AN EXPANDED LAVA CREEK TUFF ERUPTION: REMAPPING THE SOUR CREEK

DOME, YELLOWSTONE NATIONAL PARK

by

RaymondDale Salazar

A thesis submitted in partial fulfillment
of the requirements for the degree

of

Master of Science
in

EarthSciences

MONTANA STATE UNIVERSITY
Bozeman, Montana

June2023



O©COPYRIGHT
by
RaymondDale Salazar
2023

All Rights Reserve



ACKNOWLEDGEMENTS

Without funding, this project would not have moved forward. | would like to say thank you
to the National Science Foundation award E20R25625 and the U.S. Geological Survey EDMAP
program for funding this project.

| would like tothankmy advisor, Dr. Mason Myers, for guiding me through this project
and giving me the opportunity ttearn and grow as a scientist. Thank you to my committee
members Dr. Colin Wilson and Dr. Andrew Laskowfki your support anéknowledge which
made this projecpossble. Thank you tothe various field hands | had throughout my project
including the volunteer and the REU studeAtspecial thank yoto Hailey Firch, Henry Stahl,
and Colter Zandi fospending many weeks in the field with m&ihg through rough terrain and
fending off millions of mosquitoed.am grateful to my fellow graduate studefastheir support
and friendship throughout the last couple yedrsank you to the Yellowstone Volcano
Observatoryand all its constituents for allowing medioare my work antbr giving me feedback.
Thank you Yellowstone National Parkor providing a research pernit our groupAll fieldwork
was conducted in Yellowstone National Park under permit nunvigl -2022SCI5248
Finally, thank you to my friends and famfiyr supporting me through this journey as well as their

continued support.



TABLE OF CONTENTS

1. INTRODUCTION AND BACKGROUND .......uuutiiiiiiiiiiiiiiiiiieesiiiseeeeeeeeeeeeeeeeeeesssmseeeaaaeeens 1
Yoo [ [ i o] o P PP PP PUPPPPPPPP 1
BACKGIOUNG.... ...ttt e e e e e e e e e e e e s s e e e e e e e e e e e e e e e e anee 4

(€7=To] (o | [od @0 o1 (=« AP
SOUI CreK DOME.....cciieiieiiitiii ettt errr s e e e e e e e e e e e e e e e eannneeeeeeeeaes 5
Lava Creek TUff MEMDET A ... e 8.
Lava Creek Tuff MemDBDEr B..........iiiiiii e eeeeteee e 11
Huckleberry Ridge Tuff MemDbDEr.B.............uuuiiiiiii e eeeer e 11
Stonetop MoUNTAIN FIOM.........ooiiiieeeee e e e e e e eens 12
Newly ReCOgnIiZed UNILS........cooiiiiiieeeiiieceeeeei e eeme e e 12

] 1 U SESUUUUURR 12

O] o ]| PP TP UPUPPUPPPR 13

2. METHODS AND RESULTS . ....coiiiiiiiiiiiiiiiietieee bbb e e e e e e e s seeeeeeeeeeeeaaaaeaeeaaesssssmnns 14

Y11 To o £SO PO P PP P U PP 14
Remapping and Sample ColleCtiaN..........coooiiiiiiiiiie e 14
=T 0 aT0] L=, =T o] o] oo TP 14
STUCTUIAl ANAIYSIS. ...t eee et e e et e e e e e e e e e e e e e s s e e e e ens 15
PetrographiC OVEIVIEW. ........uuuiiiiie e e e ceeeice ettt enne e e e e e e e e eee e e 17
LAY T 1= o o < 17
Electron Probe MICHANAIYSIS...........ouuvuiiiiiiii i eeeer e e e e e e e e 18
Saniding’ Liquid ThermOmMEtrY........ooooi i eeeee e 19
ArgonT Argon DatiNg..........uuiiiiiiiie e eeee e e e e ———— 20

TS U3 21
] o 71 S USSP PPPUUPPPPPPRP 21
] P 23
6] 71 USSP PPUURPPPPPRR 24
O 26
Remote Mapping an8tructural ANalySiS........cccooeeiiiieiiiiiiieeeie e 28
Saniding COMPOSITION....cciiiiieieeiiii e rre bbb e e e e e e e e e e s eeneees 31
L= 1 @0 o 0] 0 To 1< £ o o PP 34
JLILALE 00010 0T=3 1 PP PP PP PPPPPPPR 37
ArgonT Argon Dating.........ccceuuiiiieiiiiiiiieie e eeeeiviies e e e e eessmmmrsnnn e e s sesnnnn e eeessemnmen 4L

3. DISCUSSION AND CONCLUSIONS.....coiiiiiieeeeeeee e eeesimmme e e e e 44
[ o U 7] o] o TR RUSUPPPPURRPRRPI 44

DiIStribution Of NEW UNIES.......cevvviiiiiiiiiiie s it s s s e e e e e e e e e smnnss s s e e e e e eeeeeeeeeeeeeensennd 44

SHTALIGIAPNY. .. e e ———————————————— 46



iv

TABLE OF CONTENTS CONTINUED

Yo 10 (oI N == 1S U PPPPUPPRRS 48
Implications for the LCT ErUPLiON.........cooiiiiiiiiiiicee e ee e 50
Implications for Yellowstone Caldera................oouviiiiiiiriiiieeeciee e 52

(@] o Tod 181 [0 o 1 SRR 53
REFERENGCES CITED... oot rreee e e e et e e et e e e s mmma e e e aan s 56
N o 1T 0 63
APPENDIX A: Copy of Field Notes and Samples with GPS Locations........................ 64

APPENDIXB: ArgonT ArgonDataL........cccuuuuiiiiiiiiiiiiieeie e e 109



Table

Vv

LIST OF TABLES
Page
. Summary oimodal abundances feach newly recognized
unit compared to LCTA @and-B..........cooooiiiiiiiiieeeeee e 24
. Summary of barium concentrations from the newly recognized
units compared to0 LGR @nd-B ........ooooviiiiiiiiiii e 32
. Glass andvholeroCkanalySesS.........cuuuviiiiiiiiiiii e 35

. WHhOIe roCK @NalYSES........uiiiiiiiiiiiiii e 36



Figure

Vi

LIST OF FIGURES

Page

1. Geologicmap of the Sour Creedlomemodified fromChristianser{2001)............... 6
2. Outline of Yellowstone National Parkith key locations marked.......................... 8.
3. Hand sample phosmof LCT-A and-B..........cooiiiiiiiiieee e 10
5. Geologic map of the Sour Creek dost®wing faulting...............cccccvvvviiieennnnnns 16
6. Photos of th&ewly recognized UNItS............oovviiiiiiiiiiieeeeeeee e 21
7. Thin section photos of the newly recognized URNILS..............ccooceemnee s 22
8. Updated map of the Sour Creek dore#tecting the change in geology and

showing sample I0CatIONS.............cooiiiiiiiiiieee s 27
9. An updated geologic map of the Sour Crdekne with unitsprojected

10 @reas NVISITEU.........coiiieeeeeeee et e e e e e e e e e e e e e enne s 29
10. Topographianap of the Sour Creek dome with generalized contours

showing its original Shape..............oooviiiiiiiee e 31
11.Barium vs orthoclase plots of the newly recognized waitspared to

IO =T o = SR 33
12. Sanidineliquid thermometry applied to theuckleberry Ridgd uff,

figure adapted from Swallow et al. (2018)............coovriiiiiiiieeee e 39
13.Mean temperatures from units2, and 3of the Sour Creek Dome

compared t0 LCTA @Nd-B .........ooiiiiiiiiiiiii e 40
14.A map of the Sour Creek Dome showing collectmeations of

samples used fAPAr-22Ar dating..........c.covveivieeeieieeee e s A2

15.Weighted meamge diagram of ignimbrites from the Sd&neek Dome
compared t0 LCTA @Nd-B ........oooiiiiiiiiiiiii e 43



vii

ABSTRACT

The ~1000 kr, ~630 ka Lava Creek Tuff is th@roduct of theyounge major caldera
forming eruption of the Yellowstone Volcanic Fieldisicurrentlymappedastwo ignimbrite units
hot dense flows of ash, gas, and molten mategahiedmembers A and Bwith accompaying
widespread ashfalls over thestern U.S. Thigiew of the Lava Creek Tuffind its eruptionyas
conplicatedwhentwo, visually distinctignimbrites were recognizedn the Sour Creek dome in
Yellowstone National parkwilson et al., 2018)These visually distinctgnimbriteson the Sour
Creek dome were initially mapped as the olded§R1a) Huckleberry Ridge Tufthowever, when
dated byU i Pb on zircon and®Ar/*°Ar on sanidine the ignimbrites returned ages analytically
indistinguishable from the Lava Creek T{®.63L Ma). In the newly dated igninriies, one unit
is found as clasts of dense welded tuff withing adagosit which is conformably overlain ky
second cliff-forming, densely welded ignimbrite that contains scofiifis study further
complicate matterdue tothe discovery of two additional, previousinrecognizedignimbrites
while mapping on the Sour Creek dagnieinging the total to fourgnimbrites Physical and
chemical evidence suggests there were multiple magma bodies tapped during theseflipsion
project broadens our understanding of the four ignimbditeumenting theispatial distribution
and source area(s) and determine hoay trelate geochemically the established membeksand
B. This was done through field mappijntpin sectionexamination, and wholeock and single
crystal geochemistryfhis resuledin a revised understding of the Lava CréeT uff stratigraphy
and holds implications fareevaluating the eastern boundary of the Yellowstone Caldera
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CHAPTER ONE
INTRODUCTION AND BACKGROUND
Introduction

