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Foreword

“Topics in Igneous Petrology: A Tribute to Professor Mihir K. Bose”, as the title 
appropriately suggests, is a Festschrift, ably edited by Professors Jyotisankar Ray, 
Gautam Sen and Dr. Biswajit Ghosh. It includes 18 scientific papers by 53 authors 
from around the globe. This Festschrift is indeed a welcome tribute, a true “festival 
of writing”, celebrating the life and works of the honoree, the admirable Professor 
Bose, by his students, colleagues and acquaintances. Unfortunately, Professor Bose 
passed away on October 1, 2009 before seeing these papers in print. The papers 
cover a broad range of topics and focus on igneous petrology that is bound to attract 
attentions of many igneous petrologist-geochemist, and certainly Professor Bose 
would have found himself drawn to many of these papers with utmost interest.

Professor Bose was born in Calcutta (now Kolkata), India on September 1, 1933 
and attended the University of Calcutta for all his academic training, receiving B.Sc., 
and M.Sc. degrees in Geology. He joined the Department of Geology in Presidency 
College, Calcutta in 1956 as a Lecturer and taught there throughout his professional 
career. While teaching, he also enrolled in a doctoral program under the supervision 
of Professor S. Ray to do research on the alkalic igneous rocks of Koraput in Orissa 
for which he was awarded a D.Phil. degree in 1965, also from Calcutta University. 
In the same year he published a paper in the journal Nature on the differentiation of 
alkali basaltic magma, thus earning the attention of the international petrological 
community, including that of Professor T.F.W. Barth of the University of Oslo in 
Norway, who invited Dr. Bose to Oslo in 1967 as a post doctoral fellow.

Professor Bose carried out intensive petrological, mineralogical and structural 
research of a number of plutonic magmatic complexes along the Eastern Ghats Belt 
in India. Over the course of his distinguished career, starting with the 1965 paper 
in Nature, he was mostly known in India and abroad as a petrologist of alkalic igne-
ous rocks, contributing many papers on the various nepheline syenite complexes 
along the Eastern Ghats and also those associated with the Deccan Volcanic 
Province. Nepheline syenite became widely known among the undergraduate stu-
dents in Geology in Presidency College, and emerged as the roche du jour in geo-
logical circles. Professor Bose’s fascination for alkalic magmatic rocks led him to 
investigate them within the vast tholeiitic lavas of the Deccan Traps. This inquiry 
resulted in a seminal paper in 1980 on alkaline magmatism in the Deccan volcanic 
province, published in the Journal of the Geological Society of India. He was also 
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a pioneer in India in introducing geochemical modeling and numerical analysis in 
petrogenetic studies.

Throughout his professional career, Professor Bose received many awards for 
his innovative research in petrology and mineralogy, beginning with the Indian 
National Mineral Award in 1972 and the 1976 Bhatnagar Prize in the Earth Sciences 
in India. He was elected a Fellow of the Indian National Science Academy, and the 
Indian Academy of Sciences. He received the P.N. Bose Memorial Gold Medal of 
the Asiatic Society in 2006. Professor Bose was known and respected as a scientist 
in India and abroad. He was most happy doing science, and teaching and helping 
his students. On student appeal, later in his teaching career, he wrote a much needed 
text book on Igneous Petrology with relevant Indian context, published by the 
World Press, Calcutta in 1997. He was an excellent advisor and mentor to his stu-
dents, and a generous, enthusiastic colleague and collaborator. He will be missed 
by those who knew him, but his legacy will prevail in his numerous publications 
and in the writings of the contributors to this Festschrift.

Professor Asish R. Basu
Department of Earth and Environmental Sciences

University of Rochester
Rochester, New York 14627, USA



vii

Acknowledgements

We profusely thank all the contributors of this volume for making this special 
publication a grand success. We are grateful to all reviewers (see next page) who kindly 
devoted their valuable time to review the submitted papers at a reasonably short time.

We profusely thank Petra D. van Steenbergen and Hermine Vloemans, of 
Springer for their ever-helping attitude and timely suggestions. We are grateful to 
Prof. Somdev Bhattacharji of Geology Department, Brooklyn College of the City 
University of New York, Brooklyn, New York, USA who provided his erudite guid-
ance and thought-provoking ideas during the nucleation-time of this publication.

We are thankful to Sohini Ganguly, Mousumi Banerjee and Abhishek Saha 
(research-fellows of the Department of Geology, University of Calcutta) for their 
assistance during final editorial processing of the papers.

Last but not the least; we thank all our colleagues, friends, students and well 
wishers who helped us in any form or other and provided moral support (and 
encouragement) in connection with this publication.

Jyotisankar Ray
Gautam Sen

Biswajit Ghosh



viii Acknowledgements

The editors are grateful to the following reviewers who kindly provided  
erudite reviews of the papers submitted for this volume. Their help, support and 
co-operation are being acknowledged with profound thanks.

