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Commitment, Collaboration and
Communication: The Backbones of
Geoscience*
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*Adapted from the Geological Association of  Canada Presi-
dential Address, as given June 1st, 2016 in Whitehorse at GAC–
MAC 2016:  Margins through Time.

This work, whether it be in the form of  my original oral pres-
idential address with a few slides for emphasis, or this later
transition to a publication in the Association’s flagship journal
Geoscience Canada, is truly the most daunting part of  being
President of  the Geological Association of  Canada (GAC®).  I
have pondered on what topic to speak to, and how I would
present it, ever since I made the decision to accept the Vice-
President role – I did know that this was coming.  The past-
presidents on the nominating committee do not make it any
easier – their advice that “you can speak about anything you
want” did not help at all!  Good grief!  To address peers, col-
leagues, mentors and students to speak about anything; why
would anyone take this on?  I knew, however, from almost the
first moment that I wanted to address the dynamic nature of
geoscience and the things that are needed to preserve it –
hence, the three C’s in my title: Commitment, Collaboration
and Communication.  This idea inadvertently answered the
question of  why anyone would actually take on the presidency
of  GAC. Such things are done by those who are truly passion-
ate about geoscience, and care about these ideas. I have been
honoured to serve in this way.

The title and the messages have come from a place in my
mind that struggles to share what it is we do and how we keep
up with the ever-evolving hypotheses, ideas and technologies
in our dynamic vocation.  How do we as geoscientists, or as a
wider organization, ever keep up with advances?  I think the
answer is simply put – being a geoscientist is not just a job or
a career path – it is truly a lifestyle (choice) and those of  us
who are truly passionate about geoscience (‘lifers,’ as I call us),
have a very real and heart-felt commitment to what we do and
how we do it.  We miss birthdays, anniversaries, weddings,

funerals, and much more, leading some around us to suggest
that we do not care, but that could not be further from the
truth.  Geoscientists are passionate folk who are so extremely
focused on what they are doing that they often forget that
there are other things besides their samples, drills, rocks, labo-
ratories, classrooms or stock prices.  Fortunately, there are
many things we can do to accentuate our knowledge and many
forums through which we can improve, evolve and be success-
ful together as geoscientists. The passion we hold for our call-
ing is an important part of  this, but there are more specific
things that are essential to the success and future of  our pro-
fession.

I feel that success in the geosciences is highly dependent on
Commitment, Collaboration and Communication.  Without
these, discoveries are not made, understanding is not advanced
and the building blocks of  our resource-based lives will not
exist.   Those who contribute to associations such as the Geo-
logical Association of  Canada, the Society of  Economic Geol-
ogists (SEG) or the Prospectors and Developers Association
of  Canada (PDAC), to name just a few, help all of  us to stay
current and achieve success in our work.  The people who
serve in these kinds of  organizations truly do this out of  a
sense of  unstated duty – that is, Commitment – and it is this
that defines the ‘lifers’ I have already alluded to.  No one is
making money offering a short course or writing a textbook,
or writing a scientific article for that matter; you do these
things because you are fully committed to your passion, your
chosen field.  In mineral exploration or scientific research, or
any aspect of  geoscience, Collaboration is a vital part of  how
we approach things – we can achieve far more working togeth-
er than alone. This in itself  depends on Communication, not
just within our discipline, but beyond it. There is more often
than not a misconception as to what geoscientists actually do,
and we all should feel the need to educate others.

Many people think that what we do is very adventurous,
bordering on cavalier or even like the exploits of  Indiana Jones
– but the truth is very different.  Geoscientists actually act with
great planning and precision after doing lots of  background
work and research, and results may take many years to create
minor advancements.  Also, what we do varies widely (in loca-
tion, accommodation and activity) and it changes over time –
from field or laboratory-based work, to interpretation and
presentation, to modelling and mining and beyond.  It is far
broader than most realize. Geoscience is a dynamic field, and
never static.  We are involved in mineralogy, climatology, mate-
rials supply, chemistry, construction, conservation, paleontol-
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ogy, energy, forensics and even in medicine.  But why should
we try to communicate the breadth of  what we do?  The
answer is simple – because we find and provide the materials
that give us things, from space shuttles and supercomputers to
mobile phones, and from posh jewellery to simple forks,
knives and spoons.  The value of  geoscience is generally poor-
ly explained to anyone other than those we work most closely
with, even though we would not have our 21st century techno-
logical society without geoscience.  As the saying goes, “If  it
cannot be grown, it must be mined,” and the latter part always
requires geoscience in some way.  Nevertheless, mining is often
construed as a negative by current society and its merits remain
often unsung.  Many associations, including the GAC, have
geoscience outreach programs that focus on communicating
to the public, to foster collaborations with other branches of
geoscience, and provide information to government, educa-
tional institutions and others explaining what geoscience is,
what it does, and why it is needed. This effort must continue!
Particularly if  organizations such as GAC are to continue to
provide the hub, the nexus, the coalescence point that we all
utilize.

Why should or would anyone want to be a geoscientist in
the first place and why should geoscientists volunteer and/or
get involved?  There is a marvellous, unattributed quote that
explains this well:

“Geology is a magnificent and unique science.  What makes geo-
science unique, you may rightly ask; well, a good geologist has to
know something of  everything:  physics, chemistry, geography,
math, biology, engineering, and many, many more.  But it’s worth
it, oh how it’s worth it!” 1

Geoscience of  any type is not a ‘sit still’ career; there are
always new things to apply, to do, to test and to explore.  These
things are done through working with our colleagues and peers
and sharing our ideas, theories and geoscience knowledge.  We
do not do our work alone, nor do we do it without some kind
of  unrelenting drive to discover and achieve. We geoscientists
also have tremendous capacity to deal with economic cycles,
extreme conditions, weather, changing cultures, a great variety
of  languages and customs, and much more.  All of  this comes
from the first of  the C’s – the Commitment that I have alluded
to as defining the ‘lifers’ of  geoscience.  There is so much we
can do, and so many areas where we can contribute in our
varying specialty fields, but all require a strong focus, and a
drive to achieve, discover and advance. In other words, they
demand Commitment.

As we all know, geoscience is always evolving; it can be
truly exciting and inspiring as there are a multitude of  tech-
niques, theories, technological advancements and innovations
that can help us grow and to develop as geoscientists. We need
to be aware of  all of  these new things and committed to
undertaking the work to grasp them.  As John Thompson stat-

ed at the Association for Mineral Exploration’s (AME) annual
Mineral Roundup conference:

“Making quality discoveries is, however, harder than ever and, in
addition to technical challenges, exploration is complicated by
social, legal and other non-technical issues.  Over the last 50 years,
major step changes in exploration have resulted from radical
advances in our understanding of  ore-forming processes; new geo-
physical, geochemical and remote sensing technologies; and new
ways to integrate and interrogate data.” 2

All geoscientists need to adapt to and solve progressively
greater challenges to make those next discoveries, identifica-
tions and develop new understanding.  Keeping our discipline
up-to-date and meeting these challenges brings me to the other
two C’s – Collaboration and Communication. The ways in
which we collaborate and communicate include field schools,
field trips, tours, visits, focused workshops, short courses, and
writing papers and articles. Much like geoscience discoveries or
developments, these things do not happen in a vacuum.  Other
aspects of  Collaboration and Communication include mentor-
ship and our participation in conferences, trade shows, short
courses and colloquia.  Most of  these ways to work together
require a host, a venue or a champion that provides a mecha-
nism to share our knowledge as it grows.  Annual conferences,
regularly published journals and newsletters, and maintained
networks, including those on social media such as Facebook
and LinkedIn, provide outlets for us to achieve this collabora-
tion.  Organizations such as GAC, MAC, CSPG, PDAC, SEG,
AME, and many others consistently provide these venues and
pathways. So in the end, Collaboration and Communication
depend vitally upon the Commitment of  those who keep such
entities viable.

However, over the past 10–20 years most of  these organi-
zations have experienced dwindling sponsorships, decreasing
memberships and even further contractions in the number of
volunteers that help them survive, thrive and provide us with
these crucial opportunities.  We all have used, and keep on our
shelves, important key reference volumes, such as Facies Models,
Minerals Deposits of  Canada and the Atlas of  Alteration.  These
are just a few examples of  widely-known geoscience contribu-
tions that have had an influence well beyond Canadian borders.
Such contributions do not write themselves, but come from
those who are willing to give both their time and their knowl-
edge so that the rest of  us can benefit. Diminishing participa-
tion in geoscience organizations will, over time, limit our
development as scientists and will reduce what we provide
back to the world around us.  What we do as geoscientists and
how we share it truly matters to the world. We should be proud
of  what we do and the importance of  our work. When jour-
nalist Rex Murphy spoke at AME’s Roundup 2016, he remind-
ed geoscientists to not be ashamed of  what we do, as it is crit-
ical to the way of  life we have come to want, need, and increas-
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ingly expect.  We mitigate hazards, identify and foster the sup-
ply of  the raw materials that we need, work to protect the envi-
ronment by better understanding our surroundings, and we do
much more besides those ‘mere’ things. The dissemination and
sharing of  this knowledge helps society respond to natural
hazards, manage our water and air, and in the end manage all
of  our resources. It also encourages a wider understanding of
how the world around us works, what benefits not only geosci-
entists, but all of  society.

