.   
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Temperature 

The temperature of a rhyolitic magma is the first order control on its viscosity (Murase and 

McBirney 1973).  For basaltic compositions viscosity may change by a factor of 1013 as the 

magma cools through a temperature interval of 200 oC (Pinkerton and Stevenson 1992).  

Evaluating the influence of temperature on rheomorphism is problematic as although the 

magmatic temperatures may be inferred with a reasonable amount of certainty, the 

depositional temperatures are unknown.     

 

Mass flux of the eruption likely plays a significant role as a control on rheomorphism yet 

the significance of this role cannot be evaluated.  To examine the controls on viscosity, 

groundmass glass compositions from numerous rhyolites were input into the viscosity 

model of Giordano et al. (2008) to determine the emplacement viscosities.  Two 

assumptions were made in doing so: i) the water contents of the glasses upon emplacement 

were 0.1 wt.% (see above) and ii) deposit emplacement temperatures were equal to their 

magmatic temperatures.  Using these two assumptions, the relative effects of fluorine 

content and temperature on viscosity and therefore rheomorphism can be evaluated (Fig. 

5.21).  As previously shown (Fig. 5.14C) Snake River rhyolites are not particularly 

enriched in halogens, and there is no relationship between the viscosity at emplacement and 

the fluorine content of the ignimbrite (Fig. 5.21A).  However, in terms of temperature, there 

is a relationship between increasing emplacement temperature and decreasing viscosity 

(Fig. 5.21B).  This suggests that the intense rheomorphism seen in the Snake River Plain is 

a result of the combination of high emplacement temperatures and high mass flux rates.         
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Conclusions 

1. Water contents of SR-type magmas are lower than those reported from other volcanic 

provinces.  The pre-eruptive water contents of the SR-type lavas and ignimbrites are in 

agreement with estimations of pre-eruptive volatile content from other SR-type provinces 

(e.g. Etendeka, Keewenawan, and Gawler).   

 

2. The volatile content (H2O, Cl and F) of SR-type lavas and ignimbrites does not appear to 

be the controlling factor in terms of eruptive style.  Therefore the porosity of the conduit or 

the ascent rate of the magma is more likely to be the cause of the divergence in eruptive 

style.  

 

3. The intense rheomorphism present in Snake River-type ignimbrites is a function of their 

high inferred magmatic and emplacement temperatures.  Fluorine contents of melt 

inclusions are similar to those of other rhyolites and chlorine contents are slightly lower.  In 

accordance with other studies, the majority of fluorine and chlorine is retained in the 

ignimbrite after emplacement.  This suggests that retention of dissolved volatiles did not 

play a significant role in promotion of rheomorphism in Snake River-type rhyolites; rather 

it was due to high emplacement temperature. 
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Chapter 6 Conclusions and Further Work 
 

This thesis documents the first detailed volcanological study of a little-understood, new 

category of silicic volcanism, Snake River-type volcanism, as defined by Branney et al. 

(2008).  The main conclusions of this work are: 

 

Ignimbrite stratigraphy and geochemistry of the Cassia Mountains 

This work has documented the stratigraphy of the Snake River Plain between ~11.3 and 9 

Ma as recorded in the Cassia Mountains of southern Idaho, thought to contain ignimbrites 

from the proposed Twin Falls eruptive centre.  In ascending order they are; the Magpie 

Basin, Big Bluff, Steer Basin, Deadeye (newly discovered unit), Wooden Shoe Butte and 

McMullen Creek members.   

• The ignimbrites are of broadly similar rhyolitic composition, but show a trend 

towards less evolved compositions up section, in terms of whole rock composition 

(e.g. decreasing SiO2 and increasing TiO2 wt.%), pigeonite, augite phenocryst 

compositions (decreasing FeO and increasing MgO wt.%) and plagioclase 

phenocryst compositions (increasing anorthite content).  This trend is consistent 

with that proposed for the entire central Snake River Plain by Bonnichsen et al. 

(2008) on the basis of whole rock data. 

•  The ignimbrites in the Cassia Mountains contain anhydrous phenocryst 

assemblages and have high inferred magmatic temperatures as determined from the 

two-feldspar, two-pyroxene, two oxide, zircon saturation and titanium in quartz 

thermometers.  The inferred temperatures remain relatively stable through the 

succession (875-940oC).  Significantly higher than the typical 750-850oC for 

rhyolites.   

• There is little vertical zonation within individual ignimbrites, Some of them (e.g. the 

Steer Basin, Wooden Shoe Butte and McMullen Creek members) contain multiple 

compositional populations of pigeonite and augite.  The pigeonites and augites 

within a unit are consistent with being in equilibrium with each other (i.e. the iron 
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rich pigeonite is found with the iron rich augite) and the variability of composition 

is not due to zoning within the crystals.  Glomerocrysts within these ignimbrites 

contain only one population of both pigeonite and augite, and these populations are 

also consistent with being in equilibrium.     

• Following a period of quiescence in the Cassia Mountains of ~ 1 Ma, the McMullen 

Creek Member was erupted, with geochemical compositions more evolved than the 

preceding rhyolites.  The Neodymium isotopic signature of the McMullen Creek 

Member is more crustal than the other Cassia Mountain ignimbrites and it may 

represent a break in the system, possibly reflecting a shift of activity to a new 

eruptive centre.  