The largesscale caldekh or mi ng erupti ons, often ter med
which produce >450 kiof magma (Miller and Wark, 2008). These supereruptions have in many
areas around the world, with 13 occurrences in the Quaternary (Wilson et al., 2021). Due to their
infrequency, silicic calderforming eruptions are one of the least understood, yet mastidiss,
events that occur in naturBupereruptions are rare, with an average of one occurrence every
100,000 years (Mason et al., 2004; Wilson et al., 2021), but this number is just an average and
should not be taken as an indicator of when the nextvhbe (Miller and Wark, 2008)These
eruptions have the potential to displace hundreds to thousands of cubic kilometers of material on
the order of weeks, to decades or loni®ison and Hildreth 1997; Self, 2006; Swallow et al.,
2018a, 2019; Wilson eadl., 2021). Currently, the best techniques to determine the volume of
material erupted, how and where the original magma was stored in the crust, as well as infer the
possible triggering mechanism for these eruptions is through a combination of detdded fi
mapping and geochemical characterization of the erupted material (e.g., Gottsmann et al., 2009;
Bachman, 2010; Allan et al., 2012; Myers et al., 2016; Swallow et al., 2019; Pearce et al. 2020;
Pineda et al., 2021). Historically, calddoaming superarptions have been thought to occur as
singular,large events, where a shallow+(8 km) magma chamber is effectively emptied upon
eruption, causing the overlying ground to collapse into the vacated space, to form a caldera (Smith

and Bailey, 1968; ipman, 1976; Druitt and Sparks, 1984; Gudmundsson, 1988; Lipman et al.,
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1997; Cole et al., 2005; Wilson et al., 2021). These eruptions produce ash fall deposits and
ignimbrites, the latter of which can be hundreds of meters thick and emplaced to over ftOM k
their source. These large ignimbrites are the product of pyroclastic density currents (PDCs), hot,
ground hugging particulate flows of pumice, ash, lithics, and crystals that cool as a single cohesive
unit (Smith, 1960; Ross and Smith, 1961; Walke&83; Wilson, 2008; Wilson et al., 2021).
Understanding the eruptive dynamics and timing of PDCs has been a challenge due to the dangers
of direct observation as well as how infrequently they have been obg€reestein and Wilson,
2005) Ignimbrites can show a wide variety of textures, welding, lithic and crystal content and size,
and internal structure all within a single eruptive pgekidnat needs to be interpreted to reconstruct
the earlier flow dynamics (Freundt et al. 2000; Wilson and Hildreth, 2003; Fierstein and Wilson,
2005). Along with the intricate layers of a flow unit, an ignimbrite may also contain a lag breccia.
A lag brec@a is a lithic breccia which is commonly clast supported, poorly sorted, ranging from
ash to boulder sized, vederived wall rock fragments; the large size of the clasts suggesting
proximity to a ven{Wright and Walker, 1977; Druitt and Sparks, 1982; k&gl 1985 Freundt et
al., 2000. The maximum clast size decreases away from the vent due to the energy requirements
of transporting large (>1 m) clasts (Freundt et al., 2000

It is not uncommon to have multiple flow units make up a singular ignimbresits,
which can present itself as a single thermal cooling(Mvitson and Hildreth, 2003Welding in
an ignimbrite refers to the degree in which the deposit has coalesced due to heat and load stress
(Freundt et al., 2000; Quane and Russell, 20@%imbrites can range from nemelded, meaning
they can be disaggregated into their original grain sizes and components, to vitrophyre, meaning

highly compacted and obsididike (Quane and Russell, 2003h extreme cases, an ignimbrite
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may have a rheomorpghtexture which suggests that the temperature upon emplacement was high
enough for the deposit to coalesce into a viscous liquid and flow in similar fashion to a lava
(Freundt et al., 2000

Though it is possible for a supereruption to occur rapidly (ed#dband Sparks, 1979;
Wilson and Hildreth, 1997), this is not always the case ability to identify and quantify time
breaks in calderforming eruptions would indicate whether an eruption was episodic in nature;
consisting of periods of intense adtyvand gaps where no record of activity is sézg., Wilson
and Hildreth, 1997; Wilson, 2001; Wilson et al., 2089r instance, the Yellowstone Volcanic
Field is home to two supereruptions, the Huckleberry Ridge Tuff (HRT: 2.08 Ma), and Lava Creek
Tuff (LCT: 0.631 Ma). Both the HRT and LCT were originally inferred to be the product of
multiple consecutive eruptions vented from discrete locations now within the relevant caldera
(Christiansen, 2001). However, studies have highlighted that the HRT hadtaaks of days
(Myers et al., 2016) to decades (Swallow et al., 2019. In addition, it was demonstrated that the
HRT wassourced from distinct and physically separated magma bodies, with evidence for separate
parental magma sources in the crust and mdhtiers et al., 2016; Swallow et al., 2018a, b,
2019) Studying time breaks holds implications for how we perceive the possible phases of a
calderaforming eruption.

The LCT, however, has yet to be studied with the same level of detail as the HRT. The
LCT was inferred to be two events, sourced from a single magma chamber and without a
significant time break between eruptions (Christiansen, 2001). The recent identification of two
new LCT-aged ignimbrites in th&our Creek domé&SCD), Yellowstone National Park, has

provided evidence of a significant time break within the LCT e(filson et al., 2018)However,
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very little is known about these new ignimbrites recognized by Wilson et al. (2018). Their extent
and distributions, rad how they relate stratigraphically and geochemically, to the mapped Lava
Creek Tuff members A and B, are unknown. This study characterizes the newly recognized
ignimbrite units in the SCD area and determines how they relate to the overall eruptiortsequen
of the LCT and its previously described members A and B. This has been done through a
combination of detailed field mapping, petrographic descriptions, and geochemical analyses, with
the aim of answering the following questions:
1. What is the extent (disbution) of the new units, and what are their source regions?
2. How do the ignimbrite units geochemically and petrologically relate to each other and
how do they relate to the conventional exdteddera LCT members A and B?
3. Were the ignimbrite units eruptegrlier than, at the same time as, or later than, the
conventional extra&aldera LCT members A and B?
4. Can the newly recognized units be projected to parts of the Sour Creek dome not
physically visited?
Ultimately this project will result in a new undenstiing of the ignimbrite units that make up the

SCD and relate these to the deposits that make up the widespread mappealdxtaa CT.

Background

Geologic Context

The Yellowstone Volcanic Field is home to some of the most voluminous Quaternary
rhyolitic eruptions in the United States, represented, in part, through a series of thrgellargs
calderaforming eruptions that produced the Huckleberry Ridge (2.08 Ma), Mesa Falls (1.3 Ma),

and Lava Creek (0.631 Ma) tuffs. The oldest and larg&&Q(Xn¥) of these ignimbrites is the
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Huckleberry Ridge Tuff, which has been mapped as three separate ignimbrite units, members A,
B, and C preceded and accompanied by a large, exceedingly widespread fall (dizgtbsit
Wilcox, 1982; Christiansen, 200Based on field evidenc&wallow et al. (2019utlined how
the HRT deposits record depositional gaps between erupted units, with months to years between
Members A and B and decades between B and C. It was also demonstrated the Huckleberry Ridge
eruption vas sourced from four magmatic systems that separately and sometimes simultaneously
fed the eruption throughout its duration (Swallow et al., 2018a, 2019). The Mesa Falls Tuff is the
smallest (280 ki), and least exposed of the three depd€itgistiansen2001) The Mesa Falls
Tuff has been interpreted to represent a single depositional event containing an underlying fall
deposit and an ignimbrite with a more densely welded upper portion, fed by an isotopically
heterogenous magma chamber (Christiansenl;2Rvera et al., 2016)Theyoungest of these
eruptions, the Lava Creek Tuff (~1000%®.631 Ma) is divided into members A and B, separated
by a reversal in welding profiles and distinguished by the presence of phenocrystic amphibole in
Member A (Chrisansen, 2001). (Note, however, that these designations are currently being
reevaluated: Henderson et al., 2021.) These member A and B distinctions were further questioned
when two additional, visually distinct, ignimbrite units with ages analytically timgigishable to

those of the Lava Creek Tuff were recognized in the SCD area (Wilson et al., 2018).

Sour Creek Dome

The Sour Creek resurgent dome is thought to have been created after the LCT eruption
(Christiansen, 2001). A resurgent dome is an aréfzeafaldera floor that is uplifted as a structural
dome (Smith and Bailey, 1968; Marsh, 1984). Resurgent domes represent the product of uplift as

the underlying evacuated magma chamber refills with magma; conversely, as magma leaves the
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magma chamber, thesurgent dome will subside (Smith and Bailey, 1968). Often, resurgent
domes are dominated by radial or concentric faulting (Smith and Bailey, 1968). However, as
mapped (Figure 1), the SCD has neither radial nor concentric faulting. Rather, it is ddrhjnate
a suite of NWSE trending faults and an orthogonal suite of8)\ trending faults. Interestingly,
the NESW suite of faults line up closely with the faults mapped on Elephant Back Mountain and

thus must be younger than 150 ka (the age of the domanfprEiephant Back Mountain:

Christiansen, 2001) due to cross cutting relationships.
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7
Currently, Lava Creek Tuff members A (LEN) and B (LCTFB) and Huckleberry Ridge
Tuff Member B (HRTFB) are mapped eghsively in the SCD area (Christiansen and Blank, 1975;
Christiansen, 2001: Figure 1), requiring established petrological and lithological descriptions to be
used for distinguishing these members from the two new units. It is inferred that Member A of the
LCT was erupted first, with the vent being proximal to Tuff Cliff (Figure 2), while Member B was
erupted from the eastern boundary of the caldera, just outboard of the SCD (Christiansen, 2001).
LCT-B is mapped more extensively in the SCD than either-ACdr HRT-B (Figure 1). The
following descriptions come from field observations of the broadly distributed LCT members A
and B, HRTFB and two new units of the LCT (Figure 2; Christiansen, 2001; Wilson et al., 2018;

Henderson et al., 2021).



Montana
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Dome Wyoming
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A

Figure 2. Outlne of Yellowstone National Park. The location of the Yellowstone Caldera is shown
by the orange line. The Sour Creek dome is marked by the red oval. Tower Junction, Virginia
Cascades, and Tuff Cliff localities are marked by orange stars.