The comic strip Frank and Ernest 3 has a published panel
that shows three apparent expeditionists (complete with pith
helmets and rock hammers), and one says to the other two:
“I’m an internationally renowned geologist.  Would you two
stop referring to me as a Rock Star?”  I believe we geoscientists
should embrace the term ‘Rock Star’ and work hard to bring
our science and its benefits to our peers and to the rest of  the
world – we have a lot to offer.  To do this we need to be adept
at all of  my three C’s. Commitment means that we need to
keep up with our profession, support it and stay current; Col-
laboration means that we need to work with our peers and oth-
ers to make discoveries and advancements; and, last but not
least, Communication means that we need to share what we do
within our profession, and with the public.

It is especially vital that more of  us engage with those pro-
fessional associations and organizations that we have benefited
from in the past – these organizations need our contributions
if  they are to continue to be the repositories and forums that
we have all come to depend upon.  These organizations are
both the foundation and the back bone of  what we do; they
give us access to the knowledge, information, ideas and the
people that we need to succeed, both individually and collec-
tively.

Commitment, Collaboration and Communication are the
reasons why anyone would want to be the president of, or
actively participate in, an organization such as the GAC.  With
fewer individuals willing to give their time and energy to such
organizations, there is a real danger that we may lose them and
also the knowledge they make accessible to all geoscientists.
So in closing, I wish to challenge all geoscientists – be Com-
mitted, Collaborate and Communicate well.  And above all,
become involved in geoscience organizations, if  you are not
already doing so, and please stay involved if  you are already
part of  this vital framework. Your colleagues and your profes-
sion need you, and we will always achieve more together than
we can as individuals. 

I wish you all the best for continued success in your pur-
suits, and it has been an honour to have served as your GAC
president.

Cheers,
Vicki
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The Role of the Ancestral Yellowstone
Plume in the Tectonic Evolution of the
Western United States
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E-mail: bmurphy@stfx.ca

SUMMARY
Plate reconstructions indicate that if  the Yellowstone plume
existed prior to 50 Ma, then it would have been overlain by
oceanic lithosphere located to the west of  the North American
plate (NAP). In the context of  models supporting long-lived
easterly directed subduction of  oceanic lithosphere beneath
the NAP, the Yellowstone plume would have been progressive-
ly overridden by the NAP continental margin since that time,
the effects of  which should be apparent in the geological
record. The role of  this ‘ancestral’ Yellowstone plume and its
related buoyant swell in influencing the Late Mesozoic–Ceno-
zoic tectonic evolution of  the southwestern United States is
reviewed in the light of  recent field, analytical and geophysical
data, constraints provided by more refined paleogeographic
constructions, and by insights derived from recent geodynamic
modelling of  the interaction of  a plume and a subduction
zone.

Geodynamic models suggesting that the ascent of  plumes

is either stalled or destroyed at subduction zones have focused
attention on the role of  gaps or tears in the subducted slab that
permit the flow of  plume material from the lower to the upper
plate during subduction. These models imply that the ascent of
plumes may be significantly deflected as plume material
migrates from the lower to the upper plate, so that the connec-
tion between the hot spot track calculated from plate recon-
structions and the manifestations of  plume activity in the
upper plate may be far more diffuse compared to the more
precise relationships in the oceanic domain. Other geodynamic
models support the hypothesis that subduction of  oceanic
plateau material beneath the NAP correlates with the genera-
tion of  a flat slab, which has long been held to have been a
defining characteristic of  the Laramide orogeny in the western
United States, the dominant Late Mesozoic–Early Cenozoic
orogenic episode affecting the NAP.

Over the last 20 years, a growing body of  evidence from a
variety of  approaches suggests that a plume existed between
70 and 50 Ma within the oceanic realm close to the NAP mar-
gin in a similar location and with similar vigour to the modern
Yellowstone hot spot. If  so, interaction of  this plume with the
margin would have been preceded by that of  its buoyant swell
and related oceanic plateau, a scenario which could have gen-
erated the flat slab subduction that characterizes the Laramide
orogeny.

Unless this plume was destroyed by subduction, it would
have gone into an incubation period when it was overridden by
the North American margin. During this incubation period,
plume material could have migrated into the upper plate via
slab windows or tears or around the lateral margins of  the slab,
in a manner consistent with recent laboratory models. The
resulting magmatic activity may be located at considerable dis-
tance from the calculated hot spot track.

The current distribution of  plumes and their buoyant
swells suggests that their interaction with subduction zones
should be common in the geological record. If  so, the Late
Mesozoic–Cenozoic evolution of  western North America may
represent a relatively modern analogue for such processes.

RÉSUMÉ
Les reconstitutions de plaques montrent que si le panache de
Yellowstone avait existé avant 50 Ma, il aurait été recouvert par
la lithosphère océanique située à l'ouest de la plaque nord-
américaine (PNA). Dans le contexte de modèles de subduction
de longue durée vers l’est de la lithosphère océanique sous la
PNA, avec le temps, la marge continentale de la PNA aurait
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progressivement neutralisé le panache de Yellowstone, et on
devrait en voir les effets dans le registre géologique. Le rôle de
ce panache de Yellowstone « ancestral » et de son renflement
de surface régional associé sur l'évolution tectonique du Sud-
ouest des États-Unis au Mésozoïque–Cénozoïque tardif  est
reconsidéré ici à la lumière de données récentes, de terrain,
analytiques et géophysiques, de contraintes découlant de con-
structions paléogéographiques affinées, et d’idées nouvelles
découlant d’une modélisation géodynamique récente de l'inter-
action d'un panache et d'une zone de subduction.

Les modèles géodynamiques suggérant que l'ascension des
panaches soient bloquée ou détruite dans les zones de subduc-
tion ont attiré l'attention sur le rôle d’hiatus ou de déchirures
dans la plaque subduite qui permettent le passage du matériau
du panache de la plaque inférieure à la plaque supérieure pen-
dant la subduction. Ces modèles impliquent que le flux ascen-
dant des panaches peut être sensiblement dévié alors que le
matériau du panache migre de la plaque inférieure à la plaque
supérieure, de sorte que la connexion entre la trace du point
chaud calculée à partir des reconstructions de la plaque et les
manifestations de l'activité du panache dans la plaque
supérieure peut être bien plus diffuse que sa contrepartie du
domaine océanique. D'autres modèles géodynamiques
appuient l'hypothèse selon laquelle la subduction du matériau
de plateau océanique sous la PNA correspond à la génération
d'une plaque plate, particularité qui a longtemps été considérée
comme caractéristique déterminante de l'orogenèse de
Laramide dans l'ouest des États-Unis, épisode orogénique
dominante de la fin du Mésozoïque au début du Cénozoïque
affectant la PAN.

Au cours des 20 dernières années, un nombre croissant
d'éléments de preuve provenant d'une variété d'approches sug-
gèrent qu'un panache existait bien entre 70 et 50 Ma dans le
domaine océanique près de la marge la PNA, en un endroit et
avec une vigueur similaires au point chaud de Yellowstone
moderne. Le cas échéant, l'interaction de ce panache avec la
marge aurait été précédée de celle de son renflement de surface
et du plateau océanique connexe, scénario qui aurait pu générer
la subduction de la plaque plate qui caractérise l'orogenèse
Laramide.

À moins que ce panache n'ait été détruit par subduction, il
serait entré dans une période d'incubation lorsqu’il a été recou-
vert par la marge nord-américaine. Au cours de cette période
d'incubation, le matériau du panache aurait pu migrer dans la
plaque supérieure par des fenêtres ou déchirures de la plaque
ou autour des marges latérales de la plaque, conformément aux
modèles récents de laboratoire. La trace de l'activité magma-
tique résultante pourrait se trouver alors à une distance consid-
érable de la trace du point chaud calculée.

La distribution actuelle des panaches et de leurs renfle-
ments de surface suggère que leur interaction avec les zones de
subduction devrait être un phénomène courant dans le registre
géologique. Si tel est le cas, l'évolution du Mésozoïque–Céno-
zoïque tardif  de l'Amérique du Nord occidentale peut
représenter un analogue relativement moderne pour de tels
processus.

