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ABSTRACT

The Llangorse volcanic field (LVF) comprises Miocene to Holocene mafic alkaline
volcanic rocks near Llangorse Mountéin, in northwest British Columbia. Volcanic remnants
of alkali olivine basalt, basanite, and nephelinite are exposed in the LVF. The largest of these
volcanic remnants is the Llangorse Mountain locality, a 100 m thick basanite lava flow
overlying debris flow sediments and containing peridotite xenoliths. Lavas at this locality are
interpreted as a valllley-filling flow that was subétantially overthiékened by ponding against a
valley-wide barrier. The characteristics of the debris flow sediments and their temporal
relationship with the overlying lavas suggest that they may derive from lahars or outburst
floods related to melting of a snow pack or ice cap during the eruption. Palagonitized glass
clasts in the debris flow sediments provide ancillary evidence of post-depositional conditions in
the sediments and suggest that they were water-saturated when deposited and were heated to at
least 80-120°C by the 6verlying flow.

Peridotite xenoliths collected from the lava flow and underlying debris flow sediments
at Llangorse Mountain are the basis for a detailed study of the mantle lithosphere beneath this
portion of the Cordillera. The xenoliths are spinel lherzolites and spinel harzburgites. Two-

pyroxene thermometry is applied to 44 xenoliths, recovering minimum temperatures of 800-

850°C and maximum temperatures of 1050-1100°C for this xenolith suite. The minimum
xenolith temperatures are taken to represent the maximum MOHO temperature, and the
maximum temperatures are taken to approximate temperatures near the lithosphere /
asthenosphere boundary. These data are combined with measured heat flow data in the

northern Canadian Cordillera to produce a set of model geotherms, which are used to constrain

ii



the thickness of the mantle lithosphere in this area. These model geotherms.indicate the mantle
lithosphere in the northern Canadian Cordillera to be 18 - 39 km thick, corresponding to a
depth to the lithosphere / asthenosphere boundary of 54 - 75 km. The implications of these
geotherms are explored, defining three potential source regions for lavas in ;he LVF.: a) the
amphibole-bearing lithospheric mantle; b) the spinel-bearing base of the mantle lithosphere or
upper asthenosphere; c) the deep, garnet-bearing asthenosphere. Variation in peridotite
chemistry, mineralogy, and physical properties with depth are used to determine that the mantle
lithosphere in the northern Canadian Cordillera is heterogeneous, with distinct layers of

foliated, lherzolitic mantle versus non-foliated, harzburgitic mantle.

il



Table of Conten_ts

ABSTRACT.............ovvvvvverevnnenen e85 558 ii
TABLE OF CONTENTS ......ooooticiiieeiererteie st st seeeeesetstess e saassaseshassaassnassnbesansssnessasassaans iv
LIST OF FIGURES.........cococooiniiiiiiiiiit sttt e vii
LIST OF TABLES..........oovoooiienneneeesssssssssssssssesssssssssssssssssssssss st sessess e vssssssssasesssssssssssssnnns ix
ACKNOWLEDGMENTS............. e e e e x
CHAPTER 1 OVERVIEW.............cccoommmrenerrisiseessssensssesesesssssssssssssosees s 1
CHAPTER 2 THE LLANGORSE VOLCANIC FIELD..........ccccccecininiiniiniiniiniinccennnens 5
% W 1115 o s 1 (o3 5 (o) o WU OO OO ORI P PP 5

2.2 The Llangorse Volcanic Field.........ccoiviiiiiniiiniiiiice i 10

2.2.1. Llangorse Mountain Locale..........cccooonimiiniinninninniinincninn, 13

2.2.2. Table Hill....ooviouieieerieciieiee ettt n et sreserbe b s sr e nssbessaans 16

2.2.3. LONE POINL..viiieiiiieiie ittt sttt 17

2.2.4. Hidden RIAEe......covvivirereeneieiiiiriiieiienie et SN 19

2.2.5. Chikoida MOUNLAIN.......cccciiirieieriieceiiene it snite s ee e s s 23

2.3 Chemistry of the Llangorse Volcanic Field........ccooviiinnininiininniiinnn, 25

2.4 CONCIUSION. ...iiiiiuiiiiirreeesraeeestaesrreeesiteesseesssseessomnuetsssssssssbasesassrnassssaesassassssseesaanees 27

2.5 ACKNOWIEAZIMENLS. ....ccueeiieireiiiiiiiitintie e sttt 28

2.6 REFETEIICES. .....ccuviieeeeirrieeirressressseeeseeseassesseeessaeeattssabtessbasseabeesreseabaasansaesseesstesunesuses 29
CHAPTER 3 PHYSICAL VOLCANOLOGY .......cccooviiiiiiiiiiin e 33
3.1 INtrOQUCHON......viieciiee ettt st st re e e e eerreeeereeeeeraeeenaees 33

3.2 The Llangorse Volcanic Field.......cccouiiiiiine 34

3.2.1. Llangorse Mountain Locality Basanite Lavas..........ccccooniniiniininn 35

3.2.2. Debris FIOW SEdiments........cccevueereuiiiiiniiiiniiiierienrieaniiesssieessneecenvesnne 43

3.2.3. Other LVE CeNtIes....cuccivieereenieeneeiiie it niie s seee s sseesssesstssnnesnes 48

3.3 Volcanological MOdel...........ccoiiiiiiiiiiiiniinininens i 50

3.3.1. Glaciovolcanism in the LVF........cccoooiiiiiriiiiiie e 50

3.3.2. Palagonitized Basanite..........ccooevvevrevieiininiienniinccn s 57

3.4 CONCIUSIONS.....vvveeiteeirreeeeeerseesraesereereeeseeeseessrssssatssas s e sbaseeenreasbaaasasaassassseesrnessbesanees 60

3.5 ACKNOWIEAZMENLS. ....c.eviemiiriimiiiiiiniitiiie ettt e e 60

3.6 Appendix 3.A: Ascent rate of MAGMAS.......cecvrerieererremniisesiiiii s 61

3.7 REFEIEICES. .uveiiueiiieeeitte et eeresitresseesreesnseenreesste sttt asssaesar b e sarn e s sbbsae s aesbbe s sneansassnsssse s 65
CHAPTER 4 MANTLE PETROLOGY ......cccooiniiiiiiientiiii i 70
W0 T (1 go Ta 0Lt o ) + WU PO O PP UPPPSOP PP PPRPN 70

iv




4.2 Location and PrevioUs WOTK.......cueeeeeveeeeiieeeeeiieneeirerieevereneesseertnisessessssssnssssssseenes 71

4.3 Field DESCIIPHON. ......covcveiecvrieeeceiestesese st ses s s sssesssaesessnassesensssssessssesansssesens 73

4.4 Petrography of Peridotites. .......cccceriiveririniiiiiinnniniiineinecnrccie s 74

4.5 Analytical TEChNIQUES.......cccccovvimiiiiiiiiiiiii e 81

4.6 GEOtNEIMMOMEITY . ....veeeeiveeerireernrieieniieerree et e sreeessree e s ennerecosbbaessabbsssabssssbaesesnnssanns 82

AT RESUILS...ceiiiiieieiiiie ettt ce et eestees st e st e st reesob bt e e s b e e seneaeessnneaesssnneessnneasabbesssbaesane 86

4.8 Model of the Lithospheric Mantle............ccocccoiiiiiiiiiiiiniiiii 88

4.8.1. Surface Heat floW......c.oecciiiriniiiiiiiiniiiceic e 90

4.8.2. Heat ProdUCHION. ........cccuerveiiieeieiciiiiiin it e 91

4.8.3. Lower Crust TEMPETratures. ........cccceveveiriiiiriniiiiiiiiien e snnee s 91

4.8.4. Crust and Mantle Lithosphere........c.cccccovvviiiniiiiiinniiiiiiinieeennee 93

4.9 DISCUSSION.....cciittrreerieerereeeeeerreeeetaeessnrteeessssrneeesssesssraassessssssnraatesssssntesssssssnssssnses 99

4.9.1. Crustal GEOthETrmS. ......coovverriiirriiieiiiieeeeereen e 99

4.9.2. Lithosphere - Asthenosphere Transition..........ccocevviviviiiiiienienieneenne. 100

4.9.3. Implications for NCVP Magmatism........ccceceeenriinrieniiniinninniinnniennenenns 106
.10 CONCIUSIONS.....vvieiiieieeiererireeesiteersteeeteeseteeesrneessmaaesssiatsesssbasessssassentssesbassnsnees 114

4.11 ACKNOWIEAZIMENTS......vuiierreiriieriiiieeiiieeinrie et ssbbe e st eeernee e rresesraeas 115

4.12 REFEIEICES. ...ueiieierririreireeieertesteeeeiie s et sre et sr e e e bt sabsssbe s b s bs s bsonasssbe s nassas 115
CHAPTER 5 The Mantle Lithosphere Beneath the Canadian Cordillera............cccecvinennnnne. 122
5.1 Structure in the Lithospheric Mantle..........ccccooviiviinniiiie 122

5.2 Comparison to Other NCVP Localities.........ccccvviivviiiniiinieniiiiii it 124

5.3 AcCKnNOwWIedgments. .......cccooeemeeiniiiiiiiiiiiie it e SOROOPRRR 130
R N XS (= (= 11613 T OIS P RTINSO 130
CHAPTER 6 ConcluSion........ccooerniiiiiiniiiiiiiiiiie i eesinessnensnnanas erreesre et saesars 132
APPENDIX A Geothermometry Methods............... et en ettt 135
A.1l. Geothermometry Calculations.........ccccovvveiirviiniiiniiiinii e 135

A.1.1. Wells (1977) GeothermoOmeter..........coveveirienriiinirainninr e 135

A.1.2. Brey and Kohler (1990) GEOthermOMELer..........c..c.vvirurerecreenrrnianens 136

A.2. Comparison of the Thermometers...........cccvurvreverecrerenns ettt 137

A3, RETEIENCES. ... oeiiieiiiiiiiie ettt sttt et bbb a s s be s e s e s s s s s s baesenes 139
APPENDIX B Rietveld Methods and Results........c.cccoeevueniiiniiiniininnnnn. et 144
B.1 Rietveld TEChNIQUE.....cccceieriiriiniiniiiiiiiireeie e e 144

B.2 Rietveld ReESUILS.....ccciiiiieieiiieercesteecie sttt s sae s e e srsesaass 145

B.3 References............... e aaaaas rreeeeteeeteeeaeeraeaetaeresrisreararrrartantreseesirirrranaanes 146
APPENDIX C Trace Element Chemistry.........cccoouiiniinnimnseineeniennnenne, reeerrr e e aeeraeenes 151
C.1 ReferencCes......cccceeuvmueneeseenninnenivesiniiisinecnesnnens SR USRS U P OPPOPTOR: 151

APPENDIX D Statistics on Major Element ChemiStry........cccoccovvieviiiiniinineiineiincnneen 156




APPENDIX E Microprobe Analyses of Basanite...........cccccvvevviiievieniirenninenieeseenneessieessennnees
E.1 ELECTRONIC (attached cd)

APPENDIX F Microprobe Analyses of Peridotites: ELECTRONIC (attached cd)

vi



LIST OF FIGURES
Figure 2.1: Map of British Columbia and the northern Cordilleran volcanic province............... 6
Figure 2.2: Geological map of the Llangorse volcanic field..........ccooveeiiiincniinnninn, 8

Figure 2.3: Field photographs of lavas and sediments at the Llangorse Mountain locality....... 14

Figure 2.4: Field photographs of lavas at the Table Hill and Lone Point localities................... 18
Figure 2.5: Field photographs 6f lavas and sediments at the Hidden Ridge locality................. 20
Figure 2.6: Field photographs of lavas at the Chikoida Mountain locality.........c.ecoeeeeiviininnnns 24
Figure 2.7: TAS diagrams of lavas from the LVF and NCVP oo seseeseeeeeses oo 26
Figure 3.1: Field photograph and interpretive sketch of the Llangorse Mountain locale.......... 36
Figure 3.2: Field photograph and interpretive sketch of the Llangorse Mountain locale.......... 37
Figure 3.3: Photomicrographs of lavas from the LVF.........ccocuecerncuiiinnmiinsisssisnsssen, 39
Figure 3.4: Scans of polished rock sections from the Llangorse Mountain locality.................. 41
Figure 3.5: Field photographs of debris flow Sediments.......cccceevvuiiiniiiiiiiiiiie e e 44
Figure 3.6: Photomicrographs and SEM images of debris flow sediments..... T 46
Figure 3.7: Field photograph and interpretive sketch of the Lone Point locality..........coc.coenee 49
Figure 3.8: Volcanological rnodéi ;)f tile Llanéérsé‘Moﬁnﬁin lovcality..’....'.‘._....l...'fff.'..”." cevrerennns .52
Figure 3.9: Minimum ascent velocity of the Llangorse Mountain 1avas...........cccoecovnnniiiinnnn. 64
Figure 4.1: Modal mineralogy of Peridotites.......ccc.eurumeriiiiiiiiiimiiinie e 78
Figure 4.2: Photomicrographs and SEM images of peridotite samples..........ccocovuvereniinnennnens. 79
Figure 4.3: Results of two-pyroxene geothermometry. ... .85
Figure 4.4: Schematic representation of heat transfer in the crust and upper mantle................ &9
Figure 4.5: Model results for temperature distribution in the Crust........coooeieniiiiicnenee. 96

vii




Figure 4.6: Model geotherms for the mantle 1ithosphere....v ....................................................... 98
Figure 4.7: Model geotherms for the combined crustal and mantle lithosphere.........c............ 101
Figure 4.8: Model gnd calculated results for a convecting asthenosphere.........cocovvenerinniens 103
Figure 4.9: Thickness and temperature distributions in the mantle............cooooeiinininennnnn 105
Figure 4.10: Models of the lithosphere underlying the northern Canadian Cordillera............ 108
Figure 5.1: Varigtion in peridotite properties with dgpth ......................................................... 123
Figure 5.2: Thermal pfoﬁle across the' fiorfhern Cordilleran volcanic prc?vince ...................... 126
Figure 5.3: Thermal profile of the NCVP: constant MOHO depth and geothermal gradient..127
Figure A.1: Comparison of two-pyroxene thermometers. .......cooevviiniiiiiniiniinenniniin, 142
Figure A.2: Thermodynamic properties of pyroxenes used for geothermometery................. 143
Figure B.1: Calculated versus Rietveld method modal mineralogy results..........cooovveeennneee. 149
Figure C.1: Incompatible element plot of lavas and peridotites. ........covvvviiinimiinviiniiiniiieieenss 155
Figure E.1: Mineral chemistry of clinopyroxene and olivine from Llangorse lavas and basanite

158



LIST OF TABLES

Table 2.1:
Table 2.2:
Table 3.1:
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Table A.l:
Table B.1:
Table C.1:
Table C.2:
Table D.1:

Table D.2:

Locations and attributes of volcanic rocks in the Llangorse volcanic field.............. 11
Major element chemistry of lavas in the Llangorse volcanic field........................... 12
Calculation of the minimum ascent velocity of Llangorse Mountain lavas.............. 63

Major element chemistry of peridotites from the Llangorse Mountain locality.......75

Representative mineral chemistry of pyroxene pairs used for geothermometry....... 83
Mineralgoical, chemical, and thermal traits of peridotites............cccoevvinieneiiinnennene. 87
Physical parameters used in modelling geotherms...........ccoocvavieniiniininnniinininiennees 92
Summary of model geotherm results...........ccoviviviiiiinienienin e 94
Chemical compositions of pyroxene mineral pairs: calculation example.............. 140
Modal mineralogy of peridoﬁtes determined using the Rietveld method.............. 148
Trace element chemical compositions of 1avas...........cccvevviviiiininiiiinninn, 152
Trace element chemical compositions Of peridotites.........ocvvvviviivieeviriiiiniieniinnee 153
Statistics on Llangorse Mountain lava major element chemistry...........ciovevenenns 156

Statistics on Llangorse Mountain peridotite major element chemistry.................. 156

t




ACKNOWLEDGMENTS

Funding for my M.Sc. was covered primarily by an NSERC PGS-A scholarship.
Analytical costs were covered by an NSERC Discovery Grant to J.K. Russell. Field costs were
covered by the Geoiogical »Sﬁr-vey of éanada, courtesy of Bob Anderson. Special thanks to my
supervisor, Kelly Russell‘,.t-his thesis would not have been accomplished without your
enthusiasm and knowledge}'.' Thié thesis aiso bel.lefitc.ad greatly thréugh d—iscus‘sions‘ with Ben
Edwards, Kirstie Simpson, Phil Hammer, and Roy Hyndman. Discussions (thesis and A
otherwise) with Melanie Kelman, Steve Quane, and Alison Rust have been invaluable, you
three have formed a great 'TPL' support group. Electron microprobe and scanning-electron
microscope analyses and images were possible through the help of Mati Raudsepp and
Elisabetta Pani. Assistance in analytical work by Lorraine Tam, Marcia Wilson, Lisa
Swinnard, and Krista Michol is greatly appreciated, providing many of the physical property
and modal mineralogy results in this thesis. The past few years in grad school have been
memorable (and often even enjoyable!) courtesy of the many wonderful graduate students at
UBC, but particular thanks must go to Liane Boyer, Heidi Annell, Natalie Lefebvre, and Diane

Mitchinson. Lastly, I would like to thank Aubrey and my family for their support throughout

my M.Sc.




Chapter 1

OVERVIEW

Volcanic rocks and associated peridotite xenoliths from the Llangorse Mountain
area, near the town of Atlin, northwest British Columbia, are the focus of this thesis. This
thesis comprises two distinct study areas. The first part of this thesis details field
descriptions and volcanological interpretations of volcanic rocks near Llangorse Mountain.
The primary focus is an overthickened basanite flow located immediately south of Llangorse
Mountain, which is interpreted as a valley-filling lava flow that overrode synvolcanic debris
flow sediments. The overthickened aspect of the lava flow is indicative of ponding against a
valley-wide barrier, which may have Been glacial ice. Palagonitized clasts of basaﬁite gléss
are ébundant in the debris flow sediments underlying the lava flow and are used to constrain
the temperatures at which the basanite glass was altered. The second part of this thesis
focuses on peridotite xenoliths recovered from lavas at a large basanite lava flow
immediately soﬁth of Llangorse Mountain. Geothermometry on these peridotites is used to
characterize the thermal profile of the mantle lithosphere beneath Llangorse Mountain, and
ultimately to create model geotherms for this area of the northern Cordillera. The variation
in peridotite properties with depth is used to determine if the mantle lithosphere is
heterogeneous or homogeneous. I conclude by comparing the thermal profile of the mantle
lithosphere beneath Llangorse Mountain with other volcanic Jocalities in the Northern

Cordilleran Volcanic Province. This thesis comprises three papers (Chapters 2, 3 and 4), as

described below, followed by an examination of structure in the lithospheric mantle




(Chapter 5) and a summary (Chapter 6). Some repetition in the introductory sections of
Chapters 2, 3 and 4 is unavoidable as each of these chapters is a separate manuscript for
different publications.

Chapter 2 is based on a paper written for the Geological Survey of Canada Current
Research Papefs (Harder et al, 2003), with a section added detailing the chemistry of
Llangorse volcanic field lavas. This chapter details field observations from mapping of
numerous volcanic remnants near Llangorse Mountain. The volcanic remnants are Miocéne
to Holocene in age and are basanitic to nephelinitic in composition. The largest of the
volcanic localities studied is the Llangorse Mountain locale, a 100 m thick basanite flow that
is associated with debris flow sediments. Other volcanic localities studied include: Table
Hill, a mound-shaped volcanic fcmnqnt with large, well-developéd columnar jointing; Lone
Point, 2 mound-shaped volcanic remnant showing erratic orientation of cooling joints and
associated with boulders of hyaloclastite; and Hidden Ridge, a ridge of lava showing
erratically oriented cooling joints and associated with debris flow sediments. Bulk
chemistry results are provided for all the volcanic localities studied in the LVF, and
appropriate rock classifications are provided.

Chapter 3 is a manuscript presenting volcanological interpretations based on field
observations (provided in greater detail in Chapter 2) and is intended for publication. At the
Llangorse Mountain locale, the lava flow is interpreted as a valley-filling lava flow
associated with syn-volcanic debris flow sediments. Palagonitized basanite clasts, which are
abundant in the debris flow sediments, are used to infer post-depositional conditions in the

debris flow sediments. The morphology of the lava flow is indicative of ponding against a

lower-elevation, valley-wide barrier, and the implications of this barrier are discussed.




Although the other localities in the LVF are not focused on in detail, the significance of
erratically-oriented cooling joints at Lone Point and Hidden Ridge may indicate a
glaciovolcanic origin of the lavas.

Chapter 4 is a manuscript which is currently in review for the journal Lithos, Special
Volume “From Mantle to Magma” (Harder and Russell, in review). Although primarily
written by myself, Chapter 4'contains sections contributed by J.K. Russell for the paper in
review, including: section 4.8 (Model of the Lithospheric Mantle) and sections 4.9.1 and
4.9.2 (Discussion: Crustal Geotherms and Lithosphere - Asthenosphere Transition). These
sections are included in this thesis as they are necessary for ’I_ny ii}terpretations in section
4.9.3 (Implications for NCVP Maématism}. in Chapter 4 the focus shifts from volcanology
of the LVF to mantle petrology of peridotjte xenoliths. A large (>80) suite of peridotite
xenoliths were collected from lavas at the Llangorse Mountain locale. A total of 45 of these
peridotites were studied for geothermometry, 19 of which are used for chemical,
mineralogical, and physical property studies. The thermometry database created is used to
create a thermal profile of the northern Canadian Cordillera. Geothermometry results are
also combined with geophysical heat flow measurements to produce model geothermal
gradients of the lithospheric mantle. These geothermal gradients are used to constrain the
thickness of the mantle lithosphere in this area. The implications of these geotherms are
discussed relating to the source area of the basanite lavas that entrain the xenoliths.

Chapter 5 provides a summary of various chemical, mineralogical, and physical
properties with depth, resulting in a structural profile of the northern Canadian Cordillera. A

distinct layering is observed, indicating that the lithospheric mantle in this area is chemically

and mineralogically heterogeneous. In addition to a mantle stratigraphy, Chapter 5 provides




a comparison of geothermometric results from Llangorse Mountain with other volcanic

localities in the NCVP.
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Chapter 2

THE LLANGORSE VOLCANIC FIELD

2.1 INTRODUCTION

The Northern Cordilleran volcanic province (NCVP) comprises Miocene to
Holocené volcanic rocks distributed across northwestern British Columbia, the Yukon
Territory, and Alaska (Edwards and Russell, 2000). The Atlin volcanic district (AVD), a |
subset of the NCVP, consists of several Miocene to Holocene volcanic localities in the Atlin
area (see Fig. 2.1). These localities‘ include Moose Bay and Anderson Bay (Bultman, 1979),
the Llangorse volcanic field (Harder et a1, 2003), and the Surprise Lake volcénic field
(Edwards et al, 2003). The Surprise Lake volcanic field includes Cracker Créek, Ruby
Mountain, Ruby Creek, and Volcanic Creek (Edwards and Bye, 2003; Edwards et al, 2003).
The Llangorse volcanic field (LVF) is situated approximately 55 km southeast of Atlin, BC
(Fig. 2.1), and comprises Miocene to Holocene volcanic rocks exposed at Hirschfeld Creek
(Line Lake), Mt. Sanford, Llangorse Mountain (including four localities), and Chikoida
Mountain. The geographical area included in the LVF is approximately 144 km’ and is
centred around Llangorse Mountain (Fig. 2.2).