• The clinopyroxene compositions and the restricted compositions of the 

glomerocrysts are interpreted as representing a magmatic system in which two or 

more similar magmas are crystallising in parallel before being simultaneously 

erupted and mixing to give the heterogeneous compositions recorded in an 

ignimbrite. 

 

New correlations and eruption volume calculations 

The first approximation of the stratigraphy of the central Snake River Plain was the CAT 

groups of Bonnichsen et al. (2008) which split the whole province into broad groups based 

on age, whole rock chemical composition (particularly FeO and TiO2 wt.% contents), 

magnetic polarity and relative position.  The present project has demonstrated that 

combining detailed geochemical analyses of pigeonite and augite phenocrysts with a 

variety of other techniques, including whole rock and glass chemistry, magnetic polarity, 

oxygen isotopes and 40Ar/39Ar geochronology, can be used to correlate individual 

ignimbrite eruption-units in adjacent massifs surrounding the central Snake River Plain. 

• Three new correlations have been defined by use of the combination of techniques 

described above.  This has allowed the correlation of Cougar Point Tuff 11 and 

Browns Bench Unit 5; the Big Bluff Member, Jackpot 1-6 and Browns Bench 7; 

and the Steer Basin Member, Jackpot 8 and Browns Bench 8.  
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• The correlations allow new eruption volume estimates of the Steer Basin Tuff (640 

km3), Cougar Point Tuff 11 (927 km3) and the Big Bluff Tuff (1,200 km3).  The 

intense welding of these deposits means that their bulk volume is very similar to the 

dense rock equivalent.  The magnitudes of these deposits are 8.15, 8.36 and 8.47 

respectively.  This study presents the first reasonably constrained eruption volume 

estimates from the central Snake River Plain.  The larger eruptions were super-

eruptions of comparable volume to those from the Yellowstone plateau. 

• Other proposed correlations between Browns Bench 3, Cougar Point Tuff 7 and the 

Buckhorn Ignimbrite; and between Upper Grasmere Escarpment Ignimbrite, Cougar 

Point Tuff 11 and Windy Gap have been refuted on the basis of clinopyroxene 

compositions, oxygen isotope characteristics, glass chemistry and 40Ar/39Ar 

geochronology. 

   

A Snake River-type phreatomagmatic explosive eruption 

A non-welded rhyolitic deposit (previously mapped as ‘reworked volcaniclastics’) has been  

discovered within the Cassia Mountains succession.  It is unusual because most SR-type 

pyroclastic units are intensely welded. 

• The Deadeye Member (new name) is a soil-bound eruption unit which is the first 

entirely non-welded pyroclastic deposit known from the central Snake River Plain.  

It is composed of three main sections; a basal parallel-bedded fallout succession, a 

pyroclastic density current deposit, and an upper series of fallout deposits.  

• The basal fallout deposits of the Deadeye Member contain a distinctive bed of 

pumice lapilli that traces around the Cassia Mountains and thickens to the north 

suggesting either a source within the central Snake River Plain or a dispersal axis to 

the north.  The bed is of Plinian dimensions and contains four distinct morphologies 

of glass, white pumice, black pumice, macroscopic shards and non-vesicular black 

glass clasts which all have rhyolitic chemistry.   

• The Deadeye ignimbrite is fine-grained (lacks pumice lapilli) and entirely non-

welded in contrast to the intensely welded rhyolitic ignimbrites of the central Snake 
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River Plain.  It passes upwards from massive lapilli-tuff to diffuse cross-stratified 

tuff, the upper parts of which contain ash pellets, coated pellets and accretionary 

lapilli.  Some of these ash aggregates show soft-state deformation indicating that 

they were cool, moist and unlithified upon deposition.  Fallout deposits above the 

ignimbrite contain flattened pods of finer ash, inferred to record aggregation of ash 

due to the presence of moisture in the atmosphere.   

• The Deadeye Member has similar geochemical and oxygen isotope characteristics 

to the surrounding welded ignimbrites and was erupted from a magma which had a 

high (c. 925 oC) inferred magmatic temperature.  Therefore the difference in its 

appearance is inferred to be a function of a phreatomagmatic eruptive style. The 

Deadeye eruption is the first rhyolitic phreatomagmatic explosive eruption to be 

recorded at the Yellowstone hotspot. 

 

Pre-eruptive volatile contents of Snake River-type magmas 

Snake River-type eruption centres produce both lavas and ignimbrites, sometimes closely 

spaced in time, and of almost identical chemical characteristics.  When the ignimbrites are 

extremely high-grade (lava-like) it can be difficult to distinguish between lavas and 

ignimbrites without good continuity of exposure.  In an experiment to test whether the pre-

eruptive water content of the magma was the control on eruptive style, three pairs of lava 

and ignimbrite were chosen where their mode of eruption was unambiguous.   

• Pre-eruptive water contents of Snake River-type lavas and ignimbrites are low (1.5 

to 3.3 wt.%) compared to other rhyolites which contain up to 7 wt.% H2O.   These 

results are consistent with the estimated high magmatic temperatures for these 

magmas and the anhydrous phenocryst assemblages.  Water contents from the 

plagioclase-hosted melt inclusions appear reliable, as rare leaked inclusions have 

values separate from both the groundmass (which has been rehydrated) and the 

majority of other inclusions. 