Traduit par le Traducteur

INTRODUCTION
Although not universally accepted (e.g. Anderson 1994; Foul-
ger and Natland 2003; King 2007), hot spots are considered to
reflect upwelling of  sub-lithospheric mantle plumes (Morgan
1971, 1972). In a classical sense, a sub-oceanic mantle plume is
envisaged to have a central conduit which can underplate a
400–1000 km diameter area of  the lithosphere, creating an
oceanic plateau above a buoyant swell (Richards et al. 1988;
Sleep 1990). This buoyant swell develops a pronounced asym-
metry as it becomes elongated ‘downstream,’ in some instances
by as much as 2500 km, by the motion of  the overriding plate
(McKenzie 1983; Sleep 1990; Geist and Richards 1993; Ribe
and Christiansen 1994). Estimates for the area of  oceanic
plateaus that might have been overridden by the North Amer-
ican plate (NAP) range up to 0.48 million km2 (comparable in
size to the state of  California; Liu et al. 2010), and imply that
the plateaus are significantly smaller in areal extent than the
swell. 

Although plumes may rise from different boundary layers
in the mantle (Courtillot et al. 2003), recent tomographic
images and geodynamic models suggest that many emanate
from the edges of  regions known as Large Low Shear Velocity
Provinces (LLSVPs) which are located near the core–mantle
boundary (e.g. Williams et al. 1996; Torsvik et al. 2006; Burke
et al. 2008; Tan et al. 2011; Hassan et al. 2015). Instabilities
within the mantle result in plumes that can be entrained,
deformed and displaced by large-scale subduction-induced
mantle flow (Steinberger and O’Connell 1998, 2000; Davaille
et al. 2003; Steinberger et al. 2004; Davaille and Vatteville
2005). As a result, hot spots above the plumes move relative to
one another, although inter-hot spot motion is much less than
the motion of  the lithospheric plates (O’Neill et al. 2005).

Assuming that their present distribution is representative of
the past, overriding of  plumes at convergent margins should
be common in the geological record. Fletcher and Wyman
(2015) noted that 29% of  mantle plumes have been located
within 1000 km of  a subduction zone over the past 60 Ma (Fig.
1), a statistic that also implies interaction between the subduc-
tion zone, buoyant swell and oceanic plateau should precede
that of  the plume itself. Plumes may vary in their buoyancy
flux and the dimensions of  their topographic swell (Sleep
1990). As the features of  individual plumes and subduction
zones are both highly variable, the features produced by
plume–slab interactions may also be highly variable, and there-
fore difficult to decipher in the geologic record.

Oppliger et al. (1997) and Murphy et al. (1998, 2003) pro-
posed that the Mesozoic–Cenozoic orogenic activity in west-
ern North America was profoundly influenced by plume–slab
interactions, in which the ancestral Yellowstone plume, preced-
ed by an oceanic plateau and its buoyant swell, were progres-
sively overridden by the westerly migrating margin of  the NAP
(Fig. 2a, b). This style of  ‘plume-modified orogenesis’ has also
been used to explain the origin of  the Karoo–Ferrar flood
basalts (Dalziel et al. 2000), as well as Mesoproterozoic oroge-
nesis in eastern and central Australia (Betts et al. 2007, 2009).

The model as applied to western North America has two
fundamental requirements: (i) that the Yellowstone plume
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existed prior to ca. 50 Ma, before which reconstructions indi-
cate the plume would have been located beneath oceanic lith-
osphere (Engebretson et al. 1985; O’Neill et al. 2005; Seton et
al. 2012), and (ii) that plumes maintain their integrity where
they are affected by subduction processes.

If  the Yellowstone plume existed prior to ca. 50 Ma, then
plate reconstructions indicate that its buoyant swell, plateau, as
well as hot spot oceanic islands with plume-type chemistry,
would have collided with the convergent margin of  western
North America. Such events should be recorded in the geolog-
ical evolution of  western North America.

With regard to the second requirement, recent laboratory
studies suggest that the integrity of  plumes may be severely
affected by subduction processes in that their ascent may be
stalled, severely distorted or even destroyed by slab-driven sub-
duction processes (e.g. Kincaid et al. 2013; Druken et al. 2014).
On the other hand, 3D numerical models (Betts et al. 2012,
2015) identify combinations of  plume and slab properties that
may facilitate the transfer of  plume material from the lower to

the upper plate especially via gaps or tears that may develop in
the slab.

The purpose of  this article is to re-assess the viability of
the underlying requirements for plume–slab interaction to
have influenced the Mesozoic–Cenozoic evolution of  the
western United States in the light of  recent laboratory and
numerical models, tomographic data, improved plate tectonic
reconstructions, as well as more recent field-based studies.

MESOZOIC–EARLY CENOZOIC OROGENESIS
It is widely recognized that episodic accretionary orogenic
events have dominated the tectonic evolution of  the western
margin of  the NAP since the Late Paleozoic, resulting in the
Antler (Mississippian), Sonoma (Permian–Triassic), Nevadan
(Jurassic) and Sevier (Early Cretaceous) orogenies. These
events are widely interpreted to reflect predominantly east-
ward-dipping subduction of  the Farallon oceanic plate beneath
North America, which at various times in the Mesozoic also
produced the voluminous ca. 130–85 Ma Cordilleran
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Figure 1. After Fletcher and Wyman (2015) showing zone of  potential (500 km, 1000 km) for modern plumes to interact with modern subduction zones (red lines; after Seton
et al. 2012). Green stars denote slab windows where a ridge intercepts a subduction zone.
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Figure 2a. Schematic diagram (after Murphy et al. 1998) showing late Mesozoic–Tertiary evolution of  the southwestern United States at about 40°N (current latitude)and its
proposed relationship to the ancestral Yellowstone plume. The plume is stationary, and the North American plate (NAP) moves progressively westward. (A) Plume is beneath
oceanic crust where it creates oceanic terranes that subsequently accrete to NAP (Duncan 1982; Johnston et al. 1996). NAP begins to override the oceanic plateau and buoyant
swell. (B) NAP continues to override the plateau and swell, resulting in flat-slab subduction, and eventually overrides the plume. (C) Assimilation of  subducted portion of
Farallon slab by plume, leading to generation of  voluminous intracrustal melts, brittle deformation and reestablishment of  dipping subduction zone at periphery of  NAP. (D)
20–15 Ma breakthrough of  plume-related bimodal magma, formation of  dike complexes and flood basalts. SCLM: Sub-continental lithospheric mantle. 
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Figure 2b. Simplified mid-Eocene tectonic map of  the Cordillera (modified after Dickinson 1991; Burchfiel et al. 1992; Murphy et al. 1998) showing three potential tracks of
Yellowstone plume from its oceanic position before 50 Ma to its present position beneath Yellowstone (see Wells et al. 2014). Track 1 derived from O’Neill et al. 2005; Track
2 from Müller et al. 1993; Track 3 from Murphy et al. 1998. Dashed line indicates approximate region of  a proposed buried plume-related swell ca. 55 Ma for Yellowstone
plume following Track 3 (YS swell at 55 Ma).



batholiths (e.g. Hamilton 1969; Dewey and Bird 1970; Lipman
et al. 1972; Kistler and Peterman 1973, 1978; Dickinson and
Snyder 1978; Coney et al. 1980; DePaolo 1981; Livaccari et al.
1981; Severinghaus and Atwater 1990; Burchfiel et al. 1992;
Dickinson and Lawton 2001; Saleeby 2003; Busby 2004, 2012;
Dickinson 2004; Monger 2014). 

A rival model (see discussion in Hoffman 2013), supported
by tomographic images of  a vertical slab wall extending to a
depth of  2000 km in the mantle (Sigloch and Mihalynuk 2013),
holds that the earlier orogenic events reflect westerly dipping
intra-oceanic subduction and episodes in the assembly of  a
superterrane (or ribbon continent) located to the west of
North America (e.g. Johnston 2001, 2008; Hildebrand 2009;
Hildebrand and Whalen 2014) that collided with the passive
margin of  North America at either ca. 150 Ma (SAYBIA; John-
ston 2001, 2008; Johnston and Borel 2007) or between 125 and
100 Ma (RUBIA; Hildebrand 2009). There are variants within
this model. According to Johnston (2001, 2008), the collision
of  SAYBIA resulted in extensive oroclinal development in the
Canadian Cordillera, whereas Hildebrand and Whalen (2014)
claimed that the westward subduction produced the oldest (ca.
130–100 Ma) phases of  the Cordilleran batholiths as well as
collision with NAP at ca. 100 Ma, which was followed by slab
failure and consequent asthenospheric upwelling that resulted
in the younger (100–85 Ma) Cordilleran batholiths.

