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Abstract
The assemblage of ca. 6-4 Ma volcanic rocks exposgdhe Sagehen Research station in the

Truckee-Tahoe region of the northern Sierra NevadalJnited States, is interpreted to be, within
the Ancestral Cascades volcanic arc, a Lassen-typratovolcano complex. Sagehen is of
particular importance because it is one of the fewertiary arc volcanic centres in California
which has not been heavily glaciated during the Pigtocene. The volcanic rocks are variably
porphyritic or aphanitic, including abundant plagioclase with clinopyroxene and amphibole.
The rocks range from basalt to basaltic-andesite tandesite in composition. Basalts are olivine-
and clinopyroxene-bearing with minor phenocrysts oplagioclase. The basaltic-andesites are
primarily pyroxene bearing while the andesites cor#tin pyroxene-, plagioclase- and hornblende
porphyritic phases. Sagehen arc lavas are calc-alllae and enriched in the large ion lithophile
elements and depleted in High Field Strength Elemés. The basalts are depleted in Zr and Hf
while the andesites are enriched with Zr and Hf rative to the middle rare earth elements.
Compared to previously studied Ancestral Cascade arsamples, Sagehen region basalts have
lower **Nd/***Nd isotopic values that do not correspond to prop@sl mantle-lithosphere mixing
lines, while the andesite samples appear to repragehe interplay of these two components on
a ®’sr/*°sr vs. *Nd/**“Nd. The trace element data and isotopic plots sugsfethat the melts that
produced the basalts are from subduction modified mntle wedge peridotites that ponded near
the base of the lithosphere similar to the generain of other subduction related calc-alkaline
lavas along convergent continental margins. The amditic samples appear to be the result of
further modification through crustal assimilation as seen in the higher isotopic Sr contents in
the andesites and Ce/Span vs. Tb/Ybyn, plots. Finally, the proposed map units from Sylvdsr

& Raines (2007) were found to contain various geoelmical facies based on the samples

collected indicating that some map units may haveotbe redefined or sub-divided.
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1. Introduction
The Sagehen Volcanic Centre (SVC) is part of theestral Cascades Arc (ACA) which is

the inactive southern extension of the Modern Gdess#@rc which includes the volcanic centres
of Lassen, Shasta and Mt. St. Helerigyre ). The SVC was mapped by Sylvester and Raines
(2007) with the help of undergraduate students fiteenUniversity of California, Santa Barbara.
The SVC is of particular importance because iaig pf the Tertiary volcanic arc in north-
eastern California which has not been heavily gkad during the Pleistocene and is thus fairly
well preserved geologically. Furthermore, the SV€xXfusive units are also highly constrained
chronologically to within 2 Myrs of each other. $hmeans that Sagehen can be used to ‘zoom
in’ on a very thin slice of time where we can ewauvolcanic episodes within a set time period.

Both the Ancestral and Modern Cascades arcs bétotige Cascades Range, a 36 million
year old subduction margin that extends from souti@alifornia to British Columbia and is
actively consuming the Juan de Fuca and Gorda acpkates. The Modern Cascades Arc
covers volcanism over the last 5 Myrs to the presdrile the Ancestral Cascades Arc includes
volcanism older than 5 Myrs (Hildreth, 2007). Tbascades Range is part of a larger
subduction complex termed the Pacific Ring of Riveich almost entirely borders the Pacific
Ocean, and is responsible for active volcanisngtastn in North America, South America,
New Zealand, Southeast Asia, Japan and Russia.

It is important to study past arc volcanism becahseAncestral Cascades Arc can give
us a reference model for arc volcanism occurrinigyoat Lassen Peak and other Modern
Cascades Arc centreSigure 2. Likewise, a better understanding of Tertiaryastcanism can
help us to better predict future events withinMadern Cascades Arc centres and, indeed, along

other portions of the Ring of Fire where major gagan centres of four continents reside.
1
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1.1 General Characteristics of Continental Arc Volcamsm

1.1.1 Subduction Zone Processes

Island arcs are proposed to be the principal itesrustal genesis in the Phanerozoic
(Holbrook et al., 1999). However, island arcs doser in bulk composition to basalt and not
andesite which is part of the ‘andesite’ model@itmental growth. Island arcs are convergent
margins of two oceanic plates, one of which is einbducted. This type of tectonic activity
will generally result in a chain of volcanic islandp to several thousand kilometres long and

two hundred to three hundred kilometres wide.

The Aleutian island arc is the result of the Pagifiate being subducted northwestward
beneath the North American plate. The Aleutiamidlarc is thick enough (30 km) to generate
continental crust but it has a mafic bulk compositiand lacks the seismic characteristics such
as a reflective lower crust and a silicic upperstaharacteristic of continental crust. The use of
ZrlY versus Y is a good discriminant between oceanid continental arc settings beacause Zr/Y
is enriched in continental crust (Pearce, 1983¢ Aleutians have Zr/Y versus Y plots similar to
oceanic arcs. A depleted mantle source is usualylved in the genesis of oceanic island arcs
SO upper convecting mantle is melted in this sgttifearce, 1983). Holbrook et al., (1999)
postulates that before or during accretion to dinental margin an island arc (like the
Aleutians) would need to undergo pervasive defaiomatntracrustal melting and delamination
of mafic to ultramafic residium in order to transfoit into a mature continental crust with an

‘andesite’ composition consistent with continersiatbduction settings (Holbrook et al., 1999).



The composition of continental mantle lithospheeeits density, thickness and capacity
to generate basalt varies with age. Archean métittesphere is characterised by relatively low
FeO abundances which are linked to komatiite etitna¢herefore making it less dense. Post-
Archean mantle lithosphere is thought to be sintdaspinel peridotite inclusions in alkali
basalts which make it more likely to produce coanital flood basalts and it is dense enough to
be delaminated and incorporated into asthenospbetice regions of oceanic basalts
(Hawkesworth et al., 1990). The Columbia River #relDeccan Flood basalts have isotope
signatures consistent with derivation from subelgpbheric, ocean island basalt (OIB) -type

mantle reservoirs and were erupted on cratonic imakglawkesworth et al., 1990).

Observations show that average crustal composiatove Mesozoic and Cenozoic
subduction zones are primarily andesitic (interratg)iwith high Rb/Sr ratios relative to Bulk
Earth (Ellam & Hawkesworth, 1988). This observationPost-Archean and Post-Proterozoic
lithosphere along continental margins is terrtreandesite modeHoweverthe andesite model
implies andesite is a primary magma since averagevalues from the mantle to the crust
would have to be andesitic. Hawkesworth et al.7{%uggests from experimental evidence that
andesites could be derived from melting subductaténal. Isotopic and trace element data
show that subduction zone magmas are derived fnermiantle wedge between the subducting
and over-riding plates which is likely peridotifigllam & Hawkesworth, 1988). The genesis of
most typical arc magmas is attributed to meltinghef mantle wedge fluxed by the addition of
small (<2%) amounts of slab-derived fluids (Peancé Parkinson, 1993). It is widely believed
that magma sources in the mantle wedge are inéitiray slab-derived fluids or melts before
they give rise to primary magmas. If fluid is invetl then it would have enriched sources in Sr

and Pb relative to Nd (Vroon et al., 1993). Slaltengsing into the hot mantle wedge are also
5



likely to interact with mantle peridotite (Vroona&it, 1993). Interaction of slab-melts with
mantle peridotite may lower incompatible large litmophile element (LILE) and light rare earth
element (LREE) concentrations relative to more catibjfe trace-elements (Stern & Kilian,
1996). Slab melts also transport Sr, Pb, and kdtire mantle wedge. These fluid or melt
additions to the mantle are termed subduction corapts. The LILEs are more soluble than

LREEs in fluids, making the LILE more likely to lsebduction components.

Volcanic arc basalts can usually be distinguismedhfbasalts erupted in other settings by
their selective enrichments in LILE and sometintesltREESs and phosphorus and deficiencies
in Nb, Ta, Ti (high field strength elements (HFSH))e enrichment is independent of the
overlying mantle wedge and is assumed to be suiodudérived. Additionally, basalts erupted
at active continental margins have Nb, Ta, Zr afddtinponents that are not seen in oceanic
island arcs. These elements are assumed to besfioohed metasomatized subcontinental
lithosphere (Pearce, 1983). The subduction zoreyesierally provide Rb, K, Ba, Th and Sr
while the lithosphere contributes portions of Ca, &d P and all of its Ta, Nb, Zr, Hf, Ti, Y and

Yb (Pearce, 1983).

Continental volcanic rocks can be derived from bthsubcontinental lithosphere and
from the underlying convecting upper mantle. Thecawve-down pattern of incompatible
elements (except Y and Yb) enriched relative to NBORassumed to represent this (Fig8ire
Pearce, 1983). Mesozoic to Cenozoic, subductitaie@ basalts have similar or lower Rb/Sr
ratios than Bulk Earth which indicates that basatiagmatism at subduction margins is not
responsible for major fractionation of Rb/Sr betwesantle and crust, since continental crust

has elevated Rb/Sr ratios (Ellam & Hawkesworth,898ontinental mantle lithosphere has



remained isolated from the convecting mantle faglperiods of geologic time (Hawkesworth et
al., 1990). Mantle derived basalts enter the amnsre they undergo fractional crystallization
during cooling; they may also solidify in deepegioms of the crust until they are remobilized
(Ellam & Hawkesworth, 1988). Ultimately the mantéeerust flux is differentiated into felsic
material that rises into the upper crust while moedic cumulates and/or restites remain at
lower crustal depths. Andesites are therefore rikety to have been derived from fractional
crystallization and crustal contamination procesa#ser than as primary melts of the mantle

(Ellam & Hawkesworth, 1988).

The isotopic systematics of continental arc volsamis varied but a few general
observations can be gleaned. Generally "normal“aemodceanic arc isotopic signatures include
87Srfosr = 0.7045-0.7055Nd/A*Nd = 0.51273-0.51291 arfPbF%Pb = 18.66-18.75 (Vroon
et al., 1993). Slightly elevatédsrF°sr at low?*PbF%*Pb is also regarded as a feature of
continental mantle lithosphere relative to MORB tlués greater age (Hawkesworth et al.,

1990).

Subduction conditions in typical volcanic arcs faweubduction of cooler, hydrated
oceanic lithosphere, slab-derived fluids may praettensive flux-melting in the wedge
(Leeman et al., 2005). A general characteristic@dl’ volcanic arcs is the tendency to be
enriched in fluid-mobile elements. Subducted omearust normally would be expected to
include altered MORB and sediment, as well as fMERB (Stern & Kilian, 1996). However,
the Cascades and other relatively warm arcs sutiiopae along the west coast of Mexico only

mildly display this slab fluid signature (Leemaraét 2005).



High silica melts with garnet and eclogitic chaeaistics are more likely to be derived
from adakites, volcanic rocks derived from hot logdr descending oceanic slab (Drummond &
Defant, 1990; Ducea & Saleeby, 1998). Melts asisiis 65-69% Si@cannot be produced by
partial fusion of peridotites at 1.5-2 GPa evethd liquid fractions are extremely low (Ducea &
Saleeby, 1998). ‘Warm’ arcs produce adakites (slalis) similar to those found in the
Holocene volcanic centers of the Andean Austrakc®pic Zone (AVZ; 49-54°S; (Stern &

Kilian, 1996)).

The AVZ has erupted exclusively adakitic andesiied dacites characterized by low Yb
and Y concentrations and high Sr/Y ratios, sugggsisource with residual garnet, amphibole
and pyroxene, but little or no olivine and plagas# (Stern & Kilian, 1996). Melting of mafic
lower crust may be the source for adakites in sarog, but such a source is inconsistent with
the high magnesium number (Mg#) of AVZ adakite(®®& Kilian, 1996). The source for
Andean adakites is more likely to be subducted micdzasalt, recrystallized to garnet-
amphibolite or eclogite (Stern & Kilian, 1996). Gtal assimilation and fractional crystallization
(AFC) processes and the mass contribution frontthst become more significant northwards
in the Andean volcanic arc as the angle of convergdecomes more orthogonal (Stern &

Kilian, 1996).

Slab windows are a part of the tectonic picturtheawestern U.S.A. as suggested by
Dickinson & Snyder (1979). Slab windows are paftthe subducted oceanic plate that contains
a mid-ocean ridge resulting in in slab detachménmtgthe ridge. This detachment essentially
creates a zone (e.g. window) where there is nolstakath the lithosphere, putting the

lithosphere in direct contact with the more hoaspic layer of the mantle. Alkali basalt



magmatism above slab windows is a commonly acceptadlict of passive upwelling of

asthenospheric mantle. This type of magmatism &lsmvolume, often long-lived (> 1 Ma)

and is not usually accompanied by extensional testo (Farmer et al., 1995).
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1.1.2 Crustal Contamination/Magma Mixing

Continental crust in subduction zones can be ufthm thick. Newly generated mafic
magma can therefore be subject to contaminatiahdypper and lower crust as it ascends to
the surface. The crust, generally, is enricheti@@mpatible elements and is composed of low
density felsic minerals. Felsic material, and bieazion the crust, has a lower melting point than
most mafic melts making crust-mantle melt mixing da partial melting possible. This means a
mafic melt contaminated with felsic material wikelf become more siliceous and have a more
crustal character in trace elements and isotopiestaCrustal contamination of basalts can be
associated with the following characteristics (thase not definitive): enrichments of Th, Ba,
Pb, Rb, K and Sr (sometimes) due to granitoid emdimilation whereas Th and Ba enrichments
occur for greywacke assimilation. Major elementstaaints limit the degree of contamination
that is possible and trace element and radiogsatojpe ratios correlate with SiPearce,

1983).

The Southern Volcanic Zone (SVZ) in the Andes adbeed by Hildreth and Moorbath
(1988) can be used as an example of upper crustemination. The SVZ extends from 33°S to
37°S, between the Andean Cordillera volcanic flaomd the Pacific Coast of Chile. The SVZ is a
unigue continental arc subduction zone in thaiNheca oceanic plate subducts beneath the SVZ
at an equal angle and rate along the length gbltite segment. The composition of the
continental crust is also fairly constant, while thickness of the continental crust increases
from south to north. Also, regional river dischatggnsfers a relatively uniform quantity and
composition of sediment to the oceanic trench go@ubduction and does not strongly
influence isotopic compositions (Hildreth and Maaitly 1988). This means geochemical
discrepancies can be attributed primarily to trstashice traveled by the magma through the
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continental crust. Hildreth and Moorbath (1988) destrated that ¥O has a pronounced
increasing concentration moving northward alongvbleanic front, while most of the other
major oxides such as CaO 8k, P.Os, and NaO do not show any variation. A Bouguer
Anomaly gradient within the SVZ positively corredatwith KO suggesting an increase in
crustal thickness moving northwards. This theorylackening is also supported by an increase
in silica (SiQ) abundance in erupted lavas, from 50-60% in thehsto 58-65% in the north. A
plot of K;O vs. SiQ shows increasing concentrations of botlokand SiQ; however KO is
increasing slightly more quickly than SIO'his KO and SiQ trend remains constant despite
the crystallization of silica-poor phenocrysts b¥ioe and pyroxene in the south, and silica-rich
phenocrysts of biotite and amphibole in the ndntt Hildreth and Moorbath (1988) observed in
the volcanic rock suites. The authors also showlibth the LILE's and LREE’s increase with
an increasing thickness of the continental cruiseifTposition is supported by isotope
geochemistry results: an increasing rati’sf/°Sr, and a decreasing ratio®8tNd/**Nd, from
south to north, which suggests an increasing cental crust contribution to magmas.
Interaction of mafic melts with the lower crustisother potential source of
contamination. In general, partial melting of nafrust produces felsic melts resulting from the
intrusion of hot mafic magmas (Beard and Lofgreé991 Drummond & Defant, 1990; Rapp and
Watson, 1995). Felsic melts are generally enricghalde LILE and light REEs, and which have
negative Nb and Ta anomalies if rutile is a redigihase; if melting occurs in the garnet stability
field then REE patterns in the melt may be stedp high La/Yb and Sr/Y ratios and no Eu
anomaly (Martin, 1986).Magma mixing is associatetth\wwome calc-alkaline volcanic provinces

(Gerlach & Grove, 1982).
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Magma mixing shortly before eruption can be irgdrfrom the presence of mafic blebs
and disequilibrium mineral assemblages (Ort etl&96). Furthermore, magma mixing is
associated with some calc-alkaline volcanic proesGerlach & Grove, 1982). Evidence of
magma mixing can include: reversed compositionalrpin olivines or plagioclase, glass
inclusions trapped within phenocrysts and alsollasory zoning in plagioclase (Gerlach &
Grove, 1982). Trachytic textures in basaltic angssand andesites, formed from cooling above
the liquidus in lab experiments, are inferred faresent magma mixing in some volcanic suites
(Gerlach & Grove, 1982). The Guatemala volcaniaffie-12-16°N) has many compositional
similarities to the Ancestral Cascades, especi@ligotopic data (Carr et al., 1990). The
explanation for the Guatemala isotopic array isingpbetween two magmas; modified mantle
and enriched mid-ocean ridge basalt (EMORB) maanitk crust (Carr et al., 1990). The
modified mantle melt is generated beneath the watdzeld by release of fluid into the mantle
wedge. The EMORB melt is generated by low-degreenipression melting of asthenosphere

as it is drawn up toward the wedge corner (Caat.e990).

1.1.3 Sources of Melts (Garnet versus Spinel peritite)

Possible melt sources in volcanic continental ares deep asthenosphere mantle,
shallow asthenosphere mantle, metasomatized maetige, subcontinental lithospheric mantle,
upper and lower crust, subducted sediment or meltednic crust (Righter, 2000; Stern &

Kilian, 1996). Possible sources of melts are hydngliases in peridotites, hydrous eclogites and
subducted oceanic sediments (Ducea & Saleeby, 1P88potites have been proposed to be the

main sources of Cascades melts such as thoses®rL&Slynne, 1990), Sceptor Creek (e.g.
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Western Cascades; Ducea & Saleeby, 1998) and ihahee-Truckee area (Cousens et al.,

2008).

Garnet peridotites are from mantle depths grehtar +80 km which is where the
pressure-temperature conditions for garnet petalifavourableRigure 4. Garnet has high
partition coefficients for the heavy REE, so meéitshe garnet peridotite field have very steep
REE patternsKigure 5. Garnet peridotites from kimberlite pipes in Aeelm and Proterozoic
basement from the Andes have I6WNd/A*/Nd and higf’Srf°Sr (Hawkesworth et al., 1990).
Garnet peridotites are generally composed of 60%nel 20% orthopyroxene, 10%

clinopyroxene and 10% garnet (Mysen, 1979).

Spinel peridotites are from intermediate mantletilepf ~40-80 kmHKigure 4. Spinel
has virtually zero partition coefficients for alldompatible elements, so melts of spinel
peridotite have flat middle to heavy REE patteffigure 5. Spinel peridotites are less confined
in terms of major element abundances than garmetqies (Hawkesworth et al., 1990). Spinel
peridotite xenoliths from the Andes have ht§iNd/A*’Nd and low?’SrF°Sr values which are
from young lithospheric provinces (HawkesworthletE90). Spinel peridotites are generally
composed of 55% olivine, 30% orthopyroxene, 10%ogroxene and 5% spinel (Mysen,

1979).

The model used by Reiners et al. (2000) to deteritia parent magma of Washington
Cascades arc basalts was a peridotite with 55%neli80% orthopyroxene, 10% clinopyroxene
and 2.5% garnet and 2.5% spinel. Removing the gameadding a comparable amount of
spinel does not significantly affect the resultsifg making it all garnet; Reiners et al., 2000).

