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Abstract

Currently, there are two main models for Mesozoic suturing oMtengellia composite
terranein the North American Cordillera. Studies from southeastern Alaska and British
Columbia suggest thabllision ofthe Wrangellia composite terranégth the North American
cratonoccurred during the Middle Jurassic, and that early volcanism and sedimentation occurred
in postaccretionary transtensional basins that were creategtojke slip fault system. Another
model suggests that accretioneastem Alaska and the Yukon Territonccurred during the late
Jurassieearly Cretaceoysssociatedolcanism was subductierelated and basin development
evolved from an offshore Jurassic intraoceanic arc to a Cretaceous collisional arc Settihg.
centra Alaska in the Nutzotin Mts. where the Chisana Formation crops oat ideal location
for tesing models for Wrangelliaccretionbecause it is defined by two major collisional
episodes: the Mesozoic collision of &angellia composite terranandthe ~30Ma to ongoing
collision of the Yakutat terran&he Chisana Formationonsists of a succession of volcanic and
sedimentary strata that conformably overlie late Jurasaity Cretaceous marine sedimentary
strata of the Nutzotin Mt. Sequené&eochranologic and geochemical data frampper Chisana
lavas document ~121 to 117 Ma arc volcanibowever lavas from the lower parts of the
Chisana Formation may be >121 MNew stratigraphic analisindicatesthat thelavas are>2-
km-thick atthe Bonanza Crdetype section. Thiavasare overlairunconformablyby fluvial
strata of the Beaver Lake Formatjdhe age of which is uncertain but between .98 Ma Our
field evidence suggests the Chisana Formattddonanza Creetan bedividedinto a lower
subaaeous unit, a middle transitional unit, and an upper subaerial unit. Lateral lithofacies
changes between Bonanza Creek and Jacksina Creelastootliwestward transition from a

primarily marine environment of deposition/emplacensr@onanza Creeto an exzvironment



that was primarily subaerial, with minor, shallow marine influences present at Jacksina Creek.
Chisana Formatiolavas sampled at both locations range faaitc-alkaline to tholeiitidbasals

to basaltic andesieStratigraphically lower lavaare typically more andesitic and become more
basaltic and tholeiitic ugection. Trace element geochemistry shbigh field strength element

(Ti, Nb, Y, Zr)depletions relative ttargeion lithophile elementéRb, K, B3 as well asydrous
mineral assemhbges with calalkaline to tholeiitic chemistrie®oth ofwhich areconsistent

with an arc origin. Our data imply more significant subaerial eruptions and sedimentation from
an oceanic arc constructed upon Wrangellia than previously recodripethisarea of the
Wrangellia composite terrané/hencombined with data from other studies in the aaéla,

results suppormf an eastipping, subductiomelated island arc model for the origin of the

GravinaNutzotin belt.
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Chapterl-l nt roducti on

Suturing of oceanic crust onto continental crust following subduction is a fundamental
process in the growth & a r tdmtihventyNokleberg et al., 1989; Abbo#ind Mooney1995;
Jahn et al., 2000Pespite being a global tectonic process, suturing remains poorly understood
when compared to other processes, such as subduction of oceanic platesarshmiadge
formation. The evolutionary history of the sowttntral margin of Alaska is ideally suited to
study suturingbecause it is defined by two major collisional episottes Mesozoic collision of
theWrangellia composite terrarifé/CT) andthe ca. 30 Ma to agoingcollision of the Yakutat
terrane(Nokleberg et al., 2000;rop and Ridgway, 2007The Wrangellia composite terrange a
subcontinensized fragment of crust that consists of the Wrangellia, Peninani@lexander
terranegPlafkerand Berg, 1994 Nokleberg et al.1994). Paleomagnetic studies (Stamatakos et
al., 2001) indicate that the WGAas locatedhousands of kilometers south of its present location
during the late Triassic and waanslated northward to its current position during thedi4id
JurassieLate Cretaceus(Plafker et al., 198 okleberg et al., 2000;rop and Ridgway, 2007
The suture zone between the WCT and the former North American paleomargin is defined by
sequences of sedimentdrgsinalstrata that have been uplifted axposed along souttentral
and soutkeastern Alaska (McClelland et d@992;Kapp and Gehres998; Manuszak et al.,
2007)These basins are known as the Kahiltna, Nutzotin Mountain, Dezadeash, and Gravina
basingfrom north to south)and are commonlseferred to as the Gravirdutzotin belt(Figure
1-1; Plafker and Berg, 1994Currently, the tectonic setting of the GrawiNatzotin belt is a
subject of much deba{8erg et al., 1972McClellandand Mattinson2000; Manuszak etl.,
2007 Siglochand Mihalynuk 2017) due to uncertainty regarding the timing and location of

WCT accretion onto the North American paleomaygis well as the polarity of subduction



associated with WCT accretiofhe GravinaNutzotinbelt sequence is@ackage of variably
deformed Upper Jurassic to Lower Cretaceous metavolcanic and sedimentary rocks that are
exposed nearly 750 km along the eastern portion of the Wrangellia and Alexander terranes
(Figurel-1)(Rubin and Saleeby, 22). Multiple hypotheses for the origin of the Gravina
Nutzotin belthave been suggested, andlude backarc basin (Berg et al., 19¥2 sinistral
transtensional basighrels et al., 2009; Yokelson et al., 2 ¥brift basin (van dedeyden

1992 Kapp and Gehrels1998, a dextral transtensional basin (McClelland et al., 1992), an intra
arc basincClellandand Mattinson, 2000), a retroarc foreland basin (Manuszak et al., 2007)
and a forearc basin related to wdgiping subduction (Siglocand Mihalynuk Lowey 2018.