In both models, there is widespread agreement that (i) most
terranes had accreted to North America by ca. 80 Ma, and (ii)
the Late Cretaceous to Eocene evolution of  the Cordillera was
influenced by interactions between the North American, Far-
allon, and Kula plates, and especially by the northward migra-
tion of  the triple junction between them and the consequent
northward propagation of  subduction (Atwater 1970, 1989;
Kelley and Engebretson 1994). These interactions may be even
more complicated if  the more recently hypothesized Resurrec-
tion plate, which would have been completely subducted by ca.
50 Ma, is verified (Haeussler et al. 2003; McCrory and Wilson
2013; Wells et al. 2014; Fig. 3). Terranes that accreted during
the Tertiary include Siletzia (Fig. 4), which is exposed for 600
km along the Pacific Northwest (e.g. Snavely et al. 1968; Wells
et al. 1984, 2014; Babcock et al. 1992, 1994). These terranes
were translated northwards within the Kula plate and the col-
lision of  Siletzia with the NAP is interpreted to be responsible
for the South Vancouver Orocline (Johnston et al. 1996; John-
ston and Acton 2003). Eastward-dipping subduction then ini-
tiated along the western margin of  the accreted Siletzia, pro-
ducing a north–south Cascade volcanic arc, beginning at ca. 42
Ma (Fig. 3).

Between ca. 80 Ma and 45 Ma, a series of  enigmatic events
occurred in the southwestern United States that are tradition-
ally assigned to the Laramide orogeny (Burchfiel et al. 1992).
These events include widespread thick-skinned deformation,
basement uplifts as much as 1500 km (Black Hills, South
Dakota) from the continental margin, as well as simultaneous
contraction and crustal thickening in both the foreland and
hinterland. Voluminous magmatism ceased, and relatively
minor magmatism with subduction-related geochemistry
migrated inland. These features have been attributed to ‘flat-

slab subduction,’ a region where a gently inclined subduction
zone ca. 500 km wide extended about 700 km into the conti-
nental interior (Coney and Reynolds 1977; Dickinson and Sny-
der 1978; Livaccari et al. 1981; Severinghaus and Atwater 1990;
Burchfiel et al. 1992; Saleeby 2003). According to Bird (1988),
traction associated with subduction of  the shallow slab could
have stripped away the mantle lithosphere beneath the North
American crust and transmitted the stress capable of  causing
the thick-skinned deformation in the foreland. In this context,
the resumption of  voluminous magmatism in the Eocene is
attributed to the breakup and foundering of  the Farallon slab
(Humphreys 1995) and the re-initiation of  normal-angle sub-
duction, followed in the late Eocene by voluminous ignimbrite
associated with localized extension and emplacement of  meta-
morphic core complexes (Coney 1979; Davis and Coney 1979;
Gans et al. 1989). 

The flat-slab model is supported by P–T studies of  law-
sonite-bearing eclogite xenoliths in Oligocene kimberlite pipes
that intrude the Colorado Plateau. These xenoliths are thought
to have originated in the Farallon slab, and equilibrated at
depths between 90 and 160 km and at temperatures between
500 and 700°C (Usui et al. 2003). In the Canadian and Mexican
portions of  the Cordillera, however, coeval development of  a
magmatic arc within 300 km of  the trench indicates that the
effects of  flat-slab subduction were limited to the southwest-
ern United States (English et al. 2003), a feature that implies
segmentation of  the Farallon slab into flat and steep zones
(Saleeby 2003).

Rival models for the Laramide orogeny include the colli-
sion of  a superterrane at ca. 125 Ma, with North America on
the lower plate, followed by voluminous ca. 100–85 Ma mag-
matism associated with slab break-off  (e.g. Hildebrand 2009,
2014; Hildebrand and Whalen 2014). As these events would
have occurred before the classic Laramide events, they do not
preclude the shallow-slab subduction model, which could have
been initiated in the aftermath of  this collision. English and
Johnston (2004) pointed out, however, that fold and thrust
belts in Canada and Mexico are coeval with those within the
putative flat-slab region, and that a viable explanation for syn-
chronous contraction along the entire length of  the orogen
remains enigmatic.

The ‘hit-and-run’ model of  Maxson and Tikoff  (1996),
which attributes Laramide orogenesis to the Late Cretaceous
collision followed by northward translation of  the colliding
terranes would refute the flat-slab model because of  the timing
of  these hypothesized events. This model builds on the con-
troversial Baja–BC hypothesis (Irving 1985; Irving et al. 1985,
1995, 1996), in which a wealth of  paleomagnetic data implies
up to 3000 km of  northward (i.e. dextral) translation of  ter-
ranes relative to cratonic North America since 70 Ma (Beck
1992; Wynne et al. 1995; Johnston et al. 1996; Kent and Irving
2010). Although plate reconstructions (Atwater 1970; Enge-
bretson et al. 1985) and field evidence for dextral transpression
(Oldow et al. 1989; Maxson and Tikoff  1996) are consistent
with dextral translation along the North American margin of
terranes embedded in the Kula plate, identifying the structures
that might accommodate such a large displacement remains
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Figure 3. Schematic reconstruction of  the Paleogene–Recent reconstruction of  the Pacific Northwest (after Wells et al. 2014). (A) examines Pacific–Kula–Farallon–North
American plate interactions, and (B) examines the additional effects of  the putative Resurrection plate. Plate reconstruction model of  Seton et al. (2012) showing three possible
locations for the ancestral Yellowstone hot spot (YHS) as shown by Wells et al. (2014). YHS1 is the location relative to North American plate (NAP) derived from the moving
hot spot reference frame (O’Neill et al. 2005; ON05); YHS2 from the plate circuit reference frame of  Müller et al. (1993; M93) and YHS3 from a reference frame defined by
moving hot spots in the Pacific, Atlantic, and Indian oceans (Doubrovine et al. 2012). Hot spot reference frame paths for YH1 (ON05; O’Neill et al. 2005) and YH2 (M93;
Müller et al. 1993) shown in E and F by dotted lines; small dots on path show location every 10 m.y.

YHS is centered at or near the Kula–Farallon Ridge in (A) and the Resurrection–Farallon Ridge in (B). Oceanic (Siletzia, S, and the conjugate Yakutat, Y) terranes form
at ridge-centred hot spot at ca. 55 Ma. (C) Accretion of  oceanic terranes by 50 Ma. (D) Progressive overriding of  the YHS by NAP, producing northwest-directed extension
magmatism in the forearc. (E) CRB – Steens and Columbia River Basalt provinces. Yellow arrow (E and F) shows potential clockwise rotation of  Coast Range which moves
plume products progressively away from the hot spot track. (F) YHS under Yellowstone; age progression of  Snake River Plain from 16 Ma to 0 Ma shown in pink.



elusive (Price and Carmichael 1986; Cowan 1994; Monger et al.
1994; Monger 2014). Recently, however, Hildebrand (2015)
proposed a reconstruction in which the Texas Lineament and
the Lewis and Clarke transverse zone, now 1300 km apart,
were formerly contiguous, but were offset during the 80–58
Ma Laramide orogeny along N–S faults within the Cordilleran
fold and thrust belt. According to Hildebrand (2015) the entire
width of  the Cordillera was translated northwards. By uniting
two belts of  plutonic rocks, the reconstruction eliminates the
magmatic gap between them, and is therefore a first-order

challenge to the flat-slab model. A mag-
matic gap could still exist between 58 and
43 Ma, but the existence of  a flat slab at
that time would not match the earliest
stages of  Laramide thick-skinned defor-
mation.

This article assesses the potential
effects of  plume–slab interaction in the
context of  the more widely accepted
model in which the Mesozoic–Cenozoic
evolution of  the western United States is
dominated by long-lived easterly subduc-
tion. The effects of  plume–slab interaction
in the context of  the rival models of  John-
ston and Hildebrand will be discussed in a
separate contribution.

MODERN YELLOWSTONE PLUME
Plume versus non-plume models for the
origin of  the Yellowstone hot spot have
been debated ever since Morgan (1972)
and Armstrong et al. (1975) related the
diachronous onset of  magmatism in the
Snake River Plain to the migration of  the
NAP over a stationary plume (e.g.
Humphreys et al. 2000; Pierce and Morgan
2009; Fouch 2012). Alternative ‘non-
plume’ models include the edge effects of
cratonic lithosphere (King and Anderson
1998) and ‘hot-lines’ (Christiansen et al.
2002). The region around the hot spot is
characterized by high heat flow, pro-
nounced hydrothermal activity, a topo-
graphic bulge 600 m high and ca. 600 km
wide, and a 10–12 m positive geoid anom-
aly (Smith and Braile 1994).