The northern Canadian Cordillera comprises dominantly suspect terranes (ie.
allochthonous terranes) that were accreted onto the western margin of North America,
beginning in the middle Jurassic (Coney et al, 1980; Monger et al, 1982). The suspect .

terranes welded to ahcestral North America include Quesnellia, Stikinia, Cache Creek, and

Wrangellia. Together, these terranes comprise the Intermontane Belt, which is bounded to
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Figure 2.1: The northem Cordilleran volcanic province (NCVP) comprises Miocene
volcanic centers distributed across northern British Columbia (BC), the Yukon territory
(YK) and easternmost Alaska (AK). The Queen Charlotte transform fault (QCTF) defines
the boundary between the Pacific and North American plates. The NCVP is shown relative
to other major volcanic provinces in British Colﬁmbia, including: Wrangell volcanics (WV),
Anaheim volcanic belt (AV), Wells-Grey volcanic field (WG), and Cascade volcanic arc
(CVA) (after Edwards and Russell, 2000). Major centres (large black circles) include
Hoodoo Mountain (H), Mount Edziza (E), Prindle Mountain (P), Alligator Lake (A), and
Level Mountain (LI\;I). Small black circi;:s repre>seﬁt individual OCéurrences of Miocene to
Holocene volcanic rocks. The occurrences near Llangorse Mc_)untain (L) are within the Atlin
volcanic district (dashed outliné), v&;hiéh is situated bimm;adiately southeast of Atlin (At).
Other population centres shown include Whitehorse (Wh) and Terrace (Te). A tectonic

assemblage map is shown in the upper-right corner of the map, illustrating the tectonic belts

that comprise that Canadian Cordillera.
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Figure 2.2: Geological map for the Llangorse volcanic field (LVF; Map Sheet NTS 104N; after
Aitken, 1959 and Harder et al, 2003). The LVF includes occurrences of Miocene — Holocene
volcanic rocks (Tables 1, 2) at: 1) Llangorse Mountain, 2) Table Hill, 3) Lone Point, 4) Hidden
Ridge, 5) Hirschfeld Creek, 6) Chikoida Mountain, and 7) Fire Mountain.




the east by the Omineca Crystalline Belt, comprising a complex suite of rocks with a
dominantly North American affinity, and to tﬁe West‘( by the» Coast Plutonic Complex;
comprising Cretaceous to Tertiary plutonic rocks considered to result from subduction-
related accretion of the suspect terranes (Monger et al, 1982). The Atlin area straddles the
boundary between the Coast and Intermontane belts (Aitken, 1959); the Atlin volcanic
district lies entirely within the Intermontane belt.

The regional geology of the Atlin area was first mapped by Aitken (1959).
Subsequent work by Bloodgood and Bellefontaine (1990), Ash and Arksey (1990),
Mihalynuk and Smith (1992), and Mihalynuk th al (2002) have provided greater insight into
the geolbogy of thié area. The Atlin volcanic district (Fig. 2.1) is underlain by Paleozoic
sedimentary and volcaniclastic rocks from the Cache Creek Group and by Jurassic and
Cretaceous plutons (mostly granitic to granodioritic in composition) (Aitken, 1959). The
Llangorse volcanic field (Fig. 2.2), with the exception of Hirschfeld Creek and Chikoida
Mountain, is underlain primarily by the Llangorse Mountain Batholith, a Jurassic
granodiorite intrusion, and possibly by Pennsylvanian/Permian cherts from the Cache Creek
Group. Hirschfeld Creek volcanic rocks are underlain by Pennsylvanian/Permian cherts,
and possibly by greywacke and amphibolites, from the Cache Creek Group. Chikoida
Mountain volcanic rocks are underlain by a Jurassic granitic intrusion.

Mapping and sample collection of the LVF was undertaken in the summer of 2002,
as part of the Geological Survey of Canada Atlin Targeted Initiative Project, to achieve three
main goals. The first goal is to provide an inventory of Miocene volcanic rocks within the

LVF and to establish their composition, volume, and age. The second goal is to study the

volcanology of the individual deposits to elucidate the style of eruption and the




environmental conditions into which the lavas were erupted (e.g., hypabyssal,
glaciovolcanic, subaerial). The third goal is to collect xenoliths entrained in these lavas,

with particular emphasis on mantle peridotite xenoliths.

2.2 THE LLANGORSE VOLCANIC FIELD

Localities of volcanic rocks in the LVF (Table 2.1, 2.2) were mapped at a scale of
1:20 000. The localities nearest Llangorse Mountain are the focus of the work and are
labeled the Llangorse Mountain, Table Hill, Lone Point, and Hidden Ridge locales (Fig. 2.1,
2.2). The volcanic rocks exposed nearest to Llangorse Mountain have been previously
studied in detail by. Nicholls et al. (1982), Nicholls (pers. comm.), Higgips and Allen (1985),
Carignan et al. (1994), Francis and Ludden (1995), Edwards et al. (1996), Nicholls and Stout
(1998), Shi et al (1998), Peslier et al. (2000; 2000b), and Abraham et al. (2001). The
Chikoida Mountain volcanic rocks were not mapped by Aitken (1959), but were
subsequently described by Mihalynuk and Smith (1992), and by Edwards et al. (1996)
(Table 2.1). The LVF also includes the centres of Hirschfeld Creek / Line Lake (Aitken,
1959; Francis and Ludden, 1995), and Mt. Sanford (Higgins and Allen, 1985). Although all
volcanic rocks are Miocene to Holocene in age, their relative ages and relationships to one
another are unclear.

Three of the four sites nearest Llangorse Mountain (the Llangorse locale, Table Hill,
and Lone Point) were originally identified by Aitken (1959) and subsequently studied by

Francis and Ludden (1985), Edwards et al (1996), and Nicholls (pers. comm.). These

centres have been interpreted by the various authors as hypabyssal feeder pipes, lava lakes,
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Table 2.2: Major element chemical compositions of samples (MH-02- ) of lavas from the Llangorse

Mountain volcanic field including replicate (split and duplicate) analyses of individual samples. The
localities are Llangorse Mountain (LM), Lone Point (LP), Table Hill (TH), and Hidden Ridge (HR).

Sample 101 101r 101s 101s 112 160 173 213
Center M LM M LM LM LP ~ TH, HR
Si0, 4513 4499 4491 4500 4411 4147 4057 4557
TiO, 2234 2213 2196 2219 1923 2724 2531  2.053
ALO, 1312 1313 1315 1318 1236 1199 1170 1337
Fe,0, 223 259 2.80 273 263 537 670 276
FeO 10.09 9.68 9.59 9.59 9.76 8.35 7.57 9.58
MnO 018 0179 0181  0.84 0177 0192 0211  0.188
MgO 1169 1161 1165 1168 1355 1202 1067  11.04
Ca0 9.96 9.96 9.94 999 1024 9.18 945 937
Na,0 3.14 3.12 3.11 3.15 234 452 5.22 2.81
K0 123 122 122 122 1.07 1.79 1.76 1.01
P,0; 0501 0501 0503 0507 0429 1004 1298 0383
Total 9951 99.19 9925 9945 9859 9861  97.68  98.13

Normative Mineralogy (wt%)

Or 7.3 7.2 72 7.2 - 6.3 10.6 10.4 6.0
Ab 12.4 12.9 12.9 12.7 10.3 43 42 19.1
An 18.1 18.2 18.3 18.2 20.1 7.1 33 20.9
Ne 7.7 73 73 7.6 5.1 18.4 21.7 2.6
Di 22.7 225 223 22.6 22.5 25.3 27.8 18.6
Ol 22.8 21.9 219 21.8 25.8 17.6 12.8 222
Mt 32 3.8 4.1 4.0 3.8 7.8 9.7 4.0
i . 42 4.2 42 42 3.7 52 4.8 39
Ap 1.2 12 1.2 1.2 1.0 23 3.0 0.9
'Rock Type: Bas Bas Bas Bas Bas Neph Neph AOB

Thermodynamic Liquidus (1 atm.) Properties

T(C) 1301 1296 1296 1297 1331 1305 1263 1285
2Mg# 0.67 0.68 0.68 0.68 0.71 0.72 0.72 0.67
3AQFM 0.24 0.66 0.86 0.79 0.77 243 2.99 0.92
*Xro 86.9 87.2 874 874 88.5 90 90 86.7
3a Si0, 0.27 0.34 0.34 0.34 0.34 0.26 0.25 0.38
5a Na,SiO; 974E-4 647E-4 6.40E-4 657E-4 575E-4 158E-3 1.74E-3 425E-4
5a KAISiO, 2.86E-2 3.61E-2 3.65E-2 3.65E-2 3.64E-2 7.92E-2 8.65E-2 2.56E-2

IRock types: basanite (Bas), olivine nephelinite (Neph), alkali-olivine basalt (AOB).

2Mg# computed as Mg/(Mg+Fe), in cation proportions.

3AQFM: log units above the Quartz-Fayalite-Magnetite buffer.

4XFo Predicted composition of olivine crystallized.

SActivities of components in melt at 1atm and stated temperature; calculated with MELTS (see Chapter 4).
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tuyas, or valley-filling lava flows (Table 2.1). Durirg field mapping in the summer of 2002

a new volcanic remnant was discovered (Hidden Ridge, Fig. 2.2).

2.2.1 The Llangorse Mountain Locale

The sequence of basanite lavas at the Llangorse Mountain locale (Fig. 2.1, 2.2)is
volumetrically the second largest Miocene volcanic locale in the LVF after Hirschfeld Creek
(Francis and Ludden, 1995) (Table 2.1, 2.2). The outcrop is a large, cliff-forming bluff
approximately 100 m high %md 350 m wide (Fig. 2.3a). Vertical columnar joints extend
throughout the flow; the columns are generally smaller at the top of the flow (~1 m) than at

the base of the flow (~2 m). The lava groundmass is aphanitic and contains

microphenocrysts of olivine and clinopyroxene (< 500 pm; <3 vol%), xenoliths and
xenocrysts. Mantle-derived xenoliths are common; they are mostly concentrated in the base
of the lava flow (1-5% by volume) and are rare (<<1% by volume) in the upper part of the
flow. The peridotite xenoliths are mostly spinel lherzolite and are typically 1-2 cm in size,
although xenoliths >20 cm in size are not uncommon. Xenocrysts are predominantly olivine
and clinopyroxene, and are likely derived from the disaggregation of peridotite xenoliths;
xenocrysts are not abundant (< 1%) and are small (< 1-2 mm). Some other volcanic
localities near the Llangorse locale contain large black pyroxene xenocrysts with prominent
reaction rims, however, these are not observed at the Llangorse locale. Crustal xenoliths are
rare (<<1% by volume) and are generally <5 cm in size; most of these appear to be derived

from the Llangorse batholith and may represent surficial fragments entrained during flow of

the lavas. At the base of the lava flow, a layer about 30 cm thick of highly vesicular,
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Figure 2.3: Field photographs of the exposures of lava flow at Llangorse Mountain (No. 1,
Fig 2). (A) South-facing view of bluff formed by an 100 m thick valley-filling, columnar
jointed lava flow, looking up the paleo-valley; floor of paleo-valley is approximately
coincident with top of scree slope in locale of photograph. (B) View of west margin of bluff
(east-facing) in 3a. Massive lava flow is underlain by north-dipping, crudely bedded debris
flow sediments (mid-upper right corner). (C) Detail of crude layering in debris flow
sediments; scale given by two people on the sediment / lava contact (arrows). (D) Detailed
view of debris ﬂow sediments (person for sgale) illustrating cfudé graaéd bedding'and
poorly sorted, matrix supported, heterolithic nature of sediments. Light coloured blocks are

rounded boulders of granodiorite.
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quenched (but not glassy) basanite is present. Crustal xenoliths and xenocrysts are more

common (= 5%) in 'th?s quenched basal lava.

Volcani;iéstic éebﬁs ﬂow sediments are directiy in céntact wi-th ihe base of the lava
flow along the west side of the massif (Fig. 2.3b). At the eastern contact thg ‘lavg flow is in
direct contact with weathered granodiorite (grus) of the Llangérse Mountain batholith. The
volcaniclastic debris flow sediments are poorly sorted, crudely stratified, and contain
subangular to subrounded fragments (Fig. 2.3c, 2.3d). The crude layering in the debris flow
deposit dips approximately 25° to the northwest. The sediments are I;rimaﬁly matrix-
supported, with minor clast-supported layers. The debris flow matrix has a grain size of 2-4
mm and comprises clasts of granodiorite, vesicular basanite, peridotite, and palagonitized
basanite. The deposit is partly consolidated but still friable. The dominant clast type is
granodiorite, which derives from the underlying Llangorse batholith. Granodiorite clasts
vary from 2 cm to 5 m in diameter. Clasts of basanitic lava are also common and vary in
size from 2 to 50 cm. Larger boulders up to 1 to 2 m in size are concentrated towards the
bottom of the depositional sequence. An unusual feature of these volcaniclastic sediments is

the occurrence of peridotite clasts, which are a few mm to >20 cm in diameter and represent

mantle xenoliths originally entrained in the basanite lavas.

2.2.2 Table Hill

Table Hill (Fig. 2.1, 2.2) is a mound-shaped volcanic remnant approximately 5 km

west of the Llangorse locale, and is approximately 400 m in diameter (Table 2.1, 2.2).

Lavas at Table Hill are olivine-nephelinites and show moderately well-developed columns,




oriented vertically and ranging in size from 1 to 2 m (Fig. 2.4a). Bulbous, highly vesicular
boulders that appear to be lava bombs are present as float boulders. Peridotite xenoliths are
common (1-2% by volume) and range in size from 5-10 cm. At Table Hill, crustal xenoliths
are rare (<<1% by volume) and appear to derive from the Llangorse batholith. Large (< 2-3
cm) black pyroxene xenocrysts are observed in Table Hill lavas; these xenocrysts are

characterized by 1-2 mm reaction rims.

2.2.3 Lone Point

Lone Point (Fig. 2.1, 2.2) is located approximately 5 km south of the Llangorse
locale. Lavas exposed at Lone Point are similar in chemistry and morphology to Table Hill,
forming a mound-shaped volcanic remnant approximately 300 m in diameter and composed
of olivine-nephelinite lavas (Table 2.1, 2.2). A distinctive feature of the Lone Point lavas is
the highly variable size and orientation of cooling joints. Well-developed, 10-30 cm
diameter column jointing shows highly variable fanning orientations on the east and west
faces of the outcrop (Fig. 2.4b). The north face of the lava mound features larger (~30 cm),
poorly formed, vertical joints. Highly vesicular lava and volcaniclastic float boulders are
present around the outcrop. The volcaniclastic boulders have an orange-coloured, indurated,
juvenile volcanic clast-rich matrix (clasts <1-2 mm). Clast composition of the

volcaniclastic material comprises predominantly vesicular and massive lava clasts (<10 cm

in size), as well as peridotite (€2 mm), chert (<2-3 cm) and granodiorite (<5 cm) clasts.
The volcaniclastic material in the boulder is poorly sorted and juvenile volcanic clasts are

angular. The blocky, angular nature of the volcanic clasts and the matrix composition
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Figure 2.4: Field photographs of lavas at Table Hill (A) and Lone Point (B). (A) Columnar
jointed lavas from Table Hill; outcrop is approximately 6 m high. (B) Fanning of columnar
jointing in lavas at Lone Point; photo height represents approximately 3 m.
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suggests that these boulders may be hyaloclastites. Peridotite xenoliths are common at Lone
Point (1-2% by volume), ranging in size from 5-10 cm. Crustal xenoliths at Lone Point are
also rare (<<1% by volume) but appear to be composed of chert and therefore are likely
derived from the Cache Creek Group. Lone Point, like Table Hill, contains black pyroxene

xenocrysts with 1-2 mm reaction rims.

2.2.4 Hidden Ridge

The oﬁpcrops of lava at Hidden Ridge-(Fig. 2.1, 2.2) are 1';‘_ew1}{ diéco?eredv'and not
shown on Aitken’s map (1959). The outcrop occurs approximately 3 km northeast of the
Llangorse locale, is approximately 350 m by 300 m, <50 m high, and forms two main ridges
(an eastern and western ridge). The volcanic rocks are aphanitic basanites containing
abundant xenoliths, similar to lavas exposed at the Llangorse locale (Table 2.1, 2.2).
Columnar jointing is well developed in some areas and in particular in the western ridge.

The columnar jointing exposed in the western ridge forms an A-shaped structure, with ~40

cm joints on the flanks plunging at approximately 30° away from the locale of the ridge
(Fig. 2.5a); columnar joints exposed at the locale of the ridge are roughly vertical. On the
southernmost region of the western ridge, horizontal platy columnar jointing is observed
(Fig. 2.5b). Columnar jointing in the western ridge is poorly developed, but where it is
observed the joints are small (< 20-30 cm), dip at approximately 30° into the locale of the
flow, and fan slightly at the base of the flow following the contour of the paleovalley floor.

Bulbous, highly vesicular lava float boulders are observed in lava scree and appear to be

lava bombs. The contact between the lava and the granodiorite basement rock (the




Figure 2.5
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Figure 2.5: Field photographs of lavas aﬁd debris flow sediments at Hidden Ridge. (A)
Columnar jointing of lavas on the western ridge; photo is facing south. Cooling joints on the
north side of the ridge dip at approximately 30° to the north (towards the viewer). Cooling
joints on the top of the ridge are roughly vertical, and joints on the south (far) side of the
ridge dip at approximately 30° to the south (away from the viewer). Arrow indicates
location of photograph (B). (B) Platy columnar jointing on the easternmost area of the
western ridge; arrow in (A) indicates location of (B). Platy jointing is roughly horizontal,
and the outcrop exposing these joints faces south. (C) Debris flow sediments that underly
the lava flow; person for scale. Sediments are crudely bedded, poorly sorted, matrix-
supported, and contain clasts of granodiorite, vesicular basanite, palagonitized basanite, and
rare peridotite. The volcaniclastic sediments dip down-valley to the northeast and define the

shape of a narrow valley that is partially filled by the lava flow.

21



Llangorse batholith) is clearly exposed. Lavas near the contact contain abundant
granodiorite xenoliths, whereas granodiorite xenoliths are rare in the central part of the flow.
The granodiorite xenoliths near the contacts appear highly deformed due to the flowing lava
(flow deformation textures; e.g., Smith, 2002), and have reacted with the lava to a large
degree resulting in porous, partly dissolved xenoliths. Xenocrysts of plagioclase, quartz and
amphibole, generally 1-2 cm in size, are common within the basanite and gradually
disappear towards the centre of the flow, suggesting that some melting of the granodiorite
occurred during emplacement of the lava. Peridotite xenoliths are common (1-5% by
volume) and are dominantly 1-10 mm in diameter, although some are as 1ar‘ge as 15 cm.
Large peridotite xenoliths are more commc;n in the eastern ridge than the wesvtern>ridge, and
lava in one area in particular is extremely rich in xenoliths, comprising of up to 70%
xenoliths. Unlike Table Hill and Lone Point, the Hidden Ridge lavas do not contain large
black pyroxene xenocrysts.

Volcaniclastic debris flow sediments, very similar in composition to those found at

the Llangorse locale, occur directly beneath the lava flow in the lowest-elevation areas (Fig.

2.5¢). The volcaniclastic sediments dip down-valley to the northeast at approximately 20°
and define the shape of a narrow valley that is partially filled by the lava flow. Very crude
bedding is observed, with the largest boulders (up to several metres) concentrated at the
bottom of the sediments. The volcaniclastic sediments are, in most areas, matrix-supported
and poorly sorted, with subangular to subrounded clasts. The sediments are indurated but

weather easily, and contain clasts of granodiorite, vesicular basanite, palagonitized basanite,

and rare (<1% by volume) millimetre to centimetre-size peridotite. The matrix is composed




of sand-size particles similar in composition to the larger clasts, as well silt and clay-size
particles.

The morphology of the lava flow at Hidden Ridge shows clear evidence that it is a
valley-filling flow. The contact morphology suggests that granodiorite basement formed an
irregular surface in the valley that was surrounded and partly to completely covered by the
basanite lava and volcaniclastic sediments. Volcaniclastic sediments are observed only in
the lowest-elevation areas (paleotopographic lows). Basanite lava also occurs in depressions
across the top of the exposed granodiorite outcrop, and coats the granodiorite'b.éseﬁent at
exposed contacts. Cooling joint orientation varies across the flow. In the eastern ridge

cooling joints are poorly developed; in the western ridge cooling joints are well developed

with orientations varying from platy, subhorizontal joints to large (~40 cm), vertical joints.

2.2.5 Chikoida Mountain

The Miocéne to Holocene volcanic rocks at Chikoida Mountain (Fig. 2.1, 2.2) were
described by Mihalynuk and Smith (1992) and by Edwards et al. (1996), and were
interpreted to represent hypabyssal feeder pipes td a volcanic locale subsequently removed

by glaciation. The locality features several small (<1500 m?), highly weathered outcrops of

basanite. Columnar joints in two outcrops are nearly horizontal, dipping at ~15° into the
locale of the outcrop (Fig. 2.6a, 2.6b). Both crustal and mantle xenoliths are observed in the
lava. Peridotite xenoliths are rare (<<1% by volume) and <5 mm in size. Crustal, granitic

xenoliths are common (1-5% by volume), most likely derived from the surrounding granitic

intrusion (Fig. 2.6a). They are up to 50 cm in size, and in some places are partly melted and




Figure 2.6: Field photographs of lavas at Chikoida Mountain. (A) Lava flow showing well-
developed, roughly horizontal columnar jointing; person for scale. Granitic crustal xenoliths are
observed (indicated by arrows) and are often highly disturbed and deformed by heat and flow of
the lava. (B) Close up of well-developed horizontal columnar jointing in lavas; hammer for
scale.

24



can be significantly deformed by flow. The chemistry of the Chikoida Mountain lavas is
unknown, but th¢y are basaltic in composition, likely alkali-olivine basalts or basanites.
Small amounts of volcaniclastic sediments underlie the lava flow at vChikoida
Mountain. The sediments are matrix-supported, and in most places there are <15% clasts;
clasts are generally small (<10 cm in size) and composed of rounded granite and subrounded -
massive and vesicular basanite clasts. Peridotite clasts are rare, and all are <3 mm in size.
The association of volcaniclastic sediments with the lava suggests that the Chikoida volcanic
rocks were subaerially erupted as a valley-filling flow. The matrix-rich nature of the
volcaniclastic sediments and absence of large clasts suggests that these deposits may be a
substantial distance from their source. The volcaniclastic sediments and lava are present at a
high elevation (1850 m), indicating that the source was considerably higher and has been

eroded.