The peridotite can have small amounts of amphilvoie(Borg et al., 1997) but given the model

13



used by Reiners et al. (2000) pressures of 1-3v&Réd result in the Amphibole breaking down
and reacting completely out of the modal assemldagelatively low temperatures near the
solidus. The lack of negative Ba anomalies in Rsie¢ al., (2000) samples also does not

suggest there are large amounts of residual amighibo

The Ba/lLa ratio is a measure of the role of submtlistab, especially subducted sediment
since Ba is high in marine sediments (Carr etl&90). Within the Cascades, the role of
sediment is not clearly understood with some stugligggesting small amounts of sediment can
produce the geochemical signatures of the rocksfonrey et al., 1997) while others find

little evidence of sediment in basaltic magma gengseeman et al., 1990; Righter, 2000).
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1.2 Ancestral and Modern Sierra Cascades Geology

The geology of the Ancestral Cascades arc in Galdidoegan with subduction activity
in the Mesozoic leading to the intrusion of the engjranitic batholiths, notably the Sierra
Nevada batholith (Dickinson, 2006). During the Lraide orogeny (Late Cretaceous to middle
Eocene) arc volcanism ceased in California and teewvehich allowed the Sierra Nevada
batholith to be exhumed. The cause of the cessatiarc volcanism is believed to be the result
of the Juan de Fuca/Farallon plate developing boster dip Figure 6 Dickinson & Snyder,
1979). At ca. 40 Ma the shallowly dipping Juan ded-slab re-steepened and detached from the
overlying continental lithosphere (slab rollbaclgray a roughly north-south trend in
Washington and Oregon, which is believed to hasalted in the resumption of arc volcanism
in the northern Ancestral Cascades by ca. 40Mtaue 6 Christiansen and Yeats, 1992).
However, the Juan de Fuca slab retained a shallowedr the trench through California, where
slab rollback did not resume until much later ia Wertiary (Cousens et al., 2008). Some form
of tear probably separated steep- and shallow-dgpgiabs near the California-Oregon border
(Cousens et al., 2008). The foundering slab kbr@alifornia pulled both southward and
southwestward, with a significant component towtgdtrench, in an apparent slow attempt to
re-establish steep subduction (Cousens et al.,)2808estral Cascades arc volcanism in

California did not commence until ~20 Ma.
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Figure 6: Model for the evolution of mantle sourcegor the Ancestral Cascades arc. These section reggent the
environment under the Tahoe area during the MioceneThe solid-line subducting plate is the shallow-giping Juan de
Fuca slab beneath northern California, whereas thelashed-line subducting plate is the steeper-dippinguan de Fuca
plate beneath Oregon and Washington (Cousens et ,a2008). Yellow arrows indicate fluids driven fromthe slab that
drive melting of the mantle wedge and the lithosphé& mantle. At 5-3 Ma, the south edge of the slab igrates north of the
Lake Tahoe area, fluid flux decreases, and arc valnism ceases. Note that both plate segments are nbehind the plane
of the section. Subsequent to 2.6 Ma, asthenosphefiow around the south edge of the slab (curved &tk arrow) adds
more heat to the mantle wedge, heating the basetbk lithosphere to drive post-arc melting of the thosphere. Figure
from Cousens et al. (2011).
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1.2.1 Common Cascade Lava End-members

Several lava types occur in the Modern Cascadesuand common component in
continental arc volcanism along the western Amer{€aghter, 2000). Therefore they are
pertinent to this study. These lava types have bg@mnsively studied and categorized into the
following end-members: high alumina olivine thaleg (HAOT; Bacon et al., 1997; Gerlach &
Grove, 1982), calc-alkaline basalts (CAB; Leemaal e2005; Righter, 2000), and intraplate
basalts (Farmer et al., 1995). Although LREE dnmient can sometimes be associated with
garnet melting in the residium, CABs, HAOTSs, antldplate lavas fall along an olivine-
orthopyroxene-augite cotectic for the 8-12 kb rawtech is shallower than garnet peridotite but
is within the depth range for spinel peridotitedRer, 2000). Felsic volcanic rocks are rarely
studied within the Cascade Range resulting in laéhcomprehensive analyses. The basaltic
lava sequences are far more voluminous than tee fehes, are sparsely crystalline and have
little evidence of contamination or alteration, nmakthe Cascades ideal for studying mantle
sources and processes (Borg et al., 2002). Sorhersgica melts (dacites and rhyolites) can be

found at Medicine Lake, Glacier Peak, Mt. St. Helddewberry Caldera and at Lassen.

1.2.1.1 High Alumina Olivine Tholeiites (HAOT a.k.a. LKT)

HAOTS, or low potassium tholeiites (LKT), are siatito oceanic island and MORB
(EMORB) lavas from within plate settings (Ba/Nb &) ZBacon et al., 1997; Gerlach & Grove,
1982). HAOTs are found 30-40 km trench-ward oftstralcanoes that define the High Cascades
volcanic front (Leeman et al., 2005) and becaugbaif lows viscosity and pahoehoe textures
are associated with large shield volcanoes. Theyelieved to be derived from deeper levels

than CAB lavas (50-70 km for HAOT, 30-50 km for CABut they do not include slab
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components (Leeman et al., 2005). High aluminarwmitholeiites are composed of Mg-rich

olivine or augite and Ca-rich plagioclase (Gerl&rove, 1982).

The HAOTSs require convective upwelling of asthermesjc wedge mantle and preclude
fluid enhanced melting because they project clogbd dry peridotite solidus (Leeman et al.,
2005). Primitive Mantle normalized trace elemesitgrns show MORB patterns with the
exception of a flat middle to heavy REE patterrsifpee Eu anomaly (not all HAOTs have this)
and a small but distinctive Nb-Ta trough. Becausther MORB like chemistry and relatively
flat REE patterns HAOTSs are inconsistent with realdyarnet in their source making
decompression melting of spinel peridotite a mi&ly source (Leeman et al., 2005). Parental
liquid temperatures for CAB are a max of 1350 °GlevhRIAOTSs are as high as 1450 °C
(Leeman et al., 2005). Therefore CABs originateaer P and T conditions than HAOTs. The
most accepted explanation for the origin of HAOWakais decompression melting of depleted
and/or enriched asthenosphere with little modifaraby slab contributiong=(gure 7 Leeman et

al., 2005; Righter, 2000).

1.2.1.2 Calc-Alkaline Basalts (CAB)

Volumetrically, CABs are more abundant than HAOTithim the Cascades (Schmidt et
al., 2008) Calc-alkaline basalts have higher atikagarth (Ba, Sr), light rare earth (La, Ce, Nd)
and LREE/HFSE (Zr, Nb, Ti) enrichments than ocedh@RB. CABs are distinguished by
elevated KO (0.6-2.2 wt%), Ba/Nb (21-100), Ba/Ti@202-651), Sr/Y (29-94) but compared to
HAOQOTSs they have similar Nb/Zr ratios (Leeman et 2005; Righter, 2000). Because of this

CABs are thought to be derived from melting of s arc mantle after infiltration of hydrous,
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incompatible element enriched fluids. The enrictiedds lower the solidus of the peridotite

producing a basaltic melt (Righter, 2000).

CAB trace element abundances reflect large degrfeeelting of strongly subduction
component fluxed peridotite, along with low degoéenelting of subduction components
consistent with being derived from relatively cabdntle. Flux melting of the mantle wedge is
the dominant cause of arc magmatism in the WashinGascades (Reiners et al., 2000). Based
on the isenthalpic flux-mantle melting model, CABde element signatures can only be derived
from melting of mantle regions with relatively lanitial temperatures (Reiners et al., 2000).
Parental liquid temperatures for CAB are a max3#QL°C while HAOTSs are as high as 1450 °C
(Leeman et al., 2005). Therefore CABs originateater P (30-50 km) and T conditions than
HAOTs. Leeman et al., (2005) proposes that CABgarived melts in the shallow mantle in
response to heating from ascending HAOT meltsdiiteon CABs do not have modern slab
inputs but instead are derived from ‘stored’ slabivied components inherited from earlier
stages of Cascadia subduction. In other words &®BsGormed from melting of shallow
lithospheric mantle that had been extensively nostasized by melt or fluid infiltration over the
last 40 million year. More rapid subduction in #alier stages of Cascades subduction could
have cooled the mantle wedge. This could resuteiezing of CAB type magmas or /and
formation of hydrated lithospheric mantle contaghmodal amphibole-phlogopite within parts
of the shallow mantle. Then, if subsequent rehgaitcurred due to rising HAOT melts or
decompression you could produce ‘second-stageltimssagmas having a CAB signature with
signs of mixing and differentiation among magmacbas (Leeman et al., 2005). CAB lavas are
thought to be derived from subduction modified neat depths near the base of the crust

(Figure 7 Righter, 2000).
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1.2.1.3 Intraplate Basalts

Intraplate or Within-Plate (WIP) basalts are nahoaon within the Modern Cascades
arc, but they are found in the Basin and Rangeipcevto the east (Farmer et al., 1995). The
Mojave Cima volcanic field, just east of the towfrBaker in the Mojave Desert in southern
California is a good example of an intraplate bafgald. The Cima basalts are 3-5 Ma old with
trace element patterns similar to OIB’s that wetgted from scoria cones (Bacon et al., 1997;
Farmer et al., 1995). The lava flows are primaaikali basalts and hawaiites that straddle the
boundary between hypersthene and nepheline nomnatimpositions (Farmer et al., 1995).
Mantle derived peridotite xenoliths are common (k@ret al., 1995). The Mojave basalts have
higheNd values (+7.6-+9.3), lof/SrP°Sr (0.7028 to 0.7040), and Pb isotopic compositions
generally plot close to MORB (Farmer et al., 1983salts erupted in within-plate settings are
enriched in most incompatible elements and LILEytHo not have a Nb-Ta anomaly and have a
REE pattern decreasing from light to heavy whenmaned with primitive mantle (Pearce, 1983;
Schmidt et al., 2008). Higher Nb concentrationsubduction components are necessary to
produce Cascade intraplate-like compositions. &rgjly incompatible element-depleted

peridotite (i.e. MORB source) cannot generate piate-like lavas.

Cima basalts were likely derived from LREE-enriclpedtions of the Pacific
asthenosphere which rose from a slab window berkeatsouthwestern U.S.A. during the late
Cenozoic transition from convergent to a transfptate margin. The higbkNd do not suggest
that LREE enriched lithospheric mantle as the prynsaurce of the basalts and instead suggests
a mantle source with a long term LREE depletionsinligely young Cenozoic lithospheric
mantle or asthenospheric mantle. ENel values overlap Pacific MORB values, which is

striking since MORB basalts within the eastern faare inferred to be derived from upwelling
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asthenospheric mantle (Farmer et al., 1995). Thssuggests that the Mojave basalts did not
interact with old continental lithosphere. The optgblem with this assessment, which Farmer
et al., (1995) conceded, is that small degreesudigb melting of a garnet Iherzolite source is
required to produce the observed LREE enrichmenddvoreate an extremely silica under-
saturated magma (i.e. basanite) which are not ebd€Farmer et al., 1995). Alkali basalt
magmatism above slab windows is a commonly acceptadlict of passive upwelling of
asthenospheric mantle. This type of magmatism alsmvolume, often long-lived and is not
usually accompanied by extensional tectonism (Faghal., 1995). The most accepted
explanation for the origin intraplate lavas is dapoession melting of depleted and/or enriched

asthenosphere, respectivelfygure 7 Righter, 2000).
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Figure 7: Representative diagram of the relative lcations of the three main lava types in the CascadeCAB lavas are
derived from relatively shallow depths (low T & P)along the subducting slab while HAOTs are derivedrbm deeper
sources along the slab. Intraplate lavas are not gessarily influenced by subducting slab and are pauced more from
convective fluxing of deep mantle under the contingal plate. Modified from Leeman, (2005).
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1.3.2 Geology of the Modern Cascades

The Modern Cascades arc extends from northernd@ailif to southern British
Columbia; the southernmost Modern Cascade centlee isassen Volcanic Center (LVC).
About twenty active composite centers compose thddvh Cascades with eruptive products
ranging from basalts to high silica rhyolites (Betcal., 2002). The easterly dipping Juan de
Fuca, Gorda and Explorer plates are the main dyifonce for arc volcanism within the Modern
Cascades. The present mantle wedge is thoughtderbeed from sub-oceanic mantle due to the
presence of an accreted block of oceanic lithogpheneath portions of the arc. Convergence
rates have progressively decreased since thetioitiaf the arc from ~16 cm/yr to ~4 cm/yr
(Riddihough, 1984; Verplanck and Duncan, 1987)aitd increasingly oblique convergence

(Leeman et al., 2005).

The Cascades convergent margin is typified by sloladuction of the relatively young
Juan de Fuca and Gorda plates beneath North Amesaodts in unusually warm conditions
within the subduction zone. The Wadati-Benioff zeeesmicity is limited to relatively shallow
depths (<100 km; Weaver and Baker, 1988), belowlwthe slab descends aseismically to at
least ~300 km depth (Benz et al., 1992). Seisniia slaow the Juan de Fuca plate is subducting
at 45-60° underneath Washington resulting in tieebaing ~100 km above the subducted slab
(Righter, 2000). The forearc is also undergoinghward compression while south of the
Columbia River there has been significant late @ermeast-west extension (Leeman et al.,
2005). The flux of subduction components (fluidg/an melts) to arc melts is smaller in the
Cascades than in more typical, cooler subductiogoRegional variations within the Cascades
show a greater varying influence and instead ftaldase is more common in the forearc arc

than in the arc due to the early dehydration ofsthb (Leeman et al., 2005).
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Cascades stratovolcanoes produce a variety of gicdesdacitic magmas, while late
Cenozoic (<5 Ma) diffusely distributed monogenetid shield vents produce basaltic and
basaltic andesite lavas. During the Oligocene ttyBdiocene, rhyolite and dacite common
eruptive products, and in the Mid-Miocene andes#s the dominant eruptive product. Basaltic
rock types have dominated since that time (McBird&y8). The common occurrence of
basaltic magmas reflects a significant input oft leeanantle upwelling beneath the region

(Leeman et al., 2005).

1.3.2.1 Lassen

Lassen is the closest modern Cascades volcaniederthe SVC field area. The
currently active Lassen Peak stratovolcano is thstmecent of several long-lived volcanic
centres in the southernmost Cascades Range. Bfdkalofino, an 80 krhandesitic stratocone
within the LVC, produced two episodes of silicidaanism betweef.60 and 0.40 Ma, to form
a dacite dome field totaling 30-50 &i@lynne, 1990). Between 0.3 and 0.2 Ma, two dacite
domes composed of pyroxene—hornblende were algpteer(Clynne, 1990). Since 0.1 Ma,
hornblende—biotite dacite compositional domes, féoas and pyroclastic flows have been
emplaced (Clynne, 1990; Clynne, 1999). Also, sibi@Ma, about 10 kiof andesite consisting
of thoroughly mixed mafic and silicic magma hagmtittently erupted from the margins of the

dacite dome field (Clynne, 1990).

The LVC has produced eruptive products ranging foasalt to andesite. The LVC
(Brokeoff Volcano) is similar to mediumJR, calc-alkaline volcanic rocks emplaced in

moderately thick continental crust (Clynne, 1990)e FeO/MgO ratio of most LVC rocks
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remains constant with increasing 3i@hile MgO, ALO3, FeO, CaO, TiQand BOs decrease
and KO & N&O increase with increasing Si(Clynne, 1990). The LVC shows progressive
enrichments of Sr and LILE which infers there isrgasing contributions of slab derived fluids
towards the forearc west of Lassen (Leeman e2@05). At Lassen Peak, SR (pmn =
primitive normalized mantle) is interpreted to eeftl variable slab-derived fluid addition to the
mantle wedge: lavas with low Spi2 were interpreted as melts of unmodified mantleyeed
peridotite, whereas lavas with high SHRimply melting of hydrous, Sr-enriched,
metasomatized mantle peridotite (Borg et al., 1987Rm, also correlates with trace element
ratios, such as Ba/Nb, that are also sensitiviiid &ddition from the subducting slab. At
Lassen, lavas with lo/SrP°Sr have high SriR., suggesting that slab-derived fluids have mid-
ocean ridge basalt (MORB)-like Sr isotope ratiokereas lavas with highiSr°Sr have low
Sr/Bmn consistent with melts from an enriched, Paleolithiospheric mantle source (Cousens

et al, 2008).

Clynne, (1990) outlines three stages to the ewvautif the LVC. Stage 1 & 2 include the
growth of the Brokeoff volcano with dominantly asde lavas, and Stage 3 is dominant silicic
volcanism along the northward flank of the Brokeadfcano. Stage 1 magmas were produced in
small independent batches that mixed together ginduheterogeneous products such as
olivine-augite basaltic andesites and olivine-hggeene-augite andesites (Clynne, 1990). The
lithologic units display high degrees of variationgphenocryst assemblages and abundances.
Stage 2 magmas are generally more homogeneousijpatibble major elements but trace
element and isotopic data shows that they werefatsred in independent batches (Clynne,
1990). The stage 2 lithology consists of porphymiiigite-hypersthene silicic andesite which has

homogenous phenocryst assemblages and abundamgese((1990). Stage 3 magmas do not
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appear to be directly related to previous lavasamsists of a silicic dome with adjacent hybrid
andesites to dacites (Clynne, 1990). Partial ngelbinyoung mafic crust is inferred to be the
origin of the silicic magmas in the LVC (Clynne,9a19. Hybrid andesites and abundant
guenched inclusions of resorbed sialic phenocigsiacites are the main arguments for

interactions between mafic and silicic magmas (6¢yrl1990).

1.4.3 Geology of the Ancestral Cascades

Paleo-reconstruction of the subducting Juan de Blatrindicates that a continental volcanic arc
should have been present along the northern S&vada in the Miocene and Pliocene (Dickinson,
1997). Dickinson (1997, 2006) referred to this aoiic activity as the Ancestral Cascades arc that
extended from British Columbia south to the CalifarNevada-Arizona state boundary intersectiorbat 1
Ma. Modeling of the movement of the trailing eddehe Juan de Fuca plate relative to North America
shows that it has moved progressively northward thes past 20 Ma, leaving a slab window in its wake
(Figure 8; Atwater & Stock, 1998). The south edfthe subducting Juan de Fuca slab reached the
latitude of Lake Tahoe at ca. 6 Ma and is now (@m#y) stalled just north of the lake at ~39.5°Ne(B
et al., 1992).

Late Tertiary volcaniclastic and volcanic rockdlué ACA blanket a large area of the
Sierra Nevada of north-eastern California and thiacent western Nevada (Cousens et al., 2008;
Dickinson, 1997). The southern Ancestral CascadesAtends southward from Lassen Peak
(the southernmost volcano in the Modern Cascadesawong the eastern side of the Sierra
Nevada Batholith into the western and southerngustof Nevada (Dickinson, 1997; Guffanti
et al., 1990). The volcano-tectonic history of M@&thern Sierra includes several overlapping

volcanic settings such as subduction/arc volcamkthe Farallon (Juan de Fuca) plate, Basin

and Range extension, and hotspot magmatism fror@ohenbia River flood basalts (Cousens et
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al., 2008; Garrison et al., 2008 Henry, 2001).rudtiely, the end of the southern Ancestral
Cascades as an active arc occurred at ca. 3 Matvbéviendocino Triple Junction moved
northward to its present location at Lassen (Atwé&t&tock, 1998).

The mineralogy of the volcanic rocks of the AncalsBascades Arc is commonly highly
porphyritic, including abundant plagioclase witmopyroxene, amphibole, and rare biotite
(Cousens et al., 2008). The rocks range in compaoditom basaltic andesite to dacite to less
common poorly phyric, olivine- and clinopyroxeneabag basalts and basaltic andesites
(Cousens et al., 2008). Porphyritic lavas domicataposite volcanic centers, whereas the
poorly phyric lavas form isolated cinder cone aahlflow complexes which are common in the
Lake Tahoe-Reno area (Cousens et al., 2008; Diokjri997). In previous works, the
porphyritic volcanic rocks are generally termed kKtage Peak Formation while the less phyric,

olivine-clinopyroxene units are termed the Lousetdwrmation (e.g., Birkeland, 1963).
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Figure 8: Northward migration of the southern edgeof the Farallon plate beneath California and easter Nevada. The

Farallon plate would have been under Lake Tahoe armd the time of volcanism within the SVC. The relate position of
the Farallon plate at the time of SVC volcanism igquivalent to the current position of the Farallonplate under Lassen.

Figure modified from Atwater & Stock, 1998.
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1.4.3.1 Tahoe-Truckee Area Arc & Post-Arc Volcanism

Volcanism near Lake Tahoe occurred from 28 Ma kdal with major pulses at 16 Ma,
12 Ma, 10 Ma, 8-6 Ma, 5-3 Ma, and 2.6-1 Ma (Coustis., 2008). The 28 Ma pulse is based
on isolated pyroxene andesite lavas erupted oG #ngon Range (CHigure 9, the 16 Ma pulse
is composed of voluminous basaltic and andesitiadamplaced around Babbit Peak (BP:
Figure 9 (Cousens et al., 2008). The next major pulseotfanism occurred at ca. 12 Ma which
resulted in the development of an andesitic stidt@no on the north end of the Carson Range;
there was also a coeval period of extension albagastern margin of the Sierra Nevada
(Cousens et al., 2008). At ca. 10 Ma a major engohent of basaltic andesites occurred along
the Verdi Range (VRFigure 9 and towards Reno. Volcanism between ca. 8-6 Malted in
two possible andesite stratovolcanoes, one centrédartis Peak and the other near Mount
Lincoln (Figure @ MP, ML; Cousens et al., 2008). From 5-3 Ma, valwas volcanism occurred
around the Twin Peaks and Squaw P&dute 9 TP, SP) composed of andesite and basalt lavas
which are strikingly similar in terms of relativegportion and absolute volume to the Lassen
area of the Cascade Arc (Cousens et al., 2008)laBh@ulse of volcanism took place less than
2.6 Myrs ago and was highly constrained volumelisiGand geographically along an east-west
trend from the north shore of Lake Tahoe to thes@aiSink, and was predominantly mafic and
slightly alkalic; this pulse is not considered ®nart of Miocene-Pliocene arc suite as it is post-
dates the passage of the southern edge of thedéuamca plate and is chemically and

petrographically distinct (Cousens et al., 2008).