Lava Creek Tuff Mmber A

Where exposed, Member A presents in one of two ways (Figure 3). The first is densely
welded, yet crumbly and thoroughly weathered, presenting agetlanv in color. The other is as
a densely welded rock with a thick weathering rind that is habde@k. In hand sample, LEA
has a grey matrix; however, when it is altered (as is more often the case) it appears more tan
yellow. The minerals present, listed in decreasing order of abundance, are quartz, sanidine,
plagioclase, and oxides, with trace@yene and amphibole (Christiansen, 2001; Henderson et al.,
2021). The plagioclase and sanidine are distinguishable from each other in hand specimen due to

the plagioclase being yellow stained from weathering. In thin section, sanidines are square while
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the plagioclase are elongate. The feldspar types also display different twinning features. Sanidine
shows carlsbad twinning while the plagioclase shows albite twinning. Both feldspar types display
subrounded to subangular forms. The quartz is moderatetyredcand generally rounded to sub
rounded. The pyroxene and amphibole, when present, all show breakdown textures (breakdown
rims, mineral replacement, etc.,). The matrix of this member may show flow texture and glassy

shards: in most cases the glass apgpkeoken down due to vapor phase alteration.
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Figure 3. A) Hand sample photo of a cut face of Lava Creek Tuff Member A from Virginia

Cascades. B) Hand sample photo of a weathered face of Lava Creek Tuff Member B from Lewis
Canyon. Both photos by Stakienderson.
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Lava Creek Tuff Member B

In exposures, LCT Member B tends to be more competent than LCT Member A, likely due
to its higher degree of welding, forming cliffs rather than weathering as rubble. HoweveB LCT
is also often seen as a weatheredrapicin hand sample, the unit is dark gray when nonweathered
and unaltered. Similarly to Member A, LeH is yellow-brown in color when weathered (Figure
3). This makes it somewhat difficult to distinguish between members A and B in the field when
presentedvith weathered exposures that have no internal stratigraphy. The mineral assemblage
and concentrations are generally indistinguishable from those of Member A (Henderson et al.
2021). In thin section, LCT Member B is nearly indistinguishable from4ACTCT-B lacks
phenocrystic amphibole, where L&Y may contain some. It has subangular to subrounded
feldspars and rounded to subangular quartz. The matrix inB.&STgenerally devitrified glass or

a microlite groundmass.

Huckleberry Ridge Tuff Member B

The Huckleberry Ridge Tuff (HRT) Member B is the second member in the overall HRT
ignimbrite stratigraphy. Though HRB is mapped in the SCD (Christiansen and Blank, 1975;
Christiansen, 2001), this ignimbrite, as reported and visited by Wilson et al. (2018)aly
different from HRFB and yielded a zircon crystallizationRb age of ~651 ka from the interior
of sectioned grains (Wilson et al., 2018). As HRhas previously been mapped in areas not
revisited in the SCD, it is important to understand whktaks like in order to accurately remap
the dome. HRIB, as mapped outside the SCD, is a gogk ignimbrite with common pale

flamme and with minor amounts of grey scoria in its upper parts (Christiansen, 2001).
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Stonetop Mountain Flow

The Stonetop Mountain Flow is an inferred rhyolite lava flow on the SCD and is thought
to be part of the Mount Jackson series of rhyolite lavas (Christiansen and Blank, 1975;
Christiansen, 2001). The Mount Jackson rhyolites are porphyritic, endtall51 40%) lava
flows containing sanidine, quartz, and lesser amounts of plagioclase (Troch et al., 2017). The
rhyolite flows span the time between the Mesa Falls Tuff eruption (1.3 Ma) and the LCT eruption
(Christiansen, 2001), but the majority span 127 Ma. The existing interpretation is that the
Stonetop Mountain Flow is part of a t€T lava dome that would have been a patgmographic
highpoint, buried by the later ignimbrite (Christiansen, 2001). This was inferred as the topography
strongly suggesta bulbous buried surface at Stonetop Mountain as well as its quaquaversal

drainage pattern.

Newly Recognized Units

The following descriptions of Unit 1 and Unit 2 are taken from Wilson et al. (2018). Both
units 1 and 2 were mistakenly mapped as H&Rif the SCD and have since yielded ages that are
indistinguishable from those of the LCT. Units 1 and 2 represent newly recognized ignimbrites,
visually distinct from the LCT and HRT, which are inferred to be part of the LCT eruption.

Unit 1. At the Bog CreeKocality (Figure 1) there is a roughly 25-tmck exposure of
welded, poorly sorted lithicich breccia in the creek bed. The streambed with the breccia exposure
is covered with grey hydrothermal precipitates. The breccia clasts range in size from atrto m
scale boulders and are angular to welinded (Wilson et al., 2018). Fiamme (flattened pumices)
are rare and there are sparse fragments of irregularly cross bedded tuff, interpreted as intraclasts

of reworked material. In addition, the clasts makiqgthe breccia show no evidence of being
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emplaced at or having been fragmented at high temperatures, as evidenced by a lack of chilled
margins, breadcrust textures, or radial (cooling) jointing in the clasts (Wilson et al., 2018). The
poor sorting of the feccia and the consistency of the tuff seen between clasts led Wilson et al.
(2018) to interpret this as a lag breccia. A lag breccia of this nature is generally interpreted to be a
nearsource feature, within a few kilometers of vent (Druitt and Spa8&2;1Walker, 1985; Self
et al., 1986; Wilson, 2001; Wilson et al., 2018). The fact that the ignimbrite fragments within the
breccia are dated to be of LCT age suggests that there waslaréiakewithin the LCT eruptive
sequence long enough for coolingtioé earlier ignimbrite to have occurred, roughly estimated to
be on the order of decades.

Unit 2. The next ignimbrite, referred to here as Unit 2, was first described in two locations
on the SCD and in one location off to the northeast. On the SCD, fbwurad on the northwestern
most edge of the SCD to the west of Wrangler Lake and at Bog Creek, which has carved an
exposure in the cliffs. The sample off the SCD to the northeast was originally collected by
Christiansen (2001) and upon review by Wilsonle{(2018), this ignimbrite appeared visually
similar to the ignimbrite seen at Bog Creek and west of Wrangler Lake. At the Bog Creek location,
this ignimbrite conformably overlies the breccia containing Unit 1, suggesting that it was the
eruption of Unit 2that broke through an earlier emplaced L&Jed ignimbrite. At Bog Creek,
Unit 2 creates cliffs about 40 m in height and is intensely jointed. The ignimbrite was described as
crystatrich and contains numerous fiamme. Notably, this ignimbrite also censariaceous

material which has been recrystallized (Wilson et al., 2018).
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CHAPTER TWO

METHODS AND RESULTS

Methods

Remapping and Sample Collection

Six weeks of remapping in the SCD area began in the summer of 2021 and continued for
seven weeks duringeérsummer of 2022. Prior to leaving for the field, Google Maps was used to
determine mapping transects that would include exposed materials and limit the amount of
challenging terrain to be traversed. Preliminary mapping during the 2021 summer had helped
constrain that steep topography and areas with mapped contacts were the most likely to contain
exposures suitable for use (i.e-situ exposures with minimal weathering).

Once a suitable exposure, meaning minimally altered bygroptacement processeshbu
as vapor phase alteration was found, a sample location was marked with a GPS device and
coordinates written down in field notebooks. The exposure and sample were described in the field
notebooks with inferences, based on observation, as to which unheirsg recorded. Samples
were collected that either represented an uncertain, but prominent, unit, or were representative of
a specific unit being studied. The freshest sample of the unit was then bagged in Ziploc and cloth
bags to avoid contamination. r8ples were brought to Montana State University for processing

and analysis. Full copies of field notes with GPS locations, can be found in Appendix A.

Remote Mapping

For areas that were unable to be physically visited during these two field seasons remote

mapping was attempted using GIS software to project mapped units across the remaining areas of
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the SCD. Due to the differences in welding profiles of each unit, it is hypothesized that each unit
will have different overall slope angles, representing ifie weathering resistivities. To
determine slope angle of each unit, ami&er DEM (Digital Elevation Model) was used. The 10
meter DEM (U.S. Geological Survey, 2021) was loaded into the ESRI ArcGIS Pro program. The
Fill tool was then used to fill anyrss in the data. Initially the DEM contained a region that was
larger than Yellowstone National Park, so the clip function tool, housed withing the Raster
Function toolbox, was used to clip the DEM down to the extent of the SCD. A Hillshade layer was
creatd from the DEM to show topography.

The slope assessment was handled by drawing lines along the ridges of known units. The
ridge lines were assumed to be the original angle of emplacement. The profile tool was then used
to analyze the topography beneatbheline drawn along the ridge € 17). The output allowed

for the measurement of the slope along the ridges.

Structural Analysis

The SCD has two general suites of faulting. There is a set«3\NErending faults and a
set of NWSE trending faults, withhe NESW trending faults truncating the N@E faults. The
NE-SW suite of faults align closely with faults seen on Elephant Back Mountain, to the SW of the
SCD (Figure 4). To determine if the faults on Elephant Back Mountain are related to those of the
SCD, the method described in the following paragraph was applied to Elephant Back Mountain.
The relationship of faulting to the SCD holds major implications for its structural resurgence in
that if the faulting of the SCD is concurrent with that of ElephamkBdountain, the faults are
not related to structural resurgence that can be linked to the Lava Creek Tuff eruption. In addition,

the mapped suite of NVBE trending faults on the dome were examined to determine if there was
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any offset between the grabkke structures. If there is notable offset, there likely is-S®/

faults. However, if there is minimal to no offset, then the {S® valleys may simply be

preferential erosional pathways along fractures related to welding and compaction of the
ignimbrite.
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faults to the SWElephant Back Flovis to the SW on Elephant Back Mountain.

For structural analysis, the main foauas fault displacement. There is an abundance of
faults mapped on SCD, some of which were visited and others that were not. As an attempt to

determine the accuracy of the mapped faults in areas not visited, the tops of ridges were used to
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determine if thee was displacement between them across the gtideevalleys. As above, ridge
tops were assumed to represent original empl ac
Lines connecting ridgetops were drawn on a topographic map with 20 ft carifbe amount of
offset was then noted. A general contour map of the SCD was created and used to restore the

original shape of the dome before erosion.

Petrographic Overview

Collected ignimbrite samples were first cut into billets (26 x 46 x 20 mm) tisengock
saw at Montana State University. The billets were then sent to Wagner Petrographic to make
polished thin sectionsi(= 23). Thin sectionsn= 9) were then point counted for major and minor
mineral phases. The point counts were helpful in determining both which mineral phases are
present as well as the modal abundance of these phases. Point counts were completed using an
optical microscope wit PlanePolarized light (PPL), CrogBolarized light (XPL) and Reflected
light (RL). A minimum of 200 points were counted on each of the thin sections analyzed. These
point counts quantified any mineralogical variations within and between the major risviouni
compare with concurrent work on Members A and B (Henderson et al., 2023). Modal abundances

for each ignimbrite, determined by point counts, can be found in Table 1.