2.3 CHEMISTRY OF THE LLANGORSE VOLCANIC FIELD

The NCVP is host to a wide variety of lava types (Fig. 2.7a), ranging from silicic
(e.g. peralkaline thyolites) to alkaline-mafic (e.g. alkali olivine basalts) (Edwards and
Russell, 1999, 2000). Silicic magmas are restricted to the few long-lived volcanic
cdmplexes (e.g. Level Mtn., Mt. Edziza), whereas alkaline-mafic magmas are ubiquitous
throughout the NCVP. : Lavas of the AVD (Fig. 2.7a) are z;ll alkaline; basalts, ranging from
nephelinite to trachybasalt (Edwagds et al, 2003). B

Lavas in the LVF are all broadly chérécterized as alka.lihc_‘basa'ilts. Detailed

classification of the lavas, however, shows a range of lava types. On a total-alkali versus
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Figure 2.7: TAS diagrams (after Le Bas et al, 1986). (A) Miocene to Holocene volcanic
centres in the northern Cordilleran volcanic province (NCVP; large, light-gray shaded region)

and the Atlin volcanic district (AVD; smaller, darker-gray shaded region) (Edwards et al, 2003).
(B) The Llangorse volcanic field (LVF), including data from the Llangorse Mountain locale,

Table Hill, Lone Point, Hidden Ridge, and Hirschfeld Creek.
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silica plot (TAS; after Le Bas et al, 1986), LVF lavas range from alkali olivine basalt (AOB;
Hidden Ridge) to basanite (Llangorse locale) to olivine-nephelinite (Lone Point, Table Hill)
(Fig. 2.7b; Table 2.2). All three of these rocl'< types are found at the Hirschfeld Creek
locality (Francis and Ludden, 1995), where a single body grades from olivine-nephelinite on
the margin to AOB in the centre. Francis and Ludden (1990) used normative-mineralogy to
classify NCVP lavas as: AOB, defined as >0, <5 wt% normative nepheline (e.g. Hidden
Ridge); basanites, defined as 5-15 wt% normative nepheline with dominantly olivine
phenocrysts (e.g. Llangorse Mountain locale); olivine-nephelinites, defined as >15 wt%
normative nepheline (e.g. Lone Point, Table Hill). Figure 2.7 shows distinct groups of lava
types at the localities nearest Llangorse Mountain, rather than a gradation, suggesting that
there are two chemically distinct groups: Lone Point and Table Hill are olivine-nephe_linites,
whereas the Llangorse locale and Hidden Ridge are basanites (or border-line AOB's). Based
on the chemical, petroidgi,cal, and ﬁelq};ellationships of the four volcanic 1oca1it§CS'n¢arest
Llangorse Mountain, I.suggest that two distinct mantle melting events are represented: Lone
Point and Table Hill represent nephelinite volcanism, whereas the Llangorse locale and

Hidden Ridge represent basanite volcanism.

2.4 CONCLUSION

| The Llangorse Volcanic Field (LVF) consists of seven localities of Miocene to
Holocene volcanic rocks: Hirschfeld Creek/Line Lake, Mt. Sanford, the Llangorse Mountain
locale, Table Hill, Lone Point, Hidden Ridge, and Chikoida Mountain. The four localities

nearest Llangorse Mountain sites and Chikoida Mountain were mapped in detail during the
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summer of 2002. ~All four sites near Llangorse Mountain are Miocene to Holocene in age.
The Llangorse Mountain locale and Hidden Ridge are basanites associated with debris flow
sediments, and are interpreted to represent valley-filling lava flows. Table Hill and Lone
Point are mound-shaped, and Lone Point displays large variations in columnar jointing size
and orientation; Table Hill may be an erosional remnant of a volcanic neck, whereas Lone
Point appears to be a subglacial mound. Chemical distinctions between these localities lead
us to postulate that there were at least two different eruptive events, nephelinite volcanism
and basanite volcanism. Our interpretations of the lava flow morphologies and petrology

are provided in Chapter 3.
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Chapter 3

PHYSICAL VOLCANOLOGY

3.1 INTRODUCTION

The northern Cordilleran volcanic province (NCVP) comprises Miocene to Holocene
volcanic rocks distributed across northwestern British Columbia, the Yukon Territory, and
eastern Alaska (Edwards and Russell, 2000). The province is dominated by small, mafic,
alkaline centres that represent single eruptive events (Edwards and Russell, 1999, 2000),
although long-lived volcanic centres with evolved lava types do occur in the NCVP (e.g. Mt.
Edziza, Hoodoo Mtn., Level Mtn.). The Atlin volcanic district (AVD), a subdivision of the
NCVP, consists of several fields of Miocene to Holocene volcanoes (Fig. 2.1; see Chapter
2), including the Llangorse and Surprise Lake volcanic fields (Edwards et al, 2003; Harder
et al, 2003). All lavas from the AVD (Fig. 2.7a; see Chapter 2) are alkaline, ranging in
composition from nephelinite to trachybasalt (Edwards et al, 2003). The Llangorse volcanic
field (LVF) is approximately 144 km? and is centered around Llangorse Mountain (Fig. 2.2,
see Chapter 2), which is located approximately 55 km southeast of Atlin, BC (Fig. 2.1).

In this paper we present field observations, petrographic descriptions, and chemical
data on lava flows and associated volcaniclastic deposits from Llangorse Mountain. This
information is used to cor_lstrainithe volcanological origins of these deposits. A detailed
study of valley:ﬁlling basanite la;/és alnd théir undérl;ing debrié ﬁow deposits suggests that
these two units are genetically related. The nature of the debris flow sediments and their

association with the lava flows suggests that they may represent lahars or outburst floods
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associated with melting of a snow-cap or glacial ice during the early stages of eruption.
Subsequent basanitic lava flows derived from the same eruption were captured by drainage
systems surrounding the volcanic vent, over-riding the sediments and partly ﬁ]ling the river
valleys. The juxtaposition of hot basanitic lavas over water-saturated sediments containing a
high proportion of basanitic clasts in the sediment matrix led to palagonitzation of the glassy
clasts. Basanite lavas at the Llangorse Mountain locale ultimately were caused to
overthicken by encountering a large valley-filling barrier, possibly glacial ice, at lower
elevations. In summary, we infer that the lavas and sediments to result from a series of
short-lived, possibly subglacial volcanic eruptions from a vent that has been subsequently

removed by glaciation.

3.2 THE LLANGORSE VOLCANIC FIELD

The re gionai geology of the Atlin areé was first mapped by Aitken (195 9); during his
mapping, numerous young volcanic remnants were noted. The area straddles the boundary
between the Coast and Intermontéﬁe be-lts, however, the Atlin volcanic distriéf (AVD) lies
entirely within the Intermontane Belt. The AVD (Fig. 2.1) is underlain by Paleozoic
sedimentary and volcaniclastic rocks from the Cache Creek Group and by Jurassic and
Cretaceous plutons (mostly granitic to granodioritic in composition). The LVF (Fig. 2.2)1s
underlain primarily by the Llangorse Mountain Batholith, a Jurassic granodiorite intrusion,
and possibly by cherts from the Cache Creek Group (Aitken, 1959).

Miocene to Holocene volcanic rocks in the LVF occur at Hirschfeld Creek, Mt.

Sanford, Llangorse Mountain, and Chikoida Mountain (Table 2.1; see Chapter 2). Most of
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these occurrences have been studied previously by Nicholls et al. (1982), Higgins and Allen
(1985), Carignan et al. (1994), Francis and Ludden (1995), Edwards ¢t al. (1996), Shi et al
(1998), Peslier et al. (2000; 2000b), and Abraham et al. (2001). Lavas in the LVF include
alkali olivine basalts, basanites, and olivine-nephelinites (Fig. 2.7; Table 2.2; see Chapter 2).
The Llangorse Mountain locale, a Middle-Pleistocene volcanic remnant, comprises olivine
porphyritic basanite lavas, having 5-15 wt% normative nepheline (e.g., Francis and Ludden,
1990). Other relevant volcanic centres include: Table Hill (Fig. 2.2; olivine nephelinite),
Lone Point (Fig. 2.2; olivine-nephelinite), and Hidden Ridge (Fig. 2.2; alkali olivine basalt).
Lavas at the Llangorse locality have been studied in detail and interpreted by various
workers as: a) a series of laya flows, some with slightly different chemistry, overlying debris
flow deposits (Nicholls and Stout, pers. comm.); b) a lvent plué ora venf-proximal flow
(Edwards et al, 1996); c) a lava lake or tuya overlying nofl-syngenetic debris flow deposits

(Francis and Ludden, 1995).

3.2.1 Llangorse Mountain Locality Basanite Lavas

The focus of this study is the Llangorse Mountain locale (Fig. 2.2), an erosional
volcanic remnant situated immediately south of Llangorse Mountain. At this locality, there
is a 100 m thick, 350 m wide bluff comprised of basanite lava. Vertical columnar joints
extend throughout the basanite lava flow (Fig. 3.1a, 3.2a); the columns are generally smaller
at the top of the flow (~1 m) than at the base (~2 m); at the base of the flow columns fan

thereby defining the paleovalley floor (Fig. 3.1b, 3.2b). The lower margin of the lava flow

is marked by a 30 cm thick zone of highly vesicular, quenched basanite (Fig 3.4a). The lava




Figure 3.1: Field photograph and interpretative sketch of outcrop exposures at the Llangorse
Mountain locale. (A) South-facing view of the valley-filling basanite flow. (B) Sketch
showing contact relationships between the basanite flow (BF), debris flow sediments (DS), and
granodiorite (G) shown in (A). Lines in the basanite flow represent approximate orientations of
columnar jointing, which fan at the base of the flow thereby defining the paleovalley floor.
Lines in the debris flow sediments approximate dips of bedding.
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Figure 3.2: Field photograph and interpretive sketch of outcrop exposures at the Llangorse
Mountain locale. (A) East-facing view of the basanite flow, showing the contact and orientation
of debris flow sediments (top right corner of photo). (B) Sketch showing contact, bedding, and
columnar jointing orientations in (A). Abbreviations as in Fig. 3.1.
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is aphanitic, although no glass is observed. At the base of the flow (=10 cm), the basanite

has a mottled appearance, with many small fractures in the lava forming approximately

polygonal shapes with roughly straight faces; each polygon is 21 cm in diameter. Quartz
xenocrysts (likely from granodiorite material) comprises up to 1 vol% of the basanite lava at
the contact.

Mantle-derived xenoliths are common in the base of the lava flow (1-5 vol%).
Xenoliths are rare (<<1% by volume) in the upper part of the flow and suggests one of two
things: a) peridotite xenoliths were only present in the early phases of eruption; or b) the
entire basanite bluff was molten at one time, allowing the dense peridotite xenoliths to settle
out of the upper part of the flow and concentrate at the base. The peridotite xenoliths are
spinel lherzolites and harzburgites. The xenoliths are typically =5 cm in size, but xenoliths
10 cm in size are common and the largest xenoliths observed are approximately 25 cm in
diameter. The maximum size of peridotite xenoliths implies ascent rates of between
approximatel;. 1 8-36 cm/ s (F1g§39, Apﬁéﬂdix 3 A: after Spera,1_l984). 'Ci'u'stél xenoliths are
exceedingly rare (<<1% by volume) and are always small (< 5A cm) at this locality; most of
these appear to be derived from the Llangorse batholith and may represent surficial
fragments entrained during flow of the lavas.

Lavas at the Llangorse Mountain locale are fine-grained (200-500 pwm; Fig. 3.3a).

The lavas contain small (<5%) amounts of xenocrystic and microphenocrystic olivine and
pyroxene. Microphenocrysts are very rare and consist of small (=150 pm) clinopyroxene or.

olivine grains, and occur as unzoned, euhedral crystals. Xenocrysts (=250 [ m) are slightly

more abundant than phenocrysts and are characterized by prominent reaction relationships
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Figure 3.3: Photomicrographs of volcanic rocks from the LVF. (A) Fine-grained basanite

lavas from the Llangorse Mountain locale; sample is composed of lath-shaped plagioclase

(~40%), clinopyro.xene (30-40%), and subordinate olivine, nepheline, Fe-Ti oxides, and rare
biotite. (B) Fine-grained basanite recovered from the chilled base of the lava flow,
immediately overlying the debris flow sediments. Sample mineralogy is similaf to (A) with
one important distinction: considerably more biotite (Bt) is present (2-3%) in the chilled
base of the lava flow. (C) Fine-grained basanite lavas from Hidden Ridge; sample
mineralogy is similar to (A). (D) Very fine-grained nephelinite lava from Table Hill
composed of approximately 25% plagioclase (~25%), clinopyroxene (~40%), nepheline
(>15%), and subordinate olivine and Fe-Ti oxides. (E) Very fine-grained nephelinite lava
from Lone Point; sample mineralogy similar to (C). (F) Orthopyroxene phenocryst (Opx)
from Lone Point showing breakdown to a corona of clinopyroxene (Cpx) due to interaction

with the high temperature melt.
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Figure 3.4: Scans of polished rock sections from the Llangorse Mountain locality.

(A) Basanite from the chilled base of the basanite flow; roughly polygonal jointing is shown.
Light coloured grains are quartz xenocrysts. (B) Debris flow sediments; this sample is
moderately indurated and contains palagonitized basanite clasts (PB), basanite lava clasts (BL),
peridotite clasts (P), and granodiorite material (G). (C) Debris flow sediments; this sample is
more indurated and better sorted than (B), and contains abundant palagonitized basanite clasts
(orange-brown grains) and granodiorite material.
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with the host lava, commonly expressed as thin (< 50 L m) reaction coronas or resorbed
margins. Orthopyroxene and olivine are the most common xenocryst grains, which is
consistent with peridotite xenolith mineralogy; disaggregation of peridotite xenoliths is a
likely source of these xenocrysts. Neither xenocrysts nor phenocrysts are visible with the
naked eye, thus variations within the flow are not evident from our limited sampling of the
lavas.

Lava samples from the highly fractured, quenched base of the flow (Fig. 3.3b) show
the same mineralogy as the main bluff, with one important distinction. Primary magmatic
biotite is observed at the very base of the flow, intergrown with other minerals. Biotite
appears to be the last mineral to crystallize, and consequently is often subhedral to anhedral,
filling spaces between other minerals. The presence of biotite only at the base of the flow is
significant as it indicates that the chemistry or crystallizing conditions are unique in the
quenched base.

The quenched bésanite at the base of the Llangorse Mountain bluff directly overlies
debris flow sediments (Fig. 3.5a). The contact is exposed along ghe west side of the massif.
The debris flow sediments immediately below the chilled base of the lava flow do not show
any erosional profile (i.e., there are no signs of vegetation or reworking of sediments). The
debris ﬂ;)w sediments are not observed at similar elevations beneath the flow on the eastern
side of the massif, where the contact juxtaposes lava with a highly weathered surface of
granodiorite belonging to the Llangorse Mountain batholith. The highly weathered nature of
the granodiorite (e.g., grus) af this contact indicates that, at this location, the granodiorite

was not glaciated. The eastern contact is only observed near the top of the lava flow and is
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nearly vertical in orientation, which explains the absence of debris flow sediments.

3.2.2 Debris Flow Sediments

The debris flow sediments underlying the basanite flow at Llangorse Mountain are
consolidated but still friable; crude layering at the base of the deposit dips approximately
25° to the northwest and is most evident along the extreme southwest contact of the basanite
lava flow (Fig. 3.2b; .3.5a). The sediments are poorly sorted, crudely stratified, and contain
subangular to rounded fragments (Fig. 3.4b, c; Fig.3.5b). Crude bedding can be seen in the
deposit, identifying numerous debris flow pulses (outlined in Fig. 3.2b). The sediments are
primarily matrix-supported, with minor clast-supported areas.: The dominant clast type is
granodiorite, which derives from the surrounding Llangorse batholith. Granodiorite clasts
vary from 2 cm to'5 m in diametér (s'eeh_bottjom" right cornér, Fig. %_.Sa)'and are generélly
well-rounded, suggesting that they were previously rounded by agothef process. Clasts of

“basanitic lava are also common, vary in size from 2 to 50 cm, and are generally angular.
Palagonitized clasts of baégnite vary from angular to rounded (Fig 3.4d, c); the rounded
clasts, however, have a fluidal appearance which is likely a primary volcanic texture, and
not related to transport in the debris flows (Fig. 3.6d). Peridotite clasts vary in size from <1
cm to approximately 25 cm. Some peridotite clasts have rims of basanite lava; conversely,
many basanite claéts contain peridotite xenoliths. There is no discernible difference (e.g.,
chemistry, mineralogy, mineral chemistry) between peridotite samples collected from the
basanite lava flow and those taken from the debris flow sediments.

The matrix of the debris flow has a typical grain size of 0.5-2.5 mm, and is composed
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Figure 3.5: Field photographs of debris flow sediments at the Llangorse Mountain locale. (A)
Detail of crude layering in debris flow sediments; scale provided by two people on the
sediment / lava contact (arrows). (B) Detailed view of debris flow sediments (person for scale)
illustrating crude graded bedding and poorly sorted, matrix supported, heterolithic nature of
sediments. Light coloured blocks are rounded boulders of granodiorite.
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primarily of disaggregated granodiorite clasts, with subordinate basanite fragments and
disaggregated peridotite grains (Fig. 3.4c). The matrix lacks a silt to clay size fractioh.
Clastic grains of quartz, feldspar, hornblende and biotite are abundant throughout the matrix,
and appear to derive from the granodiorite country rock (Fig. 3.6a, c, €). Oiivine,
clinopyroxene, and orthopyroxene grains are also common, deriving from peridotite clasts.
Clasts of basanite (aphyric and therefore unpalagonitzed) are invariably vesicular and very
fine grained (Fig. 3.6f). Basanite and palagonitized basanite clasts usually contain
xenocrysts similar to the deposit matrix, with quartz, olivine, feldspar, and biotite as the
MOSt COMmMON Xenocrysts. Palagonitized clasts of basanite comprise up to 30% of the debris
flow sediments (Fig. 3.6a). The presence and nature of these palagonitzed clasts of basanite
in the debris flow sediments provide provide unique constraints on the post-depositional
conditions in the sediments. |

Palagonitized clasts of basanite within debris flow sediments at the Llangorse
Mountain locale are very heterogeneous, varying from a bright orange, transparent material
(Fig. 3.6a, 3.6c¢), to a dark reddish-brown, nearly opaque material (Fig. 3.6b, 3.6d). No
primary basanite glass is observed, although in some larger clasts, a rim (2-3 cm thick) of
palagonitized basanite grades into an aphanitic (but crystalline) basanite core (Fig. 3.6d).
Palagonitzed clasts of Lasanite vary in vesicularity from és 10\;v as 5% vesicles: (I; ig. 3.6¢) to
as high as 50-60% (Fig. 3.6b). In all clasts, howeyer, primary. porosity (ygsicles and matrix
pore space) is p’értly to completely ﬁlle; by secondary zeolité c;émel;ts (Fig. 3.6a-e).
Secondary zeolite forms rims on all palagonite grains and often rims other clasts in the
matrix, thereby cementing the entire deposit. The partially indurated nature of the

sediments is critical as it has allowed the sediments to resist complete erosion.
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Figure 3.6: Photomicrographs and scanning-electron microscopic (SEM) images of clasts
and matrix within debris flow sediments. (A) Palagonitized basanite clasts (PB), containing
numerous vesicles (Ve) and xenocryst grains (e.g., olivine (Ol)). Clasts derived from
country rocks (e. g;, quartz (Qz)) and peridotite (e.g., Ol, from peridotite xenoliths entrained
by the lavas) are common as xenocrysts within palagonitized basanite grains and as
individual grains in the sediments. Zeolite cements (Ze) are common in the deposit. (B)
Highly vesicular palagonitized basanite clast (d-ark material). Most of the original vesicles
(Ve) are filled in with zeolite cements (Ze). (C) Palagonitized basanite clast surrounding a
large xenolithic quartz grain. (D) Palagonitized basanite clast showing gradation from an
aphanitic, but crystalline, core (left side g;f photomicrograph) to a palagonitized rim (right
side of photomicrograph). Vesicles in the palagonitized rim become increasingly fluidal
approaching the cl._a'st boﬁﬁdary. (E) SEM in{age of a palagonitized basanite clast, - ‘
illustrating the heterolithic nature of xenocrysts (Feldspar (Fe), Qz, Ol) and the level of

induration caused by zeolite cements. (F) Extremely fine grained clast of basanite lava

recovered from the debris flow sediments.




X-ray diffraction (XRD) analyses were performed on palagonitized basanite clasts
and associated zeolite cements. XRD analyses were performed on the Siemens (Bruker)
D5000 Bragg-Brentano X-ray powder-diffractometer at the University of British Columbia;
operation conditions are detailed by Raudsepp et al (1999). Tﬁe results indicate that the
palagonitized material is composed of very fine grained clays, with a predominantly

smectite component. The zeolite cements have strong phillipsite and chabazite signatures.

3.2.3 Other LVF Centres

Although not the focus of this study, several smaller mafic-alkaline centers within a
5 km radius of the Llangorse Mountain bluff contain features which are important to
consider. These sites include: (a) a 200 m in diameter mound-shaped outcrop of nephelinite
(Lone Point; Fig. 2.2; Fig. 2.7b); (b) a basanite ridge, approximately 250 m by 100 m
(Hidden Ridge; Fig. 2.2; Fig. 2.7b). The Lone Point outcrop shows complex development of
columnar jointing (Fig. 3.7). Well-developed, 10—30 cm diameter columns show highly
variable fanning orientations on the east and west faces of the outcrop (outlined in Fig.
3.7b). The north face features larger (~30 cm), poorly formed, vertical joints. The
morphology of Lone Point and the presence of erratically oriented columnar jointing at this
locality suggests that it may have been erupted under glacial ice, forming a lava mound with
some similarities to tuyas (Mathews, 1947; Jones, 1966, 1969; Lescinksy and Fink, 2000).

In overall morphology, although not scale, Hidden Ridge is very similar to the |
Llangorse Mountain bluﬁ“ (Fig 2.5, Chapter 2). 'At both éeﬁtfes, lavas are valiey-ﬁliing

flows that overly a sequence of debris flow deposits containing clasts of granodiorite,
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Figure 3.7: Field photograph and interpretive sketch of outcrop exposures at the Lone Point
nephelinite locale (Fig. 2.2, 2.7; Table 2.1, 2.2). (A) Photograph of fanning columnar jointing
in lavas; photo height represents approximately 3 m. (B) Sketch showing the orientations of
columnar jointing shown in (A); arrows indicate columnar joints that plunge into the locale of
the lava mound, away from the viewer.
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basanite lava, peridotite, and palagonitized basanite. Hidden Ridge, however, displays
variably oriented columnar joints, similar to Lone Point.

The petrology of these centres reveals important information regarding the
association of eruptive events associated in the LVF. Fine grained basanite lavas from.
Hidden Ridge (Fig. 3.3¢) have a similar mineralogy to the lavas at Llangorse Mountain,
although the lavas have slightly higher silica contents (Table 2.2; Fig. 2.7b). The higher
SiO; contents at Hidden Ridge may reflect greater contamination by country rock material
as the lava directly overlies granitic bedrock (see Chapter 2). Very fine grained nephelinite
lavas from Table Hill (Fig. 3.3d; Fig 2.4a) and Lone Point (Fig. 3.3¢; Fig 2.4b) contain
microphenocrysts of olivine and pyroxene and large (=2 cm) xenocrysts of orthopyroxene
(Fig. 3.3f). These Xenocrysts are characterized by significant (up to 1.5 mm thick)
clinopyroxene coronas likely caused by interaction with the high temperature lava. These
large, distinctive Xenocrysts are absent at both the Llangorse Mountain locale and Hidden
Ridge. Although fhesé orthopyroxéﬁe *enocrysts presumabfy source from;disag,.gregated_
peridotite xenoliths, interestingly there are proportionally much fewer peridotite xenoliths at
Table Hill and Lone Point (<< 5%) than at Llangorse Mountain and Hidden Ridge.
Conversely, Table Hill and Lone Point have far greater amounts of crustal xenoliths (1-2%)

than the other localities.

3.3 VOLCANOLOGICAL MODEL
3.3.1 Glaciovolcanism in the LVF

The valley-ﬁlling basanite lava flow exposed at the Llangorse Mountain locale is

50




approximately 100 m thick and 350 m wide (Fig. 3.1). These dimensions give an aspect
ratio ( flow thickness / flow width) of approximately 0.3. Basanite lava flows are typically
characterized by effusive eruptions of sheet-like lava flows with aspect ratios on the order of

10 due to their low viscosity (Best and Christiansen, 2001). Clearly, the Llangorse
Mountain bluff is overthickened by ~3 orders of magnitude. Moreover, the contact

orientations of the lava flow change from a‘ dip of approximately 25° at the base of the flow
(parallel to the paleovalley floor) to horizontal at the top of the flow (Fig. 3.2). The wedge-
shaped morphology and overthickened aspect ratio of these lavas suggests that the ponded
against a lower-elevation, valley-wide barrier.