The Kahiltna assemblage in the western Alaska Range represents development of a
marine basin along the suture zone of the Late Jur@sstaceous accretion of the WCT to the
North American paleomargin (Kalbas et al., 2007; Hamptah £2010).The Dezadeashasin
is a 3000m-thick sequence of deepwater turbidites in southwestern Yukon that are inferred to
have been deposited as a submarine fan in adradikasin to the Late Jurassic Chitina arc
(Lowey, 2011)The Gravina basin isoutheasterAlaskais composed of a western Gravina belt,
which consists primarily of volcanigch turbidites and mafic to intermediate volcanic rocks, and
an eastern Gravina belt, which consists mainly of pelitic schists with metaconglomerate horizons
(Yokelson et al., 2015). The western Gravina basin strata are inferred to have been deposited in a
backarc position and were derived from WECT (Yokelson et al., 2005 whereas the eastern
Gravina basin strata are inferred to have been deposited i@aaddrasin in respect to the
eastern Coast Mountains batholith located on the Yukon composite téfedson et al.,

2015.



The Nutzotin Mountains basin represents@ue aredo study the WCT suture zone
because unlike the other basins in the sutare, thick packages of relatively unmetamorphosed
volcanic strata and plutonic bodies are expagdle Chisana Formation (Richtend Jones,
1976). The Chisana Formatiaronsistof volcanig plutonic, and sedimentargcksthat were
erupted emplacedandor depositedn the Early Cretaceoy§igurel-1)(Berg et al., 1972;
Richterand Jonesl976 Snyder and Hart, 200Graham et al., 2036which have an estimated
compositehickness of ~&m (Barker, 1994. An over 200 kmlong belt of Early Cretaceous
plutonic rocks ofgranodiorite and dioritaffinities crop outalongthe Nutzotin basin (Richter et
al., 1975;Snyder and Hart, 200Graham et al2016), andikely represent the roots of the
Chisana ar¢Plafker and Berg, 199&nyder and Hart, 200./prior studis assume Chisana
igneous rocks are the productsaibductionrelatedvolcanism(Trop and Ridgeway, 2007
however, this is based primarily time presence dbrearcsubduction complex deposits to the
south of the studgrea in the Chugadnd Wrangell Mountain@lafker and Berg, 1994 rop
and Ridgway, 2007%edimentaryand volcaniadocks exposetiundreds of kilometeraway from
thestudy area (e.g., Gravina b@higure1-1)) and a set of geochecal and radiogenic isotope
data fromthe scarce amount efupted lavas and pluton§the GravinaNutzotin belf which
consists of only88 igneous wholeock geochemical and 20 wheleck radiogenic isotope
samples from the Graviridutzotin belt (30 whiz rock and 16 isotope from White Mountain
plutonand28 other whole rock geochemical analyses: only 17 with trace element data
characterizing the entirety of>8,000 km suture zon8érget al., 1972Richteret al., 1975;
Rubin and Saleeby, 199cClelland et al., 1992Barker, 1994 Aleinikoff et al., 2000Stowell
et al., 2000Short et al., 20055nyderand Hart, 20@). Most of the previous studied the

inboard margin of the WCT in the Kahiltna baBiom southcentral and southwestern Alaska



(Ridgway et al., 2002; Kalbas et al., 2007) amthe Dezadeash, Nutzotin, and Gravina basins of
soutteasterrAlaska(McClelland et al., 1992ylanuszak et al., 200 pwey, 2011 Yokelson et

al., 2015)have focused on the sedimentary record, as volcanic notike Kahilthaand
Dezadeasbasirs are completelgxhumed or were never deposi{&lbas et al., 2007;

Hampton et al., 2010and volcanic rocks in the Gravina basin are intensely deformed or
affected by postlepositional alteration effec(Stowell etal., 2000. Therefore analysis othe
Chisana Formationwhich containolcanic rocks that hawendergondesspervasive
metamorphism than othgmeous rockef the GravinaNutzotin belt,represents methodto
evaluate the role of Cretaceous magmmatisccurate evaluation of the igneous and sedimentary
strata of the Chisana Formatiatll provide a clearer view of Upper Jurassic/Lower Cretaceous
tectonics in tharea anddditional constraints taestrictthe possible tectonic setting of
Wrangellia acretion.

In order to improve petrologic and geochemid@racterizationand lithostratigraphic
frameworks, this studgresents neuwnajor and trace element geochemistry, thin section
petrography and fiekbased lithologic observatiofi®m physical volanological and
sedimentary analysis of the Chisdf@mationtype section at Bonanza Creédaskaand
outcropsat Jacksina Creakear Nabesnalaska We use these data, in conjunction with prior
published and unpublished détam similarly-aged regionarocks, toelucidate the
tectonomagmatic setting of Chisana volcanism and demonstrate that it occurred due to

subduction.
Geologic Setting

The outboard margin of southern Alaska and western Canada consists of three composite

terranes. They are, from noethst to southwest, the Yukon, Wrangellia, and Southern Margin



composite terrane§igurel-1). The Yukoncomposite terrane consists of Paleozoic
metamorphic rocks and overlying axdated rocks (Nokelbergt al., 1994). Th&/rangelia
composite terranis located on the outboard margin of the Yukon composite terrane along the
Denali fault. The Southern Margin composite terrane is located on the outboard margin of the
Wrangellia composite terrarmdong the Border Ranges fauiléfke and Berg, 1994 The

Southern Margin terrane is a complexly deformed accretionary prism, made up of Upper Triassic
to Paleogene oceanic and-aetated volcanic and volcaniclastic rockddfker and Berg, 1994

A >3,000 km suture zone extending alotrike from western Alaska to coastal British

Columbia separates the WCT from the outboard margin of the Yukon composite tErgame (
1-1). The suture zone is characterized by complexly deformed sedimentary, igneous and
metamorphg rocks(Trop and Ridgway, 20Q Hampton et al., 2010; Lowey, 201dtributed to
collision processes. The suture zone separating the WCT from inboard terranes consists of
JurassieCretaceous sedimentary and igneous rocks that crop out in the AlaskaTRédegtha
Mountains, Nutzotin Mountains, Dezadeash Range, and coastal southeasterriFAdpsid-1,
McClellandet al., 1992;Trop and Ridgway, 2007,owey, 2011) Basinal sediments from the
Wrangell Mountains basin, located t@thouth of our study area, expose sediments with ages
similar to the Chisana Formation volcanic rocks and are interpreted to represent forearc deposits
relative to the Chisana and Chitina arteop et al., 2002Trop and Ridgway, 2007 )Plutonic

rocks ofLate JurassiEarly Cretaceous ages crop out discontinuously along the Nutzotin basin
andhave been suggestedrapresent the roots of the volcanic arc complex of the Chisana
Formation(Richter et al., 197%lafker and Berg, 1994Aleinikoff et al., 20@; Snyder and Hart

2007).