• There is no significant difference in the water content of magmas from closely 

spaced lavas and ignimbrites.  Ignimbrites did not have higher pre-eruptive volatile 

contents than lavas.  Therefore another mechanism must account for this divergence 
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in behaviour, suggestions include post-entrapment degassing of the lavas whereby 

the inclusions are trapped prior to degassing and so at the time of eruption lavas 

have a lower volatile content.  This degassing could be through fractures in the 

magma, in the wallrock or through a vesicle network.  Variations in ascent rate may 

also play a part in determining eruptive style.   

• The fluorine and chlorine contents of (1000-2000 ppm) and (200-600 ppm) 

respectively are similar to melt inclusions in other rhyolite magmas.  The fluorine 

contents remaining in groundmass glass were similar to those from other rhyolites 

indicating that the intense rheomorphism characteristic of SR-type ignimbrites is 

not caused by retention of halogens as previously thought, but is due to the high 

emplacement temperatures.  

 

Future work 

Much is still to be learned about the volcanic deposits and processes of Snake River-type 

volcanism.  During this research numerous questions have arisen which merit further 

investigation; these include:   

 

1.  How do the McMullen Creek ignimbrites relate to the rest of the Cassia stratigraphy?  

They have distinct Nd isotopic compositions in comparison with the older ignimbrites in 

the Cassia Mountains, as they have more evolved phenocryst compositions.  Does the 

apparent long (~ 1 Ma) time gap between eruptions suggest that they derive from a separate 

‘eruptive centre’?  Also, is the time gap currently estimated a true gap in the volcanic 

record, or are the deposits of this age preserved elsewhere?     

 

2.  How are the large volumes of very low δ18O rhyolite generated?  Snake River-type 

rhyolites have a distinct depletion in δ18O and the volumes of the SR-type ignimbrites are 

of the order of 1,000 km3.  The Boroughs et al. (2005) model requires a significant amount 

of Idaho batholith to be hydrothermally altered to the lowest values as yet recorded from 

the batholith.  An alternative model of Bindeman et al. (2007) involves ‘crustal 
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cannibalisation’ whereby the magma assimilates a down-dropped hydrothermally altered 

caldera block from a previous eruption.  This model however struggles to explain the 

volumes of rhyolite generated in a single eruption; the 1,200 km3 of the Big Bluff Tuff at 

δ18O ~ 3 would require the hydrothermally altered caldera block to be far below 0 in terms 

of δ18O.  Neither model current satisfies the available evidence, to understand the 

generation of this rhyolite, the volumes of individual eruptions need to be well-constrained.  

The model of Branney et al. (2008) invoking flooded calderas could help to explain the 

oxygen isotopic characteristics of the rhyolites if lacustrine water was assimilated along 

with intracaldera deposits.     

 

3.  What are the true volumes of individual Snake River-type eruptions?  The Big Bluff 

Tuff and Steer Basin Tuff have phenocryst compositions, whole rock chemistry and 

polarity similar to units from the Cougar Point Tuff succession further west.  Further 

geochronology on these samples is required to test for correlations, ideally analysing 

samples in the same laboratory.  Moreover, how many of the units in the margins of the 

Snake River Plain have correlatives either along the margin or across the plain.  To resolve 

this would require significant effort but given the success of this study using multitude of 

techniques, and with the possibility of developing additional correlation techniques, 

developing a province-wide rhyolitic stratigraphy is an achievable goal.   

 

4.  What role did silicic phreatomagmatism play in the central Snake River Plain?  Non-

welded deposits are poorly exposed in the central Snake River Plain, and only painstaking 

work revealed the presence and nature of the Deadeye Member.  During this study several 

other non-welded units with characteristics similar to the Deadeye Member were 

discovered (e.g. the presence of accretionary lapilli, coated pellets and non-welded fine-

grained ignimbrites), and given that the non-welded intervals in all the massifs surrounding 

the CSRP have not been studied, there is the possibility that many more phreatomagmatic 

deposits exist.  Unfortunately, many of these non-welded intervals are poorly exposed.  

Understanding the role of phreatomagmatism in the history of the hotspot would add an 

important dimension to current understanding. 
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5.  What is the role of CO2 in these eruptions?  The present-day Yellowstone magmatic and 

hydrothermal system emits abundant CO2, however the erupted products of the 

Yellowstone calderas more closely resemble deposits produced by Plinian-style eruptions.  

Given the low water contents of SR-type ignimbrites, was CO2 at least partially responsible 

for driving these eruptions? 
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Appendix A: Sample locations 

 
Sample name Member description UTM 11T unless 

stated 
XRF Probe Ar/

Ar 
Location description 

MAGFA2 Magpie Basin ashfall 725823, 4681014 *   Just after turn to third fork, cross bridge 1.5 km upstream 
MAGPIE Magpie Basin ignimbrite 725823, 4681014 * *  Just after turn to third fork, cross bridge 1.5 km upstream 

TBB Big Bluff basal vit. 725606, 4681240 * * * Base of the unit above the Magpie Basin unit 
BVSB Steer Basin basal vit. 724541, 4689825 * * * Located next to small diatomite quarry NE of road 

SBSR1UV Steer Basin upper vit. 713096, 4672717 *   On Shoshone Road, rheomorphic unit with thin upper vitrophyre 
SBUV Steer Basin upper vit. 724504, 4690151 * *  Near cowgrid, north of diatomite quarry 
PJI1 Deadeye ignimbrite 725831, 4684191 *   Directly above Steer Basin campsite 