The present day valley which the Llangorse Mounta.ivn bluff faces is a Wide, glacially
sculpted U-shaped valley, with no evidencg_ ofﬁanyklithological barrier. The absence qf any
barrier combined with the morphology of the present-day valley suggests that glacial ice was
a likely barrier against which the Llangorse Mountain lavas ponded (Fig. 3.8). The nearly
vertical cliff of lava and absence of horizontal columnar joints suggests that the leading edge
of the lava flow has been removed; however, platy columnar jointed lava boulders are not
observed in the present-day scree apron. As lava displaying this jointing style is highly
susceptible to mass wasting (i.e. landslides) and erosion, the absence of any platy columnar
jointed lava at this locale is to be expected. A likely mechanism for removing the platy
columnar joints is mass wasting accompanying the retreat of the glacier.

The debris flow deposits immediately underlying the Llangorse Mountain lava flow
are interpreted to be syngenetic with the lavas, based on the presence of basanite and

peridotite clasts in the debris flows that are chemically identical to the lavas and peridotites
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Figure 3.8: Interpretive sketch of the impoundment and overthickening of the basanite
lavas at the Llangorse Mountain locale. The present-day basanite flow (BF) and debris flow
sediments (DS) are as represented in Fig. 3.2. Our interpreted paleo-basanite flow (PBF) is
shown impounded against glacial ice, resulting in the overthickening of the lava flow.
Horizontal lines perpendicular to the ice mass represent platy jointing; this jointing is not
observed today as a result of high erosion rates of the bluff. Dashed lines indicate
approximate orientations of columnar jointing. Columnar jointing near the ice sheet is
expected to be horizontal; with increasing distance from the ice sheets the joint orientation

will become vertical, consistent with subaerial cooling.
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in the overlying bluff (see Appendix D). The clast composition of the debris flow, in
particular the presence of very fine-grained, vesicular basanite clasts, palagonitzed mafic
glass clasts, and peridotite xenoliths coated in lava, indicates that the debris flows sampled
material from around the volcanic vent. The nature of the sediment / lava contact indicates
that very little time passed. between deposition of the debris flows and emplacement of the
lava flow. Firstly, no erosional profile is observed in the sediments immediately below the

sediment / lava contact. Secondly, the very base of the overlying lava flow is highly

fractured, with small-scale (=1 cm), roughly polygonal jointing. The nature of this jointing
suggests that rapid quenching (possibly in the presence of water), and not basal flow
brecciation, is the cause of the fracturing (Grossenbacher and McDuffie, 1995; Cas and
Wright, 1987).

The fine-scaled, roughly polygonal jointing at the base of the lava flow (Fig 3.4a)
implies rapid Qﬁenching agﬁiihst,thF underlying cool, Water-vs.aturatjqd"sedimcnts (e.g.,
Grossenbacher and McDuffie, 1995). The granitic material’p'r'—eﬁs.ent ir:l'the quenched base of
the lava flow may source from disaggregated granodiorite xenoliths, or from sediments
incorporated into the base of the flow from the underlying debris flow sediments. The
presence of primary magmatic biotite within this highly jointed base of the lava flow (Fig.
3.3b) suggests higher water contents than found in the rest of the lava flow. If mixing of the
underlying wet debris flow sediments occurred (thereby explaining the presence of granitic
material in lavas at the base of the flow), the water content of lavas at the base of the flow -
could be increased, allowing biotite to be a stable phase during the latest stages of

crystallization.

54




Debﬁs flow sediments underlying the basanite lavas at Llangorse Mountain have
many features suggesting the sediments were deposited proximal to their source. The clay
and silt-poor nature of the debrié flow matrix and the presence of angular basanite fragments
indicates that the sediments are immature and have not traveled far from their source region;
this is common in lahar-type deposits (Vallance, 2000). Peridotite clasts found in the
sediments are highly friable and would be completely disaggregated by any significant
transport. Their presence, therefore, severely limits the distance the debris flows traveled.
The juxtaposition of rounded granodiorite clasts and angular basanite clasts excludes a
fluvial origin of thé sediments. Although the rounded granodiorite boulders could have been
rounded by fluvial process pre-dating the basanite eruption, glacially-dropped granodiorite
material is scattered across the landscape and is a pqtential‘ source for the granodiorite -
material found in tile debris flow sediments. The poorly sorted, matrix-supported deposit
containing large lithic blocks (up to 5 m in diameter) is consistent with a high-energy, water-
saturated debris flow (e.g., Knighton, 1998, Vallance, 2000). Therefore, the juxtaposition of
5 m granodiorite boulders with angular juvenile volcanic clasts in the debris flow sediments
at Llangorse Mountain implies that the debris flows were high energy flood events that did
not travel far from the source area.

Debris flows are commonly associated with volcanic eruptions (e.g. lahars, outburst
floods) as a result of the highly friable and unstable nature of juvenile volcanic material and
steep topography (Vallance, 2000; Bjornsson, 1975). As well, many volcanic vents occur at
high latitudes and therefore are associated with snow cover or glacial ice. Our interpretation
of the debris flows at Llangorse Mountain as being syngenetic with the lavas and sampling

volcanic material from around the vent is consistent with the early stages of eruption melting
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" a snow pack or glacial ice over the vent and rapidly producing large amounts of water.
Early volcanism caused melting and several pulses of debris flows resulting from this melt
‘Water. Continued eruption led to the production of a basanite lava flow, which was captured
by the same drainage as used by the debris flows.
Evidence of synglacial and subglacial eruptions are common throughout the NCVP.
The Tuya-Teslin volcanic district (Edwards and Russell, 2002) contains abundant subglacial
volcanic mounds (tuyas), including the type locality for tuyas (Mathews, 1947). This
abundance reflects the coincidence of Pliocene to Pleistocene glaciers with NCVP
volcanism (Edwards and Russell, 2000). In particular, evidence of glaciovolcanism is
observed at volcanic localities in the Llangofse volcanic field. Erratic size and orientations
of columnar jointing in lavas at Lone Point (Fig. 3.7) and Hidden Ridge (Fig. 2.5) require
both vertical (i.e. adjacent to the lavas) and horizontal (i.e. above the lavas) cooling surfaces
to explain the jointing patterns. Strong variations in size and orientation of cooling joints
can be indicative of interactions between lava and ice masses (e.g. Mathews, 1947;
Grossenbacher and McDufﬁe, 1995; Lescinksy and Fink, 2000), suggesting that lavas at
these localities were erupted under or against glacial ice. Furthermore, Lone Point has many
features indicating that it may be the remnant of a subglacial mound. The mound-shaped
morphology of the lavas combined with columnar joint orientation indicates that these lavas
erupted under ice. Boulders of hyaloclastite are also found at Lone Point, suggesting that
standing water was preseﬁt_: around the locale at some point diiring its eruption. Although
hyaloclastite deposits or platy jointing (the jointing style found most proximal to the lava /
ice contact; e.g. M.art‘hevs;s, 194%) a'r‘e; not;"'obséévéd Zt 'Lor;e Point, this4is likely the re’sﬁlt of

erosion. Similarly, although hyaloclastite is not observed at Hidden Ridge, horizontal platy
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columnar jointing is observed, which may represent a surface very near the lava / ice
contact.r The geographic proximity and the many textural, chemical, and mQrphological
similarities between Hidden Ridge and the Llangorse locale suggest that the two localities
are roughly coeval in age and could source from the same volcanic vent, which has

subsequently been eroded away.

3.3.2 Palagonitzed Basanite

An unusual feature of the debris flow sediments at the Llangorse Mountain locale is
the presence of palagonitized clasts of basanite. Palagonitized glass forms via the hydration
and breakdown of volcanic glass (usually basaltic) in water-saturated environments, and is a
common feature of hyaloclastite deposits (Cas and Wright, 1987; Schiffman et al, 2000).
Palagonitization is generally only observed in subaqueous (submarine or subglacial)
deposits (e.g. Thorseth et al, 1991; Furnes, 1984) or in deposits subjected to hydrothermal
circulation of fluids (e.g. Jakobsson, 1978; Jakobsson and Moore, 1986). Rates of

palagonitization are extremely low for meteoric alteration and, therefore, palagonite is

generally not a product of weathering; temperatures of 50-100°C are generally required for
rapid palagonitization (i.e., < thousands of yea;rs; Moore, 1966A; Friedman and Smith, 1960).
Although some previous workers have §uggested that palagonitization can oceur through
weathering (e.g. Héy and Iijima, 1968), ;ecent work suggests that palagonit‘:ization is not
associated with pure weathering processes (Schiffman et al, 2000; 2002). Schiffman et al
(2002) demonstrate the physical and mineralogical differences between palagonitized and

pedogenically-altered basaltic tephra deposits, suggesting that fluids involved with
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palagonitization are not simply associated with weathering, and that some elevation of fluid
temperatures is necessary. Schiffman et al (2000; 2002) conclude that subaerial deposits
that are subject only to weathering do not undergo palagonitization, only pedogenic
alteration.

The cc')lour‘ of palagonitized glass can be indicative of the temperature of
palagonitizing fluids; dark-brown to red-brown palagonite is associated with higher
temperature fluids (80-120°C) than orange palagonite (Stroncik and Schmincke, 2001). The
common occurrence of dark-brown to red-brown palagonite in the Llangorse locale debris
flow sediments (see Fig. 3.6b, d) therefore suggests that fluids associated with
palagonitization reached higher than ambient temperatures. The moderateiy-well cemented
nature of the sediments as a result of zéolite precipitation (see Fig. 3.6 a-b) is also typical of
well-palagonitzed deposits (Stroncik and Schmincke, 2001; 2002), and generally indicates
advanced stage‘s of pélagohitiation assvoci‘:;ted wifl; éither higil- ﬂﬁid _temperatﬁfes or long
periods of time (i.e. millions of years; Stroncik and Schmincke, 2001).

The association of palagonitized glass with secondary zeolite cements is typical of
mafic volcanic rocks that have been palagonitized (Stroncik and Schmincke, 2001; 2002).
Moreover, the slightly higher-temperature alteration resulting in palagonitization produces a
suite of clay and zeolite minerals that are distinct from those produced by weathering (i.e.,
pedogenic alteration; Schiffman et al, 2000, 2002). Pedogenic alteration of basaltic glass
results in the formation of kaolinite and gibbsite clays; palagonitzation results in smectite
clays (e.g. saponite) (Schiffman et al, 2002). Our XRD analyses of palagonitized clasts

from the Llangorse locale reveal a dominantly smectite clay signature that is indicative of
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palagonitization, not weathering. XRD analyses of zeolite cement shows a dominantly
phillipsite and chabazite signature. This combination of clay minerals (in palagonitized
clasts) and zeolite cement is characteristic of other palagonitized deposits (Schiffman et al,
2001; 2002). Schiffman et al (2002) also demonstrate that there are clear textural
distinctions between palagonitized deposits versus pedogenically altered deposits;
palagonitization results in consolidation of deposits due to the precipitation of authigenic
cements (e.g. zeolites), whereas pedogenically altered deposits result in degradation of
basaltic glasses and unconsolidated deposits. As a result, palagonitzed deposits have a much
higher preservation potential than pedogenically altered deposits.

The field lécation of the debris ﬂéw sediments at Llangorse Mountain (i.e. high
elevations, steep topography; F ig. 3.2) indicates that the sediments must have been
palagonitzed soon after deposition in order to be preserved. If the sediments were altered
pedogenically, they likely would have been rapidly eroded away (see Schiffman et al, 2002).
The field characteristics of the debris flow sediments at Llangorse Mountain clearly indicate
that palagonitization of the sediments was not a subaqueous process. Therefore, the likely
mechanism resulting in palagonitzation is hydrothermal circulation of heated waters. The
debris flows may have been hot at the time of deposition, consisting of a mixture of hot
volcanic particles and warm water derived from melting of ice. Conversely, if the debris
flow sediments were initially saturated with cool waters when they were buried by the
basanite flow, heating of the sediments by the base of the lava flow could easily heat the
sedimentary deposit by 100°C or more, resulting in hydrothermal in-situ palagonitization.
Our preferred interpretation is that, regardless of the initial temperature of the debris flow

sediments, the basanite flow (> 1200°C, 100 m thick) that soon followed and covered the
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sediments must have heated them to well above ambient temperatures. These elevated
temperatures could be sustained for several months to years (e.g., Hort, 1997), allowing for

very rapid (i.e. a few months to a few years) palagonitization of the debris flow sediments.

3.4 CONCLUSIONS

The Llangorse volcanic field, in northwestern BC, comprises Miocene-Holocene
mafic, alkaline lavas. Within the LVF, volcanic rock types vary from alkali olivine basalts
to olivine nephelinites. The focus of this study is a large, Middle Pleistocene, valley-filling
basanite lava flow exposed south of Llangorse Mountain. We interpret syngenetic debris
flow sediments underlying the lava flow to source from melting of a snow-pack or glacier
around the volcanic vent in the early stages of eruption. Volcanic material was sampled
near the vent and transported downslope in these high energy debris torrents that carried
lithic blocks up to 5 m in size. An effusive basanite lava flow soon followed the debris
flows; the lava ultimately entered a drainage system blocked by glacial ice, causing the flow
to pond and overthi.cken, becoming at least 100 m thick. Following emplacement of the lava
flow, hydrothermal circulation of fluids in the underlying, still water-saturated debris flow

resulted in in-situ palagonitzation of the basanite glass shards composing up to 50% of the

debris flow matrix. This rapid, high temperature (50-100°C) palagonitizaﬁon produced

authigenic zeolite cements which partly-indurated the debris flow sediments.
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3.6 APPENDIX 3.A: Ascent Rate of Magmas

Spera (1984) applied Stokes Law of gravitational settling to determine ascent rates
necessary to entrain peridotite xenoliths from the lithospheric upper mantle. The following

equation was used to calculate the ascent rate of the lava:

3
7 7

150,
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Apg
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U, =0344 (3.1)
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where U, = terminal settling velocity, p; = lava density, op = density difference between

peridotite nodule and lava, g = acceleration due to gravity, o; = viscosity of lava, R, = radius

of peridotite nodule, and 1, = yield strength of lava. The values used for these variables to
represent the Llangorse Mountain lavas and peridotites are provided in Table 3.1.

In order to entrain a xenolith of radius R, with a density difference between xenoliths
and lava of op, the. lava must b¢ ascending at (or faster than) U, thereby giving a minimum
ascent rate of the léva. This method assumes that the lavas are not ponding in the crust, but
are ascending without pause from the moment that the peridotite xenoliths are entrained.
Although this is difficult to prove, the sparsity of phenocrysts indicates that the lavas did not

pond in the crust for a long period of time.
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Calculations using Eq. 3.1 and the constants in Table 3.1 are shown in Fig. 3.9.
Terminal settling velocities of approximately 18-36 cm/s are returned for realistic values of
lava viscosity and yield strength. These values represent the minimum ascent rates of
magma necessary to entrain the largest peridotite xenolith found, which is approximately 25
cm in diameter. These ascent rates correspond to ascent rates of 0.65-1.30 km/hr.

The MOHO depth in the northern Canadian Cordillera has been identified at 36 km
(Hammer and Clowes, 2004), and the depth to the source region of Llangorse Mountain
lavas is estimated to be 54-75 km (Harder and Russell, in review; see Chapter 4). Therefore,
the estimated travel time from the MOHO to the surface volcanic vent is 27-55 hours (1-2

days). Travel time from the lava source region of the surface volcanic vent is estimated to

be between 42-116 hours (2-5 days).




Table 3.1: Constants and variables used in Eq. (3.1) to calculate the
minimum ascent rates of magma that fed Llangorse Mountain lavas.

Contants
P, 3300 kg/m’
Py 2800 kg/m’
3 Ap 500 kg/m’
‘g 9.81 m/s’
°R, 0.125 m
Variables: 6, values and corresponding 1, values
® 6, (N/m?) "m,(Pas) % phenocrysts
0 25 0
10 100 <5
50 500 15
100 ‘ 1000 ' " 25

! Density of peridotite.

2 Density of lava. '

* Density of peridotite nodule minus density of lava .
* Acceleration due to gravity. '

’ Maximum radius of peridotite nodule.

® Yield strength of lava.

7 Viscosity of lava.

63




Minimum Ascent Velocity of Llangorse Mountain Lavas
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Figure 3.9: Minimum ascent velocity of the Llangorse Mountain Lavas. Ascent rate (cm/s) is
plotted against lava viscosity (Pa s). Calculations of the minimum ascent velocity are
determined using Eq. 3.1 (Appendix 3.A); constants and variables used for these calculations
are provided in Table 3.1. Realistic values of lava viscosity (< 500 Pa s)and yield strength (2
10 N/m?) return terminal settling velocities of approximately 18-36 cm/s.
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Chapter 4
MANTLE PETROLOGY

4.1. INTRODUCTION

The mantle lithosphere underlying the northern Canadian Cordillera has been the
focus of geophysical and petrological research aimed at understanding the physical and
chemical character of the Cordilleran lithosphere, the origins of the underlying mantle
lithosphere and, ultimately, the mechanisms of crustal amalgamation (Clowes et al, 1999;
Hyndman and Lewis, 1999; Hammer et al, 2000; Snyder et al, 2002; Lewis et al, 2003;
Hammer and Clowes, 2004). For example, the northern Canadian Cordillera became welded
to the western rﬁargin of North America beginning in the middle Jurassic (Coney et al, 1980;
Monger et al, 1982), yet the nature and origin of the lithospheric mantle underlying these
amalgamated c;ru;.tal terranes réﬁains ‘a major uilcertainty.

The Canadian Cordillera is ideal for direct study of the mantle lithosphere because
of the presence of Miocene to Holocene mafic alkaline volcanic rocks (Fig. 2.1, Chapter 2;
Edwards and Russell 1999; 2000). Lavas from these volcanic centres commonly contain
peridotite xenoliths, providing primary samples of the mantle lithosphere underlying the
northern Cordillera. There have been numerous studies of mantle xenoliths from Miocene
to Holocene lavas within the Cordillera; many of these studies have been regional in nature
and have relied on relatively small datasets collected from many different localities
(Littlejohn and Greenwood, 1974; Ross, 1983; Brearley and Scarfe, 1984; Brearley et al,
1984; Shi et al, 1998; Peslier et al, 2000, 2000b).

The purpose of our study is to explore the utility of mineralogical and chemical
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information within peridotite xenoliths for constraining the thermal state of the crustal and
mantle lithosphere. Here, we present field observations, petrographic descriptions, and
chemical data on a large suite of peridotite xenoliths collected from Llangorse Mountain.
We use two-pyroxene thermometry on peridotite xenoliths (Brey and Kohler, 1990) to
recover temperatures from the lithospheric mantle. These data constrain the temperatures at
the base of the crust (MOHO) and at the base of the mantle lithosphere and are used, in
conjunction with heat flow data, to infer the depth and thickness of the lithospheric mantle

underlying the northern Cordillera.

4.2 LOCATION AND PREVIOUS WORK

The northern Cordilleran volcanic province (NCVP; Fig. 2.1, Fig. é.2; see C};apter
2), as defined by Edwards and Russell, (1999; 2000), is one of the largest Miocene to
Holocene volcanic provinces in western North America and comprises dominantly mafic,
Miocene to Holocene alkaline volcanic rocks. The volcanism is proposed to result from
extensional forces acting on the northern Cordilleran lithosphere (Edwards and Russell,
1999, 2000). The NCVP is mainly expressed as small volume, short-lived basaltic
volcanoes or erosional remnants of centres (Fig. 2.1), in contrast to several longer-lived
edifices (e.g. Mt. Edziza, Level Mtn., Hoodoo Mtn.; Fig. 2.1). The volcanism is distributed
across northwestern British Columbia, the Yukon Territory, and eastern Alaska (Edwards
and Russell, 2000), and is bounded by the Tintina fault system to the east and the Denali-

Coast fault system to the west.

The Llangorse volcanic field (LVF; Table 2. 1) covers approximately 144 km? and is




centred on Llangorse Mountain, approximately 55 km southeast of Atlin, BC (Figs. 2.1,
2.2). The LVF (Harder et al, 2003) is part of the Atlin volcanic district (Edwards et al,
2003), which straddles the boundary between the Coast and Intermontane belts (Aitken,
1959; Edwards et al, 1996). The LVF lies entirely within the Intermontane belt and is
underlain mainly by the Llangorse Mountain pluton and by minor amounts of Cache Creek
Group cherts (Aitken, 1959). There are seven volcanic localities within the LVF, consisting
of eroded remnants of lava flows and exposed feeder dykes (Fig. 2.2). This study concerns
material collected from the Llangorse Mountain locality (No. 1, Fig. 2.2). There are three
chemical types of lava within the LVF (Table 2.2): alkali-olivine basalts (0 < normative
nepheline <5 wt%), basanites, (5-15 wt% normative nepheline, containing only oliving
phenocrysts), and olivine-nephelinites (>15 wt% normative nepheline; classification after
Francis and Ludden, 1990). The lavas of the Llangorse Mountain centre are basanitic in
composition with 5-8 wt% normative nepheline and on a Total Alkali-Silica (TAS) diagram
plot in the basanite field, near the alkali-olivine basalt boundary (Samples MH-02-101 and
MH-02-112; Fig. 2.7, Table 2.2). Volcanic rocks in the LVF have been studied by
numerous groups (Table 2.1), including broad scale studies investigating chemical trends in
the northern Cordillera (Carignan et al, 1994; Abraham et al, 2001) and smaller, detailed
studies on lavas at one locality (e.g. Hirschfeld Cregk; Francis and Ludden, 1995).
Peridotite xenoliths, which fepreserft sampling of the mantle lithosphere by these alkaline
lavas, have also been the focus of many studies. Detailed petrology (e.g., petrography,
chemistry and thermd;netryj of ;)erié;tité );eriéliths' ﬁfo;ide direct evidence of ‘thGL pﬂysical
and chemical composition (Nicholls et al, 1982; Nicholls and Stout, 1996, 1997; Shi et al,

1998, Peslier et al, 2000b), the age and origin (Nicholls et al, 1982; Peslier et al, 2000), and
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the thermal state of the mantle (Nicholls et al, 1982; Shi et al, 1998).

4.3 FIELD DESCRIPTION

The Llangorse Mountain centre is a large, cliff-forming bluff approximately 100 m
high and 350 m wide (Figs. 2.3a, 2.3b). It is interpreted as an erosional remnant of a valley-
filling basanite flow. Vertical coluﬁmar joints extend throughout the flow. The columns are
generally smaller at the top of the flow (~1 m) than at the base of the flow (~2 m) and fan at
the base of the flow, defining the paleo-valley floor. The base of the flow is marked by a 30
cm thick zone of highly vesicular, very fine-grained, quenched (but not glassy) lava. The
lavas are aphanitic, non-porphyritic (< 5% phenocrysts), and contain abundant accessory

‘mantle-derived peridotite xenoliths and xenocrysts. Samples from the centre of the flow are
finely crystalline and are composed of approximately 40% lath-like plagioclase, 30-40%
clinopyroxene, and subordinate amounts of olivine, nepheline, and Fe-Ti oxides.

At higher elevations, th¢ eastern side of the massif comprises outcrops of highly
weathered granite (e.g., grus) in direct contact with the le}va. On the west side of the massif
(Fig. 2.3b), the quenched baée of the iava flow rests directly on syngenetic volcaniclastic
debris flow sediments that exhibit crude bedding (Fig. 2:3¢). The volcaniplagtic debris flow
sediments are poorly sort;:d, crudeiy stratified, and contain mainly subrounded t;) rounded
blocks of granodiorite, which appear to derive from the Llangorse batholith, and subordinate
angular to subangular (2-50 cm) fragments of lava (Fig. 2.3d). The sediments are primarily
matrix-supported, but have minor domains that are clast-supported.