Whole Rock

Whole rock xray fluorescence (XRF) analyses to determine major and &laceent
signatures of each newly established ignimbrite unit were carried out at the Peter Hooper
GeoAnalytical Laboratory in Pullman, Washington. To prepare for whole rock XRF analysis
representative samples for each ignimbrite were crushed and miMamhtdna State University.

Whole rock was used rather than single clast analysis of juvenile material because although scoria
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was present throughout Unit 2, individual clasts were too small for analysis (> 2 cm) and unable
to be separated from the hostkofbout 50 grams of each sample were brought to Pullman for
analysis. At the lab, samples were powdered using a tungatkite ring mill. The resulting
powders were mixed with spec pure dilithium tetrabo¢awdnson et al., 1999placed in molds
and kft in a muffle furnace for fusion. During fusion the powders melt into glassy material called
beads. After cooling from the fusion process, the beads were labeled, polished, and loaded into the
XRF instrument for major and trace element analysis. Whot& emalyses for each new
ignimbrite found in the SCD were completed to compare with the established Lava Creek Tuff
members A and B datasets (Christiansen, 2001). Six samples from the SCD were analyzed via
XRF: one from Unit one and five from Unit 2.

It was expected, based on previous work by Christiansen (2001), that whole rock analysis
would be unable to distinguish any subtle differences between units. Therefore, other methods of

geochemical analysis were required.

Electron Probe Micr@nalysis

Subtle shifts in the geochemistry of erupted glasses and sanidines could allow for
interpretation on whether new units came from separate magmas, as well as the temperature of the
magma. Sanidine was focused on as it is abundant in each ignimbrite and is chpadueding
shifted chemistry, while matrix glass is exceedingly challenging to find in the Lava Creek Tuff.
Sanidine and any glassy matrix found in thin sections was analyzed for major elements (Fe, Si, Al,
Na, Ti, Cl, K, Ca, Mn, P, Ba) using the Cam&>&100 Electron Microprobe at the Oregon State
University. Operating conditions for sanidine included a 15 kV accelerating voltage, a beam

current 30 nA, and a beam size of 10 um. For glass, operating conditions were as follows: 15 kV
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accelerating voltagea beam current 10 nA, and a beam size of 5 um The EPMA allows for the
chemical composition of discrete zones within individual minerals to be determined, as well as the
melt composition of individual points rather than average, bulk composition an@lysibtained
by XRF). Previous studies (Swallow et al., 2018a, 2019; Shamloo and Till, 2019) have highlighted
that barium is abundant in magmas from Yellowstone, and highly incorporated into the sanidine
mineral structure. Therefore, barium is used hedetermine if the ignimbrites of the SCD were
erupted from multiple magma bodies, or just one. A summary of barium data can be found in Table
2 while glass and whole rock data can be found in Table 3. The full dataset can be found in the

supplement.

Sanidnei Liquid Thermometry

Thermometry is a technique used to estimate the temperature at which a magma was stored
before eruption. The common occurrence of alfedtispar in rhyolites has garnered them a lot of
traction as a thermometer in silicic systef@g., Swallow et al., 2018a, 2019; Shamloo and Till,
2019). Feldspaliquid thermometry was originally presented based off the anorthite to albite
exchange series (Kudo and Weill, 1969). This approach was later applied tdeddisgdars, using
albite-liquid equilibrium to estimate a model crystallization temperature (Putirka, 2005, 2008).
Using the major element data collected from the EMPA, temperature estimates were determined
for sanidines from the new ignimbrites found on the SCD. Although maficraisnare more
commonly used for thermometry, they are largely absent in LCT material (Table 1). It could be
that they were present in the ignimbrites at the time of emplacement but therdbvakeluring
the welding and devitrification processes, makireqitsparsely preserved at present day. This has

been seen by breakdown of mafic minerals in thin sections. Thus, the temperature estimates
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reported here are based on feldspglass compositions applied to the alkaldspar thermometer

of Putirka (2008).

Argoni Argon Dating

To confirm ages of the new units established by Wilson et al. (2018) and integrate the ages
of uncertain ignimbrites found in SCD, six samples were sent to the USGS Menlo Park, CA,
facility for “°Ar/*°Ar dating. One sample from eadidividual unit was dated along with samples
we were unable to identify in the field, to aid in creating an accurate, updated map of the SCD. In
preparation fof°Ar/3°Ar dating, each sample was crushed using the chipmunk crusher at Montana
State University The samples were then sieved into <0.5 mm,i0l5mm and >1 mm size
fractions. Between 40 and 50 sanidine crystals were picked from tiie€l0adm size fraction of
each sample and sent to Menlo Park, CA for analysis. The sanidine crystals then urrdsriremt
irradiation. When irradiated, stable radioget¥r is produced along witB°Ar, %8Ar, 3’Ar, and
3Ar (Kelley, 2002) via bombardment by thermal and fast neutrons (Schaen et al., 2020). Because
argon is a trace element, the radiogenic argon pseatliscoften of higher quantity than naturally
produced argon (Schaen et al., 2020). After irradiation, the samples and standards are put in a high
vacuum system. Gases are then extracted from the samples by total fusion of single crystal and
analyzed by amoblegas mass spectrometer (Schaen et al., 2020). The observed &g “8Ar

is then compared againSAr/*°Ar to create an isochron pl¢gee supplement).
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Results

Unit 1 Description

In outcrop form, Unit 1 presents itself as clasts of tare pabwn and mid to dark grey
colored tuff and as black glassy clasts in a l#iet breccia (Figure 5). As previously described,

the poor sorting and large boulders of tuff present suggest this breccia is a lag deposit (Wilson et

al., 2018).

Figure 5. (A) Photo of Unit 1 presented as clasts in a lag breccia (Wilson et al., 2018). (B) Hand
sample of Unit 2 noting the mafic scoria (black arrows). (C) Hand sample of Unit 3 showing higher
crystal content. (D) Outcrop scale photo of the contact I{ree) between upper Unit 3 (darker
color) and base of Unit 4 (lighter color).

In hand sample, Unit 1 contains about 32% crystals, which is, on average, roughly the same

crystal content as LCT members A and B (Table 1). The mineral phases presenteasidgc
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order of abundance, are quartz, sanidine, plagioclase, and oxides. Unit 1 crystals average 1 mm
long, with quartz up to 2.5 mm. In thin section (Figure 6), the sanidine and plagioclase appear as
angular to sub angular elongated grains with soawUring. The quartz is rounded to subrounded
and heavily fractured. The matrix of this unit shows flow texture and displays a glassy shard
texture.Unit 1 in hand sample and in mineralogy is not easily distinguishable from LCT members

A and B aside fromhiat Unit 1, as found in a lag breccia deposit, has not been found outside of

the Bog Creek stream bed.
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Figure 6. A) Thin section photo of Unit 1. B) A thin section of Unit 2, showing the vesicular scoria.
C) Unit 3 represented in thin section. D) Uniin4thin section, showing foreign lithic fragments

of ignimbrite incorporated into it.
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Unit 2 Description

In outcrop, Unit 2 is a moderately welded ignimbrite, grey to tan in color. At the
Bog Creek locality, Unit 2 has a sharp basal contact over thierémgia that contains clasts of
Unit 1 and forms cliffs ~20 meters high (Wilson et al., 2018). In other localities visited it does not
form such obvious cliffs; however, it is overall a competent unit. Viewed from a distance, the
outcrops are not easily glinguishable from LCJA and -B in terms of color and general
appearancée.g., morphology and presentatioRpwever, the identifying feature of Unit 2 is the
presence of black, crenulated scoriaceous material seen throughout the unit (Fidoite25)as
found at elevations higher than 8,600 ft on the SCD, which is currently mapped within the
Yellowstone Caldera. Just outside the currently mapped eastern scarp of the Yellowstone Caldera
(Figure 1), Unit 2 was found no higher than 8,400 ft and at sithikknesses to that of Unit 2 on
the SCD.

In hand sample, Unit 2 is crystath, containing ~27% crystals of predominantly quartz,
and lesser amounts of sanidine, plagioclase, and oxides (Table 1). The average crystal size in Unit
2 is 1.5 mm though qui& and sanidine can be up to 3.5 mm. There is some variability in crystal
content between samples with some being cryathl (~28%) and others being crystal poor
(<3%). Nonweathered samples are more commonly grey to purple in color.

The presence of utpuitous scoria and localizedundedandesite lithics are primarily what
distinguish this unit from the known members of the LCT and the other ignimbrites in the Sour
Creek dome area. These scoriae range from millimeters to centimeters in size and esaulze v
or crystatrich (Figure6). In some localities, such as the cliffs east of Bog Creek and along a

portion of Bluff Creek (Figurd), Unit 2 contains lithic clasts one to several centimeters in size
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with a black matrix. These larger lithics alistinct from the scoria due to their sabgular form
and lack of a crenulated margin.

When viewed in thin section, Unit 2 sanidine and plagioclase crystals are angular to
subangular and elongate with little fracturing. The quartz crystals are rounsldeirtainded and
display moderate fracturing. The appearance of the minerals in Unit 2 is similar to those in Unit 1,
LCT-A and-B (Henderson et al., 2021)he matrix of Unit 2 is variable, but most often appears

to be made of feldspar microlites and odzaally contains glassy shards (Figure 6).

Ignimbrite Quartz  Sanidine  Plagioclase Mafic Scoria Lithic Crystallinity
Unit Mineral  Juvenile

Unit 1 (h=2) 20 10 2 0 0 0 32
Unit 2 (n=3) 20 6 1 0 2 2 27
Unit 3 (n=3) 18 7 9 0 0 1 34
Unit 4 (n=1) 12 6 6 1 1 5 25

Table 1. A summary table displaying modal abundances of minerals, listed in percentage, that
define each ignimbrite unit in the SCD area. Point countsi(300 ints) were completed using

thin sections. When possible, point counts were conducted on multiple thin sections (specified
above), where a total of 9 thin sections were analyzed. Crystallinity excludes lithic and scoria
content. All reported values are pentages.