TCPU7 Deadeye ignimbrite 12T 255142, 4673687 * *  Past Trapper Creek reservoir and 2 roadside crosses, low outcrop near 
road 

PJFC11 Deadeye ashfall 726899, 4682495 *   W side of Rock CK, cross at 3rd fork and walk back north 
TCPU8 PJC Deadeye ignimbrite 12T 255142, 4673687 * *  Past Trapper Creek reservoir and 2 roadside crosses, low outcrop near 

road 
HARWS 5 Wooden Shoe Butte ashfall 727191, 4686607 *   2 km along track from Harrington fork picnic ground outcrop on N side 
HARWS 2 Wooden Shoe Butte ashfall 727191, 4686607 *   2 km along track from Harrington fork picnic ground outcrop on N side 
HARWS 1 Wooden Shoe Butte ashfall 727191, 4686607 *   2 km along track from Harrington fork picnic ground outcrop on N side 

HARWSB BV Wooden Shoe basal vit. 727191, 4686607 *   2 km along track from Harrington fork picnic ground outcrop on N side 
BVTWSB GOAT Wooden Shoe basal vit. 706641, 4685303 *   3 km S of Nat Soo Pah, north side of Goat Springs canyon 
TWSBBV CAS2 Wooden Shoe basal vit. 724102, 4690674 *   E side Rock Creek where Little Creek joins Rock Creek 

TWSBBV Wooden Shoe basal vit. 722097, 4696787 * *  Mouth of Rock Creek, outcrop low on LHS of road as driving south 
TWSB GOOSE Wooden Shoe basal vit. 12T 257675, 4662153 *   Thick welded unit in Goose Creek, high on cliff SW side of track 
TWSBBV CAS1 Wooden Shoe basal vit. 724504, 4690151 *   Near cowgrid, above a prominent non-welded outcrop 
WSBBV3 DRY Wooden Shoe basal vit. 732114, 4696603 *   Location at the mouth of Dry Creek, drive to the main farm and then turn 

left to the welded unit low down 
TWSBBV BCC2 Wooden Shoe basal vit. 744731, 4685768 *   Walk along track c. 3 km from gate on NW side of stream, 100 m or so 

above track 
TWSBMV4 

BCC2 
Wooden Shoe medial vit. 744731, 4685768 *   Walk along track c. 3 km from gate on NW side of stream, 100 m or so 

above track 
WSBMV 2 Wooden Shoe medial vit 723011, 4691584 *   Near turn into Rock Ck, above well exposed fall at road level 

HARWSBUV Wooden Shoe upper vit 727191, 4686607 *   2 km along track from Harrington fork picnic ground outcrop on N side 
WSBUV1 Wooden Shoe upper vit 723011, 4691584 *   Near turn into Rock Ck, above well exposed fall at road level 
MCMJO McMullen Creek basal vit. 723070, 4691752 *   Near Chuck’s farm, on weakly developed palaeosol above WSBM 
BBU3 Browns Bench 3 basal vit 682167, 466052  * * At Corral Creek section along a track, then past a NA game hide, up a 

scree slope and next to a fence 
BBU5 Browns Bench 5 upper vit 682167, 466052 * * * At Corral Creek, above BB3 below slope-forming BB6 
BBU7 Browns Bench 7 basal vit 682167, 466052 * *  At Corral Ck, BB7 has multiple weathering horizons, see CH3 appendix 
BBU8 Browns Bench 8 basal vit  682167, 466052 * * * BB8 is above BB7, see appendix for photo location 

J5 Jackpot 5 upper vit 692670, 4649181 * * * I93 roadcut about 3 km S of the town of Jackpot, next to a llama farm 
J52 Jackpot 5 devit interior 691715, 4645853 *   Rest-area 5 km S of Jackpot, track leads to Browns Bench from rest area 
J7 Jackpot 7 basal vit 692210, 4646948 * * * W of the main rest area south of Jackpot on path that leads to Browns 

Bench 
UGEI Upper Grasmere 

Escarpment basal vit. 
582759, 4681823 * * * Poorly exposed in roadcut, vesicular top of ignimbrite 

BUCK Buckhorn upper vit. BB * * * Sample provided by Dr. Bill Bonnichsen 
WINDY Windy Gap BB * * * Sample provided by Dr. Bill Bonnichsen 

FRENCH Frenchman Springs WS * * * Sample provided by Will Starkel, WSU 
CPT12V Cougar Point 12 basal vit. 631366, 4649317 * *  2 km into NV, between ‘Freigher defeat’ and Buck Creek 
CPT XII Cougar point 12 basal vit. BB *   Sample provided by Dr. Bill Bonnichsen 
BREL Black Rock Escarpment 

lava 
BB * *  Sample provided by Dr. Bill Bonnichsen 

CFC2 FALL Castleford Crossing ashfall 668072, 4712124 *   Fallout above BRL breccia between pumping station and Balanced Rock 
CFCI Castleford Crossing basal 

vit. 
668072, 4712124 *   Massive rheomorphic ignimbrite from roadcut above fallout 

CFCIV Castleford Crossing basal 
vit. 