The potential relationship between
magmatism and the modern Yellowstone
plume development, beginning at about 17
Ma, has been suggested on the basis of
geochronological, geophysical, structural
and petrological data (e.g. Armstrong et al.
1975; Hadley et al. 1976; Geist and
Richards 1993; Smith and Braile 1994;
Camp 1995; Glen and Ponce 2002; Hoop-
er et al. 2007; Ito and van Keken 2007;
Graham et al. 2009; Smith et al. 2009).

These studies show the age progression of  magmatism along
the Yellowstone–Snake River Plain which matches the calculat-
ed trajectory of  the hot spot track derived from plate recon-
structions.

Over the past decade, the plume model has been supported
by a variety of  geophysical techniques. Although some studies
imply a shallow source for the Yellowstone hot spot (e.g. Mon-
telli et al. 2006), in general, the results of  teleseismic tomogra-
phy reveal an inclined low velocity anomaly 100 km wide with-
in the upper mantle beneath Yellowstone that is interpreted as

238 J. Brendan Murphy

http://www.geosciencecanada.ca

Figure 4. Outcrop (black) and inferred subsurface distribution (pink) of  Siletz and Crescent mafic rocks (also
known as Siletzia and as the Coast Range Basalt Province) along with age estimates for selected mafic rocks (com-
piled by McCrory and Wilson 2013), and for the Cascade Arc volcanoes (black triangles) from Duncan (1982).
OWL – Olympic–Wallowa Lineament; KBML – Klamath–Blue Mountains Lineament. Modified from original fig-
ure by Duncan (1982).



the thermal effects of  the Yellowstone plume (Fig. 5). This
anomaly extends 400 km along the length of  the Yellowstone–
Snake River Plain (YSRP), dips about 60 degrees WNW and
can be detected to a depth of  about 500 km, deflecting the
410 km discontinuity downward by as much as 12 km (Yuan
and Dueker 2005; Waite et al. 2006; Smith et al. 2009). The
anomaly has been modelled to reflect about 1% of  partial
melting at an ambient temperature of  200°C above normal
(Schutt and Humphreys 2004). As a further example of  the
potential complexity, a P-wave model (Obrebski et al. 2010)
shows a gap in the Juan de Fuca subducted slab in the region
above the Yellowstone plume and below the YSRP.

Magnetotelluric surveys fail to detect magma directly
beneath the Yellowstone hot spot and may not have the sensi-
tivity to detect such deep structural features (Kelbert et al.
2012). These surveys do, however, detect a zone of  low mantle
resistivity beneath the eastern segment of  the Snake River
Plain, consistent with small degrees of  partial melt at depths
between 40 and 80 km (Zhdandov et al. 2011; Kelbert et al.
2012).

P to S body-wave tomography models imply an even deep-
er origin for the Yellowstone plume. Porritt et al. (2014)
showed images of  the plume to a depth of  1000 km. Other
tomographic images suggest that this thermal anomaly may be
connected to a much broader low-velocity anomaly in the
uppermost portion of  the lower mantle (e.g. Allen et al. 2008;
Schmandt and Humphreys 2010; Obrebski et al. 2010; Sigloch
2011). These images also indicate that the 660 km discontinu-
ity is deflected upwards by 12–18 km beneath Yellowstone,
interpreted to reflect the presence of  a plume-like upwelling
(Schmandt et al. 2012). Zhao (2007) identified anomalies in
both the upper and lower mantle and speculated that the com-
plex distribution of  anomalies may be due to interaction of  the
Yellowstone plume with the Farallon slab (see Fletcher and
Wyman 2015). In addition to tomographic studies, Pierce and
Morgan (2009) proposed that some of  the large-scale tectonic
features require a mantle plume extending to a depth of  at
least 1000 km.

The oldest widely accepted surface expression of  the Yel-
lowstone plume includes the main phase of  the ca. 17 Ma
Steen and Columbia River flood basalt provinces as well as
voluminous contemporaneous silicic volcanism and is widely
attributed to the initial impingement of  the Yellowstone plume
beneath North American lithosphere (e.g. Hooper et al. 2007;
Coble and Mahood 2012; Fig. 6). The geochemistry of  the
basaltic rocks is complex and includes primary components
typical of  MORB, OIB and older mantle components (Carlson
1984; Draper 1991; Hooper and Hawkesworth 1993; Bryce
and DePaolo 2004), interpreted to reflect the interaction of
plume-derived material with sub-continental lithospheric man-
tle and overlying crust (Hooper et al. 2007; Coble and Mahood
2012). However, the volcanic centres lie on a N–S trend with
the youngest centres and largest volumes occurring well to the
north of  the putative Yellowstone hot spot track (Barry et al.
2010). These trends have been variously explained by (i) a
deflection of  the Yellowstone plume by the Juan de Fuca slab
(Geist and Richards 1993), (ii) exploitation by the plume of  the

old continental margin (Camp and Ross 2004), (iii) slab delam-
ination and consequent asthenospheric upwelling that accom-
panied the arrival of  the Yellowstone plume (Camp and Hanan
2008; Darold and Humphreys 2013), and (iv) a propagating
rupture in the Farallon slab (Liu and Stegman 2012). A further
explanation may be derived from numerical models which
show that when the plume penetrates from the lower into the
upper plate via a slab window, plume material becomes com-
plexly distributed and does not follow a simple linear pattern
expected for a hot spot track (Betts et al. 2015).

The YSRP is about 700 km in length and is classically inter-
preted as a northeasterly trending hot spot track (Morgan
1972; Armstrong et al. 1975) characterized by the eruption of
voluminous felsic ignimbrite and overlain by a thin succession
of  basalt, as well as a voluminous mafic sill complex (Shervais
et al. 2006). He, Pb, Sr, and Nd isotopic analyses of  the mafic
rocks are consistent with a mantle plume source (e.g. Craig et
al. 1978; Hearn et al. 1990; Vetter and Shervais 1992; Hughes
et al. 2002; Hanan et al. 2008; Graham et al. 2009). The rhy-
olitic volcanic rocks that characterize the YSRP system are
diachronous, and their age progression of  4.5 cm/a is viewed
as the composite of  the migration of  the NAP and Basin and
Range extension over the same time interval (Shervais and
Hanan 2008). The excess topography of  the YSRP decreases
systematically along its length away from the hot spot and has
been modelled to reflect a progressively cooling and contract-
ing lithosphere (Smith and Braile 1994).

Prior to 17 Ma, products within North America related to
the Yellowstone plume are controversial. Seligman et al. (2014)
provided isotopic and trace element data from 40–30 Ma vol-
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Figure 5. Seismic tomographic image (Yuan and Dueker 2005; Pierce and Morgan
2009) showing inclined conduit of  warm mantle, interpreted as a plume that can be
tracked northwestward from beneath Yellowstone to a depth of  500 km. Red out-
lines schematically show the calderas of  the Snake River Plain. 



canic centres in Oregon that are located too far east to be
directly related to Farallon subduction. Basalt was derived
from an enriched subcontinental lithospheric mantle, whereas
some felsic complexes (e.g. Crooked River) have δ18O (zircon)
values that require a large heat source, extensive hydrothermal
circulation and crustal recycling (Bindeman et al. 2001; Cathey
et al. 2011; Watts et al. 2011; Drew et al. 2013; Seligman et al.
2014). Plate reconstructions (Seton et al. 2012; Wells et al.
2014) imply that the Yellowstone plume would have resided
beneath Crooked River at that time. Seligman et al. (2014)
attributed this magmatism to the earliest eruptions associated
with the encroachment of  the Yellowstone plume. In their
model, the more widespread coeval voluminous felsic magma-
tism is attributed to ‘plume-triggered delamination.’ Although
Murphy et al. (1998) attributed regional felsic magmatism to
the arrival of  the plume along the base of  the continental lith-
osphere, Seligman et al. (2014) invoked a model where plume
material encroaches through a tear or a gap in the subducting
Farallon plate.

ANCESTRAL YELLOWSTONE PLUME
Duncan (1982) proposed that basalt-dominated volcanic com-
plexes accreted to the North American margin in the Eocene
originated as oceanic islands above the ancestral Yellowstone
hot spot which was located at that time along the Kula–Faral-
lon ridge. This model was underpinned by plate reconstruc-
tions which implied that if  the Yellowstone plume existed
prior to 55–50 Ma, it would have been located beneath oceanic
lithosphere. 