Unit 3 Description

In the southern part of the SCD the Stonetop Flow is mapped as a small exposure of
rhyolitic lava (Christiansen and Blank, 1975). However, when exposures in this area were visited,
they were found to contain flamme, suggsgtihis unit is an ignimbrite, not a lava flow. Further
exploration of areas mapped as L-8Tin the southern part of the SCD revealed more exposures

(n = 6) of the same ignimbrite. In its exposures this ignimbrite creates both platy outcroppings of
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materid emerging from the hillside and large (>60 m) cliffs. This ignimbrite appears less faulted
and jointed than Unit 2, with a clear difference in its petrologic makeup. For instance, it contains
5-10% fiamme along witimaficjuvenile clasts up to 32 cm lomgth most above 10 cm and lacks
any black scoriaMafic juvenile clasts have roughly 35% crystallinity with feldspars up to 1 cm
and quartz up to 7 mm. In hand sample, this unit has a black to medium grey to tan appearance,
with some samples having a lighurple hue. The hightwelded portion of this unit appears black
(when fresh) to dark grey when weathered. Where seen, the fiaminéhe compaction of the
matrix are evidence of intense welding in this unit.

The mineral phases in order of abundance are quartz, plagioclase, sanidine, pyroxene, and
oxides, representing a similar assemblage to units 1 and 2 (Table 1). The mearsizeysta?
mm with feldspar crystals up to 6 mm. There is also a small (<1%) component of foreign lithics.
However, a notable difference is there is more plagioclase than sanidine present and the mean
crystal abundance (~34%) tends to be slightly highem the other ignimbrites visited in the SCD
region (Table 1). In thin section (Figure 6), Unit 3 displays a strong eutaxitic texture in a matrix
composed of glass and ash. The feldspar crystals have light to moderate fracturing while the quartz
has moderta fracturing. Altogether, this ignimbrite is taken to represent a new and distinct
ignimbrite in the SCD, whicls herein refer to as Unit 3. The lack of scoria, and other characteristic
differences, such as higher crystallinity and degree of weldingnglissh this unit from Unit 2.
As Unit 3 is a new and distinct ignimbrite, its association to the LCT was not confirmed until a
sample was dated (results below).

In the area where the Stonetop Mountain flow was originally mapped, large clifisytan

in color, become apparent as does a shallow dip in the eutaxitic tarthigstrong shift in welding
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intensity is observedt this location the angle of jointing in this new unit changes from shallowly
dipping (~3°), to horizonal, to dippin¢~3°) in the @posite directiorand leadingo a brecciated
pipe structure. Where Unit 3 approaches the breccialpipeo n g a-shapd ténSian cracks are
present in taarea where the dip changes direction from roughly-aesthwest to northeast. Unit
3, in this Iaation, appears to be mildly rheomorphueganing it began to aggregate and flow,
which is possibly why it was mapped as a lava. Thus, the area previously mapped as Stonetop flow
appears to be the highly welded facies of the newly recognized Unit 3.

Approximately 1 kilometer from the pipe structure, there is a rapid change from intense to
moderate welding, signifying a locally hotter emplacement near the brecciated pipe. Further
observations at the top of the cliffs proximal to the breccia pipe reveaiedishanother, visually
distinct, rock unit overlying the strongly welded Unit 3 material, which has been termed Unit 4 for

now, and is described below.

Unit 4 Description

The rock termed Unit 4 is tan in color and has a similar crystal abundance (25%) to the
other rock units found in the SCD. It is a bedded litgb tuff with juvenile material distinct from
the juvenile material in the below Unit 3. The juvenile matdréd lower crystal content (~5%)
and smaller crystals (around 4 mm). Where observed, Unit 4 directly overlies Unit 3 and has a
sharp, continuous contact. Further inspection revealed the base of Unit 4 is welded to the top of
Unit 3, implying that Unit 3 wa still hot when Unit 4 was emplaced. Unit 4 at the site visited was
slope forming and vegetation covered; however, it was at least 4 m thick where seen. In thin section

(Figure 6) Unit 4 contains quartz, plagioclase, sanidine, with trace amounts of amafiogides.
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Unfortunately, Unit 4 was discovered at the end of the field season, meaning its extent is currently
unknown.
Finding and mapping these ignimbrite units has culminated in an updated geologic map of
the SCD created using the data gatherehlerfield (Figure 7).Field notes and GPS locations can
be found in Appendix AThough all field mapping took place on the western half of the SCD,

remote mapping techniques were attempted on the eastern half of the dome.
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Figure 7. An updated map of tHRCD adapted from the original Christiansen (2001) map.
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Remote Mapping and Structural Analysis

The eastern side of the Sour Creek Dome was found to be difficult to access due to lack of
trails or established campsites, and the eastern most region being markddvatssaftie to bear
management (Fige 7). Therefore, remote mapping of east SCD was used to project the extent of
the newly recognized ignimbrites to areas not visited. As a first order attempt to remotely map the
aerially dominant units 2 and 3 of this region, which during field work Viewed to have
differences in their welding intensity, a slope analysis was performed on their surfaces. An
assessment of slopes in B€Dindicates the slope for Unit 2 ranges fromi~Z, while the slope
of the more highly welded Unit 3 ranges frorii &°. This overlap in slope between units 2 and 3
was thus, unhelpful. However, a projected geologic map of the SCD was created based on field

observations (Figure 8).
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the units have been projected using remote mapping metRots.the NE corneof the map,
outside the caldera boundary, was originally mapped asBiRit has been reclassified as Unit
2. All HRT and conventional LCT have been removed from the asajpey were not found in the
field.

In the SCD there aneumerous NESW and NWSE faults, interpreted to represeuist
Lava Creekresurgence Ghristiansen, 2001 However, it isobservedthat the younger, more
southwesterlyElephant Back Mountain alsmtains the same NEW faults. Elephant Back
Mountain was constructed via multiple lava flows, the youngest of which is the Elephant Back
flow (150 ka; Obradovich, 1992). The lava flows making up Elephant Back Mountain are cut by

what appear to be the safa&lts as observed on tisD, which would suggest the faultan be
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no older than 150 ka. The implication of this observation would suggest that {88WEending
faults along the SCD are not related to the structural resurgence of the SCD. Furthes the
evidence that the NBW trending faults are not related to ongoing deformation of the SCD. This
is inferred because the faults of tkephant Back floveross the modern Yellowstone Riyand
as mapped, continue under the sediment deposited byvére(fFigure 4). LIDAR data of the
region shows the sediments deposited by the Yellowstone River are undisturbed bySke NE
faults, thus thge faults are ngpresently activealthough active deformation is occurring in the
region (Chang et al., 2010)

To confirm or refine some of these observationes¢ NW-SE faults werg¢han analyzed
to assess their relationship to structural resurgdricst the elevation ofindividual ridgetops
within the domehat were bisected ihe NW-SE faultswere used to dermineif any vertical or
lateraldisplacemenhad occurredVertical dsplacement between ridgetops ranged betwein 0
140 ftand lateral displacement was not se&rgeneralized contour map of the SCD was then
created (Figure 9) to estimate the origislahpe of the SCDOhe slope of the original shape was
estimated to be around 6° starting from Stonetop Mountain and traveling NW along the long axis

of the dome.



Figure 9. Topographic map of the Sour Creek dome with generalized contours drawn on to
redore the original shape of the dome-presion and without the NEW suite of faulting.
Contour intervals vary.

Sanidine Composition

Sanidine analyses were used to compare the newly recognizefbuniisin the SCDo
the established LGA and -B membes. Sanidine was used as it is the second most abundant
mineral in most of the ignimbritegsommon between all the ignimbritesid becauseanidine
shows chemical variations which camrrelate to changing melt sourc8anidinefrom Unit 1 (
= 40) yield athoclase (Or) contents of §ee and barium (Ba) concentrations up to 17940 ppm,
with most grains falling between 200@B500 ppm(Full dataset in supplement; summary in Table
2). Unit 2 sanidinesn(= 82) have a slightly larger range ofs&4but demonstrate an overlapping

Ba range with Unit 1, ranging from below detection limit (i.e., <200 ppm) up to 9400 ppm (Figure
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10). The cores and rims of most sanidines analyzed have similar concentraBarffutdfdataset
in supplement)

The data obtained here are compared to sanidines from 'conventionah [2Gd -B
samples taken from multiple localities (Henderson et al., 2023)-A&anidinest = 258) range
over Ougsg and have barium concentratioms to 15540 ppm, while LGB sanidinesrf = 132)
yield a narrower barium range, from <20@910 ppm but overlapping Or values {&). When
units 1 and 2 are compared to L@Tand-B, an overlapvith LCT-A from the Virginia Cascade

section becomes apeat (Figure 10).

Unit Min Ba Max Ba Min Or Max Or Average 1S.D.
(ppm)  (ppm) ORI (ppm)  (ppm)
Unit 1 BDL 17940 45 56 3596 4267
Unit 2 BDL 9370 49 56 2205 1889
Unit 3 BDL 7120 51 55 3449 2226
LCT-A BDL 15540 45 59 2194 2834
LCT-B 200 7910 50 57 2699 2739

Table 2.Upper and lower valgefor barium (Ba; ppm) and orthoclase (Or; %) for ignimbrités 1
3 found in the SCD as well as for samples of L&&nd-B, taken from Henderson et al. 2023
Barium detection limit (BDL) is 200 ppm.
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Figure 10 (&cing page). Plots showing orthoclase (Or, mol %) plotted against the concentration of
barium (Ba, ppm). (A) LCIA from Tuff Cliff (grey X) and Virginia Cascade (grey squares); ECT

B from Virginia Cascade are shown in yellow squares while those from Toreek are yellow
diamonds. Data from Henderson et al. (2021). (B) Unit 1 collected from the lag breccia at Bog
Creek (blue filled circles). (C) Unit 2 sanidines collected from Bog Creek (purple filled circles)
and Wrangler Lake (purple filled trianglesR)(Unit 3 sanidines collected from the southern part

of the SCD. The color of the shaded in areas correspond to the same color symbol. The shaded
areas represent the general population distribution.