Arndt, Nicholas T.: Universite de Rennes, France
Browne, Brandon L.: California State University, Fullerton, California, USA
Bhushan, S.K.: Executive Director, RMM Limited, Hospet, Karnataka, India
Chalapathi Rao, N.V.: Banaras Hindu University, Varanasi, India
Chatterjee, N.: Massachusetts Institute of Technology, Cambridge, USA
Christy, Andrew G.: Australian National University, Canberra, Australia
Cigolini Corrado: University di Torino, Italy
Corfu, Fernando: University of Oslo, Norway
Dixon, Jacqueline: College of Arts and Sciences, University of Miami, Florida, USA
Dostal, Jarda: St Mary’s University, Halifax, Nova Scotia, Canada
Fodor, Ronald V.: North Carolina State University, Raleigh, North Carolina, USA
Frey, Frederick A.: Massachusetts Institute of Technology, Cambridge, 
Massachusetts, USA
Garcia, Mike: Department of Geology and Geophysics, University of Hawaii, USA
Heine, Christian: Drammensveien, Oslo, Norway
Higgins, Michael D.: Université du Québec à Chicoutimi, Québec, Canada
Hollings, Pete: Lakehead University, Canada
Iyer, Sridhar, D.: National Institute of Oceanography, Goa, India
Kaneoka Ichiro: Earthquake Research Institute, University of Tokyo, Japan
Karmalkar Nitin R.: University of Pune, India
Mogessie, Aberra: University of Graz, Austria
Maluski, Henri: USTL, Laboratoire de Geochronologie, Geochimie et Petrologie, 
Montpellier, France
Mohanty, William K.: Indian Institute of Technology (IIT), Kharagpur, India
Morse, S.A.: University of Massachusetts, Massachusetts, USA
Mukhopadhyay, Ranadhir: National Institute of Oceanography, Goa, India
Newton, Robert: University of California, Los Angeles, USA
Pandey, Kanchan: Indian Institute of Technology (IIT), Bombay, India
Pal, Supratim: Presidency College, Kolkata, India
Pal Tapan: Geological Survey of India, Eastern Region, Kolkata, India
Polat, Ali: University of Windsor, Canada
Putirka, Keith: California State University, Fresno, California, USA
Ramachandra, H.M.: Geological Survey of India, Bangalore, India
Rowe Michael: University of Iowa, Iowa, USA
Sheth, H.C.: Indian Institute of Technology (IIT), Bombay, India
Sinton, John: Department of Geology and Geophysics, University of Hawaii, USA
Steinberger, Bernhard: Norges geologiske undersøkelse, Trondheim, Norway
Tappert, Ralf: University of Adelaide, South Australia



ixAcknowledgements

Verma, Surendra P.: Centro de Investigación en Energía, Universidad Nacional 
Autónoma de México
Wessel, Paul: Department of Geology and Geophysics, University of Hawaii, USA
Whittaker, Jo: University of Sydney, Australia
Yanbin, Wang: Chinese Academy of Geological Sciences, Beijing, China
Zhou, Mei-Fu: University of Hong Kong, Hong Kong



 



xi

Contents

Plume and Hotspots

1  Upper Triassic Karmutsen Formation of Western  
Canada and Alaska: A Plume-Generated Oceanic Plateau  
Formed Along a Mid-Ocean Ridge Nucleated on a Late  
Paleozoic Active Margin............................................................................	 3
Jaroslav Dostal, J. Duncan Keppie, J. Brendan Murphy,  
and Nicholas W.D. Massey

2  Deccan Traps Flood Basalt Province: An Evaluation  
of the Thermochemical Plume Model......................................................	 29
Gautam Sen and D. Chandrasekharam

3  A Review of the Radiometric Data Placing the  
Hawaiian–Emperor Bend at 50 Ma; Placing Constraints  
on Hypotheses Concerning the Origin  
of the Hawaiian–Emperor Volcanic Chain..............................................	 55
Ajoy K. Baksi

4  Geology, Petrology, and Geochemistry of the Basaltic Rocks  
of the Axum Area, Northern Ethiopia.....................................................	 69
Miruts Hagos, Christian Koeberl, Kurkura Kabeto,  
and Friedrich Koller

5  Geological and Geochemical Studies of Kolekole Cinder Cone,  
Southwest Rift Zone, East Maui, Hawaii.................................................	 95
Nilanjan Chatterjee and Somdev Bhattacharji



xii Contents

Seismic Evidences on Magma Genesis

  6  New Seismic Evidence for the Origin of Arc  
and Back-Arc Magmas............................................................................	 117
Dapeng Zhao, Sadato Ueki, Yukihisa Nishizono,  
and Akira Yamada

Continental Flood Basalts

  7  Mineral Compositions in the Deccan Igneous Rocks of India:  
An Overview.............................................................................................	 135
Leone Melluso and Sam F. Sethna

  8  Recycling of Flow-Top Breccia Crusts into Molten Interiors  
of Flood Basalt Lava Flows: Field and Geochemical Evidence  
from the Deccan Traps............................................................................	 161
Hetu C. Sheth, Jyotiranjan S. Ray, P. Senthil Kumar,  
Raymond A. Duraiswami, Rudra Narayan Chatterjee,  
and Trupti Gurav

  9  Giant Plagioclase Basalt from Northern Part of Jhabua District,  
Madhya Pradesh, Central India.............................................................	 181
Biswajit Ghosh

10  Petrogenesis of Flood Basalts of the Narsingpur– 
Harrai–Amarwara–Lakhnadon Section of Eastern  
Deccan Province, India............................................................................	 191
Piyali Sengupta and Jyotisankar Ray

Arc Volcanism

11  The Intra-Oceanic Barren Island and Narcondam  
Arc Volcanoes, Andaman Sea: Implications for Subduction  
Inputs and Crustal Overprint of a Depleted Mantle Source...............	 241
Martin J. Streck, Frank Ramos, Aspen Gillam, Dhanapati Haldar,  
and Robert A. Duncan

Extensional Volcanics

12  Polybaric Evolution of the Volcanic Rocks at Gabal Nuqara,  
North Eastern Desert, Egypt...................................................................	 277
E.A. Khalaf, M. Khalaf, and F. Oraby



xiiiContents

Ophiolites

13  Textural Fingerprints of Magmatic, Metamorphic and  
Sedimentary Rocks Associated with the Naga Hills Ophiolite,  
Northeast India.........................................................................................	 321
N.C. Ghose and Fareeduddin