667796, 4712379 * *  c.15 m above Bal. Rock. Ignimbrite is 3 m thick sheet of glass 

CFC2 Castleford Cross. Basal vit. 667796, 4712379 *   c.15 m above Bal. Rock. Ignimbrite is 3 m thick sheet of glass 
BRL Balanced Rock Lava base 667796, 4712379 * *  50 m above pumping station down service track 

BRL2 HYDRO Balanced Rock Lava base 673216, 4717105 *   West of Buhl, towards Lucerne apartments close to hydro plant 
SSI Sand Springs partially 

welded 
692087, 4661329 * *  Roadcut on I93 

SFRL Shoshone Falls lava upper 
vit 

707780, 4719316 *   Past Centenary park, S side of Snake River, at the end of a golf course 

SFRLV Shoshone Falls lava upper 
vit. 

713517, 4719290 * *  N side of Snake River, in a housing estate which contains outcrops of the 
upper vitrophyre 
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Appendix B: Electron Microprobe 

Electron beam 
The electron microprobe has four main stages, the first of which is the heating of a tungsten 
filament which eventually produces electrons.  These electrons are accelerated down a 
column at high voltage (15 keV) which focuses them into a beam.  The beam is then passed 
through a series of lenses to remove any interferences and to further focus the beam.  This 
allows a beam of electrons to be fired at the sample with a spot size on the order of a few 
microns.  For most of the work in this thesis 10 microns was the smallest spot sized used. 

 

X-ray generation 

When the beam of electrons impacts the polished surface of the sample, they impact into the 
sample to a degree, referred to as the interaction volume, and produce X-rays.  The X-rays of 
each element have characteristic energies allowing them to be counted.  The X-rays pass 
through a crystal and then on to a detector whereby comparison of the X-rays of the sample 
with a known standard allows identification of that element.   

 

Standards 
The standards used during electron microprobe analyses were the following: 

Name Standard for Colour Composition Notes 
MgO Mg Pink / green Mg - 60.31 

O - 39.69  
Synthetic (A. Peckett, Geol. 

Dept. Durham 1973 
Al2O3 Al Yellow / white Al - 51.9 

Cr - 1.3 
O - 46.8 

Synthetic (A. Mills, Geol. 
Dept. University of Leicester, 

1976 
JAD Na,  Al Yellow / pink Si – 27.8 

Al – 13.30 
Fe  - 0.1 

Na – 11.20 
O – 47.50 

Natural jadeite (R. Symes, 
Natural History Museum, 

1973) 

WOLL Ca, Si Yellow / red Si – 24.0 
Ca – 34.5 
O – 41.5 

Natural wollastonite (P. 
Suddaby, Imperial College, 

1973) 
CH14 K Yellow / black Si - 30.24 

Al – 9.73 
Na – 0.14 
K – 13.76 
Ba – 0.10 
O – 45.98 

Natural microcline (I. Steele, 
University of Chicago, 1974) 

RUT Ti Orange / brown Ti – 59.69 
Fe – 0.33 
O – 39.98 

Natural rutile (R.J. King, 
Geology Department, 

University of Leicester 1973) 
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CR Cr Green / orange Cr – 100.00 Pure (Koch-Light < 1969) 
RHOD Mn Orange / green Si – 21.83 

Al – 0.09 
Fe – 2.80 

Mn – 31.58 
Mg – 0.34 
Ca – 5.59 
O – 37.46 

Natural rhodonite, (R.J. King, 
Geology Department, 

University of Leicester, 1973) 

Fe Fe Blue / green Fe – 100.00 Pure (>3N) Johnson Mattey < 
1969 

Co Co Blue / red Co – 100.00 Pure (>4N) Johnson Mattey < 
1969 

Ni Ni Blue / pink Ni – 100.00 Pure (>4N) Johnson Mattey < 
1969 

FRISCH Secondary Brown / red SiO2 – 50.1 
TiO2 – 0.82 
Al2O3 – 8.1 
FeO – 5.8 
MnO – 0.1 

MgO – 15.8 
CaO – 18.0 
Na2O – 1.3 

Natural augite (P. Suddaby, 
Imperial College, 1973). 

NaCl Na, Cl  Na – 39.34 
Cl – 60.66 

Synthetic, Geology 
Department, University of 

Leicester 
Fe3O4 Fe Pink / black Fe – 72.66 

O - 27.64 
Synthetic (I. Steele, University 

of Chicago, 1975) 
SrF2 Sr, F Yellow / blue Sr – 69.75 

F – 30.25 
Synthetic (Optran < 1969) 

SCAP Cl Brown / yellow Si – 23.45 
Al – 13.24 
Ca – 7.43 
Na – 4.6 
K – 3.2 
C – 0.69 
S – 0.30 
Cl – 1.15 
Fe – 0.24 
O – 46.08 

Natural scapolite (R.J. King, 
Geology Department, 

University of Leicester, 1974) 

BAR Ba, S Brown / blue Ba – 58.84 
S – 13.74 
O – 27.42 

Natural barite (R.J. King, 
Geology Department, 

University of Leicester, 1974) 
CH5 Ca, Mg Black / orange Ca – 14.29 

Mg – 8.66 
Si – 42.83 
O – 34.22 

Natural diopside (I. Steele, 
University of Chicago, 1974) 

CH15 Ti Black / pink Ti  - 29.73 
Fe – 36.87 
Mn – 0.66 
Mg – 0.66 
O – 31.04 

Natural ilmenite (I. Steele, 
University of Chicago, 1974) 