30



1207 W

an° M

1207 W

. Cascades Basin

'-.. I._ﬁl'll:Eﬂ-tl"E‘l Graat
< %?}. | b Are {oa. 12 Ma)

' Q | Quaternary

i
i

Tertiary sedi-
Tv T8 | mentary rocks

Tertiary volcanic rocks

] | Mesozaio
* Field Area

M

Figure 9: Geology of the Ancestral Cascades, Lake Tahoe Regidrhe Star represents the location of Sagehen. TPFwin
Peaks; SP—Squaw Peak; ML—Mount Lincoln; MW—Mount Watson; MP—Mount Pluto; BR—Boca Reservoir; VR—
Verdi Range; CR—north Carson Range; CP—Crystal PeakBP—Babbitt Peak; 1-80—I-80 suite area; LC—Lousetovn—
Clark Mountain. Modified from Cousens et. al., 2008

1.4.3.2 Sagehen

The SVC lies within the centre of the Ancestral €aes immediately north of the town

of Truckee. The major landmarks within the SVC ladependence Lake and Carpenter Ridge.
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Very little geological work has been done in thigaaexcept for a 1:25,000 scale map produced
by Sylvester and Raines in 200Hgure 10Q. The Sagehen property owned by University of
California Berkeley, and the surrounding State afifGrnia Parkland is a major aquifer for the
Truckee/Reno area and outcrops are generally htrblgtive topographies due to thick
overburden with a high water table (pers comm. Befivn; Sagehen administrator). The
Sylvester and Raines (2007) map outlines a ~4-@/lb@ene-Pliocene suite of volcanic rocks
which overlies a Cretaceous plutonic basement digsh€ene rhyolitic tuffs and is overlain by
Quaternary alluvium and glacial tilFigure 10 Sylvester & Raines, 2007). The Miocene-
Pliocene volcanics are variable facies of andeaitit basaltic lava flows. The mapped suite of
andesites range in composition from andesite talbasndesite with variable facies of
porphyritic plagioclase, pyroxene and hornblend# mon-porphyritic rock units. The basalts
and andesites appear to be topographically antdantrolled. The basalts have been dated at
4.41+0.21 Ma while porphyritic pyroxene andesitem$ are dated at 5.65+0.21 Ma and the
pyroclastic deposits at 6.25+0.26 Ma (Table 1). SME marks one of the last areas of arc
related volcanism before the south edge of thellbafduan de Fuca subducting slab moved
north through the Truckee area towards its prdseation at Cape Mendocino. There are a
number of faults within the SVC believed to be tedbto incursion and extension of the Basin

and Range province (Sylvester & Raines, 2007).
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Geology Map of Sagehen with Sample Locations
Modified from Sylvester & Raines, 2007
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Figure 10: A geology map of the SVC showing samplecations for this study (Redrafted from Sylvestei& Raines, 2007).
Th=Basalt Flows, Tha=Basaltic Andesite Flows, Tht=Bsaltic Tephra, Tf=Felsite, Tha=Hornblende Andesitd-lows,
Tpa=Pyroxene Andesite Flows: undivided, Tpan=Pyroxee Andesite Flows: nonporphyritic, Tpap=Pyroxene Adesite
Flows: porphyritic, Tp=Pyroclastic Flows, Kg=Granodiorite. From SW to NE the stratigraphy progressesrom
Cretaceous granitic basement, to tertiary rhyolitictuffs, andesites, and basalts with Quaternary glaal/alluvial sediments.
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TABLE 1. “Ar/Ar AGES SAGEHEN FIELD STATION AREA.

Ages (Ma)’
Sample’ rock type Location Latitude Longitude material plateay +20 % Ar steps isochror +26 “Ar™*Ar +26 MSWDotal gas 20
HO7-135  pyroxene andesite lava Sagehen Creek 39.439 -120.228 matrix 565 021 891 3510 55 05 30 70 26 68 26
(Toa)
HO07-139  dacite debris-flow breccia  Carpenter Ridge 39418 -120.323 plagioclase 6.25 026 672 7/10 62 03 270 100 12 72 06
(Twe)
HO7-140  basaltlava (Tb) Sagehen Hills, north  39.456 -120.242 matrix 441 021 721 5110 43 02 300 70 11 53 | 23

* All analyses at the New Mexico Geochronological Research Laboratory (methodology in McIntosh et al., 2003); Neutron flux monitor Fish Canyon Tuff sanidine (FC-1).
Decay constants and isotopic abundances after Steiger and Jager (1977);1, =4.963x 10 yr™; 1., =0.581 x 10°°yr'*; “K/K = 1.167x 10"

* ages in bold are best estimates of eruption 2ge.

¥ o™ Ar = percentage of *Ar used to define plateau age.

Table 1: Previous age dates of SVC rock units from Chris Henry (NevadBureau of Mines and Geology). 1: All analyses were performeat
the New Mexico Geochronological Research Laboratory (methodology in &fhtosh et al., 2003); Neutron flux monitor is Fish Canyon Tuff
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1.5 Research Goals
The primary goal of this study is to provide a lar@aerview of the geochemical

landscape within the recently mapped Sagehen Vigl&@entre (SVC). This overview includes a
study of the mapped rock units as defined by tHeeSyer and Raines (2007) map and evaluates
them based on their chemical characteristics winiclude whole rock: major elements, trace
elements and Pb, Sr, & Nd isotopes. Thin sectiditajptechniques and SEM micro-probing
were made use of, but were not the primary focub@fttudy: instead, they were used to
ascertain if the mapped rock units displayed miogieal variability. The whole rock
geochemistry was used to classify the SVC map geitchemically (mineralogical identifiers
were used when the need arose), identify a potesaiace for SVC lavas, determine if there is
crustal contamination within SVC map units and caregSVC map units to the existing

volcanic suites. Comparisons have been made tArnhestral Cascades such as the surrounding
arc and post-arc rock suites described in Coudeails €2008) and Cousens et al., (2011),
respectively, and the nearest Modern Cascadesniolcantre: Lassen. Geochemical analytical
techniques are based on the recent work by Briars€ts (Carleton University) in the Tahoe-

Truckee region.
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2. Methods
Samples of SVC Miocene—Pliocene lavas and volcasticl rocks were collected in July

of 2010, primarily near Forest Service roads akdhpitrails while hiking on foot or being
transported in a four wheel drive vehicle. All sdespwere precisely located using a Garmin
handheld global positioning system (GPS) unit. Sargeations are shown in Figure 2, and
GPS coordinates are listed in Appendix 1.

Electron microprobe analyses of phenocrysts, aadrgimass minerals were performed
using the Camebax MBX at Carleton University. Amezurrent of 20 nA and an accelerating
potential of 15 kV was used for silicates and ogideeak counting times for each element were
15-40 s, and backgrounds were collected on bo#s sifithe peak. Raw X-ray data was
converted to element weight percent by the CamédarRatrix correction software.

Rock samples were slabbed, crushed in a Bico Cmgrjaw crusher, and ground to a
fine powder in a ceramic ring mill. Whole-rock magnd trace element contents were
determined by fused-disc X-ray fluorescence spawtoy (University of Ottawa) and solution-
mode inductively coupled plasma—mass spectromé@myatio Geological Survey). The
precisions of the data, based on replicate anabylsesmples and blind standards, are listed in
Appendix 2. Some samples were analyzed for Plartsi Nd isotopic ratios at the Carleton
University TIMS lab (Appendix 3; techniques of Ceuns, 1996). All Pb mass spectrometer runs
are corrected for fractionation using NIST SRM98he average ratios measured for SRM981
are”®PbF%Pb = 16.888 + 0.008°Pb/*Pb = 15.425 + 0.008, arftfPb/**""= 36.490 + 0.028.
The Pb fractionation correction is based on theesbf Todt et al., (1984). Sr isotope ratios are
normalized td°Srf®Sr = 0.11940. Two Sr standards are run at Carl&ST SRM987

(®’srP®Sr = 0.710238 + 13) and the Eimer and Amend (E&X)Gs (3'SrPeSr = 0.708037 + 30).
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Nd isotope ratios are normalized“fNd/**Nd = 0.72190 (Richard et al., 1976, Stieger & Jager
1977). Analyses of the U.S. Geological Survey stashdBCR-1 yield**Nd/*Nd = 0.512668 +
0.000020 (n = 4), and 54 runs of the in-house Mdddard averagé®Nd/ *Nd = 0.511820 +
0.000010 equivalent to LaJoft&Nd/*4Nd = 0.511850 + 0.000010. All quoted uncertaindes
20 standard deviations of the mean and presentegppeidix 2. The formula faNd, Sr,
CHUR and UR are from Farmer & DePaolo, (1983) alb agetheir assumptions for decay
constants with.147s:=6.5 x 10'%a* andig7ri=1.42 x 10"a™. Chemical analyses are presented in
Appendix 3.

Computer programs used to analyse the resultaatwre: Microsoft Excel 2007™,
Delta Graph 6™ (for Windows™), Isoplot version 3.@8d ArcGIS™ version 9 and 10. GIS
interpolations were made using the ArcGIS™ softwaodset which included the use of Inverse
Distance Weighted (IDW) and Kriging functions. DEMerlays and maps were also

downloaded from the USGS Data Centre and the Sadgeésearch Institute.
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3. Results
3.1 Petrography
3.1.1 Pyroclastic Flow

Tht- Basaltic tephra
Tbt is a polymict pyroclastic flow. Hand samplésTot are dark grey to black along

fresh and weathered surfaces. Clasts are roundbemgular glassy basalts, hornblende
andesites, scoria, and pyroxene andesites. Thergyi®ne outcrop of Tbt which is 20 m high
and displays facies changes in its stratigraphg. @dttom section of the outcrop is a poorly
sorted, framework dominated, pebble to boulderdsiz#caniclastic flow with an aphanitic
basaltic matrix (the matrix was not chemically gmatl). The upper section is matrix supported

and better sorted.

In thin section, samples of Tht, texturally, al@adom assortment in terms of size and sorting of
fractured mineral grains. Plagioclase (50%) isesiextured, fractured and angular to sub
angular and ranges in size from a <20 um groundtogsisenocryst sizes of 5 mm. Pyroxene
(30%) is subround to round and ranges in size fof20 um groundmass to phenocryst sizes

(5 mm). Glass is also a major component of the mpmass (20%).

3.1.2 Andesite

Tpan-Pyroxene andesite, non-porphyritic
Hand samples of Tpan are light grey to dark gegyethding on the amount of

weathering. Weathered surfaces contain vesiclesoofed phenocrysts that have secondary
mineralizations of rounded feldspar (5 mm) in on&coop. Samples are non-porphyritic (<5%)
with an aphanitic groundmass of acicular-euhedegjipclase (<1 mm). Phenocrysts of

plagioclase (3-5 mm) and pyroxene (3 mm) are alesgnt. In some outcrops plagioclase is the
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major phenocrystic phase while in other outcrops fityroxene. It should be noted that Tpan is
very similar petrographically to Tpap; phenocrystiadances are not consistent throughout each

outcrop. Tpan and Tpap may simply be one unit ditferent facies.

In thin section, samples of Tpan texturally arenarily a glassy/aphanitic matrix that is
50% abundant (grains are not easily visible un@j.1Small (<50 pum) acicular grains of
plagioclase are visible within the groundmass. & aif sub-angular plagioclase (15%) 100-200
KM in size are also present while some appear tagments of larger grains. Phenocrysts of
plagioclase (5%) are oscillatory zoned and haweediextured zones. Sub-angular to sub-round
pyroxene (200 um, 15%) grains are also presenteSpains of pyroxene have surface pitting
with plagioclase inclusions. Rare phenocrysts asbpgne also have orthopyroxene cores which

zone outwards to clinopyroxene rims.

Tpap-Pyroxene andesite flows, porphyritic
Hand samples of Tpap are grey to black dependirtp® amount of weathering.

Samples exhibit a fine grain groundmass of euhguaglioclase with euhedral phenocrysts of

pyroxene (3-4 mm) and plagioclase (5 mm). Theedse weak a foliation in the outcrop.

In thin section, samples of Tpap are primarily¥@0nterlocking, weakly foliated equant
euhedral plagioclase grains ~50 um in size. Plé&ggecphenocrysts (200 um-5 mm, 15%
abundant) are also present and are either oscjllatmed or have a sieve texture. Olivine grains
(<5%) are generally ~100-200 pum in size and suh#angThe plagioclase groundmass forms a
trachytic texture around the olivine. Sub-angutasub-round zoned grains of pyroxene with
orthopyroxene cores and clinopyroxene rims (15%)ads0 present, some grains have sieve

textures (<5%) and opaque minerals (<5%).
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Tha-Basaltic andesite flows
Hand samples of unit Tha are light grey to blaegehding on the amount of weathering.

Texturally, Tba is mildly porphyritic with subrouralivine and plagioclase visible under hand

lens. Flow banding is visible in some outcrops fatidws topography.

In thin section, samples of unit Tha are primaf@9%o) interlocking foliated equant
euhedral plagioclase grains ~50 um in size. Lgptggioclase grains (100-200 pm, 10%
abundant) are also present and are either oscyllatmed or have a sieve texture. Olivine grains
(<5%) are generally ~100-200 pm in size and suhfangPyroxene is also present with sub-
angular grains (10%) ~100-200 pm. Opaque minet&%] <100 pm in size form part of the

matrix as well.

Tha-Hornblende andesite flows
Hand samples of Tha are light grey to grey dependn the amount of weathering.

Samples are dominantly aphanitic with flows barid4¢.6 cm) and are fissile. Hornblende
appears as bladed or radial phenocrysts (2 mm-3hwouaph larger grains are rare (10%) and
abundances and sizes vary dramatically betweemamsticPlagioclase appears rarely as a
phenocryst (3-4 mm) and is euhedral. One outcrofhafin the southeast is highly magnetic to
the point of rendering magnetic compasses useigbsii area. This outcrop also has a mauve

coloured alteration pattern on some of its surfaces

In thin section, samples of Tha are primarily (§0@@terlocking weakly foliated equant
euhedral-acicular plagioclase grains ~50 pm in. $imenblende grains (200 pum 15%) are
heavily altered with a fine grained (recrystallizgdmphibole groundmass surrounding a Fe
altered (pleochroic) core; the groundmass defimedie hornblende grain boundary. The

boundary is sharp and clearly defines a hexagagatad habit Plagioclase phenocrysts (200 pm-
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4 mm, 5% abundant) are also present and are eifledlatory zoned or have a sieve texture.
Sub-angular to sub-round pyroxene (5%) is alsogmtesome grains have sieve textures (<5%).

Fe oxide minerals (<50 pm) are also present (10%).

3.1.3 Dykes
Hand samples of two separate mafic dykes werentakee first dyke (10LT15) is near

the Tbt outcrop and is heavily thermally oxidizédng its surface. Texturally, the dyke is
aphanitic with no discernible minerals under haws| The second dyke (10LT22) was sampled
along the shore of Independence Lake. This dykevtiaable Fe alteration along its surface and
fresh surfaces are black with metallic specklestdrally the dyke is aphanitic with blocky

fractures.

In thin section, samples of the dykes are idehtacaach other. The groundmass is glass
rich with foliated plagioclase grains. Phenocrystplagioclase are present and are euhedral and
tabular with either fresh grains (non-zoned) oveitextured (20%). Pyroxene phenocrysts are

sub angular and 0.5-3 mm in size.

3.1.4 Basalt
Hand samples of unit Tb are light grey to blacgeateling on the amount of weathering.

Texturally Tb has an aphanitic matrix with subrowtigine and plagioclase phenocrysts visible
under hand lens (<1 mm) and foliated vuggs 1-8rctength. Flow foliation is visible in some

outcrops and follows topography.

In thin section samples of unit Tb are primarB@%) interlocking foliated equant
euhedral plagioclase grains ~50 um in size. Laotgagioclase grains (100-200 pum, 10%

abundant) are also present and are either oscjllatmed or have a sieve texture. Olivine grains
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(10%) are generally ~100-200 um in size and sulangThe plagioclase-rich groundmass
forms a trachytic texture around the olivine. Mimonounts of sub-angular pyroxene (<5%) are

also present and opaque minerals (10%).
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3.2 Mineral Chemistry

3.2.1 Olivine
Olivine is most abundant within the basaltic umh, but it is also present in lesser amounts in

the andesites, pyroclastics (Tbt) and dykes. Tivinek are fresh and do not have reaction rims
surrounding them in thin section and microprobihgvss that they are generally the same
composition and are forsteriti€i§ure 11 Figure 13. Some of the olivine grains have inclusions
along the grain’s rim such as 10LT-01 (unit Figure 13 that contain Fe, Ti magnetites. Also
the surface of the olivine grain is sieve texture@dOLT-01. Olivine is present within the Tpap
andesites (10LT-03, Tpapigure 14 only as inclusions within pyroxene grains; oleiwas not
identified in the other andesite map units. Micadg analysis reveals that the cores of the
olivine grains are forsteritic while the outer zerod the grains are forsteritic but contain a

greater amount of fayalit€&igure 19.

10LT-01-circle1-2
10LT-01-circle1-1
10LT-03-circle2-4
10LT-17-circle1-4
10LT-17-circlel-1
Fa
10LT-11-circlel-6
10LT-11-circle1-5

10LT-11-circle1-1

0 20 40 60 80 100

Figure 11: Samples 10LT-01 and 10LT-17 are Tb mapnits. Sample 10LT-03 is a Tpap map unit. Sample 10[-11 is a
Tpan map unit.
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Figure 12: 10LT-17, Tb unit, SEM BSE image of two livine grains. This is what the majority of olivine grains look like.
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Figure 13: 10LT-01, SEM BSE image of olivine from nit Tb with sieve textures.
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Figure 14: 10LT-03, Tpap, SEM BSE image of olivininclusion (spot 4) in a zoned augite.
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Figure 15: 10LT-11, SEM BSE image of olivine fromhe basaltic portion of the Tbt unit.

3.2.2 Plagioclase
The plagioclase is composed of two morphologiesrnomto all extrusive rock units in

the SVC. The first morphology is fresh, unaltenaatiably thick-thin albite twinned plagioclase
with oscillatory zoning which can be part of thegndmass or as large phenocrysigure 16
Figure 17 Figure 18 Figure 19. The second morphology is variably sieve-textylkagjioclase

which can also have the remnants of zoning as(Wigllire 16 Figure 20. The morphologies of
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plagioclase are similar to those described in Ste&/&owler (2001). In thin section, the
Michel-Levy method reveals most plagioclase todimddorite or bytownite under cross-polars
and microprobing of grains in the SEM also show thend Figure 1§. Plagioclase grains (both
fresh and sieve textured) vary in size and shapa &in acicular groundmass to euhedral
phenocrysts in a consistent (prograding) mannengsgrains appear to be fractured into
fragments, especially within the Tht samples. Micabe analysis reveals the zoning in the
plagioclase can be normal and reverse zoned tiezhates between labradorite and bytownite
end-members confirming thin section observatiom® dscillatory zoning is of variable
thickness in unaltered or sieve textured grainsiamot necessarily tied to Anorthite (An)
content (i.e. two rims side-by-side can be the seomeposition even though visually they look
different in terms of thickness and brightnesskM$}. Rims can be thick (>20 um) or thin (<20
pm) with individual rims varying in thickness aslin&igure 20 and can be angular or rounded
(Plate 1a). The rims can either have smooth oesikssolution growth zones (Plate 1b).
Furthermore, An content is generally higher tha#Z8hich is anomalously high for basaltic

and andesitic arc rocks which should badn (Stewart & Fowler, 2001).
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Figure 16: Microprobe results of plagioclase. Or=0Othoclase, Ab=Albite, An=Anorthite. Icon sizes are pproximately
similar to uncertainty. From 10LT-02 (Th, basalt): Grains 1 (Fig. 9) and 2 (Fig. 10) are typical groudmass plagioclase
while grain 3 (Fig. 11) is a phenocryst. From 10LT36 (Tpan, andesite): a phenocryst with reverse zamj (Fig. 12).
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Figure 17: 10LT-02 (Tb), SEM BSE image of Grain 1 vth normal zoning.
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Figure 18: SEM BSE image of 10LT-02 (Tb), Grain 2.
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Figure 19: SEM BSE image of 10LT-06, Tpan, plagioake phenocryst.
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Figure 20: SEM BSE image of 10LT-02, Grain 3, plagiclase with heavy sieve texturing and reverse zormgn
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Plate 1: Thin section cross-polar photos of plagioclase gnas. A: 10LT-18, Tha with distinct oscillatory zoneswith intact
margins between zones. Zones are angular or roundeB: 10LT-08, Tpan with a sieve/dissolved rim.
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3.2.3 Pyroxene
The pyroxene within the rock units is dominanthg#e. Banding was observed in SEM

within many phenocrysts of pyroxene but microprahbalysis reveals that the light and dark
banding is cpx of roughly the same compositieigyre 2). The bands are angular and distinct
with variable thickness under the SEM. The map Tpén does have rare individual euhedral
grains of opx which often have inclusions of magadFigure 22 Figure 23. There are also
some rare grains within some of the andesite (higan and Tpap) which have cores of opx
with variable amounts of enstatite that intermixl appear to have solidified ‘in-situ’ with each

other but are surrounded by a thick cpx rifig(re 24.
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10LT-24

200um

Figure 21: Microprobe results of pyroxene in samplelOLT-24, Tpap alongside a SEM BSE image of the pgrene grain
showing where the analysis was performed.