Charnockites and Anorthosites

14  Age and Origin of the Chilka Anorthosites, Eastern Ghats,  
India: Implications for Massif Anorthosite Petrogenesis  
and Break-up of Rodinia.........................................................................	 355
Ramananda Chakrabarti, Asish R. Basu, Pradyot K. Bandyopadhyay,  
and Haibo Zou

15  Geochemical and Geochronological Data from Charnockites  
and Anorthosites from India’s Kodaikanal–Palani Massif,  
Southern Granulite Terrain, India.........................................................	 383
Elizabeth J. Catlos, Kaan Sayit, Poovalingam Sivasubramanian,  
and Chandra S. Dubey

Mineralogy, Mineralization and Earth Dynamics

16  Kimberlites, Supercontinents and Deep Earth Dynamics:  
Mid-Proterozoic India in Rodinia..........................................................	 421
Stephen E. Haggerty

17  Petrological Evolution and Emplacement of Siwana  
and Jalor Ring Complexes of Malani Igneous Suite,  
Northwestern Peninsular India...............................................................	 437
G. Vallinayagam and N. Kochhar

18  Occurrence and Origin of Scapolite in the Neoproterozoic  
Lufilian–Zambezi Belt, Zambia: Evidence/Role of Brine-Rich  
Fluid Infiltration During Regional Metamorphism..............................	 449
Crispin Katongo, Friedrich Koller, Theodoros Ntaflos,  
Christian Koeberl, and Francis Tembo

Index..................................................................................................................	 475



 



xv

Ajoy K. Baksi  
Department of Geology and Geophysics, Louisiana State University,  
Baton Rouge, LA 70803, USA 
akbaksi@yahoo.com

Pradyot K. Bandyopadhyay  
Department of Geology, Presidency College, Kolkata 700073, India 
rbanerjee2483@gmail.com

Asish R. Basu  
Department of Earth and Environmental Sciences, University of Rochester, 
Rochester, NY 14627, USA 
abasu@earth.rochester.edu

Somdev Bhattacharji  
Department of Geology, Brooklyn College and Graduate Center of the  
City University of New York, Brooklyn, NY 11210, USA 
somdevlee4@earthlink.net

Elizabeth J. Catlos  
Department of Geological Science, Jackson School of Geosciences,  
University of Texas at Austin, 1 University Station,  
C1100, Austin, TX 78712, USA 
and 
Department of Geological Engineering,  
Middle East Technical University, Ankara, Turkey 
e-mail: ejcatlos@gmail.com

Ramananda Chakrabarti  
Department of Earth and Environmental Sciences, University of Rochester, 
Rochester, NY 14627, USA; Department of Earth and Planetary Sciences,  
Harvard University, Cambridge, MA 02138, USA 
ramananda@gmail.com; rama@eps.harvard.edu

Contributors



xvi Contributors

D. Chandrasekharam  
Department of Earth Sciences, Indian Institute of Technology Bombay (IITB), 
Powai, Mumbai 400076, India 
dchandra@iitb.ac.in

Nilanjan Chatterjee  
Department of Earth, Atmospheric and Planetary Sciences, Massachusetts  
Institute of Technology, Room 54-1216, Cambridge, MA 02139, USA 
nchat@mit.edu

Rudra Narayan Chatterjee  
Department of Earth Sciences, Indian Institute of Technology  
Bombay (IITB), Powai Mumbai 400076, India 
rudra025@gmail.com

Jaroslav Dostal  
Department of Geology, Saint Mary’s University, Halifax, Nova Scotia 
B3H 3C3, Canada 
jdostal@smu.ca

Chandra S. Dubey  
Department of Geology, University of Delhi, Delhi 110007, India 
csdubey@gmail.com

Keppie J. Duncan  
Instituto de Geologia, Universidad Nacional Autonoma de Mexico,  
04510 Mexico D.F., Mexico 
duncan@servidor.unam.mx

Robert A. Duncan  
College of Oceanic and Atmospheric Sciences, Oregon State University,  
Corvallis, OR 97331, USA 
rduncan@coas.oregonstate.edu

Raymond A. Duraiswami  
Department of Geology, University of Pune, Pune 411007, India 
raymond_d@rediffmail.com

Fareeduddin  
Geological Survey of India, AMSE Wing, Kumaraswamy Layout,  
Bangalore 560078, India 
fareedromani@hotmail.com

N.C. Ghose  
Formerly Patna University, G/608, Raheja Residency,  
Koramangala, 3rd Block, Bangalore 560034, India 
ghosenc2008@gmail.com



xviiContributors

Biswajit Ghosh  
Department of Geology, University of Calcutta, 35, Ballygunge Circular Road, 
Kolkata 700019, India 
bghosh_geol@hotmail.com

Aspen Gillam  
Department of Geology, Portland State University, Portland, OR 97207, USA

Trupti Gurav  
Department of Earth Sciences, Indian Institute of Technology Bombay (IITB), 
Powai, Mumbai 400076, India 
trupti@iitb.ac.in

Stephen E. Haggerty  
Department of Earth and Environmental Science, Florida International University,  
Miami, FL 33155, USA 
haggerty@fiu.edu

Miruts Hagos  
Department of Lithospheric Research, Center for Earth Sciences,  
University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria 
miruts2005@yahoo.com

Dhanapati Haldar  
Geology Department, Presidency College, Kolkata 700073, India

Kurkura Kabeto  
Department of Earth Sciences, Mekelle University, P.O. Box 231, Tigray,  
Ethiopia 
kurkura57@yahoo.com

Crispin Katongo  
Department of Lithospheric Research, University of Vienna, Althanstrasse 14, 
A-1090 Vienna, Austria

E.A. Khalaf  
Geology Department, Cairo University, Cairo, Egypt 
ezz_khalaf@hotmail.com