Since that time, interpretations of  the plate configuration
in the oceanic realm in the Pacific Northwest have been
refined. For example, Haeussler et al. (2003) attributed the
migration of  Eocene magmatism from Alaska to Oregon to
the migration of  two triple junctions, requiring the existence of
a previously unrecognized oceanic plate, named the Resurrec-
tion plate. This plate, if  it existed, would have been located to
the east of  the Kula plate, and would have been subducted,
along with its bounding ridges by 50 Ma (see also Madsen et al.
2006). Despite these refinements, the basic relationship of  the
hypothesized ancestral Yellowstone hot spot with either the
Kula–Farallon or Kula–Resurrection oceanic ridges is consis-
tent with more recent reconstructions derived from Gplates
(Seton et al. 2012) and the moving hot spot reference frames
(Lonsdale 1988; Müller et al. 1993; O’Neill et al. 2005; McCro-
ry and Wilson 2013; Wells et al. 2014). 

If  correct, manifestations of  the Yellowstone plume,
including accretion of  ocean islands and interaction with
oceanic plateaus related to the plume, should be recognized
among the tectonic events along the convergent margin of
western North America. 

Possible Accreted Oceanic Complexes
Mafic complexes hypothesized to have accreted to North
America include Siletzia (now fragmented into the Siletz and
Crescent terranes) which is exposed in Vancouver Island
(Metchosin igneous complex; Massey 1986), Oregon and
Washington (Duncan 1982), and the Carmacks Group (Inter-
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Figure 6. Model for the evolution of  Yellowstone plume (after Coble and Mahood
2012) that considers the lifting of  the Juan de Fuca slab at 25 Ma (A) to have result-
ed in volcanic quiescence (B) between ca. 23 and 17 Ma, and the distribution of
voluminous bimodal basalts and coeval rhyolites (C) to represent breakthrough of
plume material at ca. 17 Ma into the upper plate to form a secondary plume head.



montane belt) of  the Yukon Territory of  Canada (Johnston et
al. 1996) which oversteps previously amalgamated terranes. 

Siletzia is characterized by a 56–49 Ma submarine sequence
of  tholeiitic–alkalic basalt and associated volcanogenic sedi-
mentary rocks, overlain by a subaerial sequence dominated by
alkalic basalt (e.g. Snavely et al. 1968; Wells et al. 1984, 2014;
Babcock et al. 1992, 1994) with plume-type geochemistry (Pyle
et al. 1997, 2009). The terrane is estimated to be 27 ± 5 km in
thickness (Trehu et al. 1994; Graindorge et al. 2003), is
exposed over 240,000 km2, and the volume of  its basaltic mag-
matism is estimated to exceed that of  the Columbia River
Basalt province by at least one order of  magnitude (Duncan
1982; Wells et al. 2014). Post-accretionary magmatism contin-
ued until ca. 42 Ma with the emplacement of  mafic volcanic
and dike complexes in the forearc (Wells et al. 2014).

Paleomagnetic data, although complex, allow the possibility
of  significant post-depositional episodes of  rotation (Simpson
and Cox 1977; McCrory and Wilson 2013), but imply a paleo-
latitude similar to today. Wells et al. (2014) maintained that the
oceanic composition, large volume and short duration of  mag-
matism are characteristic of  Large Igneous Provinces (LIPs)
and they interpreted these rocks to collectively represent an
oceanic plateau produced by the ancestral Yellowstone plume.
They also showed that, in most hot spot reference frames,
plate reconstructions imply these volcanic complexes would
have been located close to the Yellowstone hot spot at the
time, within 300 km of  the continental margin in a near-ridge
setting (see also McCrory and Wilson 2013). The southern
Vancouver orocline is thought to have formed in response to
the accretion of  Siletzia to North America (Johnston and
Acton 2003).

In northern Siletzia (Crescent terrane), the Metchosin
Complex of  Vancouver Island consists of  a 60–50 Ma
sequence of  mafic volcanic and interbedded clastic rocks
(Massey 1986). This complex is thought to comprise a part of
Siletzia that was scraped from a subducting slab which under-
thrust previously accreted terranes (Hyndman 1995). Tomo-
graphic studies (Ramachandran 2001) suggest that the terrane
beneath Vancouver Island may be as much as 25 km thick.
Paleomagnetic data (Babcock et al. 1992) combined with
Mesozoic–Cenozoic plate reconstructions indicate that these
basaltic rocks were emplaced in a similar location to the mod-
ern Yellowstone hot spot. Murphy et al. (2003) interpreted the
shallowing-upward sequence to have formed in a Loihi-type
environment and estimated 4.2 km of  uplift related to plume
activity which yielded a plume buoyancy flux of  1.1 Mg s–1,
comparable in vigour to that of  the modern Yellowstone hot
spot.

The Carmacks Group is a ca. 70 Ma sequence of  volcanic
rocks that unconformably overlies the previously amalgamated
northern Intermontane belt terranes, and possibly the adjacent
Omineca belt terranes (e.g. Gladwin and Johnston 2006). The
group comprises a thick subaerial succession dominated by
alkalic basalt with shoshonitic geochemistry that is comparable
with modern plume-related basalt. Paleomagnetic data com-
bined with regional geological data constrain the eruption of
the Carmacks Group to a paleolatitude similar to the modern

Yellowstone hot spot implying a 17.2 ± 6.5° (ca. 2000 ± 600
km) northward translation since their eruption (Johnston et al.
1996; Johnston and Thorkelson 2000; Fig. 7).

The interpretation of  the Carmacks Group as a represen-
tative of  the Yellowstone hot spot has important implications
for Cordilleran tectonics. As reconstructions place the hot spot
to the west of  North America at 70 Ma, this would imply the
Carmacks Group, as well as the underlying Intermontane belt
terranes, lay outboard of  continental North America at that
time. The obliteration of  the oceanic tract between them could
explain the lack of  preservation of  a hot spot track between
Siletzia and Carmacks Group. The reconstruction of  Hilde-
brand (2015) provides an explanation of  the northward trans-
lation of  the Carmacks Group, required to move it from an
original position along the hot spot track to its modern loca-
tion in the Yukon. An alternative possibility is that the match-
ing paleolatitudes of  Carmacks and Yellowstone are fortuitous,
in which case these relationships place no constraints on the
relationship of  the Intermontane belt terranes and continental
North America.

Geophysical Data and Geodynamic Models
Geodynamic models show that plumes have difficulty pene-
trating oceanic lithosphere (e.g. McNutt and Fischer 1987), let
alone lithosphere capped by continental crust (Murphy et al.
1998). The presence of  continental crust as well as remnants
of  the Juan de Fuca–Farallon slab detected by seismic studies
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Figure 7. Yellowstone in Yukon model of  Johnston et al. (1996) assuming fixed
locations of  Yellowstone (Y) and Hawaii (H) hot spots. In this model, the Carmacks
Group (C; Intermontane belt) is generated by its passage over the Yellowstone hot
spot at 70 Ma, and subsequently displaced dextrally along the margin with the
North American plate. F – Farallon plate; K – Kula plate; P – Pacific plate.



(Xue and Allen 2007; Obrebski et al. 2010) provides additional
challenges to the ascent of  Yellowstone plume material, sug-
gesting the connection between the plume and corresponding
hot spot is likely to be far more complex in continental envi-
ronments compared to oceanic environments. For example,
Geist and Richards (1993) attributed the Columbia Plateau–
Snake River Plain to the deflection of  the Yellowstone plume.
Magmatism far removed from the YSRP track, such as the
eastern Oregon Steens–Columbia River Basalt is attributed to
delamination of  remnant Farallon oceanic lithosphere coinci-
dent with the arrival of  the Yellowstone plume (Darold and
Humphreys 2013). Coble and Mahood (2012) invoked a two-
stage process in which the bulk of  the plume material stalled
beneath the subducted Farallon slab, but some material pene-
trated the slab creating a secondary ‘plume’ which impinged on
the continental lithosphere at ca. 17 Ma resulting in flood
basalt volcanism and coeval silicic magmatism. This secondary
plume is purported to explain why the volume of  basalt pro-
duced is significantly smaller than that of  a more typical Large
Igneous Province.

The barriers to the ascent of  plume material, such as the
remnants of  the Farallon slab as well as the thick lithosphere
that overrides it, suggest that the Yellowstone plume must
have originated significantly earlier than its first interaction
with North American crust in the middle Miocene and may
have been in an ‘incubation’ phase when it was overridden by
a subduction zone (Murphy et al. 1998). According to this
model, during this incubation phase plume material would
have ponded beneath and progressively assimilated or thermal-
ly eroded the overlying Farallon slab following which plume
material was transferred from the lower to the upper plate.