Melt Composition

Matrix glass(n = 27) and/or whole rockrn( = 6) compositions from units 1 arRlwere
collected (Table 3glass; Table 4vhole rock to determine how they relate to L&¥and-B and
if there is an overlap in geochemistry. UniaB8d 4was not analyzed hereh& level of post
depositional devitrification is these ignimbrites me#drat matrix glassamnot be measured for all
samples.For all glass measurements, any totals below 95% were considered to represent a poor
analysis, likely due to postruptive hydration and deterioration of the glass, and not used in
thermometry analysis. The remaining glass measurementd4) were normated to 100% and
used for thermometry calculations (see below). Whole rock data for Units 1 and 2, along with
LCT-A and-B (n = 8), were also used for thermometry, primarily in cases where matrix glass

could not be measured due to lack of glass or dusetprieviously mentioned poor totals



Glass Samples Unit SIO, TiO, Al 03 FeO MnO MgO CaO NaO KO POs ClI Total

1 S.D. Error 0.49 0.005 0.01 004 0.03 0.004 001 005 009 0.26 (ppm) 0.61
SCD20_0912_BCO01 1 78.86 0.02 1197 022 -0.01 001 035 383 458 0.01 1000 99.58
SCD20_0912_BCO01 1 78.28 0.07 12.09 0.20 -0.01 0.00 029 354 542 0.01 900 100.78
SCD20_0912_BCO01 1 77.67 0.07 1256 040 004 000 039 412 459 0.01 1400 98.92
SCD20_0912_BCO01 1 79.03 0.09 1164 031 003 000 023 316 544 -0.02 600 99.44
SCD20_0912_BCO01 1 79.53 0.03 11.13 047 003 001 018 269 584 0.01 900 98.41
SCD20_0912_BCO01 1 77.74 0.06 1238 0.23 -0.01 001 019 314 6.17 0.01 700 101.31
YELL20-0806BC001 1 77.85 024 1179 066 000 000 026 3.01 6.04 0.01 700 95.34
YELL20-0806BC001 1 78.70 0.27 1166 0.79 000 001 029 210 6.03 0.01 800 95.32
SCD210803002A Scoria 51.59 3.04 1283 1363 025 280 554 380 424 175 900 96.49
SCD210803002A Scoria 49.96 3.01 1294 1429 029 278 819 471 182 170 700 95.85

Table 3. Normalized concentrations of major elements in wt% oxide. All totals represent originalGkseslata was gathered

using an EPMA (described above)
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Whole Rock Samples Unit SIO, TiO, Al 03 FeO MnO MgO CaO NaO KO POs ClI Total
YELL20-0912BC001 1 76.70 0.20 1232 152 0.02 0.02 040 339 541 0.01 -- 98.81
SCD210707002A 2 75.76 0.21 1340 137 001 006 039 330 548 0.01 -- 98.34
SCD210803001A 2 76.20 0.17 1266 160 0.02 001 039 362 532 0.02 -- 98.88
SCD210803002A 2 75.57 021 1289 185 0.02 006 052 359 525 0.05 -- 98.63
SCD210804002A 2 75.06 0.21 1289 214 003 011 064 360 526 0.07 -- 99.19
SCD210811009A 2 76.08 0.22 1298 182 003 009 050 314 512 0.02 -- 97.62

Table 4.Normalized concentrations of major elements in wt% oxide. All totals represent original Vehas.rock data was
gathered using-xay fluorescence (described above).
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Thermometry

Thermometry estimates were used to look at the storage temperatureneivtiidound
ignimbrite units, 12, and3 to determine if they were stored at similar levels within the aast
established Members A and Bue to the lack of mafic minerals (e.g., pyroxene, amphipieée)

Ti oxides and twdeldspar pairs, sanidir@elt pairs were relied on for thermometry estimation

on each of th&CD ignimbrites recognized. However, due to the challenge of collecting matrix
glass material (i.e., melt) to use with measured sanidine rims, the accuracy of applying whole rock
chemistry asn alternative to glass chemistry was explored.

Applying whole rock chemistry as an alternative to glass chemistry was evaluated by
exploring the technique applied to a more robust dataset froroldlee ignimbrite unit, the
Huckleberry Ridge Tuff (HRT)Studies of the HRT initial fall deposit have yielded consistent
temperatures while using differing techniques. For instance, zircon saturation temperatures yielded
a temperature range of 74833 °C with a mean of 801 °C (Myers et al., 2016) while-teldspar
thermometry revealed a range of 76854 °C with a mean of 807 °C (Swallow et al., 2018a).
Although we have a good understanding of the temperatures associated with the HRT,-sanidine
melt thermometry was not applied. Swallow et al. (2018a) anabameidine independently from
the glass, making this data set ideal to explore the error introduced by using sanidine not in
equilibrium with the glass, as well as using sanidine paired with whole rock.

The sanidinamelt thermometer was first tested to detme whether it produced
temperature results for the HRT that agreed with previously published results, and then explored
if the same results could be reproduced using whole rock rather than matrix glass compositions.

The sanidingnelt thermometer of Puka (2008; reported 1 S.D. of + 23 °C) was applied to the
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HRT through various melt, whole rock, and sanidine compositions previously collected (Swallow
et al., 2018a). The sanidine rims and cores were paired with melt compositions from within the
same unitand across varying units, to determine how sensitive the thermometer was to both
conditions. It was determined the difference in sanidine core and rim composition has a negligible
effect on the thermometer (£ 2 °€TD), with temperatures produced beingthin error of
previously published estimates (Figure 11). It was also found that there was only a 15 °C variation
by applying matrix glass compositions from different units than where the sanidine were taken.
However, matching sanidine compositions withole-rock compositions from different erupted
ignimbrite members did influence the thermometer. For instance, matching sanidine and whole
rock data from HRT Member A yielded an average temperature of 835@& (1 S.D.n = 305),
higher than the sanidirglass values, while mixing sanidine from Member A and whole rock from
Member B showed an average of 8423t+°C (1 S.D.n = 305). Overall, the alkalieldsparliquid
thermometer most closely recreated previous temperature estimates usngpted glass
composition. The application of whole rock data, as glass, yielded temperatures ~30 °C higher.
Though pairing sanidine with whole rock and glass from different units is notiideiédwed us

to assess the error of applying this technique to the LCT.
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Figure 11. Two feldspar thermometry temperature estimates of the HRT initial fall deposit (box
and whisker) compared to wheleck/glass and Sanidine pair thermometry. Figure adapted from
Swallow et al. (2018a).

Based on the previous testing on the saeidnelt thermometer, where possiblpdired
sanidine compositions with glass analyses from within the same(Rutirka, 2008) These

calculations assumed a pressure of 150 MPa, which is in agreement with the pressure restored
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from volatile contents in sded melt inclusions and modelling using rhyeM&LTS (Gansecki,
1998; Shamloo and Till, 2019). Furthermore, arbitrarily changing the pressure by 100 MPa has
negligible effect (<1 °C) on the thermometer. Sanidiradt pairs from Unitsl, 2, and 3yield
mean temperatures of 764 + 13 °C (1 StD=;45), 780 £ 5 °C (1 S.Dn=82),and 753 £ °C (1
S.D.;n = 29),respectively. LCT members A and B yield average temperatures of 767 £ 9 °C (1
S.D.;n=98) and 788 + 6 °C (1 S.Ih;= 36), respectively (Figure 12). Thariationsreported are
the range of values in each suite of sampldwereas thé S.D. error on tlsi thermometer is + 23
°C (Putirka 2008), meaning that all temperature estimates including variability within and between

units are within error of each other.

Mean Temperature

795 | |© Unit1 (n=45)
© Unit2 (n=82) -[
O Unit 3 (n=29)
785 O Member A (n=98) 1
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Temperature (°C)
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Figure 12. Model sanidinmelt temperatures of units 1, 2 and 3 from the Sour Creek dome area
compared to established L&Y and-B. Error bars are uncertainty of analysis, not including the
calibration error of £23 °C.
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The temperatures calculated in this study fall within error of temperatures reported by
othersfor the LCT established membgglatthews et al., 2015; Shamloo and Till, 2019). For
instance, previous Jin-zircon thermometry applied to the LCT has estimated temperatures of 743
+ 26 °C and 784 £ 34 °C for the lower and upper EE£While the basal andpper LCFB are
estimated to be 819 + 39 °C and 741 £ 12 °C, respectively (Matthews et al., 2015). Further alkali
feldsparliquid thermometry (Putirka, 2008) on LEH yields an average rim temperature of 814
+ 23 °C (Shamloo and Till, 2019). Variationstiretemperaturepresented abovare most likely

due to the difference in thermometer applied.

Argoni Argon Dating

The “°Ar/*°Ar method of dating was used on six samples of ignimbrites collected from
locations throughout the Sour Creek dome (Figure TBijs study dated one sample from the
breccia (Unit 1), two from the scort@earing unit (Unit 2), and three from the intensely welded
Unit 3 ignimbrite (Figure 13). Assuming that any trapped,-raahogenic gas is atmospheric,
YELL20-0912BCO1 (Unit 1) réeurned a weighted mean age of 629.6 + 1.2 ka (2 of 25 rejected;
MSWD 1.52; Figure 14). SCD2207&BA (Unit 2) yielded a weighted mean age of 630.7 + 1.1
ka (2 of 9 rejected; MSWD = 1.95). SCD2207WEA (Unit 2) yielded a weighted mean age of
631.4 £ 0.9 & (0 of 9 rejected; MSWD = 1.95). SCD22068X5HA (Unit 3) yielded a weighted
mean age of 633.2 £ 1.2 ka (4 of 9 rejected; MSWD = 1.21); the oldest four ages were rejected to

achieve a MSWD consistent with a single population.
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Figure 13. A map of the So@reek Dome area, modified from Christiansen (2001), showing the
locations of samples used f3Ar i 3°Ar dating in this study as red circles. The grey squares

represent dates from Wilson et al. (2018) datesareindistinguishable to the LCT.