M. Khalaf  
Nuclear Material Authority (NMA), Kottoymia, Egypt

N. Kochhar  
Department of Geology, Panjab University, Chandigarh 160014, India 
nareshkochhar2003@yahoo.com

Christian Koeberl  
Department of Lithospheric Research, Center for Earth Sciences,  
University of Vienna, Althanstrasse 14,  A-1090 Vienna, Austria 
christian.koeberl@univie.ac.at



xviii Contributors

Friedrich Koller  
Department of Lithospheric Research, University of Vienna, Althanstrasse 14, 
A-1090 Vienna, Austria 
friedrich.koller@univie.ac.at

Nicholas W.D. Massey  
Geological Survey Branch, British Columbia Ministry of Energy and Mines, 
Victoria, British Columbia V8W 9N3, Canada 
Nick.Massey@gov.bc.ca

Leone Melluso  
Dipartimento di Scienze della Terra Università di Napoli Federico II,  
Via Mezzocannone 8, 80134 Napoli, Italy 
melluso@cds.unina.it

J. Brendan Murphy  
Department of Earth Sciences, St. Francis Xavier University, Antigonish, 
Nova Scotia B2G 2W5, Canada 
bmurphy@stfx.ca

Yukihisa Nishizono  
West Japan Engineering Consultants Inc., Fukuoka 810-0004, Japan 
y-nishizono@wjec.co.jp

Theodoros Ntaflos  
Department of Lithospheric Research, University of Vienna, Althanstrasse 14, 
A-1090 Vienna, Austria 
theodoros.ntaflos@univie.ac.at

F. Oraby  
Nuclear Material Authority (NMA), Kottoymia, Egypt

Frank Ramos  
Department of Geological Sciences, New Mexico State University,  
Las Cruces, NM 88003, USA 
framos@nmsu.edu

Jyotiranjan S. Ray  
Physical Research Laboratory (PRL), Navrangpura, Ahmedabad 380009, India 
jsray@prl.res.in

Jyotisankar Ray  
Department of Geology, University of Calcutta, 35 Ballygunge Circular Road, 
Kolkata 700 019, India 
jsray65@hotmail.com



xixContributors

Kaan Sayit  
Department of Geological Engineering, Middle East Technical University,  
Ankara, Turkey 
ksayit@metu.edu.tr

Gautam Sen  
Vice Provost, Research & Graduate Studies, American University of Sharjah,  
PO Box 26666, Sharjah, UAE 
gsen@aus.edu

Piyali Sengupta  
Department of Geology, University of Calcutta, 35 Ballygunge Circular Road, 
Kolkata 700 019, India; Department of Geology, Presidency College,  
86/1, College Street, Kolkata 700073, India 
piysen@yahoo.co.in

Sam F. Sethna  
Department of Geology, St. Xavier’s College, Mumbai 400001, India 
samsethna@gmail.com

Hetu C. Sheth  
Department of Earth Sciences, Indian Institute of Technology Bombay (IITB), 
Powai, Mumbai 400076, India 
hcsheth@iitb.ac.in

Poovalingam Sivasubramanian  
Marine Geochemistry Research Lab,  
VO Chidambaram College, SPIC Research Center, Tuticorin 628008, India 
spsiva@hotmail.com

Martin J. Streck  
Department of Geology, Portland State University, Portland, OR 97207, USA 
streckm@pdx.edu

Francis Tembo  
School of Mines, Department of Geology, University of Zambia,  
P.O. Box 32379, Lusaka, Zambia 
ftembo@mines.unza.zm

Sadato Ueki  
Department of Geophysics, Tohoku University, Sendai 980-8578, Japan 
ueki@aob.gp.tohoku.ac.jp

P. Senthil Kumar  
National Geophysical Research Institute (NGRI), Council of Scientific and 
Industrial Research (CSIR), Uppal Road, 
Hyderabad 500007, India 
senthilngri@yahoo.com



xx Contributors

G. Vallinayagam  
Department of Geology, Kurukshetra University, Kurukshetra 136119, India 
gvallinayagam@rediffmail.com

Akira Yamada  
Geodynamics Research Center, Ehime University, Matsuyama 790-8577, Japan 
yamada@sci.ehime-u.ac.jp

Dapeng Zhao  
Department of Geophysics, Tohoku University, Sendai 980-8578, Japan 
zhao@aob.gp.tohoku.ac.jp

Haibo Zou  
Department of Earth and Space Sciences, University of California,  
Los Angeles, CA 90095, USA; Department of Geology and Geography,  
Auburn University, Auburn, AL 36849, USA 
haibo.zou@auburn.edu



Plume and Hotspots



3J. Ray et al. (eds.), Topics in Igneous Petrology, DOI 10.1007/978-90-481-9600-5_1,  
© Springer Science+Business Media B.V. 2011

Abstract  The 1–6 km thick Upper Triassic Karmutsen basalts extend ca. 2,400 
km along the Cordillera from British Columbia to Alaska and are characteristic of 
the Wrangellia terrane. The basalts were erupted in less than 3.5 million years following 
rapid >1 km uplift of an extinct Devono-Carboniferous island arc. Eliminating 
transcurrent dispersal reduces its original distribution to an elliptical area, ca. 
1,200 × 700 km2 in size. The convergent tectonic setting is inferred to be associ-
ated with amalgamation of Wrangellia out in the Pacific Ocean with its accretion 
to Laurentia occurring prior to Middle Jurassic. Geochemical data characterize the 
basalts as high- and low-Ti within-plate tholeiites derived from two components, an 
asthenospheric mantle plume at a depth ca. 80–100 km and partial melt of depleted 
lithospheric mantle enriched during the Paleozoic arc magmatism or of lower crust. 
Assuming that the ocean floor above the Paleozoic arc lay at a depth of ca. 4.5 km 
(i.e. 1 km above normal ocean floor) before passage over a plume, and accounting 
for extrusion of 6 km of basalt, the Karmutsen seamount experienced ca. 4 km of 
thermal uplift, was ca. 90 km wide and yielded a magma volume of ca. 15,600 km3. 
Although the 90 km width is similar to that on Vancouver Island, the predicted 
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Chapter 1
Upper Triassic Karmutsen Formation  
of Western Canada and Alaska: A Plume-
Generated Oceanic Plateau Formed  
Along a Mid-Ocean Ridge Nucleated  
on a Late Paleozoic Active Margin