CH20 Ca, P Brown / black Ca – 39.10 
P – 18.06 
Mg – 0.07 

Natural apatite, (I. Steele, 
University of Chicago, 1974) 
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Cl – 0.08 
Fe – 0.05 
Sr – 0.07 
O – 39.05 

AMAB Na Orange / red Si – 31.87 
Al – 10.38 
Fe – 0.06 
Ca – 0.06 
K – 0.23 
Na -8.6 

O – 48.62 

Amelia albite (Amelia Co.) 
Unknown < 1969, Analysis 

from DHZ, vol. 4 

 

Generation of results 
To generate final results from the counts of the various elements there are three corrections 
that are required, referred to as the ZAF correction. 

 

Atomic number correction (Z) 
The atomic number correction has two aspects, the first is the degree to which the incident 
beam of electrons is stopped by the sample, and the second is the degree to which X-rays 
produced are scattered.  This scattering may be either large angle or by a progression of small 
angle deflections.  This scattering decreases the X-ray signal recorded at the detector, and the 
degree of scattering increases with increasing atomic number, therefore a correction is 
required to address this.  The effects of scattering and stopping act in opposing directions and 
are often of approximately equal intensity.      

  

Absorption correction (A) 
Where X-rays are generated beneath the surface of the sample, they suffer from absorption 
within the sample before passing out to the detector.  This correction is a function of the take-
off angle used in analysis (in this work, 45o was used as a take-off angle), sample 
composition, distribution of elements and wavelength of X-rays produced.  The surface of the 
sample may also be important, with an irregular surface causing variation in path length for 
X-rays, thus explaining the necessity of well-polished sections. 

 

Fluorescence correction (F) 
Any element has an excitation threshold above which it will generate X-rays, this threshold 
may be exceeded not only by the electron beam from the source, but also by X-rays produced 
from elements which have a higher excitation threshold.   
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Appendix C: Ion Microprobe and Secondary Ion Mass 
Spectroscopy 

 

Secondary ion mass spectroscopy (SIMS) requires a system which has the following 
components: 

• A primary ion source 
• A polished sample with a flat surface that is stable under vacuum. 
• A collector for the secondary ions 
• A mass analyser to discriminate the ion of interest from other ions and molecular 

species produced. 
• An ion detector to measure the secondary ion signal.   

 
 

Ion beam: 
The ion beam in CAMECA 4f instrument is produced by a duoplasmatron.  This creates 
numerous ions which are selected using the primary beam mass filter.  The beam used in this 
study as an O- beam which pass down a primary beam column, used to focus the beam and 
remove any impurities from it.  The top of the primary column has a mass filter which, when 
using the duoplasmatron source removes OH, N, Fe and Ni.  This filter only allows oxygen 
ions to bombard the surface of the sample.  Upon passing down the column, the beam is 
focussed through numerous electrostatic lenses and deflector plates which allow the size and 
shape of the beam to be controlled. 

 

Sputtering 
Having been focussed, the ion beam impacts the surface of the sample and ejects material.  
This sputtering actually occurs by a collision between molecules within the sample, rather 
than collision between the primary ion beam and the sample (Shimizu and Hart 1982).  When 
the ions hit the sample at high energy, they produce multiple collisions termed a collision 
cascade.  Some of these collisions result in the production of an atom with a vector directed 
back to the sample surface, and a small proportion of these result in a surficial atom being 
ejected.  Post sputtering the molecules which were removed from the sample are then ionised, 
although how this specifically happens is still not fully understood.  Shimizu and Hart (1982) 
suggest that the ionisation occurs when a sputtered ion interacts with the sample surface 
rather than with a cloud of neutral atoms.   

 

Secondary ion extraction 
The sample is held at high voltage 4,500 V and the first lens of the extraction lens is held at 
ground potential, this variation in voltage causes the ions produced by sputtering to be 
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accelerated away from the sample.  The ions are passed through a series of lenses, which act 
to improve the spatial resolution of the analysis, but decrease the ion yield.            

   

Mass spectrometer 
The secondary ions then pass into the mass spectrometer, where the first sector is the 
electromagnetic sector.  This sector has a number of slits to focus the ion beam and acts to 
discriminate between the ions at higher and lower energies.  After passing through numerous 
slits and lenses, the magnetic sector then deflects the ion beam based on mass:charge ratio, 
removing atomic species before they reach the detector.     

 

Detector 
The detector in an ion microprobe may be either an electron multiplier or a Faraday Cup.  In 
this work an electron multiplier detector was used.  This consists of a series of electrodes 
called dynodes with the first at ground potential and the last somewhere between +1500 and 
+3500V.  When an electron (or any particle) strikes the first dynode it causes a number of 
secondary electrons to be emitted.  These electrons are then accelerated to the next dynode in 
the series, creating a cascade which then passes through a pulse discriminator before passing 
to the counting system. 