However, recent geodynamic models (e.g. Kincaid et al.
2013; Druken et al. 2014) have suggested that mantle down-
welling related to subduction in the vicinity of  the plume may
destroy the plume column (Fig. 8), implying that thermal ero-
sion on its own is not a viable mechanism for transferring
plume material from the lower to the upper plate. These results
have focused attention on more specialized environments for
how the plume may have penetrated to the upper plate. For
example, plume material may migrate around the edges of  the
slab in a bifurcating fashion (Seligman et al. 2014), and/or
advect into the upper plate during slab roll-back (Druken et al.
2014). In addition, numerical models (Betts et al. 2012) show
that plume material may be transferred to the upper plate via a
slab window which is created when the plume buoyancy stalls
subduction as it interacts with the convergent margin.

In the conceptual model of  Coble and Mahood (2012),
plume material migrates into the upper plate via fractures or
tears in the slab. A similar model was invoked by Obrebski et
al. (2010) who interpreted high resolution tomographic images
derived from the USArray deployment to reflect the arrival
and emplacement of  the ancestral Yellowstone plume beneath
the Cascadia subduction zone (Fig. 9) which broke through the
Juan de Fuca slab, either by exploiting pre-existing weaknesses
or by promoting the tearing of  the slab. 
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Figure 8. Example of  plume-slab interaction (see Druken et al. 2014 for details).
(A) Plume structure before subduction initiation. Its head rises vertically at an aver-
age rate of  2–3 cm/min. (B) and (C) Subduction induces a downward flow of
plume material which is advected back into the mantle (D).



ANDEAN AND PACIFIC ANALOGUES
The Andean orogenic system is commonly considered to rep-
resent a modern analogue for Laramide tectonics of  the south-
west United States. Seismic imaging reveals that the Andean
subducted slab is segmented into flat and steep domains, with
the flat segments up to 500 km wide (e.g. Gutscher et al. 2000).
These flat slab segments are characterized by a lack of  recent
magmatism, eastward migration of  deformation, and by fore-
land thick-skinned deformation similar to the Laramide uplifts
(Dalziel 1986; Allmendinger et al. 1997). These segments are
spatially and temporally correlated with subducting oceanic
plateaus (e.g. Pilger 1981; Gutscher et al. 2000; Gutscher 2002;
Yáñez et al. 2002; Ramos and McNulty 2002; Fig. 10), implying
a genetic relationship between flat slab generation and subduc-
tion of  relatively thick and buoyant oceanic lithosphere. 

Livacarri et al. (1981) proposed that the Laramide orogeny
was due to the subduction of  an oceanic plateau. According to
Cloos (1993), oceanic plateaus with crustal thicknesses in
excess of  30 km cause collisional orogenesis during subduc-
tion. Liu et al. (2008) reconstructed the subduction record of
the Farallon oceanic lithosphere back to 100 million years ago
with an inverse mantle convection model that uses stratigraphy
to constrain mantle viscosity and buoyancy. Their preferred
model predicts an extensive shallow-dipping slab, beginning
about 90 Ma, that extended up to 1000 km to the east and
north of  the flat slab. They attributed the limited width of  the
flat slab region to the subduction of  an oceanic plateau, a sce-
nario supported by recent 3D dynamic models (Betts et al.
2015).

The Hess–Shatsky large igneous province (LIP), located in
the northwest Pacific (Fig. 11a), has been suggested as a con-
jugate for these oceanic plateaus that were subducted in the
southwest Cordilleran region in Laramide time (Livacarri et al.
1981; Tarduno et al. 1985; Liu et al. 2010). If  correct, these
plateaus, which constitute one of  Earth’s largest LIPs, may
provide an indication of  the size and age of  the oceanic
plateau that was subducted in Laramide times. The Shatsky
plateau alone has an area of  0.48 million km2 (comparable in
size to California) and a volume of  4.3 million km3 (Mahoney
et al. 2005; Sager 2005). The three volcanic centres have depths
of  3200–2000 m, whereas the abyssal ocean floor surrounding
the plateau is between 6000–5500 m below sea level (Nakan-
ishi et al. 2015). Adjacent magnetic lineations indicate that the
Shatsky plateau originated at about 130 Ma at the Pacific–

Izanagi–Farallon triple junction (Tatsumi et al. 1998) and its
Nd and Pb isotopic characteristics are indistinguishable from
the East Pacific Rise (Mahoney et al. 2005). The age of  the
Hess oceanic plateau is not well constrained, but is inferred to
represent renewed magmatism about 20 m.y. later (Ito and van
Keken 2007). Liu et al. (2010) showed that Laramide deforma-
tion tracks the passage of  the Shatsky conjugate plateau
beneath North America (Fig. 11b), which was then converted
to eclogite and foundered into the mantle. They interpreted
Laramide uplift as isostatic rebound after this foundering. 
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Figure 9. Model for the evolution of  the Pacific Northwest after Obrebski et al. (2010). (A) The Yellowstone plume (head in pink, tail in red) penetrates the subducting slab
(green) and reaches the base of  the continental lithosphere (orange) resulting in slab break-up that was facilitated by pre-existing fractures in the slab (B). Slab break-off  results
in reduction of  slab-pull and consequent decrease in rate of  convergence. (C) The plume assimilated fragments of  the subduction zone and generated the Columbia River
flood basalt.

Figure 10. Relationship between flat-slab segments (thick red brackets) and sub-
ducted plateau (orange regions) projected beneath the Andean margin (from
Gutscher et al. 2000). 



Murphy et al. (1998, 2003) attributed flat slab subduction in
the western United States to overriding of  the Yellowstone
plume and its associated oceanic plateau/swell by the conti-
nental margin. Using the relative motion between the North
American and Farallon plates of  120 mm/a (Engebretson et
al. 1985), Murphy et al. (1998) estimated that the buoyant swell
about 400 km wide (Sleep 1990) would have been elongated up
to 2400 km in the direction of  Farallon plate motion (i.e.
towards the North American trench) in the hot spot reference
frame. The plateau would have interacted with the trench
about 25–30 m.y. before the plume itself  was overridden.
Reconstructions that suggest the Yellowstone plume was over-
ridden by the continental margin at ca. 50 Ma imply that the
related oceanic plateau and underlying buoyant swell reached
the trench at ca. 80–75 Ma, i.e. about the time of  commence-
ment of  the Laramide orogeny. If  the Carmacks Group repre-
sents a vestige of  the plume, reconstructions imply the exis-

tence of  an oceanic tract between the Intermontane belt ter-
ranes and continental North America at that time.

SUMMARY AND DISCUSSION
The accretion to North America at ca. 50 Ma of  large oceanic
terranes, such as Siletzia, with plume geochemistry and dimen-
sions suggesting it constitutes the vestiges of  a LIP (Wells et
al. 2014), is strong evidence that a plume was located in the
oceanic realm adjacent to the North American continent,
much as envisaged by Duncan (1982). Reconstructions (e.g.
McCrory and Wilson 2013; Wells et al. 2014) indicate that the
ancestral Yellowstone hot spot, if  it existed, would have been
located close to the Kula–Farallon ridge or to the Kula–Faral-
lon–Resurrection triple junction at that time and would be a
viable source for the Siletzia ocean island basaltic rocks. In
northern Siletzia, the calculated buoyancy flux (1.1 Mg s–1) of
the plume responsible for the Crescent volcanic rocks (Mur-
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Figure 11. Potential role of  the Shatsky (S) and Hess (H) conjugate plateaus in generating the flat-slab environment for the Laramide orogeny (from Liu et al. 2010). Black
outlines give current locations of  the main plateau. (A) Plate reconstruction of  the conjugate plateaus which are inferred to have formed along the Pacific–Farallon and Far-
allon–Izanagi ridges, respectively. Red contours show their maximum extent, yellow contours their minimum extent. (B) Inverse convection models showing locations of  the
thickest part of  the conjugate lithosphere above 179 km depth. Colour contours show isotherms at different depths (in km). See Liu et al. (2010) for further details.



phy et al. 2003) is similar to that of  the modern Yellowstone
plume (Sleep 1990). Taken together, this evidence indicates
that at ca. 55–50 Ma, a plume existed in the same location as
modern Yellowstone and had comparable vigour.