Our analysis of the underlying volcaniclastic debris flow sediments indicates that
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their deposition méy be directly tied to the volcanic eruption responsible for the overlying
basanite lava flow. The debris flow sediments contain clasts of vesicular lava that are
similar in mineralogy and mineral chemistry to the basanite. Furthen’noré, the volcaniclastic
sediments contain lava-coated clasts of peridotite ranging in diameter from a few mm to >20
cm. These clasts of peridotite were probably sampled and transported by the same magma
that fed the lava flow. The nature of the sediment / lava contact suggests that very little time
passed between deposition of the two units. The close temporal and spatial association
between the effusion of the lava flow and the slightly earlier deposition of water-rich debris
flows suggests thaf the latter may represent lahars or sediments associated with outburst
flood events originating at the Volcapic vent. The substantially overthickened character of
the basanite lava flow is indicative of impoundment by a barrier in the lower elevations of
the valley (e.g., glaciél iée).

Mantle-derived peridotite xenoliths are concentrated af the base (< 5 m) of the flow
where they make up 1-5 % of the lava by volume, whereas they are exceedingly rare in the
upper part of the flow. Crustal xenoliths are virtually absent throughout the lava flow; the
few crustal xenoliths (< 5 ¢cm in size) observed appear to be derived from the Llangorse

batholith and may represent material entrained into the base of the lava flow.

4.4 PETROGRAPHY OF PERIDOTITES
A suite of more than 80 peridotite xenoliths was collected from the basanite lava
flow and the underlying volcaniclastic sediments at Llangorse Mountain (Fig. 2.3; Table

4.1). Most xenolith samples are < 5 cm in size, but many exceed 10 cm in diameter and the
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Table 4.1. Whole rock chemical analyses of samples of peridotite xenolths collected from
basanite lavas at Llangorse Mountain. Sample labels have prefix MH-02 except for LM
samples. Averages of reported for multiple (N) replicate analyses; see Appendix D.

Label 19 100 104 108 110 111 113 114 115 117 118
'SiO, 43.55 43.98 43.87 43.80 44.42 44.14 4320 42.97 43.73 44.05 43.56
TiO, 0.075 0.024 0.040 0.050 0.070 0.152 0.039 0.028 0.032 0.024 0.014
ALO, 1.000 0.88 1.83 177 331 337 074 065 087 090 0.63
Fe,O, 147 145 153 1.74 199 176 169 132 140 181 1.57
FeO 637 6.10 6.04 647 6.13 7.13 6.02 635 621 6.11 6.10
MnO 0.12 0.11 0.12 0.12 0.12 013 012 0.11 0.12 0.12 0.12
MgO 4549 4594 43.47 43.39 39.43 3891 46.57 46.82 4593 45.17 46.81
CaO 083 066 159 149 325 325 061 058 070 075 0.53
Na,O 0.096 -0.002 0.235 0.103 0.277 0.238 0.125 0.036 0.084 0.048 0.026
K,0 009 002 0.17 001 001 003 009 005 0.05 10.02 0.1
PO, 0.027 0.014 0.055 0.011 0.011 0.013 0.018 0.016 0.015 0.014 0.009
Total 99.12° 99.18 98.95 98.95 99.02- 99.12 99.22 98.94 99.14 99.01° 99.37
Fe,O,(T) 855 823 824 893 880 9.68 838 838 830 860 835
LOI 037 003 029 0.12 0.13 026 0.09 0.16 0.07 030 -0.03
’Cr 4413 4650 4042 4129 4503 3810 3881 3889 4347 4294 3970
Ni 2471 2517 2332 2429 2169 2063 2576 2632 2545 2482 2584
Sc 6 6 13 8 16 = 17 8 8 6 4 8

\Y 32 22 32 47 70 82 23 17 20 28 18

Mg# 0.88 0.88 0.88 0.87 0.87 085 089 088 088 0.88 0388
Fe203/FeO 0.23 024 025 027 032 025 028 021 023 030 0.26

10xide values in wt%.

*Trace values in ppm.
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Table 4.1. Continued :
Label 120 121 (N=4) 122 123 (N=4) 125 112 19b 95LM-1 (N=6)

Sio, 4341 4397 4375 43.84 4376 4376 43.81  43.56
TiO, 0025 0035 0018 0021 0047 0016 0.020  0.013
ALO, 069 234 180 168 259 079 0.85 0.68
Fe,O, 202 188 149 160 162 175 179 1.65
FeO 5890 627 658 642 697 582 6.14 5.87
MnO 012 012 012 012 013 0.112 0.120 0.11
MgO 45.92 4209 4298 43.64 4090 4585 4550  46.46
Ca0 065 227 181 164 273 060 0.73 0.52
Na,0 0010 0.094 0036 0035 0.103 0320 0270  0.300
K,0 004 001 001 002 001 002 002 0.01
P,0, 0032 0010 0.009 0009 0011 0.020 0012  0.010
Total 9881 99.08 98.60 99.01 98.87 99.07 9926  99.18
Fe,0,(T) 857 884 880 873 937 823 862 8.18
LOI 009 003 015 015 017 <d1 <di 0.00
Cr 5581 4339 4141 4186 4084 4685 4448 4662
Ni 2527 2377 2396 2449 2312 2513 2509 . 2528
Sc 6 14 15 8 13 11 <dl 7
\ 26 58 50 44 58 29 32 19
Me# 080 087 087 087 085 0.89 0.88 0.89
Fe203/FeO 034 030 023 025 023 030 029 0.28
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largest are approximately -25 cm in diameter. All peridotites are spinel-bearing; we observed
no garnet or spinel-garnet peridotite xenoliths. Approximately 60% of the xenolith samples
are harzburgite and 40% are lherzolite (Fig. 4.1; Table 4.3). A single sample was collected
in which the host peridotite was cut by a vein of spinel websterite (pyroxenite).

With the exception of the websterite sample, most xenoliths are coarse grained and
equigrariular. Coarse-grained peridotite samples usually have equilibrium textures with
abundant triple point grain-grain contacts (Figs. 4.2a, 4.2b). Under the scanning-electron
microscope (SEM), mineral grains show no discernible chemical zoning (Fig. 4.2b). Most
peridotite samples are unfoliated to weakly foliated. Where peridotite samples are strongly
foliated, the fabric is typically defined by spinel and occasionally by pyroxene. A total of 5
samples show mineralogical banding manifest as bands of bright green chromium-diopside.

Although equilibrium textures dominate (Figs. 4.2a, 4.2b), some samples show signs
of disequilibrium (Figs. 4.2¢-1). These textures are most common in smaller samples (< 50
grams) or near xenolith / lava contacts and appear to result from interactions with the higher-
temperature host lava. The most common expression of this ihermal disturbance is the
development of sieve-textured coronas on apparently prisrtine orthopyroxene cores (Fig.
4.2¢). In three samples orthopyroxene has reacted completely to become eiitireiy sieve-
textured (Fig. 4.éd); some orthopyroxene grains have developed coronas of clinopyroxene
and olivine. Other disequilibrium features include the breakdown of spinel and the
production of melt veinlets containing neoblasts of olivine (Figs. 4.2¢, 4.2f). Similar
textures have been interpreted by Shaw et al (1998) as dissolution of orthopyroxene
resulting fr<im interaction between peridotite xenoliths and entraining lava. Shaw et al's

(1998) experiments showed that orthopyroxene, when in contact with silica-undersaturated
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Llangorse Mountain:
Harder and Russell (this paper)

® NCVP: Shi et al (1998)

o British Columbia:
Littlejohn and Greenwood (1974)

\ Websteri® o ~
Opx Cpx

Figure 4.1: Modal mineralogy of peridotite samples from Llangorse Mountain (black circles),
across the NCVP (gray circles; Shi et al, 1998) and specific localities in central and southem
British Columbia (unfilled circles; Littlejohn and Greenwood, 1974). Modes for Llangorse
samples are based on a combination of calculations based on bulk chemistry, Rietveld X-ray
diffraction analysis, and visual estimation from hand-samples and thin sections; approximately .
60% of the samples are harzburgite and 40% are lherzolite. A single sample (MH-02-124) of
lherzolite contains a ~10 cm wide vein of websterite.
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Figure 4.2
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Figure 4.2: Photomicrographs and SEM images of peridotite samples. (A) Microscope and
(B) SEM images of coarse grained peridotite dominated by triple-point grain boundaries
between olivine (Ol), orthopyroxene (Opx), and clinopyroxene (Cpx) suggesting attainment

of equilibrium. (C) Photomicrograph and (D) SEM images of coarse grained spinel (Sp)
peridotite showing sieve-textured coronas of orthopyroxene (Opx ) suggesting a slight

thermal disturbance; cores of orthopyroxene are generally unmodified. (E) Photomicrograph

showing break-down of spinel in some samples; relict grains of spinel are surrounded by

neoblasts of olivine (Ol ). (F) Photomicrograph showing veinlet of melt cross-cutting an

orthopyroxene grain showing exsolution lamellae (Opx,). Melt contains neoblasts of

olivine.
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melts such as basanites, will dissolve incongruently to form olivine, clinopyroxene, and a Si-

rich melt.

4.5 ANALYTICAL TECHNIQUES

Mineral compositions were analysed using a fully automated CAMECA SX-50
electron microprobe (EMP) at the University of British Columbia. Operating conditions in
the wavelength-dispersion mode included: excitation voltage, 15kV; beam current, 10 nA;
peak count time, 20s; Background count-time, 10s; spot diameter, 10 um. Data reduction
was done using the 'PAP' ¢p(pZ) method (Pouchou and Pichoir, 1985).

Mineral chemical data were collected for all major phases in 44 samples: olivine (ol)
orthopyroxene (opx), clinopyroxene (cpx), and spinel (sp) (Table 4.2). The compositions of
coexisting pyroxenes were measured for geothermometric purposes. For each sample, 6 to
10 mineral pairs were analyzed, including several core and rim pairs to assess the extent of
chemical zoning. Zoning was absent in all samples except in those showing strong
disequilibrium textures. Temperature calculations Wéfe based on EMP analyses of adjacent
orthopyroxene and clinopyroxene grains.

Olivine and pyroxe.ne grains have corhpositions consistent with maﬂtle peridotite;
magnesium numbers (Mg# = Mg / (Mg + Fe)) for.olivine, orthopyroxene and clinopyroxene
vary between 0.887-0.917, 0.887-0.924, and 0.894-0.944, respectively. Spinel compositions

are the most varied; the average chromium number (Cr# = Cr / (Cr + Al)) for spinel in

peridotite is 0.352, but the range is 0.0181 (websterite) to 0.727 (lherzolite).




4.6 GEOTHERMOMETRY

Two-pyroxene geothermometry, based on diopside and enstatite solubility in
coexisting ortho- and clinopyroxene, provides a reliable means of estimating equilibrium
temperatures in rapidly transported mantle rocks (e.g., Wood and Banno, 1973; Wells,
1977). The Brey and Kohler (1990) geothermometer [BK90] is a revised calibration of
previous estimations of the two pyroxene thermometer (Wood and Banno, 1974; Wells,
1977) that accounts for more realistic pyroxene compositions. Temperatures calculated for
the same mineral pairs using the Wells (1977) thermometer are consistently lower than
BK90 temperatures below approximately 900°C and higher than BK90 temperatures above
approximately 980°C (Table 4.2). We elected to use the BK90 thermometer bec;ause itis
more recent and has been calibrated over a wid‘er range of temperatures and mineral
compositions. |

The BK90 thermometer requires an assumption of pressure; our calculations assume
a pressure of 12 kbar for all samples. Based on the temperature range of our sample suite, a
pressure difference of about 5 kbar is estimated between the highest and lowest temperature
xenoliths. When the lowest and highest temperature xenoliths are re-calculated using a
'corrected’ pressure the corresponding temperature difference is < 15-20°C; the inherent
uncertainty (1p) associated with the BK90 thermometer is +15°C.

We collected EMP data on peridotite samples in batches. Our first batch contained
10 samples in which mineral compositions were measured and processed; subsequent

samples were analyzed in batches of 5. The geothermometry results were plotted

sequentially in groups as acquired (Fig. 4.3). The goal of plotting the sequential distribution
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Figure 4.3: Results of two-pyroxene geothermometry for 44 peridotite samples (Brey
and Kohler, 1990). Data is plotted in the sequence that it was collected. (A) Mean
temperatures (°C) from all samples. Dotted tie lines connect temperatures associated with
core (filled squares) and rim (open squares) compositions of minerals. (B) Distribution
of ambient mantle temperatures illustrating the running maximum and minimum values
recovered from the entire suite. Filled circles represent ambient mantle samples, open
squares represent high temperature samples having textures indicating they are thermally
disturbed (Figs. 4.2b, 4.2¢). The running maximum and minimum temperatures are used
to determine when Tmax-Tmin no longer changes (see text).
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of temperatures was to ascertain when enough samples had been analysed to ensure that the
full range or temperatures had been captured. We tracked this by plotting the running values
of Tmax, Tmin and Tmax-Tmin against the sequential sample number (Fig. 4.3). Plotted in this
way we sought the situation where the value of Tmax-Tmin no longer changed as new samples
were processed. As shown in Fig. 4.3b, a constant value was reached between samples 25
and 30; additional data collection did not change the values of Tmax, Tmin OF Tmax-Tmin. This
analysis suggests that suites with fewer than 25-30 samples may not provide statistically
valid limits on the temperature distribution in the lithospheric mantle. Conversely, we
would argue that our suite of samples records the maximum and minimum temperatures of

the mantle lithosphere sampled by the basanite magma.

4.7 RESULTS

Geothermometry results for all 44 xenoliths sampled are reported in Table 4.3 and
shown graphically in Figs. 4.3a and 4.3b. The minimum temperature calculated from our
peridotite suite (assuming a pressure of 12 kbar) is 810°C, with a sample variance of 26°C.
The maximum ambient mantle temperature is more difficult to constrain because some
xenoliths have been thermally disturbed during transport. Samples with sieve-textured
orthopyroxene grains generally give higher equilibration temperatures and greater variances;
in some samples, sieve-textured rims provide temperatures up to 100°C higher than
apparently pristine cores (Fig. 4.3a). For these samples, the high-temperature rim analyses
were not included as ambient mantle temperatufes. Three samples with strong development

of sieve-textured orthopyroxene récord temperatures of 1100-1150°C (Fig. 4.3b), which are
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Table 4.3: Mineralogical, chemical, and thermal traits of all samples (MH-02-), including: weight, mineral
modes and chemistry, and equilibration temperature (T 4: ambient samples; Tyy: high-T rim; AT: T, ,,-Trin)

Density 1Modes (%): 2Rock  Xgq Xpe: Cr#:
No. Wt (g) (g/lem’®) Ol Opx Cpx Sp Type: Ol Opx Cpx Sp Ty Ty
110 369 3.24 59 23 15 3 Lh 0.899 0.088 0.071 0.11 934
108 2079 3.31 71 21 7 1 Lh 0.905 0.084 0.065 021 902
111 471 3.33 61 21 15 3 Lh 0.887 0.103 0.089 0.10 936
10 196 3.17 60 20 18 2 Lh 0901 0.091 0079 0.14 907
9¢ 156 3.27 58 30 10 2 Lh 0916 0.075 0.059 052 961 1015
) 50 3.26 65 30 3 2 Hz 0915 0.075 0.050 056 910
10b 40 3.24 58 30 10 2 Lh 0913 0.078 0.043 025 810
109b 21 3.23 60 30 8 2 Lh 0912 0.075 0.051 049 872
18b 53 3.24 60 30 8 2 Lh 0915 0.074 0.057 059 998 1095
104 411 3.33 68 23 6 3 Lh 0913 0.079 0.054 021 879 1087
100 1461 3.29 74 23 2 1 Hz 0.915 0.071 0.046 048 936
115 48 70 25 3 2 Hz 0916 0071 0.043 047 935
122 593 3.30 63 24 10 3 Lh 0.895 0.090 0.065 0.13 889
117 54 3.18 70 20 8 2 Lh 0912 0.072 0.045 047 955
5b 81 77 17 4 2 Hz 0916 0.067 0.046 0.52 926
8b 161 - 73 22 3 2 Hz 0906 0.075 0.052 042 897
4A 48 321 .- 65 24 '8 3 Lh 0910 0.074 0.043 032 851.
9d 16 65 23 10 2 Lh 0907 0073 0052 016 914 1097
10c 22 3.23 62 33 3 2 Hz 0914 0.069 0.044 045 952
10d 22 3.13 71 20 7 2 Lh 0907 0.080 0.054 0.12 931 1102
15 63 3.25 60 30 8 2 Lh 0907 0.082 0058 0.18 907
21 40 65 23 10 2 Lh 0.907 0.080 0.064 0.17 951 1128
109 237 70 21 7 2 Lh 0915 0.069 0.057 042 1064
112 245 75 22 2 1 Hz 0912 0.072 0.050 051 995 1100
124 1036 0 40 45 15 We -- 0.108 0.092 002 984
20 329 325 65 18 15 2 Lh 0903 0.080 0061 021 923
19 578 3.24 71 25 3 1 Hz 0915 0.065 0.037 0.46 933
102 184 60 24 15 1 Lh 0903 0.084 0.059 0.17 898
113 366 : 78 20 1 1 Hz 0915 0.074 0.046 053 909
114 374 323 77 20 2 1 Hz 0917 0.071 0.049 0.52 950
115b 386 3.23 74 23 2 1 Hz 0913 0.072 0.048 046 937
116 256 66 25 8 1 Lh 0917 0.065 0.047 052 970
117b 340 3.21 71 26 2 1 Hz 0913 0.071 0.049 047 966
118 215 76 21 2 1 Hz 0914 0.068 0.040 0.80 939
119 297 3.19 62 34 2 2 Hz 0914 0.069 0.044 041 930
120 621 3.33 76 21 2 1 Hz 0915 0.074 0.049 050 918
121 2830 3.34 65 23 10 2 Lh 0905 0.081 0.053 0.17 865
123 981 3.25 68 22 8 2 Lh 0903 0.085 0.057 020 867
125 298 79 18 2 1 Hz 0911 0.077 0.051 044 948
95LM1 3385 3.31 76 20 2 2 Hz 0917 0.071 0.045 051 907
19b 304 324 73 24 2 1 Hz 0911 0.074 0.053 046 937
12b 21 60 29 8 3 Lh 0.909 0.078 0.064 0.48 1142
12 137 3.20 60 29 8 3 Lh 0.906 0.078 0.063 0.17 1143
12(2) 137 320 70 26 3 1 Hz 0.904 0.084 0.070 0.16 1128

1Qlivine (Ol); orthopyroxene (Opx); clinopyroxene (Cpx); spinel (Sp);
2Lherzolite (Lh); harzburgite (Hz); websterite (We)
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interpreted as re-equilibration temperatures approaching the lava temperature. The
maximum ambient temperature of this sample suite is 1065°C with a sample variance of 15°
C. In summary, these temperatures provide the minimum (810°C), maximum (1065°C), and
total temperature difference (> 255°C) recorded by samples of peridotite mantle from
beneath Llangorse Mountain. The temperature difference (Tmax-Tmin) relates directly to the
minimum thickness of the mantle lithosphere; the exact value (e.g., thickness) depends on

the geothermal gradient assumed.

4.8 MODEL OF THE LITHOSPHERIC MANTLE

Our ultimate goal is to constrain the thermal state of the lithosphere underlying the
northern Canadian cordillera by combining petrological information gathered frcl>m mantle-
derived peridotite xenoliths with simple models for conductive heat flow in the lithosphere.
The basis of our model lithosphere for the northern Cordillera is summarizéd in Fig. 4.4 and
comprises a crust of specified thickness (Zy) and a constant surface temperature (To) and
surface heat flow (qo). Seismic reflection data, collected as part of the Lithoprobe program
(Clowes et al, 1999), is used to define the depth t§ the MOHO in the northern Cordillera
(transect line 22; Hammer et al, 2000; Hammer and Clowes, 2004). Beneath the Atlin
region, the MOHO depth is estimated to be 36 km (Zy; Hammer anq Clowes, 2004). The
crustal layer has a speciﬁé range in heét prodﬁcﬁdh (Ao) values and a cohstént thermal
conductivity (K1) and overlie's a ma:ntle lithosphere hgving a uniform,._therm_al _conduc_tivity
(K2) and no heat prdductioh. Heat trar;sfe; .in the mantle lithosphere is purely ;:;)ﬁdﬁdtive.

The depth to the base of the mantle lithosphere (Z,) is unknown but is taken as marking the
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Depth (km)
N

Asthenosphere

Figure 4.4: Schematic representation of heat transfer in the crust, mantle lithosphere and
asthenosphere (see Figs. 4.5-4.9). Variables include: temperature and heat flow at the
Earth's surface (To, q,), at the MOHO (Tmoho, qmoho), and at the top of the asthenosphere
(Ta, ga). Additional variables include thermal conductivity and heat production of the
crust (K, Ap) and the mantle lithosphere (K;) and the depth to the MOHO (Zm) and the
top of the asthenosphere (Z,). The MOHO is set at 36 km (Hammer and Clowes, 2004).
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top of the convecting asthenospheric mantle. Our aim is to investigate the temperatures and
heat fluxes at the two major boundaries in this schematic model (e.g., Tmoho, Gmoho, Ta and
qa)-

The researéh efforts of Hyndman and Lewis (1999), Lewis et al (2003), and
Hyndman et al (in press) have provided bounding estimates on the Valués of surface heat
flow (qo) and crustal heat production (Ao) for the northern Cordillera (Table 4.4). Much of
their work has been directed at explaining heat flow variations between the Cordillera and
the North American craton to the east. We have used their results to set some of the
geophysical properties for the crust (e.g., Fig. 4.4) by-adopting values that are most relevant
to the northern Canadian Cordillera at latitudes consistent with Atlin, British Columbia
(Table 4.4). Rgadérs-afe directed to Hyndman and Lewis (1999) and Lewis et al (2003) for

detailed discussions of the acquisition, distribution and quality of the heat flow data.

4.8.1 Surface Heat Flow

Relative to the Canadian craton, the Cordillera is characterized by high surface heat
flow (Hyndman and Lewis, 1999). Recent work by Lewis et al (2003) has provided a series
of new measurements showing that surface heat flow across the entire northern Cordillera is
approximately twice as high as observed in the craton (80-100 mW m? versus 40-60 mW m’
2 respectively). In addition, there are differences in qo between domains north and south of
59°N latitude. The mean values of qo derived from between 59°N and 64°N is 105 £22 mW
m?, whereas between 57°Nland 59°N the surface heat flow is 73 £11 mW m?. The

Llangorse volcanic field is situated between 59°19'N and 59°25'N. Thus, we have used the
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latter range of values but have extended the calculations over a slightly larger range (60-100
mW m?) to account for the LVF being on the boundary between these two surface heat flow

domains (Table 4.4).

4.8.2 Heat Production

Lewis et al (2003) provide new measurements of radiogenic heat production in
crustal rocks across the northern Cordillera. Crustal rocks, especiallvy younger intrusions
situated in the northernmost portion of the Cordillera (59 — 64°N), have substantially higher
values of heat prodqgtion £han siﬁlilar rocks exposed between 57 — 5§°N. The geological
units to the north of 59°N have a mean heat production of 4.6 £2.4 uW m? versus 1.6 +0.8
uW m for rocks south of 59°N. For the purposes of our modeling we use heat production
values of 1.6 0.8 uW m™ and we compare our model results against the range of surface
heat flow values expected for the same latitudes (e.g., 73 £11 mW m?). Lewis et al (2003)
used these data to argue that the high heat flow observed for the Cordillera is largely due to
the unusually high values of heat production found in near surface crustal rocks of the

northern Cordillera, and not to higher temperatures at the base of the crust.