SCD220@9-004A (Unit 3) yielded a weighted mean age of 632.7 £ 1.5 ka (5 of 9 rejected; MSWD

=0.61). SCD22062803A (Unit 3) yielded a weighted mean age of 632.1 + 1.2 ka (2 of 9 rejected,;

MSWD = 1.51). This shows each previously fraapped ignimbrite in the sthern part of the

SCD is statistically within uncertainty the same age as the LCT eruption. A comparison of dates

from this study and other studies shows both zircon and sanidine ages from the LCT (Figure 14).
The full summary document of dated sampleskmafound in Appendix B.
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Figure 14. The weighted mean age of each ignimbrite dated from the SCD compared to previously
published ages of LGA and-B. A) Includes UPb dates on zircon from Wilson et al. (2018). B)
Excludes UPb from Wilson et al. (203&nd zoomed in to see the errors on ages from this study.
Error bars are error on analysis.
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CHAPTER THREE

DISCUSSION AND CONCLUSIONS

Discussion

Distribution of New Units

Early field mappingconfirmed the presena# the two newly recognized ignimbrite units
first identified by Wilson et al. (2018) Bog Creek and at Wrangler Lakgubsequemmapping
found that the previously defined Untbkaring lag breccia is not present outside of Bog Creek.
However, the podgility that Unit 1 muld be foundin other areas of the Sour Creek doraarwot
be discounted. Thefore, theUnit 1 ignimbrite is not a mappable uimitthe SCD, and thuhe
distribution and volume of this ignimbrite is not able to be constraineghdssblethat alocation
in the summit area of Stonetop Mountain visited by Christiansen (2001), but not visited in this
study,could be the same Unit 1 ignimbrite. This usitlescribed as a >150eterthick sequence
of ignimbrite with abundant weldewiff inclusions. The inclusions are up to several meters long
and are visually similar to the LCT (Christiansen, 20@4)ch like those observed in Bog Creek
Visiting this location would be an important next step for understanding the full eruption dynamics
of these units but is outside of the scope of this particular study.

Though Unit 1 is petrographically indistinguishable from L&&nd-B, its positioning as
a breccia underlying Unit 2 in the Sour Creek Dome represents a unique feature in the LCT
erupton. Ths relationship represeraclear time break between Units 1 and 2 that is not matched
by any stratigraphic discontinuity yet found in L@Tand-B. It was previously inferred thttiere

must have been an eruption that produced Unit 1, followecbbyplete cooling of Unit 1, and
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then a second eruption that produced Unit 2 beginning with the lithic breccia incorpooatied,
angularblocks of Unit 1.

In contrast, based on areas visited (Figure 7), Unit 2 has been found throughout the Sour
CreekDome. Based on descriptions of L&Tand-B (Christiansen, 2001; Henderson et al., 2021,
2023) and HRT Member B (Christiansen, 2001), it was determined that no visited location on the
SCD had outcrop of the ‘conventional' HHBTLCT-A or -B, as mapped origally by Christianson
(2001, Figure 1). Neither LGA nor LCT-B is known to have scoriaceous, juvenile material; yet
numerous locations mapped as L&Tand -B presented exposures containing scoriaceous,
juvenile material. HRB is known to have scoria iautcrop, however, dating samples from
multiple locations (see ArgdnArgon Dating above) has returned LCT ages rather than HRT ages.

The overlying Unit 2, scoridearing ignimbrite, is extensive throughout the Sour Creek
dome. Unit 2 is easily distinguiable from LCTFA and-B due to thalominantuvenile scoria and
thelocalizedandesite lithics it contains, which are not seen in any other mapped LCT lithology.
The scoriabearing Unit 2 was found at every locality visited where the rocks were originally
mapped as HR'B, or LCT-A and-B in the western and central areas of the SCD. This makes Unit
2 the dominant ignimbrite throughout the SCD.
solely to the SCD. Earlier samples collected (Christiansen, 20@iljlated (Wilson et al., 2018)
outside the SCD to the northeast, near Fern Lake (Figure 1), demonstrate that the scoriaceous Unit
2 ignimbrite is found outside of the currently mapped Yellowstone Caldera boundary. Unit 2 in
this location, near Fern Lakis, roughly the same thickness as Unit 2 in the Chbristiansen,

2001; Wilson et al., 2018)t is important to note thahe similar thicknesses of Unit 2 in these
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two locations on oppositive sides of the mapped caldera boundaat,odds with the actently
mapped caldera boundary and its conceptlasagionof major displacement.

Through further mappinm the southern part of the SCibe intensely welded Unit 3 was
recognized and described. Based on the distribution seen in this studyidaspatiallysmaller,
localized ignimbrite unit confined to the southern end ofSE®. However, Unit 3 is likely to
continue northeast to parts of the SCD not visited, as cliffs made of Unit 3 were seen continuing
in that direction. An unknown and umidtified ignimbrite was also found stratigraphically above
Unit 2 at Bog Creek. This unidentified ignimbrite could be Unit 3 as it most closely resembles
Unit 3, however, it lacks the characteristic large mineflsther testing will be required to sort
out this wunitds pl acementUniiis gotendiallyuapnthppbded L CT
ignimbrite but was unable to be mapped here due to its discovery at the end of the field season.
However, the observatiaghatUnit 4 is back welded to Unit 3 is portant because it shows that
even though these were separate outbursts of maisiilal contrasting characteristisetween
them they were temporallgruptedclose together. This spatial and temporal link between the

ignimbrites suggests a relationshighlveen them which needs further investigation.

Stratigraphy
The stratigraphic relationships between L&T-B and thefour indistinguishably aged

ignimbrites in the Sour Creek dome are difficult to determine. As no conventionaAL&TFB

has been found in the Sour Creek dome area, there is no clear stratigraphic ordering of eruptive
events. Originally, it was thought thatits 1 and 2 were erupted prior to L&T meaning they
underlie it (Wilson et al., 2018). This stratigraphy was suggested by Wilson et al. (2018) because

the area originally mapped as HBT andnow recognized as Unit,2vas stratigraphically below
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the thev-mapped LCTA and-B (Christiansen, 2001). However, it is now shown here that there is
no LCT-A or -B on the Sour Creek dommaganinghe stratigraphic relationships between the Sour
Creek dome ignimbrites and the ext@dera LCT members A and B canyet be constrained
through classic field mapping techniques. This issue also persists, though not as severely, within
the ignimbrites of the Sour Creek dome as although there is clear stratigraphy between Units 1 and
2 as well as between Units 3 anchdyeverthere was no contact observed between units 2 and 3.
Therefore less traditional approaches for determining sequence must be applied. One potential
approach to use thgeomorphic relationshipsf these units tdielp discern the stratigraphic
relationslips.

Field work and mapping show that Unit 2 sits atop the breccia containing Unit 1, making
their relationship clear. As seen in this study, Unit 2 is widespread and underlies most of the SCD,
including the highest elevation areas visiteehtral dome; 895 ft). This suggests that Unit 2 was
voluminous enough to cover paleo topographic highs or that Unit 2 created the high points itself.
In contrastUnit 3, where seen in this studyJasgelylapping up against the topographic high that
is Unit 2 suggesting, although not conclusively, that it erupted. latesis been proposed thedter
the LCT eruptiora structural event took place, curreritiypughtto be poseruptive resurgence
(Christianson 2001), creating the faults through the SBBwever, as mapped, the NEV
trending faults on the SCD appear to be related to those in the younger Elephant Back Flow, on
Elephant Back Mountain. The fault planes for the series ofSMEfaults on Eleph& Back
Mountain are inferred to continue through the rock overlain by the modern Yellowstone River and
its postglacial sediments and onto the SCD. The Elephant Back flow, on Elephant Back Mountain

has an age of ~150 ka implying that the-8%/ trending falts must be youngerBoth suites of
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faulting (NEESW and NWSE) crosscutnit 2, which has a generalope away from Stonetop
Mountain. In contrast, Unit 3 has little faulting and at the contact between units 3 and 4 (Figure
5), the top of Unit 3 is horantal. Unit 4 was observed conformably overlying Unit 3, meaning
that relationship is knowrt the Bog Creek locality, there is a previously mentioned, unidentified
ignimbrite towards the top of the sectidhthis unidentified ignimbrite is Unit 3, thiwould be
strong evidence that Unit 3 erupted after Unit 2 and emplaced around it. Further evidence is
supplied by faulting and the depositional angle of units 2 ahtdi8 creates the stratigraphic order,
oldest to youngest, of Units 1, 2, 3, and 4.

In relation to the overall LCT eruptioit,is inferred herethe ignimbrites found in th6CD
are thought to have been erupted and emplaced during an intermeth#te stage of theverall
eruption with a still evolving understanding on how these evegltte tocaldera development.
This is based largely on the inference from sanidine compositions that Unit 1 from the SCD is the
same ignimbrite as LGA from Virginia Cascade. Before the emplacement of Unit 2, there had
already been the emplacement anthplete cooling of Unit which potentially was a lobe of

material associated with the basal part of the {AChember at Virginia Cascades.

Source Area(s)

It was originally proposed thafthe source vent for the eruption of L&Twas the eastern
boundaryof the Yellowstone Caldera (Christiansen, 2001). However, -BCiias not been
encountered on theC®. It could be that theCT-B ignimbritewascovered by units 2 and But
if that was the cas@ne would expect to see LER material in the lag brecctha contains Unit
1. Christiansen (2001) did, however, note that the Stonetop Mountain area (not visited in this

study) is home to an ignimbrite greater than 150 m thick and containing angular-tugfaxalsts



49
several meters long that appear similar toestablished members of thET. The large, angular,
welded tuff clasts suggest another lag breccia, meaning another vent area on the SCD. As Stonetop
Mountain is the highest point on the SCD, and Unit 2 slopes away from it, there is a strong
possibility that Unit 2 was erupted from the Stonetop Mountain area and built an accumulation
cone, which became Stonetop Mountain.

The source areas fagnimbrite units 2 and 3 are inferred based on field observations. As
previouslysuggestedWilson et al., 2018)a/the Unit 2 source region may be in the northwest
region of the SCD. This is due to the presence of the-teccia in which Unit 1 is contained,
which was interpreted to be a proximal lag breccia depdsisdn et al., 2018). Lag deposits are
proximd deposits associated with caldera collapse and are generally found witBikr8 of the
vent (Wright and Walker, 1977; Druitt and Sparks, 1982; Walker, 1888&undt et al. 2000).
Further, Wilson et al. (2018) proposed that this vent would be inboate afurrent boundary,
because of the presence of Unit 2 within the Sour Creek dome as well as off the dome to the NE,
outside of the currently mapped caldera boundary (Figure 1). Additional evidence that a/the vent
is somewhere near the SCD comes fromlithee blocks found in multiple locations in the SCD,
including Bog Creek and Bluff Creek (Figure 1).

The source region of Unit 3 is thought to be in the southern part of the SCD where the
Stonetop Mountain Flow was previously mapped. The rapid changeelding intensity,
rheomorphic flow and eutaxitic textures, change in dip direction, and vertical breccia pipe are
inferred to represent proximity to a vemhe vent structure associated with Unit 3 is found in a
low-elevation area, relative to the interof the SCD where Unit 2 is found. Thagainsuggests

that Unit 3 was erupted after, and lapped up against, the paleographic high area formed by the
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earlier Unit 2 ignimbriteThe severalmeter angular tuff clasts seen by Christiansen (2001) near
Stondop Mountain could indicate the presence of a source(aeed) or caldera collapsalso in

this region, a hypothesis thaerits further investigation.