The Chisana Formatiofgcated along the suture zone separating the WCT from the
North American continentonsists of approximatetifreekm of relatively undeformed igneous
and sedimentary rocks that conformably overlie JuraSstaceous sedimentary strakhe
Chisana Formation is unlike other suture zone units in the northern Cordillera, because thick
packages of relatively unmetamorphosed volcanic strata cropiguté1-1; Figurel-2; Figure
1-4). Reconnaissance study dktbasal 600 m of the Chisana Formatenits Bonanza Creek
type sectior(Figure3-7), showed that itonsists of submaririahars, basalt and andedagas
tuff, volcaniclastic sedimentary rocks, and marine argillite, greywacke, and conglo($irate
et al., 2005) Lower Chisana Formatiofibasal 1100n) volcanic rocks include aphanitic to
porphyriticlavas, volcaniclithic breccia, crystalithic and volcanielithic tuff, minor mudstone
and volcaniclastic sandstone deposited by effusive and pyroclastic eruptions (Short et;al., 2005
this study Theupper 2500 nof the Chisana Formation consisfsnterlayeredasaltlavas,
lahars, pyroclastic breccia, tuff and volcaniclastic greywacke and conglonieaster, 1994
this study. Published geochemical data are limited to 19 reelement analyses from the
Chisandavas(Barker, 1994, tenmajorelement analyses from midretaceous plutongRfchter
et al., 1975), an80 majorandtrace 13 REE, andl6 Sr-Nd isotopeclemental analyses from a
0.78 knt intrusive bodythe White Mountain plutotSnyderand Hart, 2007). Short et al (2005)
report26 geochemistry, two 40Ar/39Arges (16+1.3to 113+1.3Ma), as well aslONd; and
five (8’Srf°Si); isotopevaluesfrom Bonanza Creek Chisana lavas, in an abst@igtLower
Cretaceous ageglranitoid and dioritglutons are present near our study areas. Tiegdutons
have an ageange from approximateli/L3Ma to 105Ma (Richter et al., 1975; Snyder and Hart,
2007), which are consistent with dates from the Chisana Formation (Short et al, a2@05)

likely represent the plutonic equivalents of Chisana Formabéoanic rocks



TheChisana Formation at the Bonanza Creek type section disconformably overlies the
late Jurassic to early Cretacedstizotin MountainsSequence (Marszak et al., 2007 he
upper Nutzotin Mountain Sequence at Bonanza Cfagroximately the uppermost &0 odf the
Nutzotin Mountains Sequence directly underneath the Chisana Fornatimigts of fossitich
mudstones, with minor amounts\adlicaniclithic sandstone, conglomerate, and fossiliferous
limestone that grades into the lower Chisana Formalitam(sz& et al., 2007)The Chisana
Formation is exposealong a slot canyowhere Bonanza Creek has cut throughigimeous and
sedimentary strat#\t the Jacksina Creek study location, the Chisana Formalsoroverlies the
Nutzotin Mountains Sequen¢keowe etal., 1982;Figure1-5 B). The uppermost lavas of the
Chisana Formation are exposed approximately 4.5 km southeast of Bonanza Creek and are in
direct erosional contact with sedimentary facies of the Beaver Lake Forr{tatiepp et &,
2017) Overlying the Chisana Formatidlocated approximately 4.5km to the southeast)
nonmarine conglomerate, sandstone and mudrbtike Beaver Lake FormatioKdepp et al.,
2017). Deposition is inferred to have taken place in chafaelcomplers and vegetated
floodplains with poorly drained wetland€depp et al., 201)7 Volcaniclastic sediments from
the Beaver Lake Formatiamere eroded from local igneous sourdesludingthe underlying

Chisana Formatio(Koepp et al., 2017)
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I¥CT Yukon composite and inboard terranes (mainly Pz.-Precambrian metamorphic/plutonics)
Coast Plutonic Complex (Mesozoic metamorphic and plutonic rocks)

I Mesozoic suture zone deposits (N, Nutzotin; K, Kahiltna)

WwcT Wrangellia composite terrane (Wrangellia, Alexander, and Peninsular terranes)
Southern Margin composite terrane (Mz-CZ accretionary prism and Yakutat terrane)

Figure 1-1 Geologic map of southcentral Alaska.

Map showing major terranes, faults, and suture zones. Mesozoic (Mz) suture zone deposits
(green) record accretion of thérangellia composite terrarferange) againshboard terranes
(purple). This study targets Chisana igneous rocks that are located in the Nutzotin area (N) of
eastern Alaska (Fid-2). (CZCenozoic; PZ7aleozoic) Adapted frorfirop et al. (2002).
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Figure 1-2 Geologic Map of study areas

Geologic map showing the location of the Chisana Formation in dark green. Red rectangles mark
focus areas for this study Chisana lavas in the Bon@resk study area were also studied by

Short et al. (2005)Barker(1994) reports geochemical data from Chisana lavas from Bonanza
creek and just southeast of the Jack§lreek study area. Adapted frdRichter and Jones, 1976
Geologic maps of outlined areas are presehigare 3.
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142°50°
Figure 1-3: Geologic map of the Bonanza Creek and Beaver Lake study areas

Simplified geologic map of the Bonanza Creek study area (Riahtedonesl976), showing
locations of samples taken. The sampled plutonic body is located approximataty 5.3

northwest of Bonanza Creek.
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Quaternary Sediments

and Wrangell volcanics

. Tertiary/Cretaceous Intrusive Rocks
. Beaver Lake Formation

. Chisana Formation

Nutzotin Mountains Sequence
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fJ Short et al. (2005)
Sample Locations