57



Wo B 10LT-0B-grain 4-1
® 10LT-06-grain 3-1
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=

Figure 22: Microprobe results of pyroxene in samplelOLT-06, Tpan (Fig 15, 16). Low Wo (wollastonite3amples: grain 4-
1, grain 3-2 & grain 3-3 are orthopyroxene while gain 3-1 is clinopyroxene (Wo 45%).
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Figure 23

: SEM BSE image of Tpan 10LT-06, opx graid.
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Figure 24: SEM BSE image of 10LT-06, Tpan grain 3 ith an opx core and a cpx rim.

3.2.4 Amphibole
Amphiboles are present only in the Tha and TpatsuBbth sets of amphiboles appear

heavily altered when first observed, but furthedsgtreveals this to not be the case. Within the
Tpan unit only relict grains are visible and in e unit there is a thick ~100 pm rim of fine
grained amphibole denoting a relict amphibole gsliape which surrounds a Fe altered

amphibole coreRigure 25 Figure 2§. Microprobe scans indicate that the both ‘phaséthe
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amphibole grain are Fe-rich hornblendal{le 3. There are also inclusions of plagioclase within
the altered zone of the hornblende in the Tha sasrfpigure 25 Figure 2§. Rutherford & Hill
(1993) describes a possible origin for this typamiphibole petrogenesis, by describing two
types of amphibole rims: a black (plagioclase seaib in the rim) rim and a gabbroic rim
(plagioclase is present in the rim). The black tyye is produced from oxidation and
dehydrogenation during/after extrusion while galbrons are produced from #@ decrease
within the magma reservoir (gabbroic rims can &lsandicative of magma mixing; Rutherford
& Hill, 1993). The amphibole breaks down into rimken not in contact or surrounded by
crystalline phases; it only occurs when in conteith the melt (Rutherford & Hill, 1993).
Amphiboles react with the melt as a result of #duction of the dissolved water content of the
melt. Rim growth beginning at the outside of thaigrand moving inward towards the
amphibole’s core as the magma ascends to the susfiit pressure decreasing while
temperature remains relatively constant (Ruther&tdill, 1993). Thicker rimmed amphiboles
(>10 pum) represent magma(s) which spent more #radays travelling from the deep storage
region of the volcano to the surface (Rutherfortiid, 1993). For the Mt. St. Helen’s
amphiboles, several models were proposed: at 8dpthcan amphibole would need 15 days to
grow a rim 25 um in thickness, at 6.5 km depthraplabole would need 11 days to grow a rim
50 um in thickness and at 3.5 km depth an amphivolédd need 22 days to grow a rim 100 um
in thickness (assuming a 900°C annealing tempexratod starting at 220 MPa and dropping to 2
MPa; Rutherford & Hill, 1993). The SVC amphibolens are ~100 um so if we use the
Rutherford & Hill, (1993) model: at 8 km depth wewd need 45 days, at 6.5 km depth we

would need 22 days and at 3.5 km we would neech98.d
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Table 2: Amphibole Microprobe Data. All values arein percent.

Descrip. | 10LT-10-circlel-1 | 10LT-10-circlel-2 10LT-10-circlel-3
(Rim) (Core) (plagioclase inclusion)
SIiO, 42.19 43.38 46.58
TiO> 2.14 2.09 Below detectable limit
Al,O3 10.73761 10.67 33.14
FeO 16.19 12.31 0.64
MnO 0.30 0.21 Below detectable limit
MgO 13.79 14.71 Below detectable limit
CaO 11.31 11.28 17.12
NaO 1.75 2.20 1.83
K0 0.23 0.50 0.06
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Figure 25: Transmitted light thin section image ofLOLT-10 under 5x mag. Hornblende with a Fe-rich coe surrounded by
a recrystallized hornblende rim containing plagiocase inclusions and a matrix with a trachytic textue.
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Figure 26: SEM BSE image of 10LT-10, Tha. SEM imagef amphibole in Figure 20, site 3 is a plagioclaseclusion.
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3.3 Geochemistry: Major Element, Trace Element & Istopic Element Results

Twenty-four samples were analysed for major antetedements (Appendix 2), of the
twenty-four samples seventeen (representing eaphum# were also analysed for Pb, Sr and
Nd isotopes (Appendix 3). According to the Totak&ll Silica (TAS) diagram (Figure 27) the
sample set is composed of eight basalts (one adijalten basaltic-andesites and five andesites.

Overall the sample series defines a calc-alkatieredt and is primarily basaltic-andesite.

The TAS diagram is a result of the Internationaldurof Geological Sciences (IUGS)
trying to create a workable classification scheoragneous rock nomenclature namely the
guartz-alkali feldspar-plagioclase-feldspathoid @} diagram. The QAPF diagram cannot
make easy distinctions between andesite and {asadior index is used but it is highly
subjective since it involves looking at a hand gpen), the essential point being that volcanic
rocks like basalt and andesite are typically apgi@aand therefore one cannot visually discern
the minerals even if they are well developed. Bseaf this, the IUGS recommends the use of
the TAS developed be LeBas et al., (1986) whicls gg®chemical data to provide a more
reliable classification. The TAS is a simple Harkgie diagram comparing total alkalis
(NaO+K70) versus silica normalized to a non-volatile basid is divided into 15 fields
defining various aphanitic volcanic rocks. Accogliio the Total Alkali Silica (TAS) diagram
(Figure 27) the Sagehen sample set is composeadldfeasalts (one is alkali), ten basaltic-
andesites and five andesites. Silica values ramge 47.92 to 60.71 wit% and total alkalis range
from 3.33 to 5.68 wt% this forms a roughly line@mid with a positive slope of 0.2 along the
plot. The Tpan (Tpan = non-porphyritic andesitepraaits plot more within the basaltic-

andesite field than in the andesite field and tha {ITba = basaltic-andesite) samples plot within
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the andesite field; The Tb (Tb = olivine basalthgées cluster around each other and fall along
the basalt and basaltic-andesite boundary andphp ap unit (Tpap = porphyritic andesite)
plots well within the basalt field. Basaltic teplffidot) samples display a wide variation in silica
and alkalis and this is more a reflection of thegkes coming from different areas of the flows
(the basalt rich volcaniclastics plot in the bagalt while the more andesite rich volcaniclastics
plot in the basaltic-andesite field). The scorimpke (from map unit Tpap) plots as an alkaline
basalt; the hornblende andesite is the only matpthai consistently plots within its

corresponding field (andesite).

The Alkali-Iron-Magnesium (Alkalis: N®+K0, Iron FeO +F#;, Magnesium: MgO)
diagram or AFM diagram is one of the most commamngular variation diagrams used by
igneous petrologists. An AFM diagram is plottedngsa wt% or using only the cations; the
relative proportions of Na and K are believed tbaféect each other and that the total alkali
content is more important than the individual cagidirvine & Barager, 1971). For most mafic
minerals Mg/Fe abundances are higher in the sblas@ than in the coexisting melt, so removal
of solidified mafic minerals from the melt will inease the relative iron contents in the AFM.
Parental magmas will be closer to the MgO cornalenhore evolved magmas will plot near the
Alkali apex. This is because alkalis are genenaltyre enriched in fluids and so will enter the
solid phase later in later stages of crystallizati@member water content lowers the melting
point). Suites of samples that plot with high ieme considered to be tholeiitic while lower iron
contents are considered calc-alkaline. Overalktraple set is calc-alkaline when plotted
according to the AFM diagram (Figure 28) with thdyoexception being the scoria sample. The
basalts plot near the MgO corner while the basahitesites and andesites trend towards the

alkali corner.
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A good method of evaluating chemical trends withirock series are bivariate diagrams,
notably, Harker diagrams named after Alfred Hai®09). A Harker diagram is a simple x-y
plot which plots silica along the x-axis while ajoraoxide or trace element or a ratio of major
oxides or trace elements is plotted along the g-&@cause silica content generally indicates
magmatic evolution, a plot comparing silica contegm suggest which samples/rocks are
derived from parental magmas or are evolved. Sasmwpith low silica are considered to be
parental magmas while samples with high silica @éepeed some sort of chemical
differentiation are considered to be evolved. Dases in CaO with respect to silica can indicate
that CaO was removed from the melt by either aicplagioclase and/or clinopyroxene. A
typical Al,O3 Harker diagram for a volcanic rock suite will astincrease but then decreases,
this can be reconciled by assuming olivine is readogarly followed by plagioclase removing
both Ca and Al. A plot of Si©versus CaO/AD; can therefore be used to exclusively
distinguish pyroxene fractionation from plagioclésen the melt (Figure 29Figure 29shows
two distinct groups, with samples classified asatias the TAS diagram forming one clustered
group which follows a flat trend, whereas the basandesite and andesite samples classified in
the TAS diagram from a different group which folloa flat to shallowly dipping negative linear
trend. The CaO/ADsratio values range from 0.309 to 0.662 with thealisunits having the
higher values while the andesites have the lowkiegathe two groups of samples both follow a
general slope 0f-0.0066 but the basalt group aad#saltic-andesite and plot along the same
line but two separate lines with the same slope. gliat of BOs versus SiQused to observe
potential apatite fractionation follows a generdliit trend (Figure 30) and ranges in values from
0.14 wt% to 0.32 wt%. The plot of Tirersus Si@follows a shallowly dipping negative linear

trend and indicates the level of fractionationitrtomagnetite and opaque mineral phases
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(Figure 31). Values of Tigrange from 0.527 to 1.037 wt% with the andesitesrugthe lower

TiO,values and the basalts having the higher,Vlues.

Distinctions between tholeiites and calc-alkalinggma series can be difficult, there are
several classification diagrams each with their @@andaries for tholeiite/calc-alkaline rocks
(TAS, AFM) making classifications of tholeiites aoalc-alkaline lava series based on one
diagram spurious. Also, originally calc-alkalingiss were considered to be exclusive to
subduction zones while tholeiites were consideodakt part of established continental volcanic
provinces but this is not always the case. GilB{)%urther complicates this by defining
andesite suites along® vs. SiQ; because KO is considered separately fromJa this
classification cannot use tholeiite or calc-alkalas a descriptor alone. Gill (1981) defines four
broad categories for andesites based gb ¥s. SiQ Low-K, Med-K, High-K and Shoshonites
(Higher-K). Low-K type rocks are dominantly thotei(island arc tholeiites) while Med-K
rocks are primarily calc-alkaline (convergent maygHigh-K corresponds to mixtures of both
tholeiites and calc-alkaline rocks. Values ofKin Sagehen samples range from 0.84 to 1.69
wt% and follow a positive linear slope of 0.13. Wibke samples were plotted on g(Kvs.

SiO, graph the majority of the samples plotted in theafK field which is a strong indicator of

calc-alkaline lava sources (Figure 32).

Compatible trace element abundances plotted agsilitst give a good window into
fractionation phases within the rock sample. Corbpaelements will readily concentrate into
solid phase quickly while incompatible elementd wikfer to concentrate in the melt (liquid).
The incompatible elements are subdivided into twougs: 1)High field strength elements

(REE, Th, U, Ce, PB, Zr, Hf, Ti, Nb and Ta) which are smaller and mbighly charged and 2)
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Light ion lithophile element&, Rb, Cs, Ba, P8, Sr, EG") which have high ionic radii and are
more mobile, especially in fluid phases. Ni, Sc @udre highly compatible elements with Ni
concentrated in olivine, Sc in clinopyroxene andrCspinel and clinopyroxene. High
concentrations of these elements indicate a maatiece, limited fractionation and/or crystal
accumulation. The Ni abundances in the Sagehenlsamgnge from 5 to 48 ppm and follow a
general negative linear trend with a slope of -@BB/wt% with the basaltic samples generally
having higher abundances of Ni relative to the aitele. The Cr abundances in the Sagehen
samples range from <24 (below detection limit) 87 ppm the basaltic samples follow a
positive linear trend with a slope of 22.4 ppm/wit#iile the andesitic samples have a flat slope
along the lower limit of the detection range. TlreaBundances in the Sagehen samples range
from 12.6 to 47.5 ppm and follow a general lineant with a slope of -2.51 ppm/wt% with the
basaltic samples having the higher Sc abundancis thik andesites are have the lower values.
The relative decreases in abundances of Ni an&&ts increasing silica indicate olivine and
clinopyroxene are being fractionated out of thetrfi@gure 33. Incompatible trace element plots
versus silica of La, Ba, Nb and Th versus Si€show consistent trendBigure 34. Lanthanum

is a REE, specifically, is a light rare earth edetn(LREE) therefore it does not partition
strongly into most minerals, it is also mobile mids. Lanthanum abundances range from 9.98
to 34.96 ppm with a slope of 2.29 ppm/wt%. Barignam incompatible element that substitutes
for K in hornblende. Barium abundances range fr&® 1 to 1168.9 ppm and follow a positive
linear trend with a slope of 88.89 ppm/wt%. Niobiigya HFSE and is strongly influenced by
rutile, ilmenite or sphene mineral phases. Niobabundances range from 2.11 to 6.98 ppm and
follow a positive linear trend with a slope of 0 gOm/wt%. Thorium is a highly immobile

element and is highly insoluble in water/fluidsisigenerally found in K-feldspar rich granites,
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pegmatites and syenites. Thorium abundances raogelf.58 to 6.67 ppm and follow a positive
linear trend with a slope of 0.40 ppm/wt%. The edais La, Ba, Nb and Th all increase with
increasing silica and show generally positive Iimeands with basaltic members belonging to

the lower end of the trend and andesitic membdmgang to the higher end of the trend.

Trace element abundances were normalized to pvenitiantle after Sun and
McDonough (1989). Within the sample set, Ba, Pll, @nare enriched relative to La; Zr and Hf
are enriched relative to Sm; Nb is depleted redatiivLa and Ti is depleted relative to Gd. The
REE patterns follow a concave-up trend for LREE @ritht along the HREE (Figure 35 a, b, c,
d, e, f, g). The samples can be subdivided intortvan groups based on Zr and Hf abundances.
The first group is composed of samples that argsdlad as basalt in the TAS (Figure 27); these
samples will have a Zr-Hf concave-up pattern artlvei relatively more enriched in Sr relative
to Pb. The second group is composed of the basaltiesites and andesites from the TAS
(Figure 27); these samples have a Zr-Hf concaveadmattern. The basaltic-andesites can be
subdivided within this group since their relativmiadances of Zr and Hf are lower than the

andesites. Also, the andesite sub-group will batiredly more enriched in Pb relative to Sr.

Because the parent isotopes to Sr, Nd & Pb isotapeanstable (and therefore decay;
e.g.2Rb t0®'Sr, 28U t0 2°Pb,?*U to *°Pb,?**Th to **®%Pb, and"*’Sm to'**Nd) they can easily
show us if the map units (and by extension theshalere modified or contaminated by crustal
assimilation or modified by fluids from the subdagtslab. The samples analyzed can enable us
to better compare the SVC to previously studiedsxeithin the Cascades so that we can
evaluate if they are from the same source. Crgsitaices will have relatively more isotopic Sr

and relatively less isotopic Nd compared to moré&ar{hasaltic) sources and furthermore,
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basaltic samples modified by fluids from the slal mave higher isotopic Nd than basalts not
modified by the slab. At the same time, isotopi@Bd Pb are elements that are concentrated in
hydrous fluids coming from the slab, as well apétagic sediments or upper continental crust,
relative to the mantle. Fluids and crustal soustss have isotopic compositions different from
mantle rocks, such that isotope systematics agefprints of fluid or slab additions to the

mantle wedge, or to crustal contamination as nmettgée up through the crust.

Isotope values of the Sagehen samples define #stemstrend of values for isotopic Pb,
Sr and Nd and also show a distinct grouping of basktive to andesite. Overall tR&SrP°Sr
ratio sample values range from 0.70340 to 0.7051i&W*Nd/*Nd ranges from 0.51281 to
0.51254. Thé*Nd/~*Nd v.8’SrF°Sr plot (Figure 36 A) shows a roughly negative dinrend
and two distinct groups each with their own subgeorhe basalts form two sub-groups based
along the map units Tb and Tpap, whereas the basaliesites and andesites form their own
main group with two sub-groups based along basaitesite and andesite (the andesites have
the higher Sr isotopic ratio). The rangBPb/*Pb is 15.595 to 15.662 whit&Pb/*Pb
ranges from 38.458 to 38.801 aftPb’%*Pb ranges from 18.837 to 19.012. Ploté’&b/*Pb
versus’’ PbPYPb and*Pb*Pb versus®®PbP*Pb (Figure 36B, C) show positive linear trends,
where low isotopic Pb values are basaltic whileesitec samples have higher isotopic Pb. The
eNd vs.eSr plot after Farmer & DePaolo, (1983) shows tleestditic samples plot within the
depleted mantle field while the andesite rich upltd within enriched mantle/crustal lithosphere

fields (Figure 36 D).