4.8.3 Lower Crust Temperatures
For the northern Canadian Cordillera between 59 and 64°N, a reduced heat flow of
59 mW m? is predicted, which is similar to the southern Canadian Cordillera (49 - 53°N)

(Hyndman and Lewis, 1999; Lewis et al, 2003; Hyndman et al, in press). Depending on the

model parameters adopted, Lewis et al (2003) suggest a MOHO temperature (Tmoho) of 950




Table 4.4. Physical parameters used in modelling of geotherms for Cordilleran lithosphere.

Property Layer 1 Layer 2 Layer 3
Crustal Lithosphere Mantle Lithosphere Asthenosphere
T, [*C] ' 10 - -
qo [mW m™] 73+ 11 - -
Zinono [km] 36 - .
T [°C] xenolith * 800 - 850
T [°C] xenolith ® 1050 - 1100
AW m? 1.6+0.8 0 0
K[Wm'K'] 25 3.2 3.2
kg m?] 2700 3200 3300
K] ; - 3.0E-5
[m? 5] | . - 1.00E-006

® Range of minimum temperatures recovered from mantle peridotite samples
® Range of maximum temperatures recovered from mantle peridotite samples
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+100°C. Lewis et al (2003) also used the values of compressional seismic wave velocities at
the MOHO (e.g., Pn) to estimate the temperatures at the MOHO for the northern Cordillera
using the strong negative correlation between Pn seismic wave velocities and MOHO
temperature developed by Black and Braile (1982). Adopting the Pn wave velocities for the
northern Cordillera reported by Hammer et al (2000; e.g., 7.8 — 7.9 km s™), they estimate a
Tmoho for the northern Cordillera of 800-1000°C.

Our suite of mantle xenoliths provide a means to constrain the value of Tmoho using
geothermometry results. Our rationale is that the coolest temperature recovered from the
suite represents the shallowest mantle sampled by the magma and that the shallowest mantle
should be coincident with the MOHO (Table 4.5). There is always the possibility that
another sample exists with a lower temperature that was not sampled for EMP analysis, or
not sampled by us in the field, or not sampled by the basanite magma. However, given our
extensive thermometric database for this single locality, we suggest that our minimum
temperatures (800 - 850 °C) are fair estimates of the temperature at the top of the mantle

lithosphere and base of the crust (e.g., Tmono)-

4.8.4 Crustal and Mantle Lithosphere
The steady-state conductive temperature distribution for the one-dimensional crustal

lithosphere discussed above is given by:

Z A, Z*
QO_O 0 <7 <7

T(Z) =T, + z
- 0 K] 2 K] moho

(4.1)

where K is a constant and qo and A, have a preferred range of values based on Lewis et al

(2003). For each pair of values of qo and A, there will be a unique crustal geotherm that
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Table 4.5. Summary of model results.

Toho [°C] 800 | 850
Ao - 0.8 1.67 0.8 1.48
qo[mW m?] 69.3 85 727 85
Grone [MW m?] 40.5 24.9 43.9 31.5
dT,/dZ) ["Ckm']*  16.18 9.95 17.6 12.67
qa [mW m?] 40.5 24.9 43.9 31.5
Z [km] at 1300 °C 75.5 100.3 68.8 81.4
T,=1100°C T, =1100 °C
Z, [km] 59.7 74.6 54.2 61.2

Zy [km]P 237 386 182 25.2

Convection Conditions

T [°CJe 266 197 280 230
log  (Tue) 19.45 19.55 19.43 19.52
T ave [°C J¢ 1233 1198 - 1240 1215
T rcyf 1366 1297 1380 1330
D [km]e 47 57 46 53

2 Thermal gradient at the base of the crustal lithophere.

® Thickness of mantle lithosphere.

¢ Minimum critical difference in temperature for convection.

dImplied viscosity of convecting mantle given average temperature of layer.
¢ Average temperature in convecting boundary layer.

fTemperature at top of asthenosphere. |

& Minimum critical thickness required for convection.
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predicts unique, bﬁt correlated, values of Tmoho and reduced heat flow (qr). Fig. 4.5a
illustrates the relationship between surface heat flow and crustal heat production embedded
in Eq. 4.1. The lightly shaded box (Fig. 4.5a) denotes the range of values of qo and A,
observed for the northemn Cordillera near Atlin, B.C. The dashed lines are contours of
reduced heat flow (qr = qmono) for all possible crustal geotherms; the contours show the
specific values of reduced heat flow dictated by the range of observed surface heat flow and
heat production values. Each géotherm also dictates a unique value of Trmoho. However, our
geothermometry on mantle peridotites constrains the value of Tmoho to between 800 and 850
°C. By fixing the Véiue of Tmoho, the ran-ge of poséible values of qo and A, are se\)erely

restricted (solid lines, Fig 4.5a) and described by:

g, = 05 Z,, A, +

(4.2)

moho
moho

Combining the Tmoho constraints with the restricted range of valués of qo and A, (Fig. 4.5a;
Lewis et al 2003) greatly limits the range of model crustal geotherms (Fig. 4.5b). The
complete solution space is denoted by the dark shaded quadrilateral in Fig. 4.5a which also
defines the range of possible values of qmoho. For a fixed Tmono 0f 800 or 850 °C the values
of reduced heat ﬂdw vary from 25 to 40 and 32 .to 44 mW m?, respectively (Fig. 4.5¢; Table
4.5). In general, higher values of Tmoho dictate higher values of reduced heat flow; this has
substantial implications for the temperature distributions in the mantle lithosphere and
ultimately the depths to the thermally controlled base of the lithosphere (e.g., Hyndman et
al, in press).

The lithospheric mantle (e.g., Layer 2; Fig. 4.4) is coupled to the crust by the MOHO

temperature and the reduced heat flow (Figs. 4.5b, 4.5¢). The expected steady-state
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Figure 4.5: Model results for the temperature distribution in the crust. (A) The range of
values for surface heat flow (qo; mW m?) and crustal heat production (Ao; L W m™) that are
consistent with Tmoho values of 800 or 850°C (solid lines). The corresponding model values
of reduced heat flow qr=moho are contoured as dashed lines. Light grey shaded box is the
range of values of q, and A, reported for the northern Cordillera (Hyndman and Lewis, 1999;
Lewis et al, 2003). (B) The family of feasible geotherms generated for the crustal lithosphere
assuming values of Tyon, of 800 or 850°C. (C ) The feasible solution space shown in Fig. 8a
(dark grey shaded box) is expanded and labeled in terms of corresponding values of reduced
heat flow. The solution space is defined by the intersection of the two solid lines (model) and
the light grey shaded box (observed) in Fig. 4.5a.
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temperature distribution is described by:

— A Z
. L= 4 ""’""][z—zmho] Z,<Z<Z, (43)

moho
K 2

The total thickness of the mantle lithosphere is not known a priori, but we can rearrange Eq.
4.3 to explore the two unknowns: the depth to the asthenosphere (Z,) and the temperature at

that transition (T,):

qmoho qmaho
TA = Tz ZA + <Tmoho - K2 Zmoha> (44)

The distribution of model geotherms for the mantle lithosphere is shown in Fig. 4.6a for two
different values of Tmono. The higher values of reduced heat flow associated with the 850°C
MOHO support higher geotherms and a potentially thinner mantle lithosphere. For
example, if the 1300°C isotherm was arbitrarily adopted as the thermally controlled base of
the lithosphere, then the model geotherms using Tmoho = 800°C would indicate depths to the
asthenosphere of 75-100 km versus 68-81 km for Tmoho = 850°C. Conversely, a cooler
MOHO implies a deeper i)oundary to the asthenosphere (Fig. 4.6b).

We propose an alternative coqs'graint on the thickness of mantle lithosph?re
underlying this portion of the northérn Cordillera based on the maximum térﬁperatures
recovered from our suite of mantle peridotite xenoliths (T; Table 4.3). The maximum
temperature clearly associated with ambient mantle lithosphere is close to 1100°C and
weakly disturbed samples record temperatures as high as 1150°C (Table 4.3). These
temperatures are over 200°C lower than the estimated liquidus temperature for the host
basanite (bl; Fig. 4.6a). The maximum xenolith temperatures are indicative of the hottest

and deepest portions of the mantle lithosphere and provide estimates of the minimum
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Figure 4.6: Model geotherms for mantle lithosphere beneath the northern Canadian
Cordillera. (A) The predicted temperature distributions for the mantle lithosphere are
plotted against depth (km); model geotherms are for Tmoho values of 800°C (light
shading) and 850°C (dark shading). Vertical dashed lines indicate the range of maximum
temperatures (1050-1100°C) recovered from peridotite xenoliths. (B) The same array of
geotherms is represented as values of reduced heat flow (qmoho) and depth to the
asthenosphere (Z,) assuming T, of 1100°C and fixed values of Ton, (800 and 850°C; see




thickness of mantle lithosphere (Fig. 4.6a). Clearly, the higher the temperatures of ambient
mantle recovered from the xenoliths, the thicker the mantle lithosphere.

The range of implied depths to the base of the mantle lithosphere (Z,) are explicitly
mapped out in terms of Tmoho and the maximum xenolith temperature (T,) in Fig. 4.6b. The
thickest mantle lithosphere (60-75 km) is supported by the coolest Tmoho and higher values
of T,; the thinﬁest lithosphere (54-61 km) is associated with high values of Tmoho gnd lower

values of T, (Table 4.5).

4.9 DISCUSSION
4.9.1 Crustal Geotherms

We have used petrological information recovered from mantle-derived peridotite
xenoliths in combination with steady-state conductive heat transfer arguments to create a
model set of geotherms for the lithosphere underlying fhe northern Cordillera. These
geotherms define the thermal state of the lithosphere and there are attendant petrological
implications. Firstly, the high MOHO temperatures implied by the coolest mantle peridotite
temperatures demand elevated crustal geotherms. Conventional crustal geotherms usually
indicateilower MOHO temperatures (e.g., 400-500°C) and have paths that lie well within the
kyanite stability field (Fig. 4.6a). The model geotherms for the northern Cordillera describe
paths that, at depth, become tangential to the kyanite-sillimanite univariant curve. Kyanite
remains the most likely stable alun;inosilicate in pelitic lower crustal rocks; however, small
thermal perturbations could easily allow for development of sillimanite. If the MOHO were

any hotter (e.g., ~900°C), then sillimanite would be the stable phase at the base of the crust
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and there would be a kyanite - sillimanite isograd within the lower portion of the crustal
column.

The elevated crustal geotherm requires consideration of bartial melting of crustal
rocks. For the purposes of discussion we have plotted the water-saturated and dry solidi for
mafic crustal rocks (gabbro; Lambert and Wyllie, 1972) against the model geotherms (Fig.
4.7). Melting of gabbro would only proceed under conditions of full water saturation and
such conditions are unlikely to be met in the deep crust. Granitoids with lower melting
points could perhaps be induced to melt, but these rocks are more likely to be concentrated
in the upper to middle crust where temperatures are substantially lower. If melting is
occurring at the base of the crust, it is most likely under conditions of water-undersaturation
and derived from the dehydration-breakdown of muscovite, biotite and hornblende in

metamorphic and granitic rocks (e.g., Whitney 1988; Patino-Douce et al, 1990).

4.9.2 Lithosphere — Asthenosphere Transition

The maximum xen’olifh temperatufes ‘(S 1100 °C) are used as estimates of the -
temperature at the base of the mantle lithosphere; the implication is that the hotter
asthenospheric mantle underlying this boundary is capable of sustained convection. The
highest temperature xenoliths suggest that the base of the n’lantle lith;asphere is clc;se; to
1100°C. Cooler MOHO temperatures (800°C) sugges'_t values of ga between 40.5 an(_i 24.9
(Table 4.5), whereas a hdtter MOHO ‘(e.é’., 5550‘;C) requires higher mantle h‘e;thﬂvo:w values
(43.9 — 31.5; Table 4.5).

We use the heat flow calculated in the mantle lithosphere to investigate whether the
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Figure 4.7: Model geotherms for the combined crustal and mantle lithosphere. Model
geotherm temperatures are plotted against depth (km) and compared to stability fields of
common metamorphic minerals (K: kyanite; S: sillimanite; A: andalusite; Holdaway,
1971), anhydrous (ag) and hydrous (hg) solidi for gabbro (Lambert and Wyllie, 1972),
and 1 atm liquidus for host basanite (bl). Conductive mantle lithosphere geotherms
terminate against maximum temperatures from mantle xenoliths (1050 — 1100°C; solid
dots) defining a quadrilateral in T-Z space containing the minimum depth (and
temperature) to the convective mantle asthenosphere.
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minimum conditions for convection are met in the underlying asthenosphere. The problem
is summarized as a layer of asthenosphere of unknown thickness (D) being heated from
below and ultimately conducting all heat (q4) into the base of the mantle lithosphere (Fig.
4.8; after Turcotte and Schubert, 2002, and Poirier, 2000). The heat flow (qa) into the base
of the lithosphere is equivalent in magnitude to the MOHO heat flow (qmoho) because of the
lack of heat sources and sinks in the mantle lithosphere: Our question concerns the rise of
convective instabilities in a layer of asthenosphere asr it is heated frc;m below: given the
observed mantle heat flow (qs), under what conditions will convection in the underlying
layer be sustained? |

| The Nusselt number (Nu; Poirier, 2000) is a measure of convective heat flow across
the layer ratioed to the heat flow that conduction would transport: |

q.D
K,AT

Nu= (4.5)

where AT is the difference in temperature between the top (Ts) and bottom of the convecting

layer (T~) (Fig. 4.8). Where Nu <1, heat transfer is dominantly by conduction; conversely,
convection requires Nu >1. The Rayleigh number (Ra) measures the relative importance of
buoyancy forces favouring convection versus the viscous drag forces hindering convection:

_ng(ATD3 :
nk

Ra (4.6)

where « is thermal expansivity,  is thermal diffusivity, and n is the viscosity of the
convecting fluid (Tables 4.4 and 4.5; Fig. 4.8a). Theory and experimehtation show the Nu
number to be proportional to the Ra number to the one-third power as given by:

Nu=0.225Ra'" (4.7)
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Figure 4.8: (A) conceptual model for convective instabilities in a layer of asthenosphere being

heated from below; (B) Calculated viscosity in heated layer; (C ) The AT and the value of D
implied by range of heat flow values for the Cordilleran mantle lithosphere.
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(Turcotte and Schubert, 2002). Rearranging Eq. 4.7 allows us to write an expression
relating the mantle heat flow (qa) to a set of physical constants for the layer of asthenosphere

and the temperature difference across that layer (AT):

A T4/3

113

<Pg°‘ >1/3

q,=0225K, (4.8)

Specifically, Eq. 4.8 relates the reduced heat flow (qr = q,) to the minimum critical
temperature difference needed to sustain convection in the underlying asthenosphere. We

treat the viscosity of the fluid as a constant but allow its value to reflect the average and

unknown temperature of the convecting layer (T¢= 0.5 * [Ta + Too]). The viscosity of the
mantle is approximated by the rheology of wet dunite (Chopra and Paterson, 1981) and the
temperature dependent function is:

np = —20_ 4 3545 (4.9)

T, (°C)

The results of these calculations aré summarized in’..Figs. 4.8b & 4.8c and Table 4.5.
The known values include the heat flow (qa) and the temperature (1100°C) on the upper
boundary repreéepting-'the bése of 'the méntie litﬁétsp};er;. The higher the méri‘tfie heat flow,
the lower the viscosity of the mantle layer needed for convection (Fig. 4.8b). The viscosity
of the convecting mantle is calculated by this method to be between 10'*7 to 10** Pa s (Fig.
4.8b). Values of AT increase with increasing mantle heat flow and, for our range of qa's, we
calculate values of 120 to 280°C (Fig. 4.8c). The minimum critical thickness of the
convecting layer (D) decreases with increasing mantle heat flow (Fig. 4.8¢).

Our incorporation of xenolith temperature data into simple geotherm models suggests

a mantle lithosphere extending to depths of 54 — 75 km depth depending on the temperature




Depth (km)

-100

Figure 4.9: Implications of geotherm modeling for thickness and temperature
distributions in Cordilleran mantle lithosphere. Coolest and hottest mantle lithosphere
geotherms terminate at depths of 75 km (LM,) and 54 km (LM,), respectively. Other
reference curves include the solidi (heavy lines) for fertile (F: Hirschmann, 2000) and
depleted (D: Robinson and Wood, 1998) peridotite, and the approximate positions of the
corresponding spinel (S) / gamet (G) transition for each peridotite (after Robinson and
Wood, 1998). Calculated temperatures in convecting mantle asthenosphere (dashed lines
with open circles or squares) are consistent with an average mantle model viscosity of
10" Pa s (see Table 4.5). Basanite liquidus temperatures (bl) from Orlando et al (2000;
dashed line, experimentally determined) and from the host basanite magma (solid line,
sample MH-02-101; Table 2.2) as calculated from MELTS (Ghiorso and Sack, 1995).
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of the MOHO (Table 4.5; Fig. 4.9). This corresponds with a mantle lithosphere as thin as 18
km or as thick as 39 km (Table 4.5). Over this depth interval the mantle lithosphere
comprises only spinel peridotite (Fig. 4.9; Robinson and Wood, 1998), rather than garnet-
bearing peridotite, which is consistent with the petrography of all peridotites recovered from
Llangorse. The convecting asthenospheric mantle would have an average viscosity of 10"
Pa s, average temperatures of between 1200 and 1240 °C, and minimum temperatures
towards the base o.f the convecting layer would be 1300 — 1380°C (Fig. 4.9). The minimum

critical thickness of the convecting mantle layér varies between 46 and 57 km. e

49.3 Implicatiohs for NCVP Magmatism

The lithospheric mantle in the northern Canadian Cordillera has been studied
indirectly by geophysical crustal-scale surveys (Clowes et al, 1999; Hyndman and Lewis,
1999; Hammer et al, 2000; Snyder et al, 2002; Lewis et al, 2003; Hammer and Clowes,
2004) and directly via studies of mantle-derived xenoliths from volcanic rocks (N icholls et
al, 1982; Francis and Ludden, 1995; Shi et al, 1998; Peslier et al, 2000, 2000D).
Geophysical surveys include measurements of heat flow, GPS surveys of tectonic
displacements, gravimetric studies, and seismic P-wave refraction and wide-angle reflection
surveys. These studies provide a wealth of information, including rates of plate motion and
deformation and estimates of the strength, thickness and temperature of the lithosphere
(Hyndman et al, in press). Peridotite xenoliths represent primary samples of material from
the lithospheric mantle, and thus petrological studies of these rocks provide direct

information about the nature of the upper mantle (e.g. Nicholls et al, 1982; Nicholls and




Stout, 1996, 1997; Shi et al, 1998, Peslier et al, 2000, 2000b). Here, we summarize previous
models advanced for the lithospheric mantle in thé northern Cordillera and compare them to
our preferred model.

Fig. 4.10a illustrates the model lithosphere from Nicholls et al (1982), based on their
studies of alkaline basalts and peridotite xenoliths from across the southern and central
Canadian Cordillera. They showed that the lavas could not be partial melts of the xenoliths
they carried, but were derived from a deeper source. Peridotite xenoliths were interpreted as
sourcing from the lithospheric mantle and the lavas as deriving from the underlying 'low
velocity zone' (e.g., asthenospheric mantle). They suggest that the depth to the 'low velocity
zone' is between 45 and 100 km, based on seismic data. They also use two-pyroxene |
thermometry (Wells, 1977) on peridotite xenoliths from many localities and show that the
peridotite xenoliths (recording temperatures of 900-1200°C) equilibrated well below the
peridotite solidus. An average geotherm was adopted based on observed heat flow (Pollack
and Chapman, 1977) which implied a MOHO temperature of 765°C at 36 km depth. The
maximum xenolith temperature (1200°C) on this geotherm predicts the asthenosphere /
lithosphere boundary at 90 km (.Eq. 4.3). This estimate of the depth to the base of the
lithosphere was shown to be congistent with the geophysical estimates of the low velocity
zone (45 - 100 km). |

Fig. 4.10b ._depicts the'correspc')n(‘iing__model of Francis and Ludd¢n (~l995)_and Shi et
al (1998). Francis énd Ludden (1995) invoke the pr;,sence of ami)hibblé 1n thé source région
of alkaline lavas in order to explain the trace chemistry patterns of the most primitive lavas
observed in the NCVP, olivine nephelinites (NEPH). Their model places the lithosphere /

asthenosphere boundary considerably deeper than the amphibole stability field, and on this
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Figure 4.10: Models of the lithosphere underlying the northern Canadian Cordillera: (A)
Nicholls et al (1982), showing the minimum and maximum temperatures calculated for
peridotite xenoliths from diverse volcanic centres (shaded box from approximately 900-
1200°C). They use a simple heat flow model to calculate a geotherm which constrains:
Tmoho = 765°C, L/A (lithosphere / asthenosphere boundary) = 90 km. LVZ (low velocity
zone) constrained by geophysical measurements in south-central BC at 45 - 100 km. (B)
Francis and Ludden (1995) and Shi et al (1998),‘ showing the potential melting zone of
mantle peridotite (shaded area) from dry peﬁdotite (P(D)) to wet peridotite (P(W)). ‘T he
melting curve for amphibole (Amph) and the spinel / garnet transition zone (S/G) are also
shown. Based on fhese relationships they argue that some lavas are déri\_/ed from melting in
the amphibole-bear‘ing lithospheric mantle. (C ) Compilation of geophysical work (Lewis et
al, 2003; Hammer and Clowes, 2004; Hyndman et al, in press), showing two possible
geotherms for north and south of 59°N and deep mantle reflectors (R; Hammer and Clowes,
2004). (D) Our preferred model for temperature distributions for the northern Cordilleran

lithosphere contains the following elements: i) a family of crustal geotherms which are

consistent with our calculated T__, ~ values of 800-850°C and the observed values of g, and

h
A; (Hyndman and Lewis, 1999; Lewis et al, 2003); ii) two limiting geotherms for the mantle
lithosphere based on average values of crustal heat production and consistent with the
maximum xenolith temperature (1100°C). These geotherms terminate against the
lithosphere / asthenosphere boundary at depths of 58 and 73 km, respectively. The
temperature along the geotherm is below the dry solidus temperatures of peridotite (P(D))
and the basanite liquidus (bl; see Fig. 4.9), but above the amphibole (Amph) and phlogopite
(Phl) melting curves (see hatched box); iii) three zones of possible melting are illustrated
(numbered regions): (1) mantle lithosphere melting in the amphibole stability field; (2)

melting at the base of the lithosphere due to high temperatures sustained by the underlying

asthenosphere; (3) melting within the convecting, garnet-bearing asthenosphere.




basis they argue that NEPH lavas must source from the lithospheric mantle rather than the
asthenospheric mantle (e.g., Nicholls et al, 1982). However, their lithosphere /
asthenosphere boundary is probably too deep for the active Cordillera and their geotherm is
too cool, placing Tmeho at too low a temperature (e.g., Tmoho = 400°C, rather than Tmoho >
800°C; Hyndman et al, in press). Nevertheless, the possibility that alkaline lavas can be
sourced from the lithospheric mantle is still valid. The source of the peridotite xenoliths is
further constrained to be above the spinel / garnet transition (e.g., 80 km) due to the lack of
textural or geochemical evidence of gamet (Shi et al, 1998).