® Trop et al. (submitted) and
Koepp et al. (2017) samples

1 ?\ Strikes and Dips (Richter et al., 1976)
Figure 1-4 Geologic Map of Bonanza Creek and Beaver Lakstudy areas

Simplified geologic map after Lowe et al. (1982)d this studghowing the Jacksina Creek
study area Wth sample locations.
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Figure 1-5 Overview Photographs of study areas

A.) Overview picture of the Chisana Formation at Bonanza Creek, near the contact between the
lower andmiddle sectios, person for cale B.) Overview picture of the upper section of the
Chisana Formation at Bonanza Crgeloking northeastNote that as the formation became

more lava dominated, the canyon became narrower and the creek typécalijesieeperC.)
Photograph of ChisanFormation lavasearJacksina Cregkooking northwest alonGanyon

Creek
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Chapter2-Met hods

Stratigraphic observations dfd volcanic and sedimentary litholog@sthe Chisana
Formation were made at both Bonanza Creek and Jacksinasiudglareag¢Table3-1).
Lithologies were grouped into lithofacies and lithofacies associations on the basis of grain size,
sedimentary structures, and igneous struct@asipling locations were targeted based on
published geologic maps and observatimasle in the field. At both Bonanza Creek and
Jacksina Creek, sampling was guided by stratigraphic relationships between lithQhalyi¢se
freshest rocks were targeted for collection and further processing arfahtbis igneous
samplesAfter removing weathered surfaces from samples, a RockLabs hydraulic press was used
to split fistsize samples into smaller pieces. These pieces were powdered using a Spex Industries
shatterbox (alumina vessel).

Thirty-four samples (this study) were collected fromisezhtary and igneous strata at
both Bonanza Creek and Jacksina Creek in the Nutzotin Mountains, Alhskaections were
made oftwentyigneous rocksl2 lavas,severndikes, and one plutonic rock. Thin sections were
used tchelpdetermine the extent oftaration before selecting samples for geochemical analyses
and also for mineral and textural characterizatModal percentages were made using visual
estimations (thin section descriptions are preseApijpendix A).Nineteen samplesere
selected for gochemical analysdmsed on the lack of obvious p@shplacement alteration in
hand sampland thin sectionA second suite afinesamplesvascollected from Chisana lavas
and dikesn various locations surroundirBeaver Laketheir physical charactetiss and
relationships with overlyin@retaceou8eaver Lake formation strata are descrilseHoepp et
al. (2017) A third suite ofl5 samples was collected from the lower and middle sections of the

Chisana Formation at Bonanza Creek (Short et al., 20@bare incorporated into this study
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New Bonanza Creek, Jacksina Creek, and Beaver laakplesfrom this study (samples
starting with PMor JTin AppendixC) were sent to Franklin and Marshall College for XRF
analysis of major and trace element composgiand loss on ignition (LOI) following the
method outlined irfMertzman, 2000, 2015) and onlinehditp://www.fandm.edu/earth
environment/laboratorfacilities/instrumentuseandinstructions Onegram of powder from
eachsample was placed in clean aara crucibles and heated at 900 °C in a muffle furnace for
601 75 min. After cooling to room temperature, samples were reweighed and the change in
percent was reported as LOI. Following LOI determinations, 0.4 g of anhydrous powder was
mixed with 3.6 g ofithium tetraborate (.lB4O7) and mel ted in 95% Pt

Samples were then quenched into glass gigkich were used for XRF analysis of major

elements using a Panalytical, Inc. 2404 XRF vacuum spectrometer equipped with a 4 kW Rh X

ray tube. Major elementrereportedas weight percent oxide (SiAI203, CaO, kO, P.Os,

TiO2, Fe0s, MnO, NaO, and MgO). Nineteen trace elements (Rb, Sr, YNErNb, Ga,Zn,

Cuy, U, Th, Co, Pb, Sc, Cr, V, La, Ce, and Ba) were analyzed on pressed powder briquettes made

from a mixture of7.0 g of wholerock sample powder and 1.4 g of high purity Copolywax
powder.Working curves for each element are determined by analyzing geochemical rock
standards from Abbe§1 983 and Govindaraj1994). The bulk rock data for all samplase
presentedn Appendix C precision and accuracy of analyzed standardresented in
Appendix D Major and trace element ddfar a subse(Denoted as samples beginning with CHI
in AppendixC) of the Bonanza Creek sampl@sredeterminedvia Direct Current Argon
PlasmaAtomic EmissionSpectroscopyDCP-AES), at Miami Universityfollowing methods
outlined inKatoh et al(1999 and Brueseke and Hart (2008l trace element concentrations

in this studyare presented as parts per million (p@mgl major element dags weight percent
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oxide (wt. %) Iron was split into F& and Fé&® according to the procedure described by Le
Maitre (1976), and all major element data used in diagrams and the discussion are reported as
anhydrous using the split iron data.

Samples fronall threelocations(Beaver Lake, Bonanza Creek, Jacksina Crek&jv
signs of alteratiojranging frommildly altered (less than 10% alteration) to complete
replacement of primary mineralSamples that showed obvious signs of alteratidrand
samplesuch as phenocryst replacemeavireeliminated from further analysduring the cutting
phase However it is possible thaalteration not immediately apparent in hand sample could still
be present and affect the quality of geochemical analyisesderto avoid biasing the
geochemical analysis witampleghat have been altergd filter proposed by Beswick and
Soucie (1978) was appli¢d the geochemicalata(Appendix B. The dAal teration f il
compareshe molecular proportions of major elementasiAl.0Oz/K 20, SIQ/K20, CaO/kO
etc.)on logarithmic X ¥-plots (Beswick and Soucie, 197.8amplesvith compositions that are
relatively unaffected by alteration plot as clustered, linear arrays ondiaggamsvhereas
significantdeviationfrom this aray suggests pogtruptive alteration has affected the sample.
Nine samplesthatdid not fall along the linear array on multiple platsre removed from further

consideratiorand are not reported or included in this study
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Chapter3-Resul t s