Radioactive (parent) and radiogenic (daughter) efgscan be fractionated from each

other by partial melting and crystal fractionatenmd have ratios that vary with time; radiogenic
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isotopes will form from the isotopic decay of raalitive isotopes leading to the teparent-
daughter Plots of parent versus daughter isotopes oratiree plotting one isotope ratio versus
a corresponding non-isotopic parent-daughter (atio Rb/Sgm, v. 8’SrP°Sr) can indicate if

there is more than one parent i.e. two melts eatththeir own parent (but it is the same
element). Parent-daughter plots also can be useahtpare to existing sources outside of the
SVC to determine if the melts came from a ‘old*ysung’ source. Both types of source, if they
have the same initial ratio can reach the samérfati@, the mitigating factor is time. Relatively
young (~10 Ma) low percentage partial melts from iantle will hav@’RbF°Sr ratios that will
rapidly increase from an initial ratio with respéztime. While relatively old (Proterozoic) high
percentage partial melts that are from the lithesphwill have®’Rbf°Sr ratios that slowly
increase from an initial ratio with respect to tifiéis can be seen in the relative compatibility
of Rb to Sr; Rb is more incompatible compared ton8aning older lithospheric sources, which
incorporate Sr, will have a lower rate of increesmpared to younger mantle sources. The
Rb/Sr ratio, therefore, can indicate the degresradtal assimilation while tHESr£°Sr ratio
indicates the relative age. Parent-daughter ploRb¢Spmn v. 2’Srf°Sr (Figure 37A) and Sm/Nd
v. "Nd/MNd (Figure 37 B) show similar patterns. The Rpisv. 2’Srf°Sr (Figure 37A) plot
shows clustered basalt samples progressing tatesrhbasaltic-andesites and andesites with
increasing Rb/Sr artdSrP°Sr. The Sm/Ngh, v. “*Nd/“*“Nd plot is the inverse of Rb/g V.
87SrPsr with a vertical basaltic group and then moreteped basaltic-andesite and andesite

samples of lower Sm/Nd ariéfNd/*4Nd.
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Figure 27: Total Alkali silica plot of SVC samplesafter LeBas et al., 1986.
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Figure 29: A plot of CaO/Al,Ozversus SiQ for the SVC samples showing pyroxene fractionatiorThe solid (Arc) line
denotes the extent of previous Ancestral Cascadescichemical analyses (compiled in Cousens et alQ@8). The double
line denotes post-arc chemical analyses (compiled Cousens et al., 2011). SVC samples trend in a fbav negative linear
slope indicating the fractionation of pyroxene in ke high silica andesites.
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Figure 30: Plot of P,Os versus SiQ which can be used to indicate apatite fractionatio: apatite indicates an alkaline
setting. The solid (Arc) line denotes the extent gfrevious Ancestral Cascades Arc chemical analysésompiled in
Cousens et al., 2008). The double line denotes past chemical analyses (compiled in Cousens et &011). SVC samples
show a flat BOs pattern indicating apatite is not a major fractionating mineral phase and that the samples are sub-
alkaline.
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Figure 31: Plot of TiO, versus SiQ which is used here to show compatibility if Ti wihin the arc and if titanomagnetite is
crystallizing from the melt. The solid (Arc) line denotes the extent of previous Ancestral Cascades®chemical analyses
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Figure 32: A plot of K,O versus SiQ of SVC samples used to infer crustal thickness. Ehsolid (Arc) line denotes the
extent of previous Ancestral Cascades Arc chemicahalyses (compiled in Cousens et al., 2008). Theutite line (Post-
Arc) denotes post-arc chemical analyses (compiled Cousens et al., 2008). SVC samples follow a mkdrend, which is
comparable to most Ancestral Cascades arc rocks arglc-alkaline magmas. Increases in §O relative to SiO, are typical
of continental arc rocks passing through and assirtdting crust. The alkali scoria is more K-rich thanall other basalts.
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olivine, the element Cr represents Cr-spinel, andie element Sc represents clinopyroxene. Nickel ldsalecrease with

increasing silica (basalt to andesite) and Sc legetlecrease with increasing silica. Chromium levebsre split into two

different groups with the basalts forming a positie linear trend while the andesites and mafic dykedefine a flat trend

with lower relative abundances. Note: all lavas aréow in compatible elements; therefore, fractionatn of olivine, Cr-

spinel & clinopyroxene should be present.
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Ba

Figure 34: Incompatible trace elements (ppm) versusilica within the SVC. La levels increase in a pdtsve linear trend
versus silica (from basalt to andesite abundancesdrease 3x). Ba levels increase in a positive limgaend versus silica
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with the basalts somewhat shifted relative to theradesites and mafic dykes (from basalt to andesitdbandances increase
3X). Nb levels increase in a positive linear trendersus silica (from basalt to andesite abundancéscrease 2-3x). Thorium

levels increase in a positive linear trend versuslisa and represents crustal assimilation levels (dm basalt to andesite
abundances increase 3x). All the elements in thersples are behaving the same from basalt to andesiéxcept for the

scoria. The scoria could therefore be part of a diérent parental magma and/or fractionation history.
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Figure 35: Primitive Mantle Normalized Trace elemen data of the SVC map units. A; Tbt, B:Tpan, C: Tpg, D: Tha, E:

Tha, F: dyke, G: Th. All plots are use the normaliing factors of Sun & McDonough (1986).
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79



100

10

Rock/Primitive Mantle

1

o]
o

T T T 1T 7T
T C O © O
o=z -0

T
o)
o

T T T T T T
a un N
=z & T

T
S
w

L L L
- T a >
FeFA

L N B |
> o 5

S
[

T
e}
>

e 10LTO3 Tpap
e ] OLT24 Tpap

1
S
-
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Figure 36: Isotope Plots of SVC map units. A“Nd/**Nd versus®’sr/2®sr, B: 2°%Pb2%Pb versus®Pb/?*Pb, C:
208pp2%pp versus®Pb/”%Pb, D: eSr versuseNd
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36A: M3Nd/**Nd versus®’Sr/®sr plot of SVC samples. The solid (Arc) line denotethe extent of previous Ancestral
Cascades Arc chemical analyses (compiled in Cousegtsal., 2008). The double line denotes post-arcamical analyses
(compiled in Cousens et al., 2011). The SVC sampledlow a relatively linear trend that potentially denotes a two-part
mixing line between a lithospheric end-member (LM)pand a mantle wedge end-member (Mw) similar to thabf Cousens et
al. (2008).
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Fiaglj\:Jre 37: Parent/daughter isotope relationships 08VC samples. A: Rb/Sgy, versus®’Sr/%Sr, B: Sm/Ndyy, versus
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37A: Rb/Srpm, versus®’Sr/28Sr of SVC samples showing the relative relationshipf parent/daughter isotopes. The basaltic
samples define a positive linear trend but the andite samples follow sub-horizontal a trend.

84



0.51285
0.5128 u "/
/ ¢ dyke
5127 X
0->1275 + X mTb
2
‘:’\ 0.5127 . ATba
e
Z 051265 XTbt
<
- X Tha
0.5126
® Tpan
0.51255
+Tpap
0.5125 T T T T 1 & scoria
0.5 0.55 0.6 0.65 0.7 0.75
Sm/Nd,.,

37B: SM/Ndhmy versus *Nd/*Nd SVC samples showing the relative relationship giarent/daughter isotopes. The
samples define a nonlinear trend and there is a diact separation between basalts and andesites.



4. Discussion

4.1 Development of the Sagehen Volcanic Centre
The development of the SVC will entail us to mokeani the bottom to the top of the

system. We shall first classify the source/typenwélt, second define the lava-type (parental
magma), third determine if crustal components @ombation) is present and fourth define the
rock samples based on their petrography and geastrgrand attempt to define a physical

model for the emplacement of our samples (i.e. tfpslcanic setting).

4.1.1 Basaltic Sources of Melt
Let us first evaluate the possible source of plamelts that could potentially generate the

basalts observed in the SVC. Given the yotfAg>°Ar age dates of the andesite and basalt, a
Cascade-type source for mafic arc lavas shoultiderimary cause for the basalt’s
characteristics. This is primarily because of tegoaiation with subduction of the southern Juan
de Fuca plate beneath the continental margin dahi@dviocene—Pliocene which is equivalent
to the modern south Cascades. However, the relatiiehment in incompatible elements (Ba,
Th, Sr, Pb) and the distinctive Sr and Nd isot@ompositions compared to modern south
Cascade arc lavas do not support this. Several ptssibilities for a lava source have been

proposed with regard to the ACA:

(1) Ancient enriched domains in the subcontinelittabspheric mantle beneath the Western
Great Basin of the eastern Sierra Nevada and et enodern Cascade arc (Cousens, 1996;

Omerod et al., 1991).

(2) Enriched intraplate mantle sources, commortigrpreted to be small to medium degree
melts of enriched components (blobs, veins) inastenospheric upper mantle or lowermost

lithospheric mantle. Examples include the Mojavae&etand central Basin and Range of
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Western and offshore California, and in the arc laack-arc of the modern Cascades (Dickinson,

1997; Laventhal et al., 1995).

(3) A mantle plume, such as the Columbia River-&fedtone hotspot (Garrison et al., 2008;

Graham et al., 2009).

(4) Subduction modified (fluid) spinel peridotitecthe mantle wedge (Leeman et al., 2005;

Reiners et al., 2000; Righter et al., 2000).

4.1.2.1 Option 1: Western Great Basin enriched lithospheric melts
The Western Great Basin (WGB) to the south ofstinely area could potentially account

for the differences in thE*Nd/*Nd versu€’srf°Sr plot between modern Cascade and SVC
basalts. WGB basalts are associated with late femie and younger lithosphere west of the
0.706 Sr isotope line and approd&rF°Sr isotopic compositions similar to many oceamigla
basalts (Reid & Ramos et al., 1996). The WGB alsadistinctive mantle source composition
thought to be the result of partial melting of 8ierra Nevada subcontinental lithospheric mantle
(Omerod et al., 1991). This lithospheric mantleswaetasomatized by earlier subduction
episodes beneath the western margin of the sousktemeU.S. (Omerod et al., 1991). This
means WGB incompatible element patterns includéwsciiion signatures. However, due to the
great age of enrichment, WGB mantle sources hawhdmwer***Nd/*Nd and much higher
87SrPeSr than modern south Cascades and SVC lavas.ithedrlithospheric melts were the
source magma for the SVC they would have to undsegere depletion of isotopitSr which is
unlikely since you cannot fractionate radiogenatapes Figure 38 Cousens et al., 1996).
Furthermore, the subalkaline composition of SVCsas) the abundance of highly porphyritic

volcanic rocks typical of continental arcs, andek@ence for larger volcanic edifices with
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dome collapse and debris flow deposits such aglthenap unit indicate that the SVC does not
conform to WGB magmatic or geological charactarss{iMenzies et al., 1983; Omerod et al.,

1991).

4.1.2.2 Option 2: Intraplate Magmas
The basaltic units (Th, Tpap) display charactersstihat suggest they were stalled at

depth as part of an intraplate magma. The charsititsrthat led us to initially suspect this was
the presence of sieve textures (which are a diBlegum texture) in both units, and the abundant
pyroxene phenocrysts in the Tpap unit. Basaltpteclin intraplate settings are enriched in most
incompatible elements and LILE; they do not hawbala anomaly and have a REE pattern
decreasing from light to heavy when compared witipive mantle (Pearce, 1983; Schmidt et
al., 2008). The SVC basalts display a Nb-Ta anorbatytheir incompatible element patterns are
not similar to Mojave basalts. Isotopic valuegNt for SVC basalt samples are +3.5 to +2 with
eSr values ranging -15.5 to -8.5; these valueaufadler the OIB field/depleted mantle field of
Farmer & DePaolo (1983) and could suggest ‘OlIB-8kerces’ Figure 3§. However, the

Mojave basalts plot higher (high Nd and low Sragpet ratios) than SVC samples'fiNd/**/Nd
versus’’SrP°Sr plot (Farmer et al., 1995) indicating that kejave basalts are not isotopically
similar to Miocene—Pliocene basalts from the SV@lae (Figure 39. This therefore makes an

intraplate (Mojave Desert) source incredibly unlykior the SVC basalts.

4.1.2.3 Option 3: Hotspot
The Lovejoy basalts of eastern California have h@eposed to represent an off-shoot of

the Miocene Columbia River basalts and therefoeevtllowstone hotspot provides a potential
source of hotspot magmatism under the Sierran @asd&arrison et al., 2008). The Lovejoy

basalts have higher HREE abundances compared$¥@llsamples, ACA basalts from the
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Tahoe-Reno region and modern Cascade calc-alkadis&its, and thus do not correspond to
Lovejoy basalts. Isotopicall§/SrP°Sr versus Sr/gn (Figure 39 plots Lovejoy basalts well
outside the field of South Cascades basalts whé€eIsasalts plot. Furthermore, Lovejoy
basalts plot higher (high Nd and low Sr isotop@gtthan SVC samples i*Nd/*Nd versus
87SrPesr scatter plots indicating that the Lovejoy basate not an isotopically enriched
component in Miocene—Pliocene basalts from the 8{ibn Eigure 39. Therefore we cannot
conclude that hotspot magmatism, such as the CatuRileer event, was a primary source for

SVC lavas.

4.1.2.4 Option 4: Subduction (Fluid) Modified Spinel Peridotites
From previous studies fluid metasomatized peridstdf the mantle wedge have been

proposed to be the main sources of Cascades roehisas those at Lassen (Clynne, 1990),
Sceptor Creek (e.g. Western Cascades; Ducea &l5al&@898) and in the Ancestral Cascades
Arc (Cousens et al., 2008).

Borg et al., (1997, 2002) showed that Lassen regaderalkaline basalts can be defined
by the degree of Sr enrichment over incompatit#eneints. Sr/R., can be used in place of
LILE/LREEs to show the relative enrichment of Sepmiddle REE in arc rocks which is due to
Sr addition via fluids from the subducting slab (@et al., 1997). Variations in Sr and P are not
simply due to fractional crystallization of plagiase and apatite which can be seen by the lack
of Eu anomalies and the relative constant abundasicBOs in SVC samples. In the Tahoe-
Reno region, Miocene-Pliocene basalts cover theesamge of Sr/@nas the south Cascades,
but at much highet’SrF®Sr values. None of the lavas have MORB-like Sropiut
compositions, although they trend toward the same’ {Sr°Sr ratios (~0.7030) at the high
Sr/Bmn end of the south Cascade field (Borg et al., 198@jg et al., (1997) infers that this trend
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indicates a source from late Phanerozoic lithogpmeantle (low Sr/P) and mantle wedge (high
Sr/P); basaltic samples that plot within the WG8diare inferred to de derived from a 1 Ga
lithospheric mantle (Fig 36). However, the cosans reached by Borg et al. (2002) for the
Lassen area also apply to the Tahoe-Reno lavagigh&’Srf°Sr, low Sr/P component is not a
fluid component, and must either be an enrichedpmorant in the mantle wedge or a
lithospheric mantle component. In the case of Las$sis is inferred to be a mantle wedge
peridotite. The basaltic samples of the SVC oveheSouthern Cascades rang&’sfF°Sr
versus Sr/Rnnand do not intersect the OIB-like mantle compordithe Mojave DeserF{gure
39). High Sr isotopic ratios are characteristic argtes in the southern Sierra Nevada and are
not thought to be a product of two-component mixahgnelt in the basalts; the batholiths
themselves are thought to have lithospheric mandiés as one of their source (Farmer &
DePaolo, 1983).

A study of He isotopes of basalts from the Newbgotgano ( a back-arc volcano in the
Modern Cascade&gure 9 in Graham et al. (2009), have slightly lowkte/He (7.6 t0 8.3 R ;
Ra = ratio to asthenosphere), and overlap the ramgedsalts from the Cascades volcanic arc
(7.0 to 8.4 R). Graham et al. (2009) argues that these reaudigest that helium in the mantle
source is dominated by shallow asthenospheric masithilar to the reservoir commonly
interacting due to magmatism along mid-ocean ridgesvious studies have shown that lavas
from the Basin & Range province and adjacent aretise south-western U.S. extend to low
*He/*He ratios, reflecting the involvement of Proterazobntinental lithosphere (Graham et al.,
2009). This supports the argument that the bas@ite generated through asthenospheric

upwelling.
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Plots based on Drummond and Defant (1990) whickddat mafic crustal melts, using
La/Y Dehondrite VS- Y Renondrite ST/ YchondriteVS. Yehondrite @Nd Sr/mnVs. SIQ for SVC lavas show that
the basalts do not have a eclogitic or pure ampikebcharacterKigure 4@, b, c; ). The plots
indicate that the source melt was not from the gfastability field but was instead from a 75-85
km hydrous spinel source (Drummond & Defant, 199@yphibolitic melts can only produce
dacite, not basalt. A plot of Tb/¥h, vs. Ce/Srpnn also shows that the SVC plots well within the
spinel stability field Figure 4). Likewise, middle to heavy REE patterns do navsla steep
garnet stability field pattern but a curved coneapehydrous amphibole-spinel stability field
pattern which does not conform to intraplate pagerFinally, Cr abundances within the basalts
suggests that a spinel peridotite is the likelyreewf partial melts given the highly compatible
nature of Cr and similarly because we have estadgigarnet phases are not present. In
summary, the likely source of partial melts thatgyated the basaltic samples in the SVC was

likely derived from a subduction modified spinelidetite.
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Figure 38 A: Modified from Cousens et al., (2008r versus Nd isotope plot showing the relationshipf SVC map units
and Hetch Hetchy SNB granitoids (Barbarin et. al. 1989) to surrounding volcanic fields. Mixing curves for melts of
lithosphere (Sr =1200 ppm, Nd = 38 ppnf’Sr/%sr = 0.7070Nd/**Nd = 0.5123) and melts of mantle wedge (Sr = 550
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Figure 39: Primitive mantle normalized plot of Sr/Pversus®’Sr/®®Sr of SVC samples; black triangles represent sampe
from Cousens et al., (2008). Block A represents Rrambrian lithospheric mantle, block B represents Panerozoic?
Mantle and block C represents mantle wedge. The bak samples plot well within the South Cascades Rawhich
suggests a strong mantle wedge fluid component ing basalts. The andesites overlap with the Westefdreat Basin which
has been inferred to have been derived from olderProterozoic” slab melts but could also be the resubf crustal
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4.1.2 Classification of Lava Type

From evaluating the potential sources of basadira$ we can begin deduce what the
main lava type is within the SVC. From our liter&ueview we know that there are three main
lava types within the Cascades: HAOT lavas, inatplavas and calc-alkaline lavas. Intraplate

lavas have been discussed in section 4.1.2.2 seilveummarise our conclusions that they do
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not play a part in the SVC. Because of lower Ndopiz ratios and a presence of a Nb-Ta
anomaly the SVC does not have the necessary chasdics to be a intraplate lava. Next let us
evaluate HAOT lavas as the potential primary lawalie SVC and again we can clearly see this
is not the case primarily because HAOTS are theke@nd are Low-K. This leaves us with Calc-
alkaline lavas our primary lava end-member. The The§ram indicates that the majority of
SVC samples are sub-alkaline, while the AFM diagslnows a strong calc-alkaline trend and
the KO versus Si@diagram shows our samples plot as Med-K (i.e.-aldaline). Likewise

ratios of Ba/TiQ (200-700), Ba/Nb (20-100) and Sr/Y (20-100) arsilsir to the calc-alkalic
group described by Leeman et al., (2005). Furthesntbe petrographic evidence of thick (100
pum) recrystallized amphibole (hornblende) rimshie 8VC samples indicates that lavas
ascended from an approximately 8 km —deep magneavas and that the melt was hydrous as

well (Rutherford & Hill, 1983).

4.1.3 Evidence of Crustal Contamination
There are two kinds of crustal interaction that lemd to the crustal contamination of a

melt: the assimilation of upper crustal granitaddsnteractions with lower mafic crust. The
presence of oscillatory zoning in the plagioclase pyroxene is an indication of “non-
equilibrium” crystallization and was likely trigged by magma mixing within the system. First,
let us assess the possibility of upper crustalarairtation. Mio-Pliocene volcanic rocks of the
Ancestral Cascades arc commonly include fragmeiriseora Nevada granitoids (Cousens et al.,
2008). In order to test SVC samples for upper arastamination from Sierran granitoids, the
geochemical study of Barbarin et al. (1989) waslu$ae Barbarin et al. (1989) study includes

Sierra Nevada Batholith granitoid samples thail@ated near the SVC (Hetch Hetchy). Ni and
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Cr abundances of SVC lavas were tested for grangssimilation. The SVC samples do not fall
on a mixing array between high magnesium numbe##{(Migure 43 compositions and the
granitoids, as might be expected in the case dfitgid assimilation but they do cover the same
range as the andesitic materib(re 43, b,Figure 44. Sierran granitoids are generally enriched
in Th (>10 ppm) and Rb (>100 ppm) and depletedri(<250 ppm), Hf (<4 ppm) and Ba
(<1500 ppm) (Barbarin et al, 1989, Kistler et 24886). Within the SVC, the andesitic samples
have Zr and Hf patterns that are flat or enrichadi Ba is enriched relative to adjacent REEs
(Figure 35 suggesting there was no end-member interactiaesf there was an interaction we
would see depletions of Zr and Hf. Furthermore ,Bhaebarin et al. (1989) samples are depleted
in Pr, Sm and Tm relative to adjacent REEs whigeeSWC samples have no depletion of Pr, Sm
and Tm relative to adjacent REE. If there was adBon from between the granitoids and SVC
there should be comparable REE patterns which #rereaone. However, there is a linear
correlation between incompatible elements, isotaties, and Si@content for a majority of
SVC samples with the only exception being the iagalinus the scoria). Ratios of Ba/La and
La/Nb are also high in SVC samples; depletions BSH are characteristic of volcanic arcs and
continental crust (Reid & Ramos, 1996).

The proposed isotopic mixing line of Cousens et(2008;Figure 38& Figure 44 defines
a line for melts of lithospheric mantle (Sr = 13fm, Nd = 38 ppnt’SrF®Sr = 0.7070,
143N dA*Nd = 0.5123) and melts of mantle wedge (Sr = 550,p9d = 15 ppm®'SrPeSr =
0.7038,Nd/**Nd = 0.5129) with tick marks showing percentagéthbspheric melt in the
mix. The mixing line suggests the addition of hdgpheric end-member into a mantle melt. The
SVC and the Barbarin et al., (1988) samples parttainform to this line with the only

exception being the basalt units and that the aedd3yd/**Nd values are generally lower than
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Cousens et al., (2008) samples but still followttlead. Using the isotopic analyses of SNB
granitoids sampled near the Tahoe-Truckee areplattthg them with SVC samples, a two
component mixing line is observed (Hetch Hetchy@as) Barbarin et al, 1989). When

13N dA*Nd and®’SrFeSr initial values are calculated @sd andeSr respectively using the
methods of Farmer & DePaolo (1983) the relationdleippveen the basalts and the andesites
shows a two component mixing line is further reedafigure 3@l). Also, Ar-Ar age dates from
the SVC show that the basalts are the youngeseuait though they have the most depleted
mantle compositions which suggests that while tideaitic magmas ascended through thick
stacks of lithosphere (and thus adding isotopidt&rbasalts did not. We conclude that upper
crustal contamination from Sierra Nevada granit@ds factor in the petrogenesis of SVC

andesites.