An integrated geophysical model of the northern Cordilleran lithosphere is
summarized in Fig. 4.10c. This model includes seismic and heat flow data, GPS motion
measurements, and gravimetric measurements (Lewis et al, 2003; Hammer and Clowes,
2004 Hyndman et al, in press). The MOHO depth in this portion of the Cordillera is set at
35 - 36 km (Hammer and Clowes, 2004). Detailed studies of heat flow, heat generation, and
crustal temperatures in the northern Cordillera (Lewis et al, 2003) are used to generate
lithosphere geotherms and provide MOHO temperatures of 800-1000°C (Lewis et al, 2003)
and 950°C £100°C (Hyndman et al, in press). Differences in crﬁstal heat production result
in slightly different crustal geotherms for areas north and south of 59°N latitude, with a
slightly higher geotherm favoured for north of 5‘9l°N. |

This integrated gebphysiEfal model p;laces the lithosphere / asthenosphere boundary at
between 50 and 60 km depth in the northern Cordillera. A series of upper mantle reflectors
are observed at this depth (Hammer and Clowes, 2004). Though not well constrained, these
reflectors are located at approximately 60 - 75 km depth and dip at shallow angles to the

northeast. These reflectors may result from heterogeneities in the mantle associated with the
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base of the lithosphere, as might arise from interleaving of distinct lithospheric material.
Conversely, the heterogeneities may be related to partial mélting processes. It is interesting
to note that the depth of these mantle reflectors corresponds with Hyndman et al's (in press)
estimate of the depth to the lithosphere / asthenosphere boundary.

Our model of the mantle lithosphere (Fig. 4.10d) combines petrographic and
geophysical observations. Ideal geotherms are constrained to pass through the MOHO at
temperatures of 800 and 850°C and terminate at 1100°C, corresponding with the minimum
and maximum temperatures recovered from our peridotite xenolith suite. These geotherms
are compared with other petrographic constraints to delimit the potential source regions for
xenoliths and lavas. Two basanite liquidus curves are provided; one is from Orlando et al
(2000) and is experimentaly determined, the other is calculated from Llangorse centre lavas
using MELTS (Ghiorso and Sack, 1995). These liquidus curves indicate that the minimum
temperature necessary to produce the; basénite'lavas is approximately 1375°C. Liquidus
temperatures for’r.neltipg of dry (P(D)) and wet (P(W))'peridot;ite‘ (Hirsg!lm?nn, 2000) define
the region where melting of ;nantlé materfai éaﬁ (;ccur (shaded gray). Supériiﬂi)ose& on this
region ére the melting curves of phlogopite (Phl) and amphibole (Amph) (Kushiro et al,
1968; Millhollen et al, 1974; Moderski and Boettcher, 1973), which define the stability
limits of these hydrous minerals in the mantle. These constraints allow inferences to be
made about the depth, temperafure, and composition of the lithospheric mantle. The shaded
column on the left of Fig. 4.10d shows our model depth to the lithosphere / asthenosphere

boundary (L/A). Our model lithosphere (light gray shaded box) is as thin as 18 km (L/A =

54 km) or as thick as 39 km (L/A = 75 km), depending on the geotherm used. We envision




the base of the mantle lithosphere to be at a temperature 2 1100°C, immediately underlain
by an asthenosphere composed of spinel-bearing peridotite; the depth to the spinel / garnet
transition is estimated at > 80 km (Robinson and Wood, 1998).

Our interpretation of this model denotes three possible scenarios where melting of
the mantle can occur. The first scenario involves mélting of amphibole-bearing lithospheric
mantle. Francis and Ludden (1995) interpret the geochemical diversity of nephelinite (=
basanite) lavas as resulting from partial melting of amphibole-bearing peridotite (e.g.,
lithospheric mantle; Fig. 4.10b). Melting scenario 1 shows the restricted region in which
this could occur.. Given our model geotherms, amphibole is only st‘able in the mid-levels of
the mantle lithosphere and éhould .be absent at the baée of the lithosphere.k Thus, the Francis
and Ludden (1995) model is possible only if melting occurs in the mid-lithosphere.
However, temperatures at these depths are well below (> 200°C) the calculated liquidus
temperature of Llangorse Mountain basanite lavas. Scenario 1 is also too shallow to sample
the deepest xenoliths observed at Llangorse Mountain. Melting scenario 2 involves melting
of two potential sources: the base of the mantle lithosphere or the uppermost, spinel-bearing
asthenosphere. Temperature gradients at the lithosphere / asthenosphere transition, although
high, do not bring the mantle temperature close to that of the basanite liquidus (e.g., within
50°C). Melting scenario 3 allows for partial melting of the deep asthenosphere in the garnet
stability field; this scenario is also at temperatures well below the basanite liquidus. Some
previous workers (e.g., Francis and Ludden, 1990, 1995) have argued that there is a
conventional 'garnet signature' in trace chemistry of some NCVP lavas, suggesting a garnet-
bearing asthenospheric source region. However, the model lithosphere presented by these

authors (Fig. 4.10b) also requires amphibole in the source region; these two requirements
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cannot be reconciled in our model. Recent improvements in our understanding of the
spinel / garnet transition indicate that this transition occurs much deeper than originally
thought (Robinson and Wood, 1998; Kiemme and O'Neill, 2000), calling into question the
validity of the 'garnet signature.' If the additional constraint of the garnet signature is lost,
the possibility that alkaline lavas in the NCVP may source from the deep garnet-bearing
asthenosphere must be permitted in our model.

Our preferred intc;rpretation is tha}t the Llangorse Mountain lavas were produced by
melting scenario 2 for the following‘re'asons: .a) sce;nario 2 would allow .sampling éf the full
mantle lithosphere observed in peridotite xenoliths at Llangorse Mountain, which is not
possible in scenario 1; b) unlike scenarios 1 and 3, two potential sources are involved
(mantle lithosphere and asthenosphere); this could explain some of the chemical diversity
observed in NCVP lavas (Edwards and Russell, 2000); ¢) scenario 2 is consistent with the
- rarity of garnet or amphibole-bearing peridotite xenoliths throughbut the northern Cordillera
(Littlejohn and Greenwood, 1974; Ross, 1983; Brearley and Scarfe, 1984; Brearley et al,
1984; Nicholls et al, 1982; Shi et al, 1998). There is, however, a discrepancy between the
temperatures observed in source region 2 and the basanite liquidus curves. If the base of the
mantle lithosphere is sightly hotter (i.e., 100°C), melting zone 2 would be displaced to both
higher temperatures and pressures, possibly bringing the region up to the basanite liquidus
curves. This would imply, however, that the highest-temperature mantle lithosphere is not

represented in the Llangorse Mountain xenolith suite.

4.10 CONCLUSIONS

114




A refined model of the lithospheric mantle for the northern Canadian Cordillera is
presented. This model combines both petrological and geophysical data and observations,
allowing us to estimate the minimum thickness of the lithospheric mantle. Heat flow
measurements are used to calculate model geotherms appropriate to the northern Cordillera;
geothermometry of peridotites allows us to constrain the temperatures in the lithospheric
mantle to be between 800°C (Tmoho) and 1100°C (Ta). Our model indicates the minimum
thickness of the lithospheric mantle to be between 18-39 km, corresponding to depths at the
base of the lithosphere of 54-75 km. We consider three melting scenarios in the upper
mantle; our preferred scenario involves melting at the base of the lithospheric mantle or
uppermost asthenosphere, at depths of approximately 54-75 km and at temperatures around

1300°C.
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Chapter 5

THE MANTLE LITHOSPHERE BENEATH THE CANADIAN CORDILLERA

5.1 STRUCTURE IN THE LITHOSPHERIC MANTLE

The chemical:mineralogical, and physical préperties compiled for Llangorse
Mountain peridotite samples (Table 4.3; Chapterd) can be plotted against temperature as a
proxy for depth. This establishes a structural profile for.the mantle litho‘sphe're, which can
be used to show whether the mantle lithosphere beneath the northern Canadian Cordillera is
heterogeneous or homogeneous. fig. 5.1 shows variations in modal mineralogy, density,
and mineral chemistry with depth. The “depth” of each sample is calculated from model
geotherms derived from geothermometry of the peridotite suite. In Chapter 4 we provide
two extreme geotherms; the geotherm assumed depends on the temperature assumed for the
MOHO. A lower MOHO temperature (e.g. 800°C) corresponds to a deeper asthenosphere /

lithosphere boundary (e.g. 75 km), and consequently a lower geothermal gradient (6.4°

C/km). Conversely, a higher MOHO temperature (e.g. 850°C) corresponds to a shallower
asthenosphere / lithosphere boundary (e.g. 54 km) and consequently a higher geothermal
gradient (13.9°C/km). For the purposes of comparing peridotite properties with depth, I
have used an average geothermal gradient of 10.2°C/km. Error bars shown in the first
column represent uncertainty in depth corresponding to the variance in temperatures for each
sample.

The shaded regions in Fig. 5.1 reflect the presence of foliated lherzolite samples only

at certain depth intervals. In all cases, foliated peridotite samples are lherzolites, and
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Figure 5.1: Variation in peridotite mineralogical, chiemical, and physical propertiés with. depth.
% olivine and % clinopyroxene represent modal mineralogy of peridotites determined from
calculations based on bulk chemical results; results are comparable with modal mineralogy
obtained using the Rietveld method (Appendix B). Depth values for each sample are based on
thermometry results and an average model geothermal gradient (10.2°C/km) detailed in Chapter
4; error bars shown in the first column represent the depth uncertainty corresponding with
temperature variance in each sample. Dark circles represent foliated lherzolites, light coloured
circles represent non-foliated harzburgites and rare lherzolites.
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although non-foliated lherzolites are observed, most non-foliated peridotites are
harzburgites. Moreover, foliated lherzolites are common only in the shallowest lithospheric
mantle (approximately 36-40 km), and over a narrow depth interval of 42-44 km.
Conversely, non-foliated harzburgites are rare in the shallow lithospheric mantle, but are the
dominant rock type at depths in excess of 40 km. The variation in density of peridotite
samples with depth is somewhat counter-intuitive in that density appears to decrease with
increasing depth in the lithospheric mantle. However, density typically decreases with
increasing temperature, and therefore temperature, rather than pressure, probably is the
major control of density in the lithospheric upper mantle.

It is apparent from the location of foliated lherzolite samples that the lithospheric
mantle in the northern Cordillera is heterogeneous with distinct layers of lherzolites and
harzburgites. A1~though large uncertai;lties in depth for many samples make the mid-level
(i.e., 40-43 km) harzburgite layer ambiguous, the deeper mantle (>44 km) is clearly
harzburgitic. ’fhe presen‘ce.of distinct h‘ef;zburgiteand lherzolite regioné has 'i;nboftant
implications for partial melting. It is commonly accepted (e.g., Harte and Hawkesworth,
1986) that lherzolites represent less depleted mantle, whereas harzburgites represent residual
mantle that has undergone extensive partial melting. Therefore, the apparent layering
defined by the proportions of relatively depleted harzburgite implies that partial melting was
more extensive at certain depths in the upper mantle; partial melting appears to have been

most extensive in the deeper lithospheric mantle (i.e. > 40 km).

5.2 COMPARISON TO OTHER NCVP LOCALITIES
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Figures 5.2 and 5.3 display a thermal profile along the northern Cordilleran volcanic
province (NCVP). Geothermometry results, based on mineral chemistry compiled from
various authors, is shown for numerous Miocene to Holocene volcanic localities throughout
the NCVP. The thermal profile extends in a roughly north-northwest to south-southeast
direction, from Prindle Volcano in eastern iAlaska‘l to Castle Rock in north-central British
Columbia (after Edwards and Russell, 2000 and Nicholls et al, 1982). Also shown are the
various tectonic terranes through whiéh the lavas traversed to reach the surface. -

Although }he highest temperature samples in the Llangorse Mountain profile are
those which show theﬂ grea;test signs of intéraction with lava (é. g, sievé-tex_turéd
orthopyroxene; Chapter 4) and may not be reliable temperatures, they are nonetheless
included in Figures 5.2 and 5.3 for two reasons. Firstly, these temperatures must be less
than or equal to the temperature of the entraining basanite. As we interpret the basanite to
source from the asthenosphere / lithosphere boundary, these potential disequilibrium
temperatures may reflect temperatures close to those found at the boundary, but not higher.
Therefore, they may still be valid as constraining temperatures. Secondly, the Llangorse

Mountain, Fort Selkirk and Castle Rock thermal profiles look similar, with most peridotite
temperatures clustered between 800 and 1000°C, a temperature gap between 1000 and 1050°
C, and a cluster of higher-temperature (1050-1200°C) samples. The similarities in these
thermal profiles may indicate that the highest temperature samplés from these other
localities are also disequilibrium samples.

In Figures 5.2 and 5.3, the minimum temperature from each peridotite suite is taken

to represent the maximum MOHO temperature (Tmono), and the maximum temperature
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Figure 5.2: Thermal profile across the northern Cordilleran volcanic province (NCVP).
Temperatures are calculated using a two-pyroxene thermometer (Brey and Kohler, 1990
calibration) on orthopyroxene and clinopyroxene mineral chemistry determined by other
workers. Abbreviations and authorship are as follows: D: West Dawson (Shi et al, 1998); P:
Prindle Volcano (Prescott, 1983; Shi et al, 1998); FS: Forth Selkirk (Prescott, 1983; Shi et
al, 1998); AL: Alligator Lake (Francis, 1987); R: Ruby Mountain (Nicholls et al, 1982); H:
Hirschfeld Creek (Shi et al, 1998); Llang: Llangorse Mountain (see Table 4.4; Appendix A,
F); CR: Castle Rock (Prescott, 1983; Shi et al, 1998). Tmouno = maximum temperature of

the MOHO; Tasthenosphere = temperature at the lithosphere / asthenosphere boundary.

Figure 5.3: Thermal profile across the northern Cordilleran volcanic province (NCVP);
temperatures (see Fig. 5.2) are shown for centres with > 5 analyses. The depth to the

MOHO is set at 36 km (Hammer and Clowes, 2004). ‘A constant mantle geotherm across the
NCVP is assumed at 10.2°C/km, but Tmono is allowed to vary. Lines represent isotherms

from 800°C to 1200°C at 100°C intervals. Abbreviations and references are as in Fig. 5.2.




from each suite is taken to approximate the minimum temperature at the asthenosphere /
lithosphere boundary (Ta). Fig. 5.2 shows the variations in apparent Tmono and Ta across
the NCVP. In the northernmost part of the NCVP (Prindle Volcano), Tmono values are
similar to Llangorse Mountain (~800°C), but Ta values are somewhat lower (~1000°C at
Prindle Volcano versus 1050-1100°C for Llangorse Mountain). Slightly farther south, in the
Yukon Territory, Tmono values are considerably higher than at Llangorse Mountain (~900°
C), whereas Ta values are similar. In the southemn portic.)n of the N.CVP (Castlé Rock),
TmoHo values a_'ré the ‘highes:£ in the NCVP(~950°C), and Ta values may be as high as 1200°
C. Without assuming a specific crustal geothermal gradient, no dépth values are agsigned to
Twmono at each locality. However, if a constant crustal geotherm is assumed across the
NCVP, Fig. 5.2 would imply significant topography in the MOHO of the northern Canadian
Cordillera.

The depth to the MOHO, however, is well-constrained in the northern Canadian
Cordillera at 35-37 km 12 km (Hammer and Clowes, 2004). Therefore, the minimum
temperatures recovered for the NCVP localities shown in Fig. 5.2 can be placed at the same
depth (e.g., 36 km). The mantle geothermal gradient used in Fig. 5.3 is based on an average
model geothenﬁ of 10.2°C/km (see Chapter 4). Fig. 5.3 shows a depth versus latitude
profile of the NCVP assuming a uniform geothermal gradient in the mantle and MOHO
depth across the NCVP. Isotherms define variations in the thermal profiles from each
NCVP locality. Fig. 5.3 shows elevated MOHO temperatures in the Stikinia Terrane (both
in the Yukon Territory and British Columbia), with lower MOHO temperatures in the Cache

Creek (Llangorse Mountain) and Yukon-Tanana (Prindle Volcano) Terranes. The depth to
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the lithosphere / asthenosphere boundary varies from 52 km to 71 km.

The thermal profiles (i.e., Tmono - Ta) shown in Figures 5.2 and 5.3 indicate that the
greatest thickness of mantle lithosphere in the NCVP is present beneath Llangorse
Mountain. Figures 5.2 and 5.3 also show substantial variations in Tmono (and possibly Ta)
across the NCVP. Hov;/ever, thesc; observationé must be interpreted cautiously. A; shown
in Chapter 4, a small suite of peridotite samples- is not likely to accurately represent the true
thermal profile of trhe mantle lithosphere that the en.training lavas pass through. Becéuse the
thickest mantle lithosphere is apparently beneath Llangorse Mountain, it is possible that the
peridotite suite used in this study is simply the most complete suite of all the localities
shown in Figures 5.2 and 5.3. ‘Similar studies on a sufficient number of peridotites from
other localities is necessary in order to provide meaningful comparisons of the thermal state

of the mantle lithosphere across the NCVP.
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Chapter 6

CONCLUSION

The Llangorse volcanic field (LVF) is located near the town of Atlin in northwest
British Columbia, and belongs to the larger northern Cordilleran volcanic province (NCVP).
The LVF comprises numerous alkaline ﬁaﬁc, Miocene to Holocene volcanic remnants. In
particular, four volcanic localities within a 6 km radius of Llangorse Mountain have been
studied in detail. The largest of these sites, the Llangorse Mountain locale, is a large, cliff-
forming baéanite flow containing abundant peridotite xenoliths and is associated With
volcanic-generated debris flow sediments. Another of these localities, Hidden Ridge, is also
associated with debris flow sediments and is Charg}'gterized by irregular development of
cooling joints. Immediately south of the Llangorse Mountain locale is Lone Point, a mound-
shaped volcani; re;"rnnal}t, th%lt displays hlghly iifé'glilar columnar j'_oint%ng and is associated
with hyaloclastite boulders. |

These volcanic remnants are inferpreted to represent valley-filling lava flows
associated with syn-volcanic debris flows (the Llangorse locale and Hidden Ridge) and
subglacial volcanism (Lone Point; possibly part of Hidden Ridge). The characteristics of
debris flows at the Llangorse locale suggest that they are contemporaneous with the
overlying lava flow and sampled material from the volcanic vent during early stages of
basanitic volcanism. Accordingly, the debris flows may represent lahars or outburst floods
due to melting of snow or ice around the volcanic vent. Another interesting feature of the

Llangorse Mountain debris flows is the extensive palagonitization of all basanite glass
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clasts. Studies of the palagonitized glass fragments suggest that pore fluids associated with

palagonitization were heated to 80-120°C, possibly by the overlying lava flow.

The morphology and aspect ratio of the valley-filling flow at Llangorse Mountain is
indicative of ponding against a barrier in the valley. Erratic orientation of cooling joints at
other volcanic localities near Llangorse Mountain (Lone Point, possibly part of Hidden
Ridge) are indicative of cooling.against ice.” The evidence of glacial ice coinciding with
volcanism in the LVF therefore implies that the barrier against which the Llangorse
Mountain lavas -bondéd éould have Béerj glacial ice. ';Furtherr‘ylore,' glaciation i$ a likely
mechanism for the complete erosion of the volcanic vent(s) f;om which the Llangorse
Mountain and Hidden Ridge lavas were sourced.

The lavas and debris flow sediments at Llangorse Mountain are host to abundant
peridotite xenoliths. These xenoliths represent accessory fragments of the lithospheric
mantle entrained by the Llangorse Mountain basanite lavas. The xenoliths comprise spinel
lherzolite and harzburgite and range from unfoliated to moderately foliated. Detailed |
mineral chemistry is used for two-pyroxene thermometry, based on the Brey and Kohler
(1990) calibration. Thermal data for 44 peridotite xenoliths is used to define the minimum
(800-850°C) and maximum (1050-1100°C) temperatures of the xenolith suite. These
temperatures constrain the thermal profile of the northern Cordilleran mantle lithosphere.
The minimum temperatures represent the maximum MOHO temperature, and the maximum
temperatures approximate the minimum temperature at the lithosphere / asthenosphere
boundary. The geothermometry data are combined with measured heat flow data from

Lewis et al (2003) to produce a set of model geotherms for the northern Cordillera. These
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geotherms constrain the thickness of the mantle lithosphere in the northern Cordillera to be
between 18 - 39 km, which corresponds to depths to the lithosphere / asthenosphere
boundary of 54 - 75 km. The thermal profile created by these geotherms is used to infer
potential source regions of lavas in the NCVP.

A comparison of various mineralogical, chemical, and physical properties of
peridotites collecté(i ;'1t Lla’ng.orse Méunféi‘rl provide a;stﬂﬁictural proﬁle of fhé_ mantle
lithosphere in this part of the Canadian Co.rdillera. Distinct layers of lherzolite versus
harzburgite peridotite corresponds with denser 'and chemically different regions in the
mantle lithosphere. In short, the mantle lithosphere beneath Llangorse Mountain is
heterogeneous. Comparison of the thermal profile of the mantle lithosphere at Llangorse
Mountain with other centres in the NCVP implies one of two things: a) the mantle
lithosphere in the NCVP has large variations in temperature and, presumably, depth; or b)
peridotite suites from other localities in the NCVP are not complete, and further comparison

studies require more detailed work at these localities.
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Appendix A

GEOTHERMOMETRY METHODS

A.l. GEOTHERMOMETRY CALCULATIONS

To convert weight percent chemistry to cation proportions the following formula is

used:

(MW oxide)

(cations per oxide) )

4 cations * (

xwt oxide

(cations per oxide
b
(MW oxide)

where MW is the molecular weight of each oxide. Eq. A.1 assumes an ideal pyroxene
formula of 4 cations. Cationic proportions are necessary for geothermometry calculations.
The following equations are used for the geothermometry calculations of both the

Brey and Kohler (1990) and Wells (1977) geothermometers:

A1.1. Wells (1977) Geothermometer

The Wells geothermometer is based on the premise that diopside and enstetlte
solubility in coex1st1ng pyroxenes is dependent only ontemperature. The Wells (1977)
thermometer is based on the Wood and Banno (1973) thermometer but is better cahbrated
to include realistic pyroxene compositions of the mantle. The Wells (1977) thermometer
defines the eqdilbrium coefficient as the activity of enstatite in coexisting ortho- and

clinopyroxene pairs:

acpx
M,
K=—% A2
opx
aMg
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where K is the equilbrium coefficient and a is the activity of Mg in pyroxene.

The empirically experimentally determined thermometry formula is:

e 7341 A3
[3.355+2.44% X7 — nK |

where T is temperature in degrees Kelvin.
Because random distribution of Mg and Fe between the M1 and M2 sites is assumed,
the activity of Mg in each pyroxene depends on the amount of other cations in each site.
The cation distribution for each site (according to Wood and Banno, 1973) is:
M1: Fe, Mg, Ti, Al(vi)
M2: Fe, Mg, Ca, Na, Mn
Table A.1 provides an example of the Wells (1977) thermometer for sample MH-02-

121, with values provided for each of the above variables for each pyroxene pair.

A.1.2. Brey & Kﬁhler (1990) Geothermdmete_r

The Brey and Kohler (1990) thermometer is also based oﬂ the premise that diopside
and enstatite solubiltiy in coexisting ortho- and clinopyroxene grains is dependent én
temperature. This thermometer, however, takes into consideration more realistic pyroxene
compositions. The activity of Fe in each pyroxene is defined as:

Pyx __ Fe

—_fe A4
Fe  (Fe+Mg)

where Fe and Mg are the cationic proportions of iron and magnesium, respectively.