This study provides me major and trace element dataa combined dataset 48
sampledrom Chisana volcanic rockSamples from Short et al. (200&gre collectedrom the
Chisana Formation at Bonanza Crgieim 775m abovethe bas of thesection to
approximately1695m (Figure3-7). The Chisana Formation at Bonanza Creek was split into
three sections on the basis of field observatidteswly collected amples from this studgre
from the lower and upper part of the sections, from @9 775m andfrom 1695m to 2115m
(Figure3-7). Beaver Lakesamples wereollectedfrom the uppermost lavas of the Chisana
Formation approximately 4.5 km southeast of Bonanza Creek, near BeavéFigake1-4). A
complete list of samples and geochemical ressijisovidedin AppendixC. Samples from
Bonanza Creelncludea mixture of lavas and dikes cutting through sedimentary facies in the
lower section of the Chisana Formation. Samples from Jacksa®k Consist of lavas, from the
Chisana Formation at Jacksina Creek, and ofsdikitingthe Nutzotin Mountains Sequence that

directlyunderlies the Chisana Formation.
Sedimentary and Volcanic Lithofacies

Physical volcanic and sedimentologic observatioos >2 km of combine€hisana
Formationstratigraphic sections were made at the Bonanza Creek study lo¢agjoreB-7).
There, theChisana Formatiors approximately2.25km-thick andcan be divided intthree
sectionsthe lowe, middle and upper sections, each of which is compossevein different
lithofacies associatiorthat were identified through our field observatioBach section was
demarcatethased on thprimarydepositional environment of the associated lithofagresent
in the section. Lithofacies were created based on rock type and environment of depodition

follow the exampleoutlined in Trop et al. (2012)Table3-1 summarizes the common facies in
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the formationat the type sectionf@onanza Creeknd their key aspects. A stratigraphic column
summarizing the Chisana Formation at Bonanza Creek is preserigdrie3-7.
Marine Mudstones and minor fine-grained volcaniclastic sandstone (K@)

Description.This fages consists of very fingrained mudstonesith minoramounts of
sandstonedt occurs in the lower Chisana Formation and upper Nutzotin Mountain Seguenc
which directly underlies th€hisana Formationt@®onanza Creek. Marine brachiopo&ady
and Blodyett,1996 molluscs Richteret al.,1975), and fragments dduchiaare presenn the
upper portions ofthelower and middle section of the Chisana Formation at Bonanza.Creek
Disarticulated brachiopods and molluscs are comr8andstones occur in tabulzeds but can
be locally lenticular (Manuszak et al. 200This facies is depicted iRigure3-1A.

Interpretation.This lithofacies reflects a subagpus deposition in@arine environment
possibly representinguspensionsetting. Evidence for marine deposition includes the presence
of benthic marine fossiland very fine grain sizéeposits oflisarticulatedBuchiaare
interpreted byManuszak et al. (20079 represent faiweather deposits on a marine shelf.
Volcaniclastic Conglomerate (KacL)

Description.This facies consists ofgreen volcaniclastic granule to pebble
conglomerate that represents thigkestfacies in the lower section of the Chisana Formation at
BonanzaCreek and is present throughout the entire formalibis lithofacies stops repeating at
approximately 882m up sectionKigure3-7). Clasts are typically rounded to subrounded and
poorly sorted, with a maximum clast size of 4€n%. Clasts are a mixture of volcanic and
sedimentaryocks.Volcanic clasts appear to be consistent with the underyigfgc-
intermediate Chisarlavas.Individual strata are typically matrix supporteld. the lower section

of the Chisana Formation, these rocks conBalemniteandBuchiafragmentsThisfacies is
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seenin Figure3-2C. Inoceramudossils (Figure3-2B.) and disarticulated and abraded fossil
fragments are locally present in the conglomerates frommitiéle sectiorof the Chisaa
Formation.Thickness of this facies can range fr8m to approximately 18t. The parts of this

facies that are in the lower section of the Chisana Formation at Bonanza Creek are frequently cut
by maficdikes.In a single location in thepper section @onanza CreelFigure3-7), this

facies also contairthinly beddedless than &m-thick) tephrathat are interbedded with the
volcaniclastic conglomerate.

Interpretation.This lithofacies, which occurs throughout the middle lameer parts of
the Chisana Formation at Bonanza Crémlglies subaqueous deposition via primary volcanic
processes or by mass wasting onto the flanks of an active volG&eopresence of marine
fossils rare subaqueous structures, and interbedded gdlasin these facieareevidence of
submarine depositioisimilar volcaniclastic strata can be seen in the Talkeetna arc (Clift et al.,
2005), the Dezadeash basin (Lowey, 2011), and the Gravina belt (McClelland et al.tH®92)
are interpreted by D et al. (2006) to represent similar deposkigorocesseand
environments.

Marine Lavas (Kcy.)

Description.Stratifiedbasalticandesite to basaltic laséypify this lithofaciesLavasare
typically massive in nature, though pillow structures (f.ih length) are presefriom
approximately 69% 747m in the lower section. Lavas are porphyritic, with for@ined gray
matrices and phenocrysts of plagioclase (typicalBmim) and pyroxene (up torm).
Plagioclasghenocrysts armore abundant tharympxene phenocrystsypically comprising 60
80% modally, while pyroxendypically makes up-80% This facies is shown iRigure3-1B.