Second, there is the possibility of crustal contetion from mafic lower crust of the
Sierra Nevada batholith. In general, partial mgltih mafic crust produces felsic melts resulting
from the intrusion of hot mafic magmas (Beard aonégken, 1991; Drummond & Defant, 1990;
Rapp and Watson, 1995). Felsic melts are genezatighed in the LILE and light REEs, and
which have negative Nb and Ta anomalies if rusila residual phase; if melting occurs in the
garnet stability field then REE patterns in thetmedy be steep with high La/Yb and Sr/Y ratios
and no Eu anomaly (Martin, 198&)gure 4@ & b demonstrates the variation of Laf¥dadrite
With YDchondrite SI/YehondriteVS. Yehondrite @Nd Sr/mnwith SiO, for SVC lavas, following
diagrams from Drummond and Defant (1990) that areraonly used to identify melts of mafic
crustal rocks. Plots of SVC samples correspond aiikting Ancestral Cascades Arc (ACA)

analyses. The La/YkondrieWith Ybchonarite PlOt Shows the basalts and andesites forming two
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separate flat trends that stack on top of eachr @Eigure 40b, c). The La/Y bhondrite With

Y bchondrite PlOt should have a negative linear trend moving togh La/Yb versus low Yb
hypothetical dacitic end-member if there was comaton from the lower crust. The Sr/Y

ratios do not increase with silica content in thksit range of the SVC samples (i.e. the
andesites), but instead decrease due to plagidtétenation which also indicates
contamination is not present. In Cousens et @11} the ACA is shown to be on the low end of
the diagrams and so they too do not have the valeesssary to conform to lower crustal
contamination. The SVC does not conform to the Dnamd and Defant (1990) plots. What the
Drummond and Defant (1990) plots indicate with regdo the SVC samples is that they did not
originate within the garnet stability field. We abtmnde that addition of felsic partial melts from

the lower crust is not an important component irC3&vas.
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Figure 40: Plots of SVC map units based on Drummoné& Defant, (1990). A: Chondrite normalized plot ofYb versus
La/Yb, B: Chondrite normalized plot of Y versus Srk, C: Chondrite normalized plot of Y versus SiQ.
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Figure 43: Incompatible element plots of Sierra Neada Batholith (SNB) analyses from the Hetch Hetchgample site
which is near the SVC (Barbarin et. al., 1989). HHH is a tonalite, HH4-1 is an inclusion, HH6a-D isa dyke
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Figure 44: A plot of isotopic Sr versus Nd showinghe roughly linear relationship of SVC samples tohie Sierra Nevada
Batholith Hetch Hetchy samples from Barbarin et al, (1989). This indicates that the SVC andesites wte contaminated
by SNB granitoids.

4.1.3 Geological Model

4.1.3.1 Reclassification of Samples Based on Geochemical and Petrologic Results
The geochemical results and the established migpdmnot correspond well. Therefore

we will reclassify the samples along their petradagnd geochemical properties. This does not
equate into a total re-interpretation of the Sylee& Raines (2007) map since not every outcrop
was sampled but rather to demonstrate the simglifegure of the Sagehen geological map.
Samples were reclassified based on where theyedlatithin the alkali-silica plot; trace element

patterns and isotopféSrf°Sr v. *3Nd/A*Nd (Figure 27 Figure 35 Figure 3@&; Table 3.
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There are three interpreted rock units in the Sh&3alt, basaltic-andesite and andesite.
The andesite is the older unit and is also the mhfferentiated in terms of facies (porphyritic
flows, undivided flows, nonporphyritic, and horntke rich). Basalt in the SVC is young and is
primarily basalt flows. Chemically they are distiand can easily be distinguished as separate
units while still falling under the same categosyfeCA rocks, that is, subalkaline. The andesites
have slight enrichments of Zr and Hf while the Iiasare slightly depleted relative to middle
REE. Primitive mantle normalized Rb is generallgity enriched in the andesites relative to
basalts; only the Tpap (pyroxene andesite flowglpgitic) samples have Rb values
comparable to the basalt. Both basalts and andeseenriched in Pb and Sr relative to
primitive mantle but generally the andesites haliggher relative abundance of Pb while the
basalts are relatively more enriched in Sr. Onia@ftwo mapped basaltic andesites (Tbha) when
evaluated in the previous section appear to besieg@and some map units of basalt, andesite
and one temporally distinct dyke are in fact basalbhdesitesRigure 2. The normalized
incompatible element diagrams reveal this diffaegion as well with the Tha samples having a
distinct convex curve of Sm, Zr, Hf and Eu compaxethe ‘convex flat top’ in the andesites and
the valley in the basalts over the same elemeiggerédigure 3%l). One sample from near a
mapped contact (not at the contact) within the Tgaipis a basaltic andesite which suggests that
the Tba unit is potentially a mixing boundary betweandesite and basalt lava flows. However,
there is no observed evidence of re-melting or tmggvithin the outcrop.

Both basalts and andesites display Ancestral Cascact petrographic and geochemical
properties and appear to be part of a subductibe selated to subduction of the Juan de Fuca
plate. Isotopically®’Srf°sSr v1**Nd/*“Nd plots show three distinct groupings of samphes fall
within the range of the Ancestral Cascades Arc{fE@B6A). The first group is composed of the
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Th, Tbt and Tpap map units; the second group isposed of Tha, Tpan and dyke samples that
plotted as basaltic-andesites on the alkali-sdiegram while the third group is composed of
Tpan and Tha samples that plotted as andesitdwearikali-silica diagram.

Finally, the scoria 10LT-04 is clearly from anotiseiite and not part of the SVC. The
scoria is depleted in Ba and is highly enriche@hrnand does not have a Sr peak; it is also
slightly alkaline. These properties are not pregeany of the other SVC samples and it does
not correspond to spider diagrams of ACA sampléspagh in Harker diagrams of major and
trace elements it does fall within ACA sample rasmged it also follows ACA isotopic trends.
The scoria is fresh and was sampled at the botfamaarry and we propose that it potentially
represents an older arc related volcanic episodehwhay be part of an unmapped/eroded SVC

suite.
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Table 3: Map vs. Chemical (with mineralogical modifers) classification of SVC samples

Sample Map Unit Classification Chemical Sample Clasfication
10LT-01 Olivine basalt (Tb) Olivine bearing calc-alkalinadalt
10LT-02 Olivine basalt (Tb) Olivine bearing calc-alkalinagalt
10LT-03 Porphyritic andesite (Tpap) Pyroxene bearing ctdatime basalt
10LT-04 Porphyritic andesite (Tpap) Alkaline basalt scoria

10LT-05 Porphyritic andesite (Tpap) Olivine bearing calkadihe basalt

10LT-06 Non-porphyritic andesite (Tpan) Andesite

10LT-07 Non-porphyritic andesite (Tpan) Basaltic-andesite

10LT-08 Non-porphyritic andesite (Tpan) Basaltic-andesite

10LT-09 Non-porphyritic andesite (Tpan)| Andesite

10LT-10 Hornblende andesite (Tha) Hornblende bearing atedesi
10LT-11 Basaltic tephra (Tht) Basaltic Volcaniclastic Flow
10LT-12 Basaltic tephra (Tbt) Basaltic Volcaniclastic Flow
10LT-13 Basaltic tephra (Tbt) Basaltic-andesite VolcanittaSlow
10LT-14 Basaltic tephra (Tbt) Basaltic-andesite VolcanittaSlow
10LT-15 dyke Basaltic-andesite dyke

10LT-16 Tpan - non-porphyritic andesite Basaltic-andesite

10LT-17 Olivine basalt (Th) Olivine bearing calc-alkalinadalt
10LT-18 Basaltic andesite (Tba) Basaltic-andesite

10LT-19 Basaltic andesite (Tha) Andesite

10LT-20 Hornblende andesite (Tha) Hornblende bearing atedesi
10LT-21 Olivine basalt (Tb) Olivine bearing calc-alkalinadalt
10LT-22 dyke Basaltic dyke

10LT-23 Non-porphyritic andesite (Tpan) Basaltic-andesite

10LT-24 Porphyritic andesite (Tpap) Pyroxene bearing ctdatime basalt

4.1.3.2 Proposed Model: A Stratovolcano Complex Similar to Lassen
The proposed geologic model for the SVC is a si@dt@no complex similar to the

Lassen Volcanic Centre. The primary reasons feriiodel being proposed is that

stratovolcanoes are common within the Cascade® rand are commonly associated with
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abundant basaltic-andesite shield volcanoes. Funttre, the SVC is not characterized by low
viscosity basaltic lava flows similar to a Hawatigipe shield volcano or by large volumes of
scoriaceous material that one would associate avgimder cone. The SVC is dominated by
layered viscous lava flows of andesite, basaltaesite, basalt and volcaniclastic deposits which
are generally associated with a stratovolcanor@&®tolcano begins to develop when thin lava
flows of basaltic andesite to dacite are erupted@lwith pyroclastic flows; during this period,
lithologies and compositions are heterogeneousft@y1990). Later stages of stratovolcano
formation are dominated by the eruption of thickldogeneous lava flows of silicic andesite to
dacite (Clynne, 1990). Hydrothermal systems cloghé¢ core of the main cone are also
common with their primary heat source being thieisimagma system (Clynne, 1990).
Hydrothermal alteration can encourage fluvial alatigl erosion of the central cone resulting in
the outer rim of the volcano, which is composethafk cone-building lavas and flanking silicic

rocks to be selectively preserved which is the easeassen (Clynne, 1990).

4.1.3.3 Andesite Map Units
Tpan-Pyroxene andesite, nonporphyritic & Tha-Basalhdesite flows

- Reclassified: Pyroxene bearing calc-alkaline asitie

Thepyroxene andesitéA) unit is the lowermost andesite unit withie t8VC and is
also the most extensive in terms of exposed out@epographic observations show that PA is a
porphyritic pyroxene andesite with flow bandingidlalkali silica plots of PA samples fall into
the subalkaline andesite field. REE plots showgtlaws a concave-up trend (steep LREE slope
transitioning to a flat HREE slope) and has enriehts of Ba, Zr, and Hf. When PANd/ *Nd

versus’'Srf°Sr values are normalized with CHUR/UR model mawdlieies they plot within the
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+eNd/+eSr (0-1, 0-3) quadrant indicating that the basaltidesite samples represent a
transitional phase between a depleted mantle coemp@mnd an enriched crustal component. The
level ofeNd andeSr enrichment within the PA samples indicates thatmelt was not as

evolved compared to the andesites but was moreeydhan the basalts in terms of
incorporating crustal Sr. Pb isotopic values alsmnsPA incorporates enriched crust. The unit
PA potentially represents a slow cooling and viscextrusive phase in the SVC. The level of
enrichment within the pa samples indicates thatriet was more highly evolved suggesting
that this unit was not the first eruptive unitlnetSVC since one assumes lavas with a less
evolved character should be erupted first be edufitst given the general evolution of volcanic
centres and that the Volcaniclastic Flow (Tbt maj)icontains clasts of older volcanic units

with less evolved characteristics from the geocksamresults.
Tpap-Pyroxene andesite flows, porphyritic — Redli@gks Pyroxene bearing calc-alkaline basalt

Thepyroxene basalfPB) unit represents the upper portions of thenTipap unit within
the SVC according to previous mapping. Ar-Ar agéndgplaces the PB unit within the 5.65 Ma
timeframe; this has been inferred to be the timemdil other andesite units were emplaced as
well. Petrographic observations show that PB ismlpyritic pyroxene basalt with phenocrysts
of plagioclase and pyroxene and flow banding. Ndized incompatible plots show PB follows
a concave-up trend and has enrichments of Ba guidtaas of Zr, and HfFigure 33.
Furthermore, incompatible element plots show tlilasRares more characteristics similar to the
OB (olivine basalt) unit especially in terms ofeérichment compared to Pb (Sr>Pb unlike in all
other andesite and dyke units where Pb>Sr) andrthe@d Hf depletions. Isotopically, PB

follows trends similar to OB and follows a two-cooment"*Nd/*Nd versu€’Srf°Sr mixing
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line similar to Cousens et al. (2008) with onlyklly lower***Nd/**Nd values. When PB
NdANd versud’SrFPSr values are normalized with CHUR/UR model mawdleies they

show samples that have a depleted signatureN#2—-9¢Sr) with a slight enrichment of

isotopic Sr and depletion of Nd compared to OB damgPb isotopic values also show PB has a
more depleted mantle signature similar to OB. Tyx®¥Xene Basalt potentially represents a slow
cooling and viscous extrusive phase in the SVC.I&hel of enrichment within the PB samples

indicates that the melt was not evolved compardtdandesites.
Tpan-Pyroxene andesite, nonporphyritic & Tha-Basalhdesite flows
- Reclassified: basaltic andesite

The Tbha map unit is a poorly defined boulder fieldhe southeast of the SVC but four
samples of Tpan and one Tha sample have basalsitsandbaracteristics based on geochemical
data using the total alkali-silica plot. These Bas&ndesite (BA) samples petrographically are
porphyritic with pyroxene and plagioclase phenotsysd minor foliation. Incompatible
element plots show BA follows a concave-up trend lazs enrichments of Ba, Zr, and Hf and is
overall similar topyroxene andesiteace element patterns. Isotopically, BA followsva-
component*Nd/*Nd versu$’Sr°Sr mixing line similar to Cousens et al. (2008)hnginly
slightly lower**Nd/*Nd values. When BA*Nd/**Nd versu$’SrP®Sr values are normalized
with CHUR/UR model mantle values they show samfilas have an enriched-lithospheric
signature (¢Nd) with an enrichment of isotopic Sre3t) indicating that melts passed through
thick lithosphere; théasaltic andesités more relatively enriched in continental arathiae
pyroxene andesitehich is somewhat counter-intuitive given that biasaltic andesitghould be

less evolved. Pb isotopic values also show BA ipomates enriched lithosphere. Tieesaltic
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andesitesamples show that the Tpan map unit has potentzéral variability in its

composition or is composed of multiple unmappedsuti is therefore difficult to resolve the
basaltic andesite’place in the stratigraphic order (i.e. did it cobsdore or after the ‘true’
andesites in the Tpan unit). What is certain i$ tih@basaltic andesités an extensive and thick
unit: there is no strong flow banding in these sl@spnd phenocryst sizes are small indicating a

viscous and fast cooling lava compared to the gifiezxene andesites
Tha-Hornblende andesite flows — Reclassified: hizmibe bearing andesite

Thehornblende andesit@HA) unit is the uppermost unit topographically and
stratigraphically (based on Sylvester & Raines,7J0Betrographic observations confirm that
HA is a phenocrystic hornblende andesite. Incorbpaglement plots show HA follows a
concave-up trend similar to PA and has enrichmeihBa, Zr, and Hf. Isotopically, HA lies on a
two-component®Nd/*Nd versu€’Srf°Sr mixing line similar to Cousens et al. (2008)hwit
only slightly lower***Nd/**Nd values. When ThH*Nd/**Nd versu$’SrFf°Sr values are
normalized with CHUR/UR model mantle values theyeéhan enriched mantle signature (-1
eNd, +5&Sr) indicating that melts passed through thiclolbhere. Pb isotopic values also show
HA is a mixture of depleted mantle and enrichdubbiphere. Thaornblende andesitenit

potentially represents a slow cooling moderatesgous extrusive phase in the SVC.

4.1.3.4 Pyroclastic Flow
Tbt- Basaltic tephra — Reclassified Volcaniclagioov

Thevolcaniclastic flow(VF) unit contains clasts that Ar-Ar age datinggads at 6.25 Ma.
Since the Ar-Ar date only represents the clasthiwithe pyroclastic flow, the matrix of basalt is
most likely closer in age to the underlying andesihit (Tpan) and it is potentially cross-cut by
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a dyke (the dyke is in contact and cross cuts tidesite map unit Tpan) but the matrix needs to
be tested to prove this. Petrographic observatonirm that VF is a volcaniclastic unit. The
volcaniclastic flow is not pumice or ash rich aras harge boulder sized fragments that are a
result of volcaniclastic down slope movement intirgathat we are looking at the bottom of the
unit. In terms of REE abundances, the VF unit sasipave compositions more in line with the
andesite units. Geochemically and isotopically,rttegrix (basalt) rich samples of VF follow
trends similar to the OB unit while the clast (asith rich samples follow andesite trends. The
deposit is, at least in part, slightly younger tttze clast age. However, some clasts had radial
cooling joints suggesting that part of the unit wwas when deposited. There is no clear upper
time constraint to the VF unit. The VF unit coulotgntially represent a dome collapse occurring
after the eruption of the andesite unit but in orfde this to be possible the clasts and the matrix

of the flow would have to be homogeneous whiclhoisthe case.

4.1.3.5 Dykes
The dykes crosscut the volcaniclastic and aremnedeto underlie the Tpan andesite units

(the dyke on the north shore of Independence Laikelow a cliff of Tpan) and could

potentially be the youngest units in the SVC bntsino multiple contact relationships have
been observed we can only conclude that they aregey than the andesitic units.
Geochemically the dykes are similar to Tpan basalidesites except for their elemental
abundances of Sr (&Pb); isotopically they are similar to Tpan sampldse level ofeNd/eSr
enrichment within the dyke samples is similar t biasaltic andesite samples and indicates that
the melt was a more transitional phase in the SM@.dykes are more basaltic geochemically
but are more similar isotopically to the Tpan aneeghis could possibly mean that the dykes
are feeders to the Tpan map unit.
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4.1.3.6 Basalt
Tb-Basalt flows — Reclassified: olivine bearingazalkaline basalt (OB)

Olivine basalt flows overly the andesites andxiemesive in the topographically lower
portions of the north-eastern area of the SVC. Adating indicates that the OB unit is 4.41 Ma
making the basalt the youngest major rock unittdgeaphically, thelivine basaltis primarily
aphanitic and flow banded with minor vuggs indicgta partially volatile and viscous extrusive
flow that followed topography. Geochemically, thevine basalthas fractionation patterns that
do not favour extensive pyroxene fractionation (@€@D; vs. silicaFigure 29. Incompatible
element patterns show that the basalt follows aecsimilar to thgoyroxene basaltbut Pb
values are more highly variable (one basalt satmgdea depletion of Pb) and Y also has minor
enrichments compared to the andesite samplespisatly, the OB samples displayid

versuseSr depleted signature (+3Bld and —11-1GSr).

The OB samples also follow a two-component mixnegd with the other SVC samples
within this plot.2°Pb/**Pb versus®Pb/*Pb plots of OB samples show the basalts plot dimse
the NHRL line. In"*3Nd/*Nd versug€’Srf®Sr plots the Th samples do not follow the mixing
line proposed in Cousens et al. (2008) since t&iid/**Nd values are too low, but ignoring the
linear mixing line the OB samples fit well on a ymdmial curve with the previously studied
Tahoe/Truckee arc samples of Cousens et al. (26@8gvolved SVC samples and the Sierra
Nevada Batholith samples from Barbarin et al. (3988eolivine basaltpotentially represents a
fast cooling moderately viscous extrusive phagtenSVC. The OB samples indicate that the

melt was derived from a highly depleted sourcegssting that this extrusive phase did not
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interact with thick continental lithosphere. Giviiat the basalts are the youngest rock units
within the SVC (dated so far) and older units havaore enriched signature its seems likely that
theolivine basaltunit was a product of rifting, potentially as &gursor of Basin & Range

extension (which began at ~3 Ma).

4.1.3.7 Summary of Geologic events within the SVC
Subduction activity in the Mesozoic led to the uision of the major granitic batholiths,

notably the Sierra Nevada batholith. During thealoaide orogeny (Late Cretaceous to middle
Eocene) arc volcanism ceased in California and deewveéhich allowed the Sierra Nevada
batholith to be exposed through erosion. The catifee cessation of arc volcanism is believed
to be the result of shallowing of the dip of thadule Fuca/Farallon plate (Dickinson & Snyder,
1979). The shallowly dipping Juan de Fuca slabadletd and subsided from the overlying
continental lithosphere along a roughly north-sdtghd in Washington and Oregon which is
believed to have resulted in the resumption ofvatcanism in the Sierra Nevada Ancestral
Cascades by ca. 40 Ma (Christiansen and Yeats)1d8%ever, the Juan de Fuca slab
remained attached near the trench through Caldomihere magmatism did not resume until
much later (Cousens et al., 2008). Some formafpeobably separated steep- and shallow-
dipping slabs near the California-Oregon borderugms et al., 2008). The foundering slab
beneath California pulled both southward and soa#itward, with a significant component
toward the trench, in an apparent slow attempétestablish steep subduction (Cousens et al.,
2008). The last westward step at ca. 3 Ma fronTtifeoe area to Lassen Peak most likely
reflects the latest foundering and/or steepenirth@slab (Cousens et al., 2008). The SVC,
given Ar-Ar dating would thus enter this model lne t~6-4 Ma time frame, just prior to the final
steepening of the Juan de Fuca slab. From our shigmive can see the distinct subduction and
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ACA signature in the SVC samples so this in itsekés not contradict Cousens et. al. (2008).
However, the interpretation of the Miocene—PliocAneestral Cascade arc in the Sierra Nevada
has been controversial. Lipman (1992), and Dickin&®02, 2004, 2006) indicated an arc along
the length of the northern and central Sierra Navddting much of the middle and late

Cenozoic.