If  so, interaction between the continental margin and the
ancestral plume must have been preceded by overriding of  the
related buoyant swell and oceanic plateau that would have been
elongate in the direction of  motion of  the Farallon plate. In
this scenario, the swell and plateau of  thick oceanic lithosphere
would have been overridden by the North American margin at
ca. 75 Ma, i.e. broadly coinciding with the onset of  Laramide
orogenesis and about 20 m.y. before the ancestral Yellowstone
plume was overridden. Although back-of-the-envelope calcu-
lations suggest that the swell may supply enough positive
buoyancy to counteract the negative buoyancy of  80–50 m.y.
old Farallon oceanic lithosphere and hence contribute to the
formation of  the flat slab (Murphy et al. 1998), this contention
has not been evaluated rigorously, and so the relationship
between the arrival of  the swell at the trench and the onset of
flat slab subduction remains enigmatic. However, geodynamic
models (e.g. Betts et al. 2012, 2015) show that subduction of
oceanic plateaus can generate flat slabs. According to the
inverse mantle convection model of  Liu et al. (2008, 2010),
subduction of  an oceanic plateau, corresponding to the conju-
gate of  the Shatsky plateau, beginning at about 90 Ma, could
initiate the generation of  the flat slab, although they acknowl-
edged that their model yielded an initiation age which is about
10 m.y. older than geological evidence for flat slab inception.
As the Shatsky rocks are about 150 Ma, its conjugate plateau
could be temporally distinct from the plateau related to the
ancestral Yellowstone hot spot. Alternatively, the oldest com-
ponents of  the plateau may not have been sufficiently buoyant
to resist subduction. The space–time relationships inferred by
Liu et al. (2008, 2010) make the Shatsky conjugate plateau a
viable alternative to the plateau associated with the Yellow-
stone plume in initiating the flat slab. The location of  the con-
jugate to the Hess plateau, for which the age is unconstrained,
is intriguingly similar to that inferred for the Yellowstone hot
spot. The calculated location for the Hess plateau lies adjacent
to the inferred location of  the Yellowstone swell. Taken
together, these relationships imply the possibility of  a very
complicated composite plateau geometry with older and
younger components being overridden by the NAP between
90 and 70 Ma, followed by the accretion of  oceanic islands
related to the Yellowstone plume by ca. 50 Ma.

After the plume was overridden by the NAP, its effects
become more conjectural as it becomes overlain by continental
lithosphere. The models of  Betts et al. (2012, 2015) suggest
that plume magmatism in the upper plate will be concentrated
in regions where rising plume material can exploit weaknesses
in the oceanic and continental lithospheres. Forearc magma-
tism is detected until ca. 42 Ma where the crust overlying the
plume is thin and undergoing margin-parallel extension (Wells
et al. 2014). More controversially, the next phase of  magma-
tism directly or indirectly related to plume activity may be
some of  the 40–30 Ma magmatism in Oregon to the east of
the Cascadia arc, for which isotopic data suggest a large heat

source and extensive hydrothermal circulation, and plate
reconstructions imply a subjacent Yellowstone plume (Selig-
man et al. 2014). 

Plume-related magmatism between 17 and 0 Ma associated
with the YSRP matches the plate motions of  the NAP, much
as envisaged by Morgan (1972) and Armstrong et al. (1975).
Regionally extensive coeval magmatism that occurs some dis-
tance from this track may be due to secondary effects (Betts et
al. 2015), such as deflection of  plume material as it migrates
through the upper plate and/or plume-assisted delamination
(e.g. Darold and Humphreys 2013).

Laboratory studies suggesting that plumes may be severely
distorted or even destroyed by slab-driven subduction process-
es (Kincaid et al. 2013; Druken et al. 2014) have drawn atten-
tion to the importance of  tears or windows in the subducting
slab where plume material can be transferred to the upper
plate (e.g. Johnston and Thorkelson 1997). Betts et al. (2015)
showed that the interaction between an oceanic plateau and a
continental margin causes rapid trench advance, accretion of
the plateau which is transferred to the upper plate, followed by
re-establishment of  subduction outboard of  the plateau. They
also showed that the additional presence of  a buoyant plume
beneath the plateau results in the formation of  a slab window
beneath the accreted plateau, where plume material can be
transferred from the lower to the upper plate. Such processes
provide some theoretical support for the models where plume
material is deflected as it exploits weaknesses in the subducted
slab (fractures, tears, windows, regions where lithosphere has
been delaminated) to enter the upper plate, and explains why
the products of  these events may not always be located adja-
cent to the calculated hot spot track. Also, plume material
transferred to the upper plate and deflected away from the hot
spot track moves with the upper plate, and so is rapidly sepa-
rated from its heat source.

The synthesis of  Fletcher and Wyman (2015) that 29% of
mantle plumes have been located within 1000 km of  a subduc-
tion zone over the past 60 Ma implies that interaction between
plumes, their plateaus and buoyant swells with subduction
zones should be common in the geologic record. If  so, the
geologic evolution of  the western United States may represent
a Late Mesozoic–Cenozoic analogue for a common, but over-
looked mode of  orogenic activity that has occurred since plate
tectonics first operated on Earth. This interaction is very com-
plex in space and time, and a resolution of  the rival models
(eastward versus westward subduction in the Mesozoic) may
be prerequisite to a deeper understanding of  this interaction.
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SUMMARY
The Early Permian (290 Ma) Panjal Traps are the largest con-
tiguous outcropping of  volcanic rocks associated with the
Himalayan Magmatic Province (HMP). The eruptions of
HMP-related lava were contemporaneous with the initial
break-up of  Pangea. The Panjal Traps are primarily basalt but
volumetrically minor intermediate and felsic volcanic rocks
also occur. The basaltic rocks range in composition from con-
tinental tholeiite to ocean-floor basalt and nearly all have expe-
rienced, to varying extent, crustal contamination. Uncontami-
nated basaltic rocks have Sr–Nd isotopes similar to a chondrit-
ic source (ISr = 0.7043 to 0.7073; gNd(t) = 0 ± 1), whereas the
remaining basaltic rocks have a wide range of  Nd (gNd(t) = –
6.1 to +4.3) and Sr (ISr = 0.7051 to 0.7185) isotopic values.
The calculated primary melt compositions of  basalt are picritic
and their mantle potential temperatures (TP ≤ 1450°C) are sim-
ilar to ambient mantle rather than anomalously hot mantle.

The silicic volcanic rocks were likely derived by partial melting
of  the crust whereas the andesitic rocks were derived by mix-
ing between crustal and mantle melts. The Traps erupted with-
in a continental rift setting that developed into a shallow sea.
Sustained rifting created a nascent ocean basin that led to sea-
floor spreading and the rifting of  microcontinents from
Gondwana to form the ribbon-like continent Cimmeria and
the Neotethys Ocean.

RÉSUMÉ
Les Panjal Traps du début Permien (290 Ma) constituent le
plus grand affleurement contigu de roches volcaniques asso-
ciées à la province magmatique de himalayienne (HMP). Les
éruptions de lave de type HMP étaient contemporaines de la
rupture initiale de la Pangée. Les Panjal Traps sont essentielle-
ment des basaltes, mais on y trouve aussi des roches vol-
caniques intermédiaires et felsiques en quantités mineures. La
composition de ces roches basaltiques varie de tholéiite conti-
nentale à basalte de plancher océanique, et presque toutes ont
subi, à des degrés divers, une contamination de matériaux crus-
taux. Les roches basaltiques non contaminées ont des con-
tenus isotopiques Sr–Nd similaires à une source chondritique
(Isr = 0,7043 à 0,7073; gNd(t) = 0 ± 1), alors que les roches
basaltiques autres montrent une large gamme de valeurs iso-
topiques en Nd (gNd(t) = –6,1 à +4,3) et Sr (Isr = de 0,7051 à
0,7185). Les compositions de fusion primaire calculées des
basaltes sont picritiques et leurs températures potentielles
mantelliques (TP de ≤ 1450°C) sont similaires à la température
ambiante du manteau plutôt que celle d’un manteau anormale-
ment chaud. Les roches volcaniques siliciques dérivent proba-
blement de la fusion partielle de la croûte alors que les roches
andésitiques proviennent du mélange entre des matériaux de
fusion crustaux et mantelliques. Les Traps ont fait irruption
dans un contexte de rift continental qui s’est développé dans
une mer peu profonde. Un rifting soutenu a créé un début de
bassin océanique lequel conduit à une expansion du fond
océanique et au rifting de microcontinents tirés du Gondwana
pour former le continent rubané de Cimméria et l'océan
Néotéthys.

Traduit par le Traducteur

INTRODUCTION
The Late Paleozoic (ca. 300 Ma to ca. 252 Ma) was a time of
large polar glaciations, the zenith of  Pangea and two mass
extinctions (Martin 1981; Bond and Wignall 2014). Moreover,
at least five major mafic continental large igneous provinces
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(LIP) were emplaced (Fig. 1). The Skagerrak-centred large
igneous province (ca. 300 Ma) in central Laurasia, the
Himalayan magmatic province (ca. 290–270 Ma) along the
Tethyan margin of  Gondwana, the Tarim large igneous
province (ca. 290–270 Ma) on the Tethyan margin of  Laurasia,
the Emeishan large igneous province (ca. 260 Ma) of  the
South China Block and the Siberian Traps (ca. 251 Ma) of
northeastern Laurasia cover a combined area