Autobrecciated lava tops and bottoms are presentiinl&eas in theniddle sectiorof the
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Chisana FormationLavas are interbedded wittolcaniclastic conglomerates and mudstones
containing marine fossils from the &g and Kau facies which imply marine deposition of the
lavas

Interpretation.This facies represents a subaqueous environment dadesnpent for
Chisana lavas. This is exhibited by the presence of pillow structures in lavas from the lower
Bonanza Creek section and by interbedded sedimentary facies containing marine fossils

Lahar Breccias (Kas)

Description Inversely graded, poorly ged and mud matrisupported breccias define
this facies, which is found at both the Bonanza Creek and Jacksina Creek locations. Clasts
consist of underlying volcanic and sedimentary rocks from the Chisana Foreati@ne
angular to subroundeahd are porly sortedClasts are more angular than clasts found igcKc
The mud matrix, poor sorting, and angular nature of clasts are consistent with lahar breccias
(Compton, 1985)This facies hasraaveragelast size ohpproximately8 cm. This facies is
shawvn in Figure3-3A, taken aBonanza CreekandFigure3-5A, from the JacksinaCreek
location

Interpretation This facies reflects volcanic aprons flanking an active volcano in a
subaeriabr shallow marinenvironment.The presence of a mud matrix, and the presence of
more angular clasts distinguish this facies from previous sedimentary facies and establish it as a
lahar.The poorly sorted, matrigupported breccias are indicative of emplacement via debris
flow, flood flow, and strearbank collapse (Trop et al., 2012).

Block and Ash Flow deposit (Kear)
Description.This lithofacies consists of a matisupported volcaniclastic pebble

conglomerate. Clasts are poorly sorted, composed primarily of subangldadwsf, up to 15
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cm in lengthMatrix is fine-grained and gregreen. Rock is matrisupported bubhas more
clasts than previous unifghis facies is seeim Figure 32 F and |.

Interpretation.The presence afelded tuff clasten this unit indicatehlie presence of
elevated (relative to the area they were deposited in) lava domes that collapsed and produced
pyroclastic density currents.

Oxidized Lavas (KauL)

Description This lithofacies is characterized by the presence of redishin, oxidized
lavas with autobrecciated tops and/or bottoms. These typically massive lavas occur in the upper
section of the Chisana Formation at Bonanza Creek and directly overlie The Nutzotin Mountain
Sequence in the Jacksina Creek area. In both locations, these decge gmckages of lavas
that are distinguishabley autobreccias interflow zonesThese lavas range from basaltic
andesites to andi#ss in composition, and typically contain-60% plagioclase,-24%
pyroxene, and contain relict olivine phenocry3tsis is seen irFigure3-4.

Interpretation The presence of oxidation in the lava tops/bottoms indicates eruption in a
subaerial environment.

Nutzotin Mountain Sequenceat Bonanza Creek(K|s)

Description This unit disconformably undés the Chisana Formati@ Bonanza
Creek.At Bonanza Creek, this facies consists of mudstone with minor amounts of sandstone,
conglomerate, and fossiliferous limestone.

Interpretation At Bonanza Creek, this facies is interpreted to represdrdaquens

deposition on a marine sh¢ianuszalet al, 2007 this study.
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Nutzotin Mountains Sequence at Jacksina Creek (Kjs)

At Jacksina Creek, the stratigraphy exposes nonmarine sedimentaryrsgata3-5B).
Sedimentary strata dacksina Creek consist of mudrock, carbonaceous shalgréimed
sandstone, and coal with abundant plant debris. Sandstones display symmetrical ripples and tidal
bedding structures (flaser bedding, lenticular bedding, wavy bedeimge3-6 A, B). Coal
layers range from less than 5 cm to approximately 1.6 m in thickness.

Interpretation.At Jacksina Creek, this facies is interpreted to represent deposition that
occurred in a coastal marine and terrestrial environment, infludryciavial, tidal, and wave
processes (e.g., a fluvidkltaic system).

Petrography

Handsamplesf both subaerial and subaqueous lavas are typically light to dark gray in
color. Thin sections were made 20 igneousandtwo sedimentary sampldésom this sudy;
samples for petrographic analysisrelimited to igneous rocks armbmbined with26 thin
sections fronthe study byShort et al(2005. Thin sections were used to determilegrees of
alteration of samples, and poovide visuakstimats of minerdogy. In thin sectionsampled
lavasare porphyritic, and plutonic samples are phanefhenocrysts of plagioclas#3 mm in
size,are present in most of tievas with many samples also comtmg 1-4 mm pyroxene
crystals. Alteration is clearly disaeble in hand sample as pyrite blebs, veins of carbonates and
sulfides, and as replacement of primary minerals by serpentine, epidote and other secondary
alteration mineralsAlteration is pervasive and is distributed homogenously throughout all
samples cllected. Alteration can make up anywhere from 10% to 100% of sanplsbut
the most altered samples, phenocrysts typically exhibit less alteration than groundmass minerals

(typically less than 30% alteration per phenocrystphibole minerals arenly present in
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samples from theniddle sectiorof Bonanza Creek and from samples from Jacksina Creek.
Amphiboles are typically completely replaced by chlorite, serpentine and/or opaque minerals,
with the exception of a few samples from theldle sectiorof the Chisana formation at

Bonanza CreekHigure3-9 A, B) and samples from Jacksina Cre&inphibole phenocrysts first
appear at approximately 1185 m in the stratigraphic column in the middle section of the Chisana
Formation at Boraza Creek ash continue until at least 1510 vimphibole phenocrysts range

from greater than 2.5 mm to less than 0.125 mm. Alteration in amphibole phenocrysts and
pseudomorphs can range from complete replacement by chlorite, sericite and opaque minerals to
less than 5% replacemdntthin section, plagioclase is the dominant phenogiiyaséeor all

samples It is typicallyaltered to sericite, epidote, carbonatedopaque mineral$lagioclase

laths exhibit sieve textures, and are typicatiped(Figure3-9 C, D). Plagioclase is present
throughoti the Chisana Formation at all localities samphdteration ranges from total

replacement of plagioclase minerals, to pargplacemenpresent in certain zones, to

homogenous alteratiocacross the mineral to sericite and kaoliftbisana Lavas are locally
amygduloidal, with vesicles filled by epidote, zeolites, serpentine, and c#ligjted3-9 E, F).