The Ca activity in the M2 pyroxene site is dependent on the total Na content:

M2
Ca®=—C% AS

(1-Na™)
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where Ca and Na are the cationic proportions of calcium and sodium, réspectively, and all
Ca and Na is assumed to be in the M2 pyroxene site.
The equilibrium distribution of Ca between clinopyroxene and orthopyroxene is

therefore:

e (1-Ca®)™

Ke= A6
? (1-Ca®)™

where Kp@ is the equilibrium coefficient and Ca@, as defined in Eq. A.5, is the Ca activity

in the M2 site.

Equations A.4-A.6 are applied to the experimentally d‘etterfrlined'the}ﬁometér of
Brey and Kohler (1990):

. _ [23664+(24.9+126.3% X7 )* P] o
BN [13.384(InK ©) 4+ 11.59% X7 '

where Tpkn is temperature in degrees Kelvin and P is pressure in kilobars.
Table A.1 shows an example of the Brey and Kohler (1990) thermometer, with

values provided for each for the variables defined above for each pyroxene pair.

A.2. COMPARISON OF THE THERMOMETERS

The mineral chemical data collected for Llangorse Mountain peridotite xenoliths was
applied to both the Wells (1977) and Brey and Kohler (1990) thermometers (Fig. A.la).
The results indicate that temperatures calculated using the Wells (1977) thermometer are
consistently lower than temperatures calculated for the same samples using the Brey and
Kohler (1990) thermometer to approximately 900°C (Fig A.2b). The Wells (1977)

thermometer produces consistently higher temperatures than the Brey and Kohler (1990)
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thermometer above approximately 980°C. Temperature differences between the two
thermometers are most pronounced at low temperatures (< 880°C). The temperature
discrepancies at high temperatures may in part result from a constant pressure (10 kbar) used
in all calculations with the Brey and Kohler thermometer, whereas temperature
disagreements at low temperatures must result from differences inherent in the
thermometers. When the ldwest and hi‘g'hes‘t temperature xenoliths are re-ca_lcqlat‘ed to
assume a 'corrected' pressure for increasing depth, the corresponding temperature difference
is approximately 15-20°C; the inherent uncertainties (1) associated with the Brey and
Kohler (1990) thermometer are +15°C. The highest temperatures could be up to 20°C
higher than reported, which is just outside the thermometer uncertainty.

Fig. A.2 shows the equilibrium constants of ortho- and clinopyroxene (of all
samples) plotted against each other; an approximate straight line is observed, showing that
the equilibrium constants of the disturbed samples (open squares) do not deviate from those
of the ambient mantle samples. This indicates that the Fe-Mg exchange reaction is not
disturbed by these higher temperatures. In, Fig. A.2b, the molar fraction of Ca in ortho- and
clinopyroxene is plotted. Fig. A.2b clearly demonstrates that the disturbed samples (open
squares) have orthopyroxene grains enriched in Ca, and clinopyroxene grains depleted in
Ca, relative to the ambient mantle samples. Fig. A.2 illustrates that Ca is mobilized by the
higher temperatures of the surrounding lava, whereas the Fe-Mg exchange appears
unaffected. |

Because the Brey and Kohler (1990) thermometer is more recent and apparently
better calibrated, we have chosen to use only the Brey and Kohler (1990) thermometer for

our model geotherm studies.
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Figure A.1: Two-pyroxene geothermometry results from peridotite xenoliths based on
the Wells (1977) and Brey and Kohler (1990) (BK) thermometers; filled circles represent
ambient mantle samples, open squares represent samples recording anomalously high
temperature rims. (A) Temperatures for all samples calculated using the two
geothermometers compared to a 1:1 line. Errors bars represent sample variance with each
thermometer. (B) Difference in apparent temperatures between the BK and Wells
thermometers are plotted against the apparent BK temperature. Temperature differences
between the two thermometers are most pronounced at temperatures < 880 °C.
Temperatures calculated from Wells (1977) are generally higher than BK temperatures
over the temperature range 800 to 950 °C. The two methods are within error of each other
over the range 900 — 1150 °C.
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Figure A.2: Compositions of pyroxenes in mantle peridotite samples representing
ambient mantle (filled circles) and high temperature disturbed samples (open squares).
(A) Equilibrium constant (Kp) for coexisting pyroxenes. (B) Mole fractions of Ca (Xca)
in coexisting pyroxenes; high temperature rims have distinctly higher Ca contents in
orthopyroxene and lower Ca contents in clinopyroxene.
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Appendix B

RIETVELD METHOD AND RESULTS

B.1. RIETVELD TECHNIQUE

The Rjetvelld technique (Rietveld, 1967; 1969) is a tool for determining quantitative
phase abundances of crystalline rocks based on X-ray powder-diffraction (XRD) data. This
technique is based on the refinement of physical structures with neutron diffraction data and
has been applied to crystalline structures (e.g. Young et al, 1977; Hill, 1984; Baerlocher and
Shicker, 1987, Raudsepp et al, 1990; Raudsepp et al, 1999). Theoretical crystallographic
site-occupancies of observed minerals are compared with the XRD data to determine modal
proportions of each mineral present. This technique is ideal for rocks such as these
peridotite samp'les, as they are edarse-gfaiped with a simple mineralogy (ol‘i\{jne, ortho- and
clinopyroxene, and spinel). .

Samples were prepared by an initial crushing in a tungsten-carbide ring-mill reducing
each sample to <200 mesh; particle size was further reduced to <10 pm by a corundum mill.
For XRD analysis, samples were pressed onto a textured glass plate in an aluminum sample
holder. The surfaces of samples were 'roughened' with razor blades to break up any
preferred orientation; one sample was prepared both with and without surface roughness to
test the effect, if any, of preferred orientation. Rietveld analyses were performed on the
Siemens (Bruker) D5000 Bragg-Brentano X-ray powder-diffractometer at the University of

British Columbia. The long fine-focus Cu X-ray tube was operated at 40 kV and 40 mA,

with a take-off angle of 6°. Data was obtained with a scanning step of 0.04° 26 and a
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counting time of 2s per step over a range of 3-70° 268 with each step taking 55 minutes.

XRD data were refined with the Rietveld program 'Topas 2.1' (Bruker AXS).

B.2 RIETVELD RESULTS

The full results of Rietveld analyses, including estimated accuracy, are provided in
Table B.1; resultslare normalized to 100%. -Modal variation in these peridotites shows a
trend from relatively fertile peridotites (lherzolite) to depleted peridotites (harzburgites,
which are considered to represent residues following melting of lherzolites; Francis and
Ludden, 1995). Rietveld analyses were performed on the 19 peridotite samples for which
bulk and trace chemistry is available. Modal percent olivine varies from 59-81%,
orthopyroxene from 15-24%, clinopyroxene from 1-16%, and spinel from <1-2%. The
largest mineral variations are observed in olivine and clinopyroxene, reflecting the depleted
versus fertile nature. of the samples; samples with the highest amount of olivine contain the
lowest amount of clinopyroxene, and tﬁérefore are the most depleted (harzburgites). In
some samples, a small amount of quartz was reported (<0.3%); this appears to result from
contamination during preparation for Rietveld analysis (L. Tam, pers. comm.).

Figure B.1 compares modal analyses determined using the Rietveld method with
modal analyses calculated from peridotite bulk chemistry. Both methods produce very
similar results for olivine abundance, and reasonably similar results for clinopyroxene.
Orthopyroxene and spinel abundances, however, are routinely higher with the caiculation
method than the Rietveld method. These discrepancies could result from errors in either

method. For instance, the mineral formulae used for orthopyroxene and spinel in the
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~ calculation method may not accurately represent the true mineral compositions. Conversely,
it is possible that development of preferred orientation in orthopyroxene and spinel grains
during preparation for Rietveld analysis has resulted in inaccurate abundances for these

minerals.
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Table B.1: Modal mineralogy of peridotite samples determined using the Rietveld method.

Modes (%): - 2Rock

Sample (MH-02-) Ol Opx Cpx Sp Type:
121 67 23 8 2 Lh
123 70 22 6 1 Lh
104 75 17 6 1 Lh
122 65 20 13 2 Lh
108 70 21 7 1 Lh
95L.M1 77 20 2 1 Hz
113 80 17 2 <l Hz
120 78 19 2 1 Hz
19 79 17 2 1 Hz
110 59 23 16 2 Lh
100 74 24 2 <l Hz
111 61 22 15 2 Lh
19b 75 20 3 1 Hz
115b 76 20 2 1 Hz
118 76 19 3 1 Hz
125 79 18 1 1 Hz
114 81 15 2 1 Hz
117 74 22 3 1 Hz

T 112 76 21 2 1 ‘Hz

10living (Ol); orthopyroxene (Opx); clinopyroxene (Cpx); spinel (Sp);
2Lherzolite (Lh); harzburgite (Hz) '
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Figure B.1: Modal mineralogy of peridotite samples from Llangorse Mountain. The
Rietveld method of determining modal mineralogy is compared with modal mineralogy
calculated from bulk chemistry. Modal mineralogy is shown for all four major phases: (A)
olivine; (B) orthopyroxene (OPX); (C) clinopyroxene (CPX); (D) spinel.
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Appendix C

TRACE ELEMENT CHEMISTRY

Trace element chemistry on 19 peridotite and 4 lava samples (Llangorse Centre, Table
Hill, Lone Point, and Hidden Ridge) was performed at the Memorial University of
Newfoundland. The acid dissolution process (HF/HNO3) is described in Jenner et al (1990).
Samples were analyzed on the VG PQ2+S ICP-MS in St. John's, Newfoundland. Trace
element chemistry data for lavas and peridotites from the Llangorse volcanic field are
provided in Tables C.1. (lavas) and C.2. (peridotites). Fig. C.1. shows a primitive mantle-
normalized plot (McDonough and Sun, 1995) with elements arranged in order of decreasing

compatibility.

C.1. REFERENCES

Jenner, G.A., Longerich, H.P., ] ackson, S.E., and Fryer, B.J,, 1990. ICP-MS - opowerful
new tool for high orecision trace elemeot analyois in earth SCiel.lCC:SI évidenceA from
analysis of selected USGS standards Chemlcal Geology, &3, 133 148.

McDonough, W.F. and Sun, S.S., 1995 Tilo composition of the Earth Chemlcdl Geology,

120, 223-253.

Figure C.1: Trace element chemistry of lavas and peridotites from the Llangorse volcanic
field, normalized to primitive mantle values (McDonough and Sun, 1995). (A) Lavas;
diamonds represent nephelinites (Lone Point, Table Hill), circles represent basanites

(Llangorse locality, Hidden Ridge). (B) Peridotites from the Llangorse locality lavas.
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Table C.1: Trace element chemical compositions of samples (MH-02- ), including replicate
(“duplicate) analyses, of lavas from the Llangorse volcanic field. All results in ppm. The localities
include Llangorse Mountain (LM), Lone Point (LP), Table Hill (TH), and Hidden Ridge (HR).

Sample 101 160 173 173 213 213
Center LM LP TH TH HR HR
Li 5.99 9.00 11.60 1171  14.12 1.98
Rb 17.4 60.0 19.7 25.3 20.1 16.4
St 588 2285 966 1234 595 481
Y 17.5 35.6 17.6 223 20.0 16.0
Zr 156 320 264 314 144 132
Nb 413 1035 913 1106 34.9 322
Mo 246 8.19 4.44 5.46 2.16 1.94
Cs 0219 0402 0454 0469 0451  0.406
Ba 425 571 689 692 364 350
La 26.4 56.9 73.8 72.6 19.9 19.8
Ce 560 1247 1525 1583 423 41.0
Pr 657 1416 1707  17.19 537 4.84
Nd 290 597 66.6 72.9 229 22.8
Sm . 603 1065 1289  12.89 5.20 4.83
Eu 1.94 3.41 4.00 4.02 1.85 1.66
Gd 527 874 1007 9.94 5.29 4.63
™ 078 1085 1233 1206 0731  0.666
Dy - 432 564 592 6.14 476 415 .
Ho 0767 0833 0873 0855 0770 0.699
Er 1.90 1.95 1.89 1.75 1.92 1.65
Tm 0258 0226  0.198 0203 0246 0230
Yb 1.53 1.09 0.93 0.98 1.39 1.33
Lu 0203  0.137 0111 0114 018  0.171
Hf 412 6.84 7.33 7.55 3.76 3.31
Ta 2.24 4.73 5.55 6.00 1.80 1.69
Tl 0022 0026 0043 0046 0041  0.034
Pb 2.09 327 4.75 4.96 2.68 2.09
Bi 0.006 0011 0015 0021 0004  0.004
Th 2.77 5.61 8.17 9.59 2.65 2.03
6] 0991 1982 2671 2902 0758 0611
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Table C.2: Trace element chemical compositions of samples (MH-02- ), including replicate (*split and

‘duplicate) analyses, of peridotites from the Llangorse volcanic field. All results in ppm.

Sample
Li
Rb
Sr
Y
Zr
Nb
Mo
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Tl
Pb
Bi
Th
u

19
4.05
1.414
18.63
0.692
10.85
1.15

0.109.

0.014

643

1.36

292
0.387

1.35
0.252
0.058
0.208
0.025
0.142
0.025
0.067
0.010
0.063
0.011
0.429
0.096
0.002
0.102
0.003
0.143
0.032

19b
3.03
0.271
6.37
0.152
0.82
0.25
0.066
0.014

1.16-

0.25

0.44
0.052

0.16
0.036
0.006
0.025
0.004
0.025
0.006
0.023
0.009
0.030
0.005
0.029
0.068
0.009
0.091
0.012
0.037
0.017

100
n/a
0.189
341
0.137
1.09
0.24
0.071
0.011

1.18

0.34

0.58
0.070

0.27
0.057
0.012
0.039
0.005
0.029
0.005
0.016
0.007
0.018
0.003
0.026
0.048
0.006
0.126
0.007
0.045
0.017

104
3.48
2342
18.02
0.923
2.68
1.15
0.238
0.019
19.79
2.75
5.05
0.569
1.96
0.336
0.078
0.237
0.033
0.198
0.035
0.103
0.015
0.100
0.015
0.132
0.070

0.004,

0.224
0.002
0.267
0.057

108
1.95
0.139
3.94
0.935

S 1.21

0.02
0.339
0.013

-0.10.

0.04

0.07
0.030

0.14
0.062
0.022
0.085
0.019
0.156
0.035
0.104
0.024
0.118
0.016
0.047
0.030
0.011
0.103
0.011
0.008
0.008

110
1.73
0.100
2.98
2.201
2.30
0.06
0.116
0.011

0.12

0.14
0.032

0.20
0.128
0.051
0.222
0.051
0.389
0.089
0.288
0.046
0.279
0.042
0.111
0.027
0.005
0.203
0.009
0.014
0.026
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0.47..

111
2.02
0.473
13.08
2.720
5.14
0.04
0.064
0.024
0.86
0.16
0.53
0.116
0.67
0.277
0.106
0.381
0.074
0.529
0.102
0.346
0.051
0.307
0.045
0.256
0.019
0.000
0.124
0.003
0.022
0.029

112
3.29
0.252
7.41
0.133
:3.21
0.36
0.075
0.014
0.86
0.61
1.23
0.144
0.59
0.106
0.024
0.055
0.007
0.034
0.005
0.018
0.012
0.014
0.002
0.066
0.062
0.008
0.059
0.010
0.073
0.024

113
3.51
1.145
16.75
0.269
272

0.87

0.095
0.019

4.87

0.62

1.35
0.143

0.53
0.105
0.017
0.077
0.012
0.067
0.010
0.035
0.009
0.024
0.003
0.050
0.055
0.009
0.161
0.006
0.088
0.024

114
3.09
0.549
23.36
0.251

236 .

0.61
0.087
0.005

3.22

0.55

0.85
0.103

0.39
0.068
0.015
0.054
0.008
0.044
0.008
0.018
0.003
0.022
0.003
0.155
0.060
0.003
0.092
0.002
0.071
0.018

115b
2.47
0.592
8.93
0.267
1.76
0.50
0.086
0.032
5.35

10.55°

0.95
0.132

0.43
0.085
0.020
0.071
0.010
0.054
0.009
0.027
0.009
0.027
0.004
0.057
0.059
0.005
0.100
0.007
0.068
0.021

‘115b

237
0.518

6.92
0.249

1.70

0.44
0.084
0.029

3.96

0.54

0.86
0.104

0.42
0.082
0.018
0.063
0.009
0.050
0.009
0.029
0.012
0.026
0.003
0.042
0.055
0.009
0.110
0.007
0.071
0.025




Table C.2, cont'd: )
Sample 117b 118 120 121 *121b 122 123 125 125 95LM1 “95LMI

Li 364 322 150 155 156 153 1.72 226 188 © 1.57 1.24
Rb 0374 0611 0.100 0.047 0047 0.190 0.137 0.166 0.140 0.099  0.082
Sr 985 1371 124 158 150 402 199 3.03 278 1.80 1.82
Y 0.295 0.264 0.078 0862 0956 1328 0471 0.108 0.082 0.034 0.034
Zr 256 161 110 021, 033 069 011 081 080 . 079  0.39:
Nb 033 121- 009 0.04 003 003 002 024 023 0.12 0.12
Mo 0.073 0.139 0.080 0.071 0.075 0.238 0.077 0.055 0.066 0.075  0.088
Cs 0.052 0.013 0.022 0.009 0.012 0.027 0.016 0.009 0.006 0.015 0.015
Ba 096 431 -023 -005 -021 034 004 128 025 -046 -0.48
La 05t 137 008 003 003 012 003 0.18 018 0.13 0.15
Ce 10t 235 014 003 001 019 002 027 .028 027 0.28
Pr 0.147 0.265 0.014 0.008 0.013 0.022 0.013 0.036 -0.036 0.030 0.032
Nd 057 093 006 001 002 011 002 013 0.13 0.09 0.11
Sm 0.118 0.150 0.010 0.015 0.020 0.052 0.013 0.024 0.019 0.012  0.022
Eu 0.030 0.034 0.002 0.006 0.005 0.024 0.000 0.002 0.002 0.002 0.002
Gd 0.088 0.101 0.009 0.049 0.049 0.126 0.017 0017 0.014 0.009 0.008
Tb 0.01t 0.012 0.001 0.013 0.014 0.028 0.005 0.002 0.002 0.001 0.001
Dy 0.062 0.058 0.011 0.116 0.131 0218 0.060 0.015 0.012 0.006 0.005
Ho 0.010 0.009 0.003 0.032 0.035 0.053 0.016 0.003 0.002 0.001 0.001
Er 0.030 0.027 0011 0.114 0.123 0.168 0068 0012 0.009 0004 0.007
Tm 0.008 0.010 0.002 0.024 0.025 0.026 0.019 0.004 0.004 0.001 0.006
Yb 0.029 0.020 0.016 0.144 0.160 0.181 0.090 0.022 0.019 0.009 0.008
Lu 0.004 0.002 0.003 0.023 0.023 0.029 0.015 0.003 0.002 0.001 0.001
Hf 0.100 0.065 0.110 0.019 0.015 0.106 0.012 0.020 0.015 0.097 0.014
Ta 0.055 0.07t 0.031 0.040 0.035 0.025 0.044 0.051 0.051 0.054 0.053
Tl 0.005 0.007 -0.002 0.006 0.008 0.008 0.007 0.002 0.000 -0.003 0.002
Pb 0.109 0.129 0.068 0.081 0.116 0.039 0.045 0.055 0.041 0.027 0.049
Bi 0.005 0.007 0.001 0.007 0.011 0.028 0.011 0.004 0.004 0.001 0.006
Th 0.051 0.131 0.029 0.008 0.008 0.012 0.002 0.023 0.020 0.025 0.019

U 0.017 0.041 0.004 0.004 0.008 0.004 0.005 0.009 0.007 0.003 0.005
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APPENDIX D
STATISTICS ON MAJOR ELEMENT CHEMISTRY

Major element chemistry was performed at the McGill University Geochemical
Laboratory. Results were obtained throuth X-ray flourescence on the PW2400
spectrometer. Accuracy for silica is within 0.5%, and for all other major
elements is within 1%.

Table D.1: Statistics on major element contents of lavas (Sample MH-02-101) from
the Llangorse volcanic field.

Sample 101 '101b ’101c ’101d

Center Site 1 Site 1 Site 1 Site 1 mean variance 1=
Si02 45.13 44.99 44 91 45.00 45.01 0.0083 0.091
TiO2 2.23 2.21 2.20 2.22 222 0.0002 0.016
Al203 13.12 13.13 13.15 13.18 13.15  0.0007 0.026
Fe203 2.23 2.59 2.80 2.73 2.59 0.0644 0.254
FeO 10.09 9.68 9.59 9.59 9.74  0.0570 0.239
MnO 0.18 0.18 0.18 0.18 0.18  0.0000 0.002
MgO 11.69 11.61 11.65 11.68 11.66 0.0013 0.036
Ca0 9.96 996 . 994 9.99 996 0.0004 0.021
Na20 ©3.14 - 312 3.11 3.15 313 0.0003 0.018
K20 1.23 1.22 1.22 1.22 1.22  0.0000 0.005
P205 0.50 0.50 0.50 0.51 0.50 0.0000 0.003
Total - 99.51 - 99.19- 9925  99.45

'Split.

*Replicate.

Table D.2: Statistics on major element contents of peridotites (Sample MH-02-121)
from the Llangorse volcanic field.

Sample 121 '121b  %121¢  *121d  mean variance 12
Si02 43.98 44.01 43.95 43.94 43.97 0.0010 0.032
TiO2 0.029 0.029 0.030 0.050 0.03  0.0001 0.010
Al203 2.18 2.26 2.31 2.60 234 0.0335 0.183
Fe203 2.02 1.59 1.91 1.99 1.88  0.0389 0.197
FeO 6 6.35 6.09 6.62 6.27 0.0780 0.279
MnO 0.121 0.119 0.119 0.127 0.12  0.0000 0.004
MgO 42.73 4243 42.39 40.82 42.09 0.7427 0.862
Ca0 2.09 2.04 2.16 2.77 227 0.1158 0.340
Na20 0.109 0.062 0.093 0.110 0.09  0.0005 0.022
K20 0.01 0.01 0.01 0.01 0.01  0.0000 0.000
P205 0.009 0.009 0.009 0.011 0.01  0.0000 0.001
Total 99.28 98.91 99.07 99.05

ISplit.

*Replicate.
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-Appendix E

MICROPROBE ANALYSES OF BASANITE GROUNDMASS MINERALS

Microprobé analyses of basanite groundmass minerals from the lava bluff, the chilled
base of the lava flow, and a basanite c;last from the underlying debris flow sediments are
provided in Appendix E.2 (electronic; see attached cd). Fig. E.1. compares mineral
chemistry of py‘roxelné and oii;;ne gr;inﬂs 1n basléni&ﬁo?n thC~SC tﬁreé di‘ff:eréntlla.if(a ,‘regions.
As Fig. E.1 shows, pyroxene and olivine grains from the lava bluff, the chilled base of the
lava flow, and the underlying debris flow sediments appear to be chemically similar.
However, the mineral compositions provided only demonstrate t'hat‘ basanite clasts from the
debris flow sedimgnts are similar in chemistry to the overlying lava flow. In order to
determine if the basanite clasts and overlying lava flow formed from the same parent
magma, bulk and trace chemistry of basanite clasts from the debris flow sediments would be

necessary.

Figure E.1: Mineral chemistry of clinopyroxene (A, B) and olivine (C) grains in basanite
lava from the lava bluff, the chilled base of the lava flow, and a basanite clast from the
debris flow sediments underlying the lava flow. (A) Cations of Ti plotted against cations of
Al in clinopyroxene grains. (B) Cations of Ti plotted against cations of Na in clinopyroxene

grains. (C) Cations of Ni plotted against the magnesium number (Mg#) in olivine grains.
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