Jaroslav Dostal, J. Duncan Keppie, J. Brendan Murphy,  
and Nicholas W.D. Massey 



4 J. Dostal et al.

volume is only 1/
60

th of the estimated volume. This discrepancy could be explained 
if the 2,400 km length of the volcanic belt represents a migrating volcanic chain 
but no diachronism has been detected. Even using the ca. 1,200 × 700 km2 areal 
dimension prior to sinistral dispersal yields an unrealistic model plume size. This 
suggests that the Late Triassic magmatism formed as an oceanic plateau over a 
triple point or mid-oceanic ridge segment. However, the Karmutsen flood basalts 
are unusual as they formed over an extinct oceanic arc, which suggests that triple 
point or ridge may have nucleated on the extinct arc or trench. The modeling also 
shows that the bulk density of the lithosphere on which the oceanic plateau rests is 
never less than the asthenospheric density suggesting several possibilities for the 
plateau’s preservation: (1) that the oceanic plateau jammed the trench causing 
the trench to jump oceanwards: this is consistent with the oceanic arc basement 
and the unimodal flood basalt magmatism; (2) that Wrangellia formed on the 
outer margin of Laurentia rather than in the middle of the Pacific Ocean: this is 
supported by correlation of the Devono-Carboniferous arc basement, but not with 
the absence of flood basalts on Laurentia; and (3) that the plateau and its arc base-
ment may have been decapitated from the underlying mantle rather than subducted, 
however this latter possibility is inconsistent with the mild deformation and lack 
of a basal thrust.

1.1 � Introduction

The mantle plume concept is generally regarded as a narrow fixed upwelling, solid-
state current originating at the core–mantle or upper–lower mantle boundary that 
leaves a volcanic chain showing an age progression as the lithospheric plate moves 
relative to the plume (e.g., Hawaii-Emperor volcanic island chain: Wilson 1973). 
Although the very existence of mantle plumes has recently been questioned 
because, among other things they were not detected by seismic data and could not 
be thermally modeled (e.g., Anderson 2005; and references therein), more recent 
studies have overcome these difficulties. Thus, an alternate finite-frequency tomo-
graphic method for analyzing seismic data has detected roughly circular plumes, 
200–800 km in diameter, rising from near the core–mantle boundary and from ca. 
670 km depth (Montelli et al. 2004). Also, Farnetani and Samuel (2005) show that 
thermo-chemical plume models are viable, however, they cannot be applied to 
ancient plumes and so other criteria are necessary for their identification. In this 
paper, we examine one of the largest “fossil” plumes in the world, the Triassic 
Karmutsen Formation (Wrangellia terrane, British Columbia to Alaska), and show 
that the combination of characteristics, such as the high rate of magma generation, 
geochemical and thermal modeling, are most compatible with a plume origin. We here 
present new geochemical data to supplement that already available (Barker et al. 
1989; Lassiter et al. 1995; Nixon et al. 2008). Furthermore, the Karmutsen flood 
basalts are unusual because they rest on an arc basement rather than upon the ocean 
or continental crust.



51  Upper Triassic Karmutsen Formation of Western Canada and Alaska

1.2 � Geological Setting

Upper Triassic flood basalts are characteristic of the Wrangellia terrane (Fig. 1.1) 
and consist of a sequence bracketed by fossil ages that is ca. 3.5 km thick, subaerial 
and ca. 231–225 Ma in Alaska, ca. 1 km thick, submarine-subaerial and ca. 236–225 
Ma in the Yukon, to ca. 6.3 km thick, mainly submarine and ca. 228–224 Ma on 
Vancouver Island (Greene et al. 2004, 2005, 2009; Nixon et al. 2008). Wrangellia 
comprises several large blocks, with those on Vancouver Island and in the Wrangell 
Mountains being the largest (Fig.  1.1). Barker et  al. (1989) and Panuska (1990) 

Fig. 1.1  (a) Distribution of the Late Triassic tholeiites in the northern Cordillera; (b) Geological 
map of Karmutsen Formation on Vancouver Island (Modified after Nixon et al. 2008); (c) Late 
Triassic plume magmatism after removal of sinistral displacements (Modified after Keppie and 
Dostal 2001); (d) Cross-section across southern British Columbia showing Wrangellia which is 
capped by the Late Triassic Karmutsen Formation (After Monger and Price 2002). JdF Juan de 
Fuca oceanic plate, AW accretion wedge, CD Cadwallader terrane
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estimated the volume of flood basalts to be 64,000 – >1,000,000 km3, respectively, 
and paleomagnetic data suggest that they were erupted in the Pacific Ocean at a 
latitude of 10–17° (Irving and Wynne 1991 and references therein). A Middle 
Jurassic conglomerate (ca. 180 Ma) in Wrangellia contains pebbles probably 
derived from the neighbouring Chilliwack terrane, which has Middle–Upper 
Triassic rocks that have been correlated with the peri-Laurentian Stikine arc 
(Monger and Struik 2006). These observations indicate that Wrangellia was 
accreted to the Laurentian margin by the Middle Jurassic, and was subsequently 
dispersed sinistrally along the orogen (Jones et al. 1977; Monger et al. 1982, 1994). 
Resurgence of arc volcanism in Wrangellia is recorded in the Early-Middle Jurassic 
Bonanza arc (DeBari et al. 1999).