 

For a detailed introduction to how the ion microprobe works, the reader is directed to: 

http://www.geos.ed.ac.uk/facilities/ionprobe/SIMS4.pdf 
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Appendix D: X-ray fluorescence spectroscopy 

 

All samples were analysed at the Geology Department at the University of Leicester with 
sample preparation described in Chapter 2.  Standard data is provided below: 

 

Major elements 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Total 

RHF1102 Whin sill 50.92  2.55  13.35  13.55  0.184  5.17  8.58  3.22  1.266  0.309  99.10 

RHF1103 Whin sill 51.28  2.46  13.35  13.64  0.179  5.05  8.54  3.26  1.248  0.303  99.31 

RHF1113  Whin sill 51.16  2.49  13.41  13.59  0.179  5.36  8.74  3.05  1.397  0.312  99.69 

RHF1142 Whin sill 51.07  2.59  13.54  13.71  0.18  5.33  8.82  3.13  1.42  0.309  100.10 

RHF1145 Whin sill 51.12  2.61  13.56  13.68  0.173  5.31  8.88  3.12  1.411  0.311  100.18 

RHF1146 Whin sill 51.07  2.59  13.54  13.71  0.18  5.33  8.82  3.13  1.42  0.309  100.10 

RHF1148 Whin sill 50.64  2.52  13.48  13.74  0.167  5.24  8.93  3.22  1.348  0.313  99.60 

RHF1150 Whin sill 50.95  2.56  13.33  13.64  0.168  5.12  8.84  3  1.335  0.314  99.26 

Mean 51.03 2.55 13.45 13.66 0.18 5.24 8.77 3.14 1.36 0.31 99.67 

Std. Dev. 0.142 0.042 0.085 0.053 0.005 0.094 0.112 0.069 0.056 0.003 0.350 

RHF1102 Bardon microgranite  68.05  0.37  14.02  5.83  0.126  2.52  3.31  4.28  0.801  0.062  99.37 

RHF1103  Bardon microgranite  68.21  0.37  13.9  5.87  0.129  2.48  3.19  4.19  0.803  0.058  99.2 

RHF1113  Bardon microgranite  67.95  0.42  13.96  5.81  0.13  2.58  3.39  3.82  0.896  0.064  99.02 

RHF1142 Bardon microgranite  67.95  0.38  13.93  5.87  0.136  2.65  3.25  3.92  0.805  0.067  98.96 

RHF1145  Bardon microgranite  68.01  0.38  14.02  5.86  0.137  2.63  3.29  3.94  0.808  0.069  99.14 

RHF1146 Bardon microgranite  68.29  0.38  14  5.9  0.137  2.66  3.27  3.94  0.809  0.067  99.45 

RHF1148 Bardon microgranite  68.47  0.38  13.85  5.89  0.132  2.67  3.18  4.09  0.791  0.074  99.53 

RHF1150 Bardon microgranite  68.32  0.39  13.82  5.91  0.127  2.61  3.24  3.96  0.798  0.072  99.25 

Mean 68.16 0.38 13.94 5.87 0.13 2.60 3.27 4.02 0.81 0.07 99.24 

Std.Dev. 0.194 0.016 0.076 0.034 0.004 0.069 0.068 0.155 0.034 0.005 0.201 

BCS375  Feldspar powder  66.83  0.44  20.11  0.13  0.001  ‐0.17  0.87  10.36  0.799  0.017  99.39 

BCS375  Feldspar powder  66.84  0.44  20.18  0.13  0.002  ‐0.16  0.87  10.34  0.798  0.017  99.46 

BCS375  Feldspar powder  66.84  0.44  20.18  0.13  0.002  ‐0.16  0.87  10.34  0.798  0.017  99.46 

BCS375  Feldspar powder  66.99  0.44  20.2  0.13  0.001  ‐0.16  0.86  10.4  0.794  0.016  99.67 

BCS375  Feldspar powder  67.03  0.44  20.23  0.13  0.001  ‐0.17  0.87  10.44  0.798  0.016  99.79 

BCS375  Feldspar powder  66.87  0.43  20.11  0.13  0.002  ‐0.16  0.87  10.44  0.802  0.016  99.51 

Mean 66.90  0.44  20.17  0.13  0.00  ‐0.16  0.87  10.39  0.80  0.02  99.54 

Std. Dev. 0.09  0.00  0.05  0.00  0.00  0.01  0.00  0.05  0.00  0.00  0.15 
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Trace elements 
As Ba Co Cr Cu Ga Mo Nb Ni Pb Rb Sc Sr Th U V Y Zn Zr 

:NIM-G Granite, RSA 14.8 99.1 2.2 13.6 1.0 27.2 1.9 53.9 2.8 35.1 311.6 7.9 11.2 52.5 13.8 -3.6 139.4 43.8 290.4 

:NIM-G Granite, RSA 13.1 111.8 2.1 16.7 4.8 28.3 1.9 57.7 1.7 37.7 318.9 1.5 11.3 50.8 14.9 2.3 142.5 45.9 292.7 

:NIM-G Granite, RSA 15.2 112.4 1.4 16.8 2.3 27.0 2.6 54.1 3.6 34.8 314.2 2.2 11.7 49.6 13.7 2.6 144.1 45.0 288.4 

:NIM-G Granite, RSA 15.0 99.4 2.0 15.8 -0.6 26.9 2.1 55.0 0.8 32.0 314.7 2.2 9.7 50.2 13.8 -1.1 142.4 44.6 282.1 

:NIM-G Granite, RSA 13.5 107.3 2.3 17.3 0.9 26.3 1.6 54.1 1.8 36 317.3 1.2 4.7 50.2 15.3 -0.5 139 44.3 278.8 