The volcanic units within the SVC describe alteimgiperiods of volcanieNd/eSr
compositions; instead of a straight continuous @vah of volcanic units. Given the petrography
of the rock units, especially with regards to tlyeoplastic flow and the lack of ash/pumice
deposits the Sagehen study area does not repeedetal deposition centre but a volcanic
centre near the stratovolcano. The volcanic uméglack successions of crystalline, non-
fragmental andesite and basalt that are primadipdgeneous in terms of REE patterns and
mineralogy (amphibole-pyroxene-plagioclase) sudagshey represent a later stage of strato-
cone flank deposits. There is no major structuefbamation, chemical alteration or
metamorphism within the SVC, indicating that the(Sig part of the outer cone of the volcanic
complex where there would be no hydrothermal sysfdra only defining macro scale structure
is distinct continuous flow banding that follow®ttopography. From the Ar-Ar age dates we
know that the clastic units comprising the volcéastc flow are >6.25 Ma and incorporate
several rock types indicating that there was &thigccession of basaltic and andesitic volcanic
material that no longer exists in outcrop withie 8VC. The subsequent inferred 5.65 Ma period
of extrusive volcanism (Ar-Ar dating of the Tha tyrwas characterized by emplacement of the
depleted pyroxene basalt unit followed by the lasahdesite and pyroxene andesite units and
then finished by the Tha unit. The last dated wuilcactivity was the extrusion of depleted

olivine basaltic lava flows. The work of Hildrethé&Moorbath (1988) showed that Andean style
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subduction has enrichments of LILE and LREE, th€€3Wd Tahoe-Truckee region arc lavas
also have similar LILE and LREE enrichments relatio REE abundances. In this instance, it is
felt that a subduction character exists in the $¥@ that geologically it developed in an Andean
style subduction zone setting with a shallowly dngpslab similar to the Tahoe-Truckee region
arc rock suites sampled by Cousens et al., (208 5#offers, (2010). Given the style of erupted
units and the similarity with the geologic develaarof Lassen as described by Clynne, (1990)
we conclude that the SVC represents a heavily ertate-stage Lassen-style stratovolcano
because of the thick viscous homogeneous andastiidasaltic units that appear to represent
Flank lava flows and the LILE & LREE enrichmentgitsal of a subduction zon€igure 45.
Furthermore, the disequilibrium textures seen istnab the samples indicates that the melts
were derived from a ‘magma reservoir’ since thesgéures, in order to develop, would need
degassing, magma mixing and prolonged crustal dasiom which is what a magma reservoir

can provide.
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Figure 45: A simplified model of SVC lava setting rodified from Strong and Wolff, (2003) (base imagesatkken from
Geomar.de and modified/redrafted) which is based othe Modern Cascades. The lines through the crusepresent
simplified Basin and Range faulting. SVC lavas werderived from hydrous calc-alkaline magmas. The anesitic rock
units were emplaced first relative to the analyzethasalts. The andesites are relatively more enrichdd crust than the
basalts indicating they passed through thick unit®f crust relative to the basalts which is supportedby the thick
recrystallized hornblende rims of the hornblende adesites. What is interesting to note is that MORBIntraplate, and
LKT magmas have little to no influence within the &C while in the Modern Cascades they are present.his implies

there was some factor preventing their influence.
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4.2 SVC versus Ancestral Cascades and Young Volcam in the Western Great
Basin
Sagehen Volcanic Centre lavas are in general dkahvad and depleted in incompatible

elements with low concentrations 0$®, Ba (fairly high LILE), the rare earth elemeraad

high field strength elements compared to young <3pdst-arc rocks. SVC basalts and andesites
overlap compositionally with andesites of the ArtiidsCascades and specifically with samples
from previous studies of comparable age. When SM@pges are normalized to primitive

mantle, their incompatible element patterns arelyéentical to those of Ancestral Cascades
arc lavasFKigure 4¢. Therefore the SVC appears to have a subductiated signature and is

considered to be part of the ACA.

4.2.1 Post-Arc Comparisons
The Tahoe-Truckee Volcanic Field (TTVF) overlies thncestral Cascades Arc and

reflects volcanism after the subducting Juan dexlsletb migrated north past Lake-Tahoe. Most
TTVF lava groups show strong enrichments in mosbmnpatible elements over Ancestral
Cascade volcanic rocks (Cousens et al., 2011)eldmeents with the strongest enrichments are
the HFSE Nb, Ta, Hf and Zr, followed by BazXand the light- to middle- rare earth elements.
Bald Mountain, Truckee River, and Tahoe City floave particularly enriched inJ0 and BOs,
given their low SiQ contents, and these groups are also stronglytetim Nb and Ta
demonstrates the enrichment in Nb relative to &b and Th (Cousens et al., 2011). All
TTVF groups, except the Dry Lake flows, are up toves richer in Nb at a given Zr content
than Ancestral Cascade arc volcanic rocks (Couseals, 2011). TTVF lavas have lower Ba/La,
Th/La, but higher Ce/Pb and La/gmthan most Ancestral Cascade lavas. Overall, TTV&da
include less of a young subduction component thaceatral Cascade lavas. Bald Mountain and

Truckee River flows consistently have high Ce/Pb/ D, but low Ba/La; although Tahoe City
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lavas also extend to high Ce/Pb. Carnelian BayGardon Range lavas appear to have a larger

subduction signature (Cousens et. al., 2011).

The observed enrichment in incompatible elementsenT TVF only rarely correlates
with changes in isotopic composition (Cousens.eRfll1). Within the TTVF array, Tahoe City
and Bald Mountain lavas show better intergroupedation, but the Truckee River and Carson
Range groups are variable (Cousens et al., 20h&) Carnelian Bay group shows little variation.
There is no correlation between Nb enrichment (Nt)l isotopic composition (Cousens et al.,
2011). Similarly, Ce/Pb does not co-vary witflPb?*Pb. Th/ La shows a weak negative
correlation with Pb isotope ratios (Cousens et28l11). It is apparent that changes in
incompatible element signatures mark a decreageiproportion of a subduction component in
TTVF lavas compared to Ancestral Cascade arc vadcacks—are not accompanied by a
consistent or distinct change in mantle sourcemotcomposition (Cousens et al., 2011). The
only isotopic distinction between Ancestral Cascadeé TTVF lavas is that the younger suite
sits at the highi’SrP°Sr, 2°Pb/**Pb and low*3Nd/**Nd end of the Ancestral Cascades data
array (Cousens et al., 2011). The Ancestral Cascdala set is modeled by mixing of melts
derived from the mantle wedge and enriched, submiuchodified lithospheric mantle (Cousens
et al., 2008). Based on this model, the lithosgherantle source dominates the isotopic
character of TTVF lavas, but melts are not asincjpung subduction components compared to

Ancestral Cascade arc melts.
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4.2.2 Comparisons with Modern Cascade Arc volcanism
Paleo-reconstruction of the Juan de Fuca slabateidhat a continental volcanic arc

should have been present along the northern S\Evada in the Miocene and Pliocene
(Cousens et al., 2008). Dickinson (1997, 2006)rretkto this volcanic activity as the Ancestral
Cascades arc that extended from British Columhighsim the California-Nevada-Arizona state
boundary intersection at 15 Ma. Modeling of the sroent of the trailing edge of the Juan de
Fuca plate relative to North America shows thabig moved progressively northward over the
past 20 Ma, leaving a slab window in its wake (Ava Stock, 1998). The south edge of the
subducting Juan de Fuca slab reached the latituideke Tahoe at ca. 6 Ma and is now
(presently) stalled just north of the lake at ~38.fBenz et al., 1992). The slab edge is south of
the Lassen volcanic field, the generally acceptedihgern end of the active Cascades arc
(Clynne, 1990), perhaps as a result of the higlagrhented Gorda plate being dragged
southward into the slab window (Benz et al., 1998hcene—Pliocene volcanism in the Tahoe-
Reno region broadly resembles modern south Casadcknism in terms of geology and
petrology notably the andesite and basalt flonthefSVC. Due to the northward migration of
the Juan de Fuca plate edge, Miocene—Pliocene stitmlwelated volcanism should have
progressively ceased as it moved northward in gastalifornia and western Nevada if the
dominant process responsible for volcanic actisgtghe loss of fluids from the subducted slab

(Cousens et al., 2008).

4.2.2.1Field and Petrographic Characteristics
There are both similarities and differences betwedoanoes of the modern south Cascades

(Lassen, Shasta) and the Ancestral Cascade lavias 8V C. In the field, both the modern south

Cascades and the Tahoe-Reno region include volcamplexes composed of both
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volcaniclastic rocks (and debris flow and/or latieposits, ex: the Tbt map unit in the SVC) and
lava flows (Tpan, Tpap, Tb; Cousens et al., 2088uth Cascade andesites are commonly
plagioclase-clinopyroxene-hornblende porphyriticiam like lavas of the SVC. Furthermore,
within some areas in the Tahoe-Reno region, honalaenineralization has a ring of
recrystallized fine grained hornblende which wew#hin the SVC as well. Finally, the SVC
lacks felsic pyroclastic or rhyolitic flows thateacommon, although volumetrically minor, in the

Lassen region (Cousens et al., 2008).
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Figure 46: Comparison of primitive mantle normalized incompatible element plots for SVC samples agaibh&ncestral
and Modern South Cascades incompatible element rarg.

4.2.2.2 Trace Element and | sotopic Contrasts
Modern south Cascade basalts and Tahoe-Reno r8YiGnhafic lavas show large

differences in incompatible element characteriqiagure 4§. Although some overlap exists and
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patterns are similar in shape, many modern Cadzashdts have lower abundances of the more
incompatible elements but similar abundances oh#day REEs to the ACA and SVC (Cousens
et al., 2008). The higher incompatible element a@lamces in Tahoe-Reno region lavas is also
consistent with the model of Putirka and Busby @0@ho showed that Miocene—Pliocene
Sierran lavas are derived by lower degrees ofglartelting than Lassen area lavas. In
particular, Tahoe-Reno lavas (including SVC) amnechied in Ba, Th, Pb, and Sr relative to
modern Cascade lavas. Figure 36 demonstrates tia¢iaa in Sr relative to P at a given
87SrPSr in Tahoe-Reno region basalts compared to otmaltic rocks of the western United
States. At Lassen Peak, SkRis interpreted to reflect variable slab-derivaddladdition to the
mantle wedge: lavas with low Spi2 were interpreted as melts of unmodified mantleyeed
peridotite, whereas lavas with high SHRimply melting of hydrous, Sr-enriched,
metasomatized mantle peridotite (Borg et al., 1987Rm, also correlates with trace element
ratios, such as Ba/Nb, that are also sensitiveiid &ddition from the subducting slab. At
Lassen, lavas with lo/SrP°Sr have high SriR., suggesting that slab-derived fluids have mid-
ocean ridge basalt (MORB)-like Sr isotope ratiosereas lavas with highiSr°Sr have low
Sr/Rymn, consistent with melts from an enriched, intraplaiantle source but trace element
patterns do not correspond (Cousens et al., 2008) Sr/Bmn plots of SVC basalts also fall
within the range of South Cascades basalts. No-&igimina olivine tholeiite (HAOT) or Low
Potassium Tholeiites (LKT) have been found in aalganic sequences in the Tahoe-Reno
region including the SVC (Cousens et. al., 2008 HAOTs and LKTs represent melts of
unmetasomatized lithospheric mantle (but some eae kiery low?’Srf°Sr) or asthenosphere
which potentially means that arc volcanism occubyefbre the subducting slab detached from

the North American plate (Bacon et al., 1997; Coss al., 2008). This is a significant
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geochemical difference between Miocene—Pliocen@@dteno region lavas and volcanic rocks

of the modern south Cascades.

4.2.3 Potential Basin and Range Extension in the &2
One of the questions that arose during our samplinthe Sagehen property was whether

the Tb basalts, the youngest dated rock unit, chaleé been associated with Basin and Range
extension. Our initial reasoning for this was #ige of the basalts (4 Ma, Basin and Range
Extension would have begun at 3 Ma), their strapic position with relation to their less
evolved character (they overlie evolved andesitieighwvis counter to standard volcanic
successions) and their topographic position bemthe eastern flank of the property similar to
Lassen volcanic centre extension related volcanisnarder to evaluate our theory we have
compared our basalt samples to samples analyzempséy that have been suggested to be
associated with Basin and Range extension. Thesplesa are from the Boca Reservoir, Ellis
Peak, Squaw Peak and Henness Pass (Cousen2808|. Saucedo & Wagner, 1992). The
historic samples when compared to the SVC basadthighly similar and display the same
relative abundances in the major oxides, and irriee elements as well except: Sc is twice as
abundant in SVC basalts than in the historic sasnpiel Cr abundances are less than half in the
Ellis peak and Boca samples when compared to the &\d Squaw peak samples. Isotopically,
the SVC and Historic samples fall along the same élmost perfectly (Figure 47). Therefore, it
seems possible that the eruption of SVC basaltlsl¢t@myve been influenced by Basin & Range
Extension. However, the SVC basalts displays teasge similarities and overall trends with
other ACA samples (albeit to a lesser degree), gvelistoric samples associated with Basin &

Range Extension show evidence of crustal assimilatihich is curious as this would mean fast
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rising basaltic melts dues to rifting would beeatd assimilate that much isotopic Sr from the

crust.
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Figure 47: A plot of isotopic Sr versus Nd showinghe linear relationship of SVC basalt samples to ber ca. 4-5 Ma
basalt samples associated with Basin & Range Exteos.

5. Conclusions
This study has shown that volcanic rocks of theeBag Volcanic Centre in the Tahoe-

Truckee region are calc-alkaline basalts througteartes and range in age from 6.25-4.41 Ma.
Volcanic edifices are lava flows or blocky volcdagtic flows that have a dominant plagioclase-
pyroxene-hornblende phyric composition. The mom@ed andesite units show strong evidence
of interaction with Sierra Nevada Batholith gramdsosuch that major element characteristics,
incompatible element ratios, and isotope ratios igr& Pb) all covary with increasing

SiOy,while depleted basalts and the andesite porpbyirtit (Tpap) are less affected. The source

for SVC lavas appears to be calc-alkaline meltslpced from mantle wedge peridotites.
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Isotopic evidence shows that the volcanic unitheSVC follow a linear two component
mixing trend between lithosphere (Sierra Nevadan{&a) and mantle wedge but this trend is
not temporally linear with the volcanic units pulgibetween crustal and mantle wedge
compositions. The non-porphyritic pyroxene andasitié Tpan displays a primarily basalt-
andesite geochemical trend (except for two samplegyeas the Tba unit (mapped as a basaltic
andesite) is actually an andesite. Furthermorediequilibrium textures seen in most of the
samples indicates that the melts were derived itomagma reservoir’ since these textures, in
order to develop, would need degassing, magma midd prolonged crustal assimilation
which is what a magma reservoir can provide. T&isted timeframe of the units supporst this
assertion as well since we can easily distinguigktal contamination. The SVC basalts also
have isotopic compositions and major oxide ancetedement abundances similar to previously
sampled ca. 4-5 Ma basaltic volcanic rocks in tlea &dut the differences in age and location
suggest these samples may share a similar sourcetoa similar eruptive centre. Likewise, the
eruption of the basalts could potentially be theulieof Basin and Range extension in the area
given the similarity of the SVC basalts to histaamples believed to be associated with the
Basin and Range province and the restricted agfeedbVC samples which allows us to see
specific processes. Finally, the SVC displays geothal and petrographic similarities to the

Lassen volcanic centre leading us to concludetbiga&VC was potentially a stratovolcano.

At the beginning of this thesis, we brought forwtrd idea that a better understanding of
Ancestral Cascades Arc volcanism can help us héettar understanding of modern processes
and future events within the Cascades. From thidysive can glean the following: that if current

plate motions remain the same in the Juan de Hate pn equivalent SVC/LVC style volcanic
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centre will potentially develop within the Cascade®regon when the southern edge of the
Juan de Fuca plate passes through the state aifiganiyears from now.
5.1 Further Work

The stratigraphy within the SVC is still poorlydarstood making a drill program and the
study of drillcore an important next step in thelerstanding of the volcanic assemblages. The
presence of the 6.25 Ma volcanic clasts withinTtheunit suggests that the SVC is more
extensive than previously thought. This observalgals us to recommend more geochronology
of the volcanic units within the SVC and reconnag=® further to the east and north of the SVC.
Furthermore, within the southern outcrops of Theadhwas a strong magnetic anomaly that
distorted compass navigation. Samples from that lbael a preponderance of Fe minerals within
them as well. The magnetic anomaly could represe@ainductor that could be an indicator for a

mineral deposit thus making the SVC a likely caatidor a geophysical survey.
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Appendix 1: GPS Locations of Samples

Sample Latitude N Longitude W
10LTO1 39.44923 -120.236
10LTO02 39.45874 -120.246
10LTO3 39.4543 -120.264
10LTO4 39.47298 -120.251
10LTO5 39.47298 -120.251
10LTO6 39.4354 -120.267
10LTO7 39.42547 -120.312
10LTO8 39.42645 -120.312
10LTO09 39.41343 -120.319
10LT10 39.41334 -120.32

10LT11 39.41895 -120.323
10LT12 39.41901 -120.323
10LT13 39.41925 -120.323
10LT14 39.41813 -120.324
10LT15 39.41791 -120.324
10LT16 39.43918 -120.219
10LT17 39.44403 -120.209
10LT18 39.40917 -120.24

10LT19 39.41822 -120.239
10LT20 39.41339 -120.253
10LT21 39.44035 -120.205
10LT22 39.43693 -120.327
10LT23 39.44649 -120.312
10LT24 39.44351 -120.221
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Appendix 2: Major and Trace Element data