The flood basalts of the Karmutsen Formation on Vancouver Island (Fig. 1.2) are 
mainly submarine, 6.1–6.6 km thick tholeiites and consist of ca. 2,900 m of basal 
submarine pillow lavas overlain by ca. 600–1,100 m of pillow breccia and aquagene 
tuff, followed upwards by ca. 2,600 m of massive basalt flows (occasionally 
pillowed) interbedded with shallow water and subaerial sedimentary rocks (Carlisle 
and Suzuki 1974; Greene et al. 2004, 2005, 2006, 2009; Nixon et al. 2008). Locally, 
sills, plugs and dikes accompany the volcanic rocks; however, a sheeted dike complex 
has not been observed. Fossils constrain the age of the basalts between middle Ladinian 
(Middle Triassic: ca. 230 Ma) and Carnian-Norian (Upper Triassic: ca. 224 Ma) 

Fig. 1.2  Triassic stratigraphy on Vancouver Island (Modified after Massey 1995a–c; Nixon et al. 
2008)
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(Carlisle and Suzuki 1974), and suggest that they were erupted rapidly in ca. 
2.5–3.5 million years. According to Nixon et al. (2008) the cessation of volcanism 
was followed by gradual submergence culminating in the deposition of a Late 
Triassic platform carbonate, known as the Quatsino Formation. Upper Triassic 
sedimentary rocks interbedded with and overlying the uppermost part of the 
Karmutsen Formation show a gradually increasing depth of deposition estimated to 
be no deeper than 60 m (Carlisle and Suzuki 1974; Richards et al. 1991).

Beneath the flood basalts, Middle Triassic rocks consist of <100 m thick, basinal 
argillite, siltstone and bivalve-bearing limestone (Richards et al. 1991). In Alaska 
and southwestern Yukon, the basaltic rocks that are underlain by mid- to Upper 
Permian argillite and radiolarian chert, which indicates deposition below the cal-
cium carbonate compensation depth, i.e. >1 km below the surface of the sea 
(Richards et al. 1991; Greene et al. 2004). In turn, these rocks rest upon Lower 
Permian shallow water limestone, sandstone and shale that overlie 2–3 km thick 
late Pennsylvanian to earliest Permian arc (Skolai Group) volcanic and plutonic 
rocks consisting of mafic and felsic flows and tuffs (Berg et  al. 1972). On 
Vancouver Island, Mississippian to Permian sedimentary rocks (Buttle Lake 
Group) unconformably overlie 2,500 m of Devonian-Lower Mississippian arc-
related intermediate to felsic volcanic rocks and chert that rest upon mafic volcanic 
rocks (Sicker Group; Richards et al. 1991; Greene et al. 2005; Nixon et al. 2008) 
dated at 370–355 Ma (Parrish and McNicoll 1992; Brandon et al. 1986; Sluggett 
and Mortensen 2003).

Lassiter et  al. (1995), Greene et  al. (2009) and Nixon et  al. (2008) published 
geochemical data for the Karmutsen Formation in Vancouver Island and Alaska-
Yukon. Based on the geochemical parameters, particularly isotopic data, Lassiter 
et  al. (1995) concluded that the Karmutsen flood basalts originated in a mantle 
plume. In order to augment the geochemical database and provide additional data 
for thermal modeling, we sampled another section of the Karmutsen Formation on 
Vancouver Island (Fig. 1.1).

1.3 � Petrography

The Karmutsen volcanic rocks in southern Vancouver Island are dark grey feldspar-
phyric basalt. They form pillowed flows, pillowed basalt breccias and hyaloclastite 
breccias that are interbedded with massive flows and sills. Massive flows predomi-
nate in the upper part of the formation whereas mainly pillowed flows are found in 
lower parts. Pillows are usually 1–2 m in size, rounded to irregular in shape and 
loosely packed with intra-pillow hyaloclastite. The petrography of the Karmutsen 
volcanic rocks is relatively uniform throughout the sequence (Barker et al. 1989). 
The basaltic rocks are typically plagioclase- and clinopyroxene-phyric with less 
than 10% phenocrysts. Plagioclase (labradorite to bytownite) is frequently 
ragged or forms glomerophenocrysts enclosed in a fine-grained groundmass. 
Olivine phenocrysts are rare and are typically pseudomorphed by serpentine. 
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However, pyroxene and plagioclase are mostly fresh. The groundmass contains 
plagioclase, pigeonite, clinopyroxene, chlorite and Fe–Ti oxides. Many flows are 
amygdaloidal. Amygdules are usually filled by chlorite, calcite or epidote or rare 
pumpellyite or prehnite.

The volcanic rocks are associated with mafic subvolcanic sills, dikes and plugs 
(Massey 1995a). These mafic intrusions are coeval and probably fed the Karmutsen 
volcanic pile (Massey 1995b). The thickness of the dikes and sills ranges from 
<1 to 200 m. They consist of fine to coarse-grained, equigranular to plagioclase-
phyric gabbro with mineralogy comparable to the Karmutsen lavas. Mafic phenocrysts 
are generally absent. Locally, the gabbros show compositional layering and/or 
cumulate textures.