Implications for the LCT Eruption

Sanidine compositions from the Sour Creek Dome ignimbrites revedapun some units
and distinct clustering in others. Units 1, 2 and 3 show a strong overlap in Ba vs Or space despite
the presence of juvenile scoria in UnifThe lack of significanbreakdown rim®n the fewmafic
minerals (pyroxene and amphibole) observed in thin sex{oi%),as well adimited reaction
rims present in the scoria are evidence that the scoria was a late input to the magma system and
primarily physically mixed. It is thought (Sparks and Bfall, 1986) that before significant
chemical mixing can take place the magmas have to reach a thermal equilibraddition, the
lack of bright rims on the main mineral components (sanidine and quartz) suggest an absence of
chemical mixing.Together, lis suggests the scoria did not chemically mix with the rhyolite
(Sparks and Marshall, 198Btorgavi et al., 2017)Units 1, 2 and 3 also show a chemical overlap
with LCT-A collected from Virginia Cascade, but not L&Tor LCT-B from other locations
(Hendeson et al. 2023). Due to the proximity of Virginia Cascade to the Sour Creek dasne,
inferred herehat the overlap in chemistry between the SCD ignimbrites andA,@Gbm Virginia
Cascade, is evidence they were all tapped from the same magma bodgroa bodies with
similar storage conditions. The indistinguishable mineralogy and Ba geochemistry between Unit
1 and LCFA and-B, as well as the proximity of Unit 1 to Virginia Cascades, also suggests the

possibility thatthe LCT-A analyzedrom Virginia Cascades is the same ignimbrite as Unit 1.
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The presence of four previously undocumented and uncharacterized ignimbrite units, all
with radiometric ages indistinguishable from the accepted Lava Creek age, in the Sour Creek dome
area further demonstratéisat the LCT eruption was more complex than originally presented
(Christiansen, 2001). As mentioned previously, the existence of a brecciated deposit containing
clasts of welded ignimbrite (Unit 1) shows there were time breaks of decades during tlomerupti
and emplacement of the LCT (Wilson et al., 2018). Further complexities are seen when considering
the proposed stratigraphy. Unit 2 contains a juvenile, mafic component, which has not been seen
in subsequent ignimbrite units from the SCD. In additiobni 3 being a locally hotter eruption
due to its higher degree of welding, Unit 3 has larger crystals than other ignimbrites associated
with the LCT. The juvenile scoria in Unit 2 and the characteristically large crystals in Unit 3
suggests these two ignbrites were fed by separate magma bottias contain similar sanidine
compositionsThese newly recognized ignimbrites are also evidence that the LCT did not erupt in
just two phases producing two large ignimbrite sheets. More likely, there were muligpiect
lobes which erupted separately, throughout the caldenaing event (cf. Bishop Tuff; Wilson
and Hildreth, 1997, 2003). The Bishop Tuff is the-emeimber type for a single compositionally
stratified magma body (Hildreth and Wilson, 2007; Chantaloe et al., 2015) which started as a
single vent eruption and then changed to a mweltit eruption, feeding multiple, sectorially
distributed lobes of ignimbrite (Hildreth and Mahood, 1986). Analysis of Ba in sanidine
(Henderson et al., 2023) has shatva LCT eruption waskely fed by multiple magma bodies;
while field work in this study has shown there are, at minimum, two vent sites for the newly

recognized ignimbrites that are LCT in age.
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The LCT was originally inferred to have been erupted froningles compositionally
stratified magma body (Christiansen, 2001). For decades other researchers have accepted how the
LCT is mapped and inferred as fact when sampling (e.g., Shamloo and Till, 2019). Evidence from
this study changes how the LCT should wed. The LCT is more akin to having multiple melt
dominant magma bodies with pi® syneruptive mixing of more mafic magma (Wilson et al.
2021). These discoveries were all made in the, relatively, small area of the SCD. With further
investigation of theLCT there are likely to be more shifts in how we view thakeup of

Yel |l owstonedbs youngest supereruptions.

Implication for Yellowstone Caldera

Calderaforming eruptions are often thought to be fed via vents forming along ring
fractures, though venting maalso occur at a more central location (Smith and Bailey, 1968;
Hildreth and Mahood, 1986; Self et al., 1986; Wilson et al., 2021). Caldera collapse then occurs
along these ring fractures either during, or after the underlying magma chamber(s) have emptie
(Smith and Bailey, 1968; Cole et al., 2005; Wilson et al., 2021). If a vent was present within the
ring fractures, it is likely the vent would be destroyed upon formation of the caldera or buried by
caldera volcanic infill and sedimentation (Smith andlda 1968). The current Yellowstone
Caldera boundary is roughly 8 km east of the center of the Sour Creek dome. The presence of a
probable vent structure as well as a lag breccia that implies a vent source within 5 km (Wright and
Walker, 1977; Druitt andparks, 1982; Walker, 198B6reundt et al., 2000//ilson et al., 2018)
suggest that the east boundary of the Yellowstone Caldera is likelpnapiged and that its
location needs to be reevaluated. On the basis of the evidence in this thesis, the aasf thargi

caldera boundary should lie inboard of the SCD. The presence of Unit 2 on both sides of the
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currently mapped caldera boundary further supports this suggestion (Figure 1; Wilson et al., 2018).
The similar elevations and thicknesses of Unit 2 irs¢hlocations counts against a caldera

boundary separating these locations.

Conclusions

Few largescale calderfiorming eruptions have be@bservedn modern human history.
This infrequent eruptive cycle makes understanding their eruption dynamics gimaglen
However, detailed field work, paired with geochemical characterization, can reveal the nuances of
these massive eruptions. Out of -foxfreny eruptioest o n e
only one, the Huckleberry Ridge Tuff, has been studie@tailde.g., Myers et al. 2016; Swallow
et al. 2018a, b, 2019). In comparison, little is known about the Lava Creek Tuff and its eruption.
For example, in this study up to four ignimbrites of LCT age were discovered in the Sour Creek
dome area, with two ahe ignimbrites being extensive. Along with these four ignimbrites, the
likely source regions for at least two of the ignimbrites were discovered in the Sour Creek dome
area, holding implications favherethe Yellowstone Caldera is mappé&geochemical aalyses
on sanidinerevealed that the Sour Creek dome ignimbrites are all related. However, the
ignimbrites in the SCD cannot have been sourced from the same magma body due to appearance
of juvenile scoria in Unit 2 and the larggystals in Unit 3. EPMA@alyses also revealed that the
sanidine from LCTA at Virginia Cascades is compositionally similar to Unit 1 of the Sour Creek
dome ignimbritessuggesting these units may have erupted after the established members of the
LCT eruption

These newly recogmed ignimbrites change the eruptive history of the L@yviding

evidence the eruption was spasmodic, and hold implications for how the Yellowstone Caldera is

\
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mapped. The lag breccia identified by Wilson et al. (2018) shows there was a time breakexf decad
during the eruption, meaning the eruptive period lasted longer than previously assumed. The
presence of four unique ignimbrites in the SCD alone, show that the Lava Creek eruption had
multiple eruptive events, making it discontinuous, anggests thanultiple magma bodies were
tapped during the eruption. Finally, the presence of vent structures on the SCD as well as Unit 2
appearing at similar elevations and thicknesses across the caldera boundary suggests that the
boundary of Yellowstone Caldera neddsbe reevaluated. However, this study was unable to
completely remap the SCD. Further research in the SCD region is required to determine the full
extent of the new ignimbrites and gain a better understanding of the eruption which produced the
LCT.

Baseal on the insights and conclusions of this study, there are multiple directions for future
work in the Sour Creek dome area. Foremost, the eastern portion of the Sour Creek dome needs to
be mapped in full and the ignimbrite units projected to the eastfthg dome need to be ground
truthed. The main areas of focus for future field work should be Stonetop Mountain and its
immediate surroundings, the northeast portion of the SCD directly southwest of Fern Lake and
east of White Lake as well as the area edSulphur Hills that lies within the bear management.
Determining which ignimbrites are in the above locations could further change how we understand
the dynamics of the LCT eruption and provide more evidence regarding how the caldera boundary
is mappedFurther research should consider the nature of the SCD itself and how it was formed.
Evidence presented here suggests the resurgence of the SCD is not associated with the LCT
eruption, ratherthe faultingis a more modern procedigely younger than 15000 yearslt is

hypothesized here that Unit 3 was erupted after and flows around Unit 2. Visiting locations around
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the Stonetop Mountain and Fern Lake areas can provide more evidence for or against, this
hypothesis. A point to consider when thinking atbihe caldera boundary is that large lithic clasts
have been found in three locations throughout the SCD during this study: Bog Creek; Bluff Creek;
and the Unit 3 vent area. Connecting these features creates a line segment which is parallel to the
easterrboundary of the caldera formed by the HRT eruption. There are also large lithic clasts
reported in the Stonetop Mountain area (Christiansen, 2001), potentially signifying another lag
breccia and eruptive vent on the SCD. Also importaninderstanding & LCT eruptiorwould
be the addition ahore geochemical characterization of units 3 and 4, as well as a fuller description
and mappingf Unit 4. There are few analyses of sanidine from Unit 3 and none from Unit 4.
Comparing Unit 406 sand ghysicall characteristiosng tbose of athemSCD
ignimbrites will establish if Unit 4 is from another distinct magma body or from a magma body
that was tapped in an earlier eruption.

The LCT was originally mapped as two ignimbrite members that wepoped to have
been erupted from a single compositionally stratified magma chamber (Christiansen, 2001). New
evidence from the Sour Creek Dome shows that this model is too simple. The Sour Creek dome
contains four separate ignimbrite units, all yieldindioanetric ages that are within uncertainty
the same as those reported from the Lava Creek Tuff. Sanidine geochemistry from the ignimbrites
on the SCD suggests units 1, 2, and 3 are all related magmatically. However, characteristic
difference between uni® and 3 are evidence there were multiple magma bodies tapped during
the eruptions. This shows the LCT eruption was more complex than assumed and was fed by

multiple magma bodies throughout the eruption.
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