Mean 14.3  106.0  2.0  16.0  1.7  27.1  2.0  55.0  2.1  35.1  315.3  3.0  9.7  50.7  14.3  ‐0.1  141.5  44.7  286.5 

St. dev. 1.0  6.5  0.4  1.5  2.0  0.7  0.4  1.6  1.1  2.1  2.8  2.8  2.9  1.1  0.7  2.6  2.2  0.8  5.8 

:G-2 Granite (USGS) 1.1 1856.0 5.5 -3.2 11.8 22.3 1.1 12.4 5.5 28.0 167.2 2.8 477.4 21.6 1.1 38.4 8.6 82.9 322.7 

:G-2 Granite (USGS) 1.0 1878.0 5.8 3.8 10.1 21.9 0.6 12.0 2.8 26.6 167.6 4.9 473.5 23.6 0.4 34.3 8.2 84.9 319.8 

:G-2 Granite (USGS) -0.1 1886.7 5.0 8.3 9.2 22.5 0.5 11.4 4.5 32.5 166.8 4.5 476.8 25.1 1.6 37.9 8.6 84.4 322.0 

:G-2 Granite (USGS) 2.7 1851.6 5.3 5.5 10.3 21.9 1.8 13.6 2.9 26.4 170.9 -1.5 477.2 25.1 1.7 32.8 7.6 86.1 324.2 

:G-2 Granite (USGS) -0.2 1873.7 4.2 10.1 9.1 22.2 -0.7 13 3.9 27.2 168.9 5.1 477.6 25 4.3 37.7 7.2 85 326 

Mean 0.9  1869.2  5.1  4.9  10.1  22.1  0.7  12.5  3.9  28.1  168.3  3.2  476.5  24.1  1.8  36.2  8.0  84.6  322.9 

St. dev. 1.2  14.9  0.6  5.1  1.1  0.3  0.9  0.9  1.1  2.5  1.7  2.7  1.7  1.5  1.5  2.5  0.6  1.2  2.3 

:JR-1 Rhyolite, (JGS) 17.4 52.1 -1.3 5.4 0.1 16.2 2.8 16.2 -0.1 15.6 245.9 3.5 28.3 29.5 8.2 3.5 46.1 29.1 105.1 

:JR-1 Rhyolite, (JGS) 16.0 51.6 -0.5 -0.9 -1.2 16.1 1.9 14.8 0.1 17.3 246.3 4.0 27.8 27.8 7.6 6.2 43.1 31.0 99.9 

:JR-1 Rhyolite, (JGS) 16.6 50.5 -1.3 2.8 -0.3 17.1 1.8 15.3 1.7 17.1 244.6 4.7 27.0 28.4 8.1 6.7 43.9 29.0 101.6 

:JR-1 Rhyolite, (JGS) 15.0 50.9 0.0 -3.0 -0.4 16.5 3.3 15.1 3.1 17.2 247.6 6.5 26.2 25.3 7.0 0.5 43.4 28.7 100.8 

:JR-1 Rhyolite, (JGS) 15.2 48.8 0.5 1.1 0.5 15.4 2.9 14.8 2.2 19.7 247.1 5.2 27.7 27.5 10.2 6.8 45.3 29.1 99.4 

Mean 16.0  50.8  ‐0.5  1.1  ‐0.3  16.3  2.5  15.2  1.4  17.4  246.3  4.8  27.4  27.7  8.2  4.7  44.4  29.4  101.4 

St. dev. 1.0  1.3  0.8  3.2  0.6  0.6  0.7  0.6  1.4  1.5  1.2  1.2  0.8  1.5  1.2  2.7  1.3  0.9  2.3 

:JR-2 Rhyolite, (JGS) 20.0 34.1 -0.7 0.8 -1.2 17.2 2.6 19.9 -2.5 20.1 294.9 3.5 8.6 31.9 10.3 -6.3 49.5 26.0 97.2 

:JR-2 Rhyolite, (JGS) 20.2 31.5 -0.6 2.7 -1.9 16.4 1.9 17.4 -2.0 20.1 297.2 3.9 6.0 34.2 11.0 2.4 49.1 27.0 89.7 

:JR-2 Rhyolite, (JGS) 19.4 28.9 -1.8 -3.5 -1.6 16.5 2.6 20.1 -1.2 21.4 295.1 4.7 9.6 33.3 11.8 1.3 51.3 26.0 96.6 

:JR-2 Rhyolite, (JGS) 17.3 23.6 0.4 -0.8 -2.0 17.0 3.2 18.2 -2.6 23.6 297.8 4.3 9.7 33.2 11.8 -4.2 50.7 25.9 93.0 

:JR-2 Rhyolite, (JGS) 17.6 37 -0.2 -1.4 -0.6 16.8 2.4 18.4 0 23.7 293.7 4.9 6.3 31.7 10.9 0.3 49.8 25.4 95 

Mean 18.9  31.0  ‐0.6  ‐0.4  ‐1.5  16.8  2.5  18.8  ‐1.7  21.8  295.8  4.3  8.0  32.9  11.2  ‐1.3  50.1  26.0  94.3 

St. dev. 1.3  5.1  0.8  2.3  0.6  0.4  0.4  1.2  1.1  1.8  1.7  0.6  1.8  1.1  0.6  3.8  0.9  0.6  3.0 
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