1.4 � Analytical Notes

Representative samples were selected from a suite collected by Massey (1995a–c) 
during the mapping of southern Vancouver Island in the scale of 1:50,000. Major 
and some trace (Rb, Sr, Ba, Ga, Zr, Nb, Y, Cr, Ni, Sc, V, Cu and Zn) elements were 
analyzed by X-ray fluorescence. Twenty-three samples were also analyzed by an 
inductively coupled plasma mass spectrometry for the rare-earth elements (REE), 
Hf, Ta and Th (Table 1.1). The precision and accuracy are discussed in Dostal et al. 
(1986, 1994). In general, they are less than 5% for major elements and 2–10% for 
trace elements.

1.5 � Alteration

The Karmutsen volcanic and associated subvolcanic rocks were affected to varying 
degrees by secondary processes including zeolite facies metamorphism, which 
modified the chemical composition of these rocks (Massey 1995a–c). For example, 
several samples yielded elevated LOI values and display secondary mobility of 
alkali metals indicated by the wide range of K and Rb contents (Table 1.1). The 
concentrations of most major elements, high-field-strength elements (HFSE, i.e. Ti, 
Nb, Ta, Zr, Hf), REE and transition elements are thought to reflect the primary 
magmatic distribution. When these elements including Y and Th are plotted against 
Zr, which is considered to be a good indicator of the fractionation and is apparently 
immobile under most metamorphic conditions (e.g., Winchester and Floyd 1977; 
Dostal et  al. 1980), they display distinct correlations (Fig.  1.3). Similarly, these 
elements display coherent primitive mantle- and chondrite-normalized patterns 
(e.g., Figs. 1.4 and 1.6). Remobilization during metamorphism is unlikely to pro-
duce such a consistent result. The consistency of these trends and their similarities 
to those of modern volcanic rocks suggest that the distribution patterns of these 
elements were not significantly modified.



91  Upper Triassic Karmutsen Formation of Western Canada and Alaska

Ta
bl

e 
1.

1 
C

he
m

ic
al

 a
na

ly
se

s 
of

 r
oc

ks
 o

f 
th

e 
K

ar
m

ut
se

n 
Fo

rm
at

io
n

H
ig

h-
T

i b
as

al
t

H
ig

h-
T

i g
ab

br
o

L
ow

-T
i b

as
al

t
L

ow
-T

i g
ab

br
o

Sa
m

pl
e

69
10

1
46

15
28

6
24

79
84

47
89

70
88

29
32

61

Si
O

2 (
w

t%
)

48
.1

1
50

.4
1

48
.4

9
49

.5
7

49
.5

2
49

.0
3

50
.2

5
46

.7
3

48
.2

2
48

.8
5

48
.8

4
47

.2
6

52
.2

2
49

.0
6

48
.1

9
49

.5
2

T
iO

2
1.

56
1.

68
1.

70
1.

51
1.

62
1.

44
2.

46
0.

99
1.

33
1.

63
1.

76
0.

90
1.

14
1.

92
1.

71
1.

81
A

l 2O
3

13
.5

2
13

.5
5

14
.7

7
14

.4
8

14
.3

2
15

.6
8

12
.1

3
15

.0
0

15
.6

2
17

.5
7

16
.4

8
16

.8
1

16
.3

7
14

.5
3

13
.9

5
14

.9
6

Fe
2O

3
3.

67
2.

93
2.

63
0.

00
5.

90
4.

06
9.

45
1.

06
1.

04
1.

90
1.

55
3.

07
3.

24
11

.2
9

10
.6

8
3.

81
Fe

O
7.

83
8.

41
9.

05
11

.8
2

6.
27

6.
62

4.
25

7.
90

9.
08

8.
13

9.
00

6.
93

6.
56

2.
12

2.
62

8.
54

M
nO

0.
16

0.
25

0.
20

0.
20

0.
21

0.
18

0.
24

0.
16

0.
18

0.
16

0.
18

0.
18

0.
20

0.
26

0.
22

0.
19

M
gO

8.
75

5.
97

6.
06

7.
25

6.
08

6.
46

5.
99

9.
10

6.
96

5.
03

5.
31

4.
91

3.
69

7.
03

6.
87

6.
72

C
aO

8.
35

11
.7

0
11

.3
9

12
.2

8
12

.2
3

11
.3

5
10

.9
7

12
.5

1
9.

68
11

.3
1

11
.6

4
8.

72
6.

11
6.

20
8.

58
3.

19
N

a 2O
3.

11
2.

37
2.

35
2.

10
1.

80
2.

59
2.

03
1.

41
2.

40
2.

12
2.

02
2.

75
4.

61
2.

82
3.

03
4.

24
K

2O
0.

53
0.

28
0.

39
0.

18
0.

16
0.

44
0.

27
0.

28
0.

56
0.

51
0.

32
2.

20
1.

12
1.

15
1.

00
1.

62
P 2O

5
0.

11
0.

14
0.

13
0.

11
0.

12
0.

11
0.

20
0.

07
0.

12
0.

14
0.

15
0.

26
0.

31
0.

24
0.

19
0.

30
C

O
2

0.
24

0.
27

0.
10

0.
21

2.
44

0.
00

0.
00

0.
10

0.
26

0.
14

0.
21

0.
82

0.
24

0.
00

0.
00

0.
45

L
O

I
3.

11
0.

90
1.

61
0.

58
0.

81
1.

07
1.

06
1.

53
2.

14
1.

88
1.

54
3.

95
2.

77
2.

74
2.

45
3.

21
To

ta
l

99
.0

5
98

.8
6

98
.8

7
10

0.
29

10
1.