Olivine pseudomorphg-{gure3-9 G, H) are presemnly in samples from the upper section of
Bonanza Creek and from Jacksina Cré&alkvine-bearing lavas first appear at about 1595m in

the stratigraphic column and are found until approximately 110livine is typically replaced

by serpenihe, with minor chlorite and iddingsite also pres&iinopyroxene is the dominant

mafic phenocryst found in samples from the upper and lower sections of the Chisana formation
at Bonanza CreelOrthopyroxene is typically less abundant than clinopyrox&heration of
pyroxenes is typically less than 5% of the phenocryst, and is concentrated around the rims of the

minerals.Many pyroxenes are also normally zoned, and some are partially resorbed. Pyroxene
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phenocrysts range in size from over 4 mm to micrstatiime.Many phenocrysts of pyroxene
minerals exhibit twinning, and form as glomerocrygigure3-9 I, J). The groundmass of the
volcanic samples coritaplagioclase laths, pyroxene crystals, opaque minesalpgentine,
chlorite zeolites, sericite, kaolinite, and epidodgpendix B.

Multiple sampledrom the upper Chisana section at Bonanza Creek and Jacksina Creek
exhibit trachytic textures in groundmass plagiocl&samples from the lower section of the
Chisana Formatioat Bonanza Creelre typicallyporphyritic with glomerocrysts consisting of
plagioclase and clinopyroxene. Glomerocrysts often are larger timan ih diameter. Lower
section sampletypically contain amygdules that have been filled by calcite and/or zolite
Lavasfrom themiddle sectioralso have plagioclase as the dominant mineral, but have more
amphibole pseudomorphs and phenocrytsts than pyroxene or olivine. @k@ndomorphare
present only in the uppermost portions of itiedle sectionln the upper sectioavas
plagioclase is still the dominant minerabwever pyroxene phenocrysend olivine
pseudomorphs are present mainly at the base ofpibersection, and become less abundant and
smaller upsectiorLavasfrom the Jacksina Creefegionare plagioclase dominatethese
include samples wittrachytictexture withmore than 90% plagioclase laths. Otharatain
large (greater than 1.686m in diameterflomerocrysts of both clinopyroxene and hornbleimle
addition to plagioclas& hestratigaphcally lowestlavas sampled at Jacksina creek contain
large (greater than 2rim) amphibole pseudomorphs and medium (approximateign2and
smaller) clinopyroxene glomerocryside uppermost samples frahme Jacksina Creekegion
are trachytic and coposed of approximately 85% plagioclase laths and 15% alteration minerals.

The plutonic sample collected fraime Chisana Pluton near Bonanza Creaksistof

plagioclase feldspar, amphibole pseudomorphse apatit@nd secondary alteration minerals
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swch as serpentine, chlorite, kaolinismdepidote. Alteration is extensive, making up
approximately 45% of the sample. Plagioclase laths are typically euhedral to subhedral, and
exhibit zoning, sieve textures, and extensive alteration to kaolinite (soeset50% of the

mineral). Amphibole pseudomorphs are typically replaced by serpentine, epittbiehlorite.
Geochemicalclassification and bulk rock geochemical characteristics

On the total alkalis versus silica diagréloe Maitre, 1989)thesampledrom Beaver
Lake, Bonanza Creek and Jacksina Cieggkbe classified dsansitional basalts tandesites
with SiO» values ranging frord4.7 wt.% to 634 wt.% (Figure3-10). The samples showlkaoad
array in which totaalkali contemincreasesvith increasing silica conténSamples from
Bonanza Creek and Jacksina Creek typically plot as basaltic andEgjte®e 39). Samples
from Jacksina Creek and Beaver Lake range from basalts to andesites. On dre@lkdligO
(AFM, where Fe®is the total Fe expressed as Faliygram Figure3-10), samples from the
upper Chisana Formation at Bonanza Creek follow a tholaiiteoywhereas samples from
middle and lower sections, Beaver Lake, and Jacksina Creek diké&esaigt along a calc
alkalinearray Most of the Jacksina Creek lavas plot along a tholeirtiay, only the
stratigraphically lowest lava collected from Jacksina creek plots along thalkalioearray.
Samples also plot as subalkaline basaltic teesitid compositions oa Zr/TiO, versus Nb/Y
discriminationdiagram(Figure3-10). The similarity in classification using the two different
schemes suggedtsat alteration has hadrelativelysmall effect on theomenclature andutk
chemicalcomposition CIPW normative estimations of basaltic samples plot as olivine tholeiites
and tholeiites(Appendix B

Major element gochemical diagrams typically show increas8i@, with NaoO and kO

anddecreasing Sig@contentwith MgO, CaQ FeO and F© (Figure3-11). There are both high

24



FeO* and low FeO* groups present. Samples from the upper and Lower Chisana formation at
Bonanza Creek tend ot in a higher FeO* group #éh samples from thiddle section
Publidhed data, as well asmmples from Beaver Lake and Jacksina Creek typically plot within
both groupsk-0 and TiQ also have a small separation between the uppemaitle section
of the Chisana Formation at Bonanza Cr&zknples fromhe middle sectiorof Bonanza Creek
commonly group together on most of the major and trace element dia@rata$rom the
middle sectiorshow anomalously high valuagen plotting SiQvs. K20, NaO, and RbTrace
element diagramd-{gure3-12) showthat samples from the middle section are typically more
elevated irZr, Ba,and Rb; and more depleted in Sc than samples from the upper section
Samples from Beaver Lake show broadly similar elevations and depletions, except with higher
concentrationsf La, Y, Zr and Sc than the middle sectiorBafnanzaCreek.These trace
elements were chosen because they had the most overlap between the threeGleasets.
stratigraphic diagrams show thhere are significant differences between lavas from the three
sections of the Chisana Formation at Bonanza Creau(e3-13).