Analyses above Tigare XRF results from Ottawa U; below is from O&®P|

Sample 10LTO1 10LTO02 10LTO3 10LTO4 10LTO5 10LTO06 1007 10LTO8 10LT09
Map Unit Th Tbh Tpap Tbh Tbh Tpan Tpan Tpan Tpan
SiO, 51.55 52.8 50.95 50 52.55 58.41 55.47 55.43 60.1
Al,O3 16.22 17.02 15.9 18.12 15.74 17.39 19.67| 16.75 817.8
CaO 9.95 10.33 9.84 6.44 9.95 7.03 7.15 5.89 6
K,0 1.145 1.105 0.921 1.818 1.11 2.164 2.088 1.802 1.81
MgO 6.88 7 6.82 2.97 7.37 3.63 2.33 2.2 2.53
MnO 0.166 0.173 0.155 0.138 0.152 0.116 0.099 0.121 140.1
Na,O 247 2.58 251 2.93 2.34 3.2 3.42 3.58 3.71
P,0s 0.218 0.216 0.165 0.325 0.145 0.195 0.274 0.203 0.2
Fe,05(T) 9.241 9.626 9.268 9.159 9.302 6.759 6.411 6.197 325.9
Zn 73 83 84 89 78 76 74 81 77
TiO, 0.801 0.835 0.745 1.033 0.708 0.656 0.753 0.55 70.52
Ba 402.9 374 363.2 150.1 374.8 1057.9 1168. 1162{1 06.31
Be 0.78 0.76 0.69 1.33 0.68 1.11 1.23 1.11 1.09
Bi 0.024 0.024 0.033 <0.009 0.08 0.075 0.1 0.03 0.02
Cd 0.13 0.3 0.16 0.15 0.11 0.15 0.13 0.11 0.13
Ce 30.1 33.12 23.94 63.13 25.85 48.91 57.24 39.8 143.3
Co 35.2 39.6 38 26.8 374 20.7 18.8 16.2 14.1
Cr 206 219 212 36 287 92 30 39 <24
Cs 0.25 0.4 0.29 1.7 0.37 1.92 1.81 0.7 0.96
Cu 69 54 140 152 92 64 114 23 17
Dy 4.34 4 2.88 5.79 3.01 3.81 4 2.69 3.16
Er 2.65 241 1.65 3.27 1.82 2.29 2.33 1.6 1.87
Eu 1.42 1.38 1.04 2.11 1.05 1.18 1.34 1 1.1
Ga 18.58 21.65 18.97 21.17 18.57 18.56 21.21 19.4% 1320.
Gd 4.61 4.19 3.2 6.83 3.18 4.21 4.5 3.01 3.46
Hf 2.48 2.59 1.74 4.14 1.93 4.55 4.47 3.19 4.25
Ho 0.91 0.82 0.58 1.14 0.62 0.77 0.8 0.55 0.63
La 16.4 15.03 11.78 34.96 12.57 25.2 28.1 20.41 21.4
Li 75 9.1 8.5 12.9 8.1 15.2 14.2 17.7 135
Lu 0.37 0.35 0.23 0.45 0.27 0.33 0.34 0.25 0.28
Mo 0.42 0.67 0.66 1.45 0.71 1.99 2.12 1.14 1.73
Nb 2.82 3.25 2.39 5.07 211 6.23 6.85 5.25 5.4
Nd 20.92 19.88 15.42 39.69 15.14 24.9 29.02 19.12 920.8
Ni 31 34 48 21 43 29 24 19 6
Pb 2.8 4 5.4 10.4 7 9.9 13.6 10 7.6
Pr 4.65 4.58 3.47 9.43 3.53 6.25 7.33 4.95 5.32
Rb 13.64 14.04 12.42 48.38 14.22 58.17 60.13 46.59 79%4.
Sb 0.21 0.28 0.33 0.42 0.15 0.49 0.54 0.55 0.48
Sc 41.9 46.8 40.1 30.1 45.3 23.5 18.4 14.8 12.9
Sm 4.53 4.52 3.42 8.08 3.42 4.91 5.62 3.69 4.14
Sn 0.93 0.95 0.72 1.82 0.8 1.18 1.26 0.91 1.12
Sr 847 1000 879 643 663 559 731 641 614
Ta 0.2 0.2 <0.2 0.3 <0.2 0.3 0.4 0.3 0.3
Tb 0.671 0.639 0.467 0.956 0.476 0.614 0.647 0.439 160.5
Th 2.21 2.38 1.86 8.49 3.83 5.52 6.58 3.46 3.93
Ti 5077.4 5871.14 4764.21 6272.61 4381.8 3872.51 4760, 3231.65 3500.36
Tl 0.06 0.04 0.03 0.05 0.05 0.24 0.21 0.17 0.26
Tm 0.38 0.359 0.24 0.467 0.269 0.333 0.338] 0.234 0.27p
U 0.93 0.91 0.77 2.81 1.45 2.24 2.66 1.27 1.59
\Y 290.76 329.7 301.27 276.08 304.47| 176.19 210.9 .3823 129.28
w <0.5 <0.5 <0.5 0.52 <0.5 0.51 0.64 <0.5 <0.5
Y 28.27 24.01 17.56 33.22 17.24 23.24 23.85 15.93 1918.
Yb 2.382 2.292 1.517 2.94 1.747 2.128 2.213 1.59 1.77
Zn 79.57 97.1 90.5 94.05 81.26 75.9 78.23 80.83 86.6[L
Zr 92 97 64 162 71 188 186 132 181
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Sample 10LT10 10LTO011 10LTO012 10LT013 10LT014 10LTGa 10LT016 10LTO17 10LT018
Map Unit Tha Tht Tht Tht Tht dyke Tpan Tb Tha
SiO, 60.71 49.38 47.92 56.6 55.74 53 55.4 51.5§ 59.08
AlL,Oqy 18.24 17.12 16.41 18.36 18.63 18.27 18.23 16.35 6517.
CaO 5.65 10.53 10.47 6.36 7.43 8.29 7.65 10.24 6.15
K,0 1.969 1.208 1.185 2.432 1.355 1.597 1.392 1.12 232.3
MgO 1.95 5.97 6.26 2.39 3.58 4.31 3.76 6.79 2.97
MnO 0.128 0.126 0.132 0.09 0.136 0.148 0.139 0.16 90.11
Na,0 3.57 2.62 251 3.46 3.34 2.73 3.29 245 3.36
P,0Os 0.251 0.193 0.189 0.271 0.207 0.197 0.228 0.21 210.2
Fe,04(T) 6.185 9.551 9.266 5.608 7.651 8.272 8.144 9.43 264
Zn 89 76 74 78 92 84 91 80 84
TiO, 0.554 1.037 0.998 0.675 0.651 0.807 0.735 0.81 240.6
Ba 1123.6 469.8 474.4 1043 776.2 671.2 780.9 368. 6.804
Be 1.29 0.71 0.73 1.23 0.94 0.83 1.06 0.66 1.2
Bi 0.015 0.016 0.036 0.032 0.084 0.11 0.11 0.018 0.085
Cd 0.18 0.13 0.17 0.14 0.13 0.18 0.14 0.14 0.17
Ce 46.61 30.86 30.29 44.38 37.75 36.97 41.87 29.36 6951,
Co 11.8 37.8 38.1 16.4 20.6 27.4 23.9 34.8 16.2
Cr <24 150 147 <24 <24 42 <24 201 <24
Cs 1.19 1.27 1.38 2.26 0.91 1.61 0.65 0.26 242
Cu 11 104 99 31 25 80 47 41 28
Dy 3.3 3.55 3.55 3.1 3.2 3.09 3.19 3.57 3.63
Er 1.96 2.02 1.97 1.73 1.9 1.74 1.83 2.14 2.15
Eu 1.15 1.24 1.22 1.19 1.09 1.11 1.26 1.25 1.19
Ga 21 19.66 19.54 21.18 20.98 20.53 21.49 18.64 19.3B
Gd 3.66 3.85 3.87 3.58 3.44 3.43 3.7 3.74 4.03
Hf 3.85 2.38 2.37 3.58 2.86 2.98 2.85 2.52 4.57
Ho 0.66 0.72 0.71 0.6 0.65 0.61 0.64 0.73 0.73
La 23.89 13.98 14 22.97 18.44 17.5 21.63 12.99 25.8p
Li 17.2 9.3 9.5 10.5 13.9 9.5 12 7.7 17.6
Lu 0.3 0.27 0.27 0.25 0.28 0.25 0.27 0.31 0.33
Mo 1.72 0.81 0.72 1.76 0.86 1.01 1.22 0.57 2.68
Nb 5.95 3.24 3.12 5.6 4.52 3.56 4.5 2.84 6.98
Nd 23.2 18.67 18.5 22.48 19.52 19.65 22.64 18 25.15
Ni 5 42 38 15 10 25 12 29 12
Pb 10.9 5 5.3 12.4 8.7 8.2 9.5 5.2 12.3
Pr 5.98 4.27 4.15 5.62 4.84 4.77 5.52 4.1 6.41
Rb 54.28 23.2 22.43 57.48 34.69 31.59 26.35 12.11 764.7
Sb 0.37 0.37 0.37 0.64 0.24 0.28 0.61 0.18 0.55
Sc 12.6 47 475 14.8 18.9 324 22.6 42.2 15.8
Sm 4.47 4.32 4.23 4.29 3.96 3.92 4.49 4.06 4.83
Sn 112 0.88 0.73 1.03 1.04 1.01 0.99 0.61 121
Sr 701 846 827 789 678 992 905 866 630
Ta 0.4 0.2 0.2 0.4 0.2 0.2 0.2 0.2 0.4
Tb 0.537 0.576 0.57 0.517 0.513 0.5 0.523 0.567 0.59p
Th 4.6 3.13 3.07 3.97 3.71 3.6 4.54 1.98 6.67
Ti 3413.84 6288.26 6408.81 4275.45 3946.8 499114 .B531| 5066.61 3709.86
Tl 0.32 0.02 0.03 0.32 0.16 0.24 0.11 0.05 0.35
Tm 0.294 0.282 0.285 0.247 0.277 0.252 0.265 0.31 80.31
U 191 12 1.16 1.68 1.34 1.34 1.62 0.82 25
\Y 118.59 377.66 380.34 153.2 178.55| 292.33 217.1 .2293 140.28
w <0.5 <0.5 <0.5 0.55 <0.5 <0.5 <0.5 <0.5 0.64
Y 20.03 19.7 20 17.61 18.62 17.25 18.58 20.73 21.24
Yb 1.918 1.755 1.792 1.595 1.796 1.606 1.71 2.017 32.09
Zn 97.89 76.93 78.79 84.38 95.39 89.1 102.4 84.32 784.8
Zr 162 89 87 151 114 119 115 94 187
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Sample 10LT019 10LT020b 10LT021 10LT022 10LT023 101024
Map Unit Tha Tha Tb dyke Tpan Tpap
SiO, 56.92 57.92 51.19 51.17 54.86 51.31
Al,O3 18.32 18.08 15.98 18.88 18.15 15.99
CaO 6.86 6.7 10.56 8.41 7.34 10.59
K20 1.537 1.713 0.855 1.341 1.347 0.84
MgO 2.99 3.01 7.14 4.73 4.27 7.2
MnO 0.154 0.131 0.155 0.14 0.138 0.157
Na,O 3.61 3.56 25 3.08 3.42 2.49
P,0s 0.288 0.259 0.172 0.254 0.259 0.173
Fe04(T) 8.148 6.67 9.416 8.848 7.874 9.525
Zn 94 83 81 92 91 84
TiO, 0.656 0.613 0.762 1.022 0.78 0.765
Ba 937 927.2 312.2 629.8 832.4 318.5
Be 1.24 1.09 0.64 1.09 1.12 0.64
Bi 0.058 0.029 0.032 0.041 0.082 0.063
Cd 0.14 0.14 0.13 0.16 0.19 0.14
Ce 42.89 46.88 22.53 36.19 40.37 22.59
Co 19.6 17.7 38.1 28.9 24.7 37.6
Cr <24 <24 214 24 42 213
Cs 1.03 0.78 0.16 2.13 1.05 0.16
Cu 33 50 51 77 39 81
Dy 3.32 3.23 271 3.56 3.39 281
Er 1.97 191 1.57 2.01 1.97 1.65
Eu 1.26 1.17 1.02 1.28 1.22 1.06
Ga 20.86 19.92 18.64 21.98 19.68 18.39
Gd 3.67 3.57 2.97 4.11 3.76 3.17
Hf 3.04 3.57 1.65 3.21 3.01 1.66
Ho 0.66 0.66 0.55 0.7 0.67 0.57
La 20.89 23.98 9.98 16.66 21.22 11.1
Li 14.2 13.9 7.3 13.8 12.2 6.8
Lu 0.29 0.29 0.22 0.27 0.29 0.22
Mo 1.36 1.17 0.52 1.46 1.68 0.54
Nb 4.52 5.32 2.18 4.3 5.86 2.18
Nd 22.45 22.5 14.53 21.42 21.96 14.97
Ni 6 13 43 32 23 45
Pb 12.2 9 3.3 9 13 3.3
Pr 5.59 5.84 3.27 4.97 5.41 3.38
Rb 41.43 42.38 8.48 33.49 32.86 8.2
Sb 0.39 0.62 0.31 0.52 0.39 0.24
Sc 15.5 16.8 44.3 26 21.1 44.2
Sm 4.44 4.31 3.3 4.71 431 3.42
Sn 1.03 11 0.77 0.85 1.06 0.86
Sr 737 749 863 865 720 857
Ta 0.3 0.3 <0.2 0.2 0.3 <0.2
Tb 0.534 0.522 0.443 0.605 0.555 0.453
Th 4.19 4.47 1.6 3.85 3.21 1.58
Ti 3940.15 3613.24 4671.82 6093.17 4693.6 4627.24
Tl 0.19 0.2 0.03 0.13 0.17 0.02
Tm 0.289 0.287 0.221 0.281 0.285 0.231
U 1.76 1.73 0.66 151 1.26 0.64
\Y 176.5 151.87 306.63 255.83 183.11 305.98
w <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Y 18.98 19.09 15.01 19.9 20.3 18.17
Yb 1.885 1.898 1.427 1.804 1.864 1.463
Zn 100.03 87.38 87.33 99.79 94.61 89.31
Zr 119 147 60 123 124 60
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Appendix 3: Isotopic Values of Samples
Note: 2sigma based on reproducibility of standard<’Sr/%sr+0.000015 *3Nd/**Nd+0.000008 *Pb/2*Pb+0.002

Sample 10LTO1 | 10LTO2 10LTO03 10LTO04 10LTO05 10LTO07 1008 10LTO09 10LT10
Map Unit Tb Tb Tpap Tb Tb Tpan Tpan Tpan Tha
20tpp2%ph 38.4809 | 38.4584 38.5583 38.6859 38.5614 38.700p  8038&. 38.7271 38.7313
2pp2Ph 15.6003 | 15.5953 15.6107 15.6319 15.6151 15.6351 6528, 15.6428 15.6370
20tpp2%pp 18.8606 | 18.8368 18.9015 18.9734 18.8876 18.9771 0118. 18.9748 18.9939
20tpp 2% 2.0396 2.0409 2.0392 2.0382 2.0409 2.0386 2.0402] 0402. 2.0384
2Ipp PPl 0.8269 0.8277 0.8257 0.8237 0.8265 0.8237 0.8231] 824a. 0.8230
875y /Sesr 0.703465| 0.703408 | 0.703903]  0.70447 0.703638 06844 0.705333 | 0.705079| 0.704873
¥Nd/ M *Nd 0.512809| 0.512813 | 0.512741| 0.512749  0.512816  06RI2§ 0.512549 | 0.512609 | 0.512581
Sample 10LT11 10LT12 10LT13 10LT14 10LT16 10LT19 1022 10LT23

Map Unit Tht Tht Tht Tht Tpan Tha dyke Tpan
20tpp2%ph 38.5593 38.7747 38.7290 38.5413 38.6663 38.7860 6238. 38.7090
207ppP%ph 15.6144 15.6513 15.6467 15.6048 15.6255 15.6621 6116. 15.6369
20tpp2%ph 18.8817 18.9944 18.9689 18.8911 18.9600 18.9903 9498. 18.9811
2Epp 29%ph 2.0414 2.0406 2.0410 2.0395 2.0386 2.0417 2.0375 0388B.
207ppP%pp 0.8267 0.8238 0.8246 0.8258 0.8239 0.8245 0.8239 8236.
8Sr/fesr 0.703832 0.703826 0.704794 0.704964 0.704485 0IB47 | 0.704690 0.705164
BN/ *Nd 0.512753 0.512744 0.512668 0.512613 0.512642 088126 | 0.512687 0.512598
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Appendix 4: Field Descriptions and Photography

Table 4: Sample Descriptions

Sample

Outcrop Description

10LT-01

Tb map unit. Olivine basalt. Sampled near HO7-14d@d sample. Speckly
foliation (weak few cm). Minor vuggs. Flow direaie-50 degrees. Weathering
light brown. Fresh dark gray black. See Plate 7.

10LT-02

Tbh map unit. Olivine basalt. Vuggs are more promeahbut are more localized to
various parts of the outcrop than 10LT-01, foliate8 cm length. Flow direction
120 degrees.

10LT-03

Tpap map unit (andesite). Porphyritic basalt. Pgrex olivine?, phenocrysts.
Olivine has pyroxene rims (green cores brown rilegjoxene black-brown or
brown colouration ~3-4 mm size. Weak foliation (keathan Tb). See Plate 3.

10LT-04

10LT-05

Quarry in Tpap map unit. Lots of boulders of vagytgpes similar to the above
units. Rock types: frothy obsidian (10LT-04), fllsanded basalt similar to Tb
(underlying unit?) (10LT-05). See Plate 8.

10LT-06

Tpan map unit. However the outcrop is a porphypticoxene andesite.

Plagioclase phenocrysts ~5 mm. Pyroxene phenocf@stism. Some weathered
out vesicles in the matrix. Brown weathering rikf@sicles have some secondary
mineralization of feldspar. Vesicles ~5 mm.

10LT-07

Tpan map unit: a few meters down from 10LT-06 theesite develops big flow
bands that shallowly dip prograding to a near gaeltilip. Flow bands have a
north-south strike.

10LT-08

12

Rubble pile on top of a ridge in unit Tpan. Porptiypyroxene andesite boulder
Rare pyroxene phenocrysts ~3 mm. Plagioclase gr@mm. Plagioclase is more
bladey/acicular than 10LT-06/07

10LT-09

Tpan map unit here is slightly different from lagtp. Pyroxene is better formed
and more abundant. Plagioclase is less abundanPI&te 2

10LT-10

Carpenter ridge weather station unit. Hornblendkeaite (Tha). Aphanitic matrix
with fissile flow bands. Plag ~3-4 mm (rare as pr@ysts). Hornblende ~2 mm
euhedral or rounded more abundant than plagiodlasking to the other side of
Carpenter Valley we can see an extensive granesexe and normal fault.
Fresh=light grey. Weathered=rose red-brown. 10LTak@en from adjacent hill
less than 100 m away appears to be the margingke Vesicles are prevalent
and weathered. Walking back to the car | came a@asutcrops: one had a larg
hornblende crystal (2-3 cm) the other had largecB5ounded xenocrysts. See
Plate 5.

D
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Sample Outcrop Description

10LT-11 The cliff itself is a pyroclastic flow (unit Thtlasts are rounded-angular. Boulder

10LT-12 to pebble size. Likely flank flow. Polymict: glaseycks/basalt, hornblende

10LT-13 | andesites, frothy basalts, pyroxene andesitesdidimct bedding but there is

10LT-14 clumping of small and large clasts in areas. Onsuthe (east) there appears to he
vertical flows. Bottom of cliff contains larger sl& (but still has small clasts). Top
of cliff is framework support dominates and clasts generally smaller. Bottom
of cliff is pyroxene dominated (basaltic?) andegli@ T11, 10LT12). Top is a
plagioclase rich vesicular andesite (10LT13). Seett and 100 m from Tht is a
more coherent flow with more angular clasts (1014)-Primarily a rhyodacite?
Possible quartz grains (disputed). See Plate 1.

10LT-15 Continuing SW we start ascending a new peak archraayke on the east side of
the mountain. The dyke has a heavily thermallyrattgpyroclastic flow beside it.
The dyke has columnar jointing. Samples: 10LT15atw&le of dyke (darker

colouration). 10LT15b-east side of dyke (more wasicand sheared). See Platg 6.

10LT-16 Searched for map unit Tb but only found andesttatf(sample taken). Map unit
Tpan. Undifferentiated andesite with minor foliatjovugs and vapour phase.
Plagioclase dominates not pyroxene, this is diffeh@m the other Tpan samples
where pyroxene dominates: 20-30% plagioclase (<1gmaim size), 2-5%
pyroxene.

10LT-17 East side of Hwy 89 looking for Tb and Tpa. 10LTalvine basalt. Olivine is
<1 mm (unlike other Tb samples). Unit is also lighty colour. There are weak
foliations. There are vertical flowbands in outcr§ample 10LT17b was taken
from across the logging road at another outcrops $ample is unit Tb but oliving
Is more abundant (~15% more). There is also ramgmgboulder (pillow?)
structures. Flow bands are present (<20°).

174

10LT-18 No outcrop but lots of homogenous boulders. Basaltidesite map unit?
Porphyritic (pyroxene, plagioclase). Some foliati@tivine? See Plate 4.

10LT-19 Tba: weather station. Two outcrops with near valtitp. Looks different from
the boulder sample 10LT-18 (lighter colour, lesermitrysts). Very fissile.
Cuspate cleavage. 3-4 mm plagioclase crystals.elibex weak foliation of the
plagioclase grains.

10LT-20 Tha: Big outcrop/ridge. Hornblende andesite. Maighé€®trong). Fissile cleavagg
is 1-3 cm. Multiple dip directions (all compassmis). Red oxidation. The outcrap
lithology is highly variable in a small area. Onmeahas little to no phenocrysts-
10LT20a. Another area has a typical Tha compositioh a lot of plagioclase an
lots of hornblende— 10LT20b. The final area hagda¥2 cm scale hornblende and
plagioclase — 10LT20c.

D
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Sample Outcrop Description

10LT-21 Tpan on ridge east of Hwy 89. Pyroxene 5-10 mm Emgwme rounded. Minor
amounts of olivine (<5%). Itis possible that thigcrop is map unit Tb i.e. no
Tpan in this area.

10LT-22 Independence Lake. Searched for Tpan but no lackpked a Tpan boulder

10LT-23 (10LT23) that appears to have fallen from a clifbee the lake (not possible to
climb up). Found a mafic dyke almost directly al@tigke and dip of the dyke |
sampled two days ago on top of carpenter ridge T2@). Contains pyroxene.
Also plenty of granitic/dacitic boulders in the are

10LT-24 Tpan on East Road to Sagehen camp. Similar to rpanindependence Lake

(compositionally). Pyroxene phenocrysts, minor gelgse (not phenocrystic).
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Appendix 4.1 Representative Ph

otos of Map Units
\}: ] T I e s a0t

Plate 2: Tbt lower portion of outcrop (upper portion not well exposed due to lichen). Polymict boulder to pebelclasts
within a fine-coarse grained matrix (matrix is notpumiceous or ash rich).

Plate 3: Tpan 10LT-09. Plagioclase phenocrysts within an anitic matrix
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Plate 5: Tha 10LT-18. Boulder with plagioclase phenocrysts.
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Plate 7: Dyke 10LT-15. A mafic dyke margin with moderate aleration.
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Plate 8: Tb 10LT-01. Olivine basalt with flow banding and fdiated vuggs.

Plate 9: Tb 10LT-04 scoria. The sample was found at the baitn of the quarry within the Tpap map unit. It was inferred
to be Tb at the time of sampling.
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