48
99

.0
3

99
.3

0
96

.8
4

97
.5

9
99

.3
7

99
.0

0
98

.7
6

98
.5

8
99

.3
6

99
.4

9
98

.5
6

C
r 

(p
pm

)
37

5
24

7
92

35
2

15
3

29
6

56
59

5
17

2
84

12
8

53
41

38
71

43
N

i
17

9
96

74
11

0
69

96
61

19
8

11
0

80
81

12
6

9
25

13
Sc

35
36

42
.9

43
.4

39
29

34
0

0
32

.4
35

.6
28

25
30

38
0

V
31

9
35

7
36

0
35

1
33

2
34

0
41

7
27

4
30

4
28

2
33

1
30

0
28

7
38

3
39

4
35

2
C

u
97

17
8

17
0

17
7

16
4

14
2

25
8

59
12

2
16

5
16

0
53

57
22

47
22

R
b

12
7

8
0

0
7

6
9

19
11

8
42

16
13

11
24

B
a

11
6

85
89

39
97

16
7

14
0

80
14

1
29

1
80

5
10

55
41

2
57

7
42

5
58

0
Sr

58
2

29
4

26
8

21
0

21
8

24
4

23
5

23
6

38
7

32
3

25
6

98
1

48
6

34
1

32
0

35
2

G
a

21
23

19
20

20
18

21
18

17
26

22
21

19
23

21
21

Ta
0.

45
0.

63
0.

61
0.

56
0.

50
0.

50
0.

89
0.

32
0.

46
0.

55
0.

56
0.

22
0.

25
0.

42
0.

37
0.

60

(c
on

tin
ue

d)



10 J. Dostal et al.

Ta
bl

e 
1.

1 
(c

on
tin

ue
d)

H
ig

h-
T

i b
as

al
t

H
ig

h-
T

i g
ab

br
o

L
ow

-T
i b

as
al

t
L

ow
-T

i g
ab

br
o

Sa
m

pl
e

69
10

1
46

15
28

6
24

79
84

47
89

70
88

29
32

61

N
b

8.
00

9.
00

9.
00

10
.0

0
8.

00
10

.0
0

13
.0

0
0.

00
7.

00
10

.0
0

10
.0

0
5.

00
5.

00
8.

00
7.

00
8.

00
H

f
2.

46
2.

98
2.

92
2.

51
2.

80
2.

47
4.

23
1.

60
2.

28
2.

84
2.

72
1.

92
2.

99
3.

37
2.

65
3.

87
Z

r
94

10
8

10
2

88
10

1
89

15
1

58
86

10
1

10
3

73
10

8
12

5
10

0
14

9
Y

21
23

22
21

21
19

30
15

18
21

22
21

28
29

25
34

T
h

0.
48

0.
71

0.
73

0.
60

0.
67

0.
59

1.
16

0.
41

0.
54

0.
71

0.
75

0.
98

2.
04

1.
99

1.
35

2.
22

L
a

5.
63

7.
84

7.
69

7.
51

6.
62

6.
24

11
.1

7
4.

13
5.

95
7.

47
8.

44
9.

87
14

.3
7

13
.4

4
11

.7
2

16
.5

4
C

e
14

.7
6

20
.0

8
19

.5
9

17
.4

7
16

.7
4

15
.8

0
27

.3
0

10
.6

0
15

.0
9

19
.0

8
20

.9
0

23
.1

9
32

.6
4

30
.6

6
26

.6
8

37
.1

6
Pr

2.
23

2.
86

2.
77

2.
48

2.
42

2.
25

3.
92

1.
55

2.
19

2.
80

3.
03

3.
21

4.
41

4.
08

3.
57

4.
98

N
d

11
.2

1
13

.7
0

13
.2

3
11

.7
3

11
.6

1
10

.5
8

18
.6

5
7.

73
10

.3
6

12
.9

8
14

.1
4

14
.7

0
19

.5
9

18
.6

5
16

.1
4

22
.4

7
Sm

3.
42

3.
85

3.
67

3.
40

3.
36

3.
02

5.
36

2.
39

3.
01

3.
78

3.
97

3.
63

4.
87

4.
82

4.
19

5.
69

E
u

1.
18

1.
35

1.
37

1.
21

1.
25

1.
11

1.
83

0.
85

1.
01

1.
37

1.
49

1.
07

1.
47

1.
66

1.
44

1.
84

G
d

3.
93

4.
36

4.
52

3.
95

4.
12

3.
61

6.
15

2.
74

3.
58

4.
47

4.
77

3.
66

5.
27

5.
57

4.
84

6.
32

T
b

0.
60

0.
69

0.
67

0.
60

0.
61

0.
55

0.
88

0.
44

0.
53

0.
66

0.
73

0.
56

0.
76

0.
84

0.
71

1.
01

D
y

4.
30

4.
78

4.
58

4.
29

4.
13

3.
75

6.
04

3.
01

3.
79

4.
57

4.
79

4.
11

5.
29

5.
72

4.
92

6.
98

H
o

0.
80

0.
90

0.
91

0.
88

0.
82

0.
74

1.
17

0.
57

0.
71

0.
82

0.
89

0.
77

1.
04

1.
12

0.
94

1.
32

E
r

2.
22

2.
58

2.
63

2.
50

2.
28

2.
05

3.
16

1.
58

2.
00

2.
30

2.
43

2.
25

3.
17

3.
19

2.
67

3.
82

T
m

0.
32

0.
35

0.
34

0.
31

0.
32

0.
29

0.
45

0.
22

0.
28

0.
32

0.
33

0.
35

0.
45

0.
47

0.
38

0.
56

Y
b

1.
98

2.
34

2.
27

2.
12

2.
01

1.
86

2.
74

1.
39

1.
75

1.
98

1.
99

2.
23

2.
87

2.
89

2.
38

3.
59

L
u

0.
31

0.
34

0.
33

0.
32

0.
32

0.
29

0.
41

0.
21

0.
27

0.
30

0.
29

0.
35

0.
45

0.
47

0.
36

0.
54