A primitive mantle normalized mulglement diagramFjgure3-14) shows enrichment
of LILE (large ion lithophile elements) andpletion of HFSE (high field strength elements)
relative to each other, characteristietdmental enrichments and depletions associated with

subduction
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Facies

Unit Abbreviation Description Inferred Depositional processes :
Location
Andesite lava flows and flow top/bottom breccias that
have been oxidized, typically occur as thick packages of .
- . - L . ) Jacksina
) . massive andesites. Porphyritic, with fine-grained light to . .
Subaerial Oxidized Lavas Keye ) ) Effusive volcanism and
dark gray matrices. Phenocrysts include 1-3mm plag
: A : Bonanza
(sometimes replaced with epidote) as well as 1-2mm
pyroxene and 1-4 mm amphibole phenocrysts
Volcaniclastic pebble conglomerate, matrix supported
ith a fine-grained matrix, but more clasts than previous . .
Block and Ash Flow KCgae w ine-gral . bu P viou Explosive Volcanism Bonanza
conglomerates. Poorly sorted clasts of what look like
tuffs, up to 15 cm in length.
‘ Inve(sely gradeld, poorly sorted and matrix ;upported Debris avalanche off volcano Jacksina
Lahar Breccias Kcg breccias, found in the lower parts of the section. Cut by flank and
andesite dikes. Bonanza
Andesite and Basaltic lava flows, found interbedded with  Marine deposition indicated by
Pillow and Marine Lavas Ko, Kegi- _Porphyritic, with fine g_rained Iight-to.-dark colored pi||OWr5 in andesite Iavgs, and by Bonanza
matrixes. Frequently contain 1-3mm plagioclase laths. the interbedded sedimentary
Frequently have lava flow top/bottom breccias. units containing marine fossils
Volcaniclastic pebble conglomerate, found throughout Shallow marine to deltaic .

. . : . . ISR Jacksina
Volcaniclastic Ke the lower and middle sections of the formation. Coarsens deposition indicated by large and
Conglomerate Cal upward, and contains Inoceramus fossils and fragments clast size, and inverse grading Bonanza

intermittently. of clasts.
Very fine-grained mudstones and volcaniclastic Deep marine environment
Marine Mudstones and sandstones found in the lower third of the Chisana N P . S
. - . . . : indicated by marine fossils and
minor fine-grained Kcy Formation. Marine brachiopods (Sandy and Blodgett low eneray deposition of Bonanza
volcaniclastic sandstone 2000) and molluscs (Richter 1994) are present 9y aep
. mudstones
throughout the facies.
Deposition in coastal marine
. . Sandstone, mudrock, carbonaceous shale, and coal with  and terrestrial environments
Upper Nutzotin Mountain . . X . . . R . .
Sequence Kjs abundant plant debris, symmetrical ripples, and tidal influenced by fluvial, tidal, and Jacksina
q bedding. wave processes such as a
fluvial-deltaic system.
Upper Nutzotin Mountain ) Mudstone with minor amounts of sandstone, Deposition in submarine-fan
Kijs Bonanza

Sequence

conglomerate, and fossiliferous limestone.

systems (Manuszak et al., 2007)

Table 3-1: Facies Table

Table describingbservedinits from Bonanza Creek and Jacksina Creek and their inferred
depositional processes. The Upper Nutzotin Mountains sequence is split into two facies here, as
the description and inferred processes of deposition differs greatly between the two study areas.
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Figure 3-1: Pictures of Bonanza Creek Study area, lower section

A.) Dike in lower section of Bonanza Creek, cutting throogirinemudstone facieB.)
Bonanza Creegillow lavasin marine lavas facie®erson for scale.
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Figure 3-2 Pictures of Bonanza Creek Study area, lower section

A.) Volcaniclastic conglomerate facigslower section of Bonanza Creelkery poorly sorted,
with pebble sized clasts andarse sandized matrixClasts are volcanic inature andare
texturally consistent with derivatidrom underlying lavagrock hammer for scale,
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approximately 28cm)B.) Cross sections dhoceramusand Belemnitdossilsin volcaniclastic
conglomerate faiesat Bonanza Creghlndications of a marine environment
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Figure 3-3 Pictures of Bonanza Creek study area, middle section

A.) Lahar breccidacies in Bonanza CreeKlasts are both sedimentary and aolic. There are
fewer clasts than previously seen in the formation, and clasts are more angular than previously
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seen conglomerateB.) Block and ash flow facieis Bonanza CreelClasts are made up of
mostlypyroclastic rocks, but also include XXX rocksyd are also angular.
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Figure 3-4 Pictures of Bonanza Creek upper section and Jacksina Creek study areas

A.) Contact of first oxidized lava autobrecc{assalt autobrecciabove reecolored zone of
oxidation)facies signaling the beginning siibaerial lava facie®revious lavas were not
oxidized and were greenigiray in color.B.) Subaerial lavdacies at Jacksina Credlkowermost
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stratigraphic part of the Chisana Formation at Jacksina Creek, velyrsorupper Chisana
section lavas at Bonanza Creek.
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Figure 3-5 Pictures of Jacksina Creek study area

A.) Lahar breccidacies at Jacksina Creekimilar to the same facies from Bonanza Cre8k.
Chisana formatiorike cutting throughNutzotin Mountains SequenéaciesunderlyingChisana
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Formationat Jacksina CreeRlike cuts through the sandstone and mudstone facies of the
Nutzotin Mountains Sequendeerson for scale.
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Figure 3-6: Pictures of Nutzotin Mountains Sequence at Jacksina Creek
A.) Symmetrical ripples in NMS sandstone as well as plant fossils in coal beds (inset). B.)

Flaser bedding in sandstones.
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Figure 3-7: Bonanza Creek stratigraphic column

Stratigraphic column for the Chisana Formation at Bonanza Creekcdhsistof three
sections, the upper, middle and lower, and is composed of six different facies. Facies
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descriptions and abbreviatioase takerfrom Table3-1. The top of the section was eroded away
and not documented
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Figure 3-8: Jacksina Creek stratigraphic column

Stratigraphic column showirthe approximate stratigraphy of the Chisana Formation at Jacksina
Creek.
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Figure 3-9: Thin section photographs

Plane and crogsolarized light photomicrographs @, B) amphibole phenocrysts in an
andesi¢ from themiddle sectiorof the Chisan&ormation. 4x) C, D) Phenocryst of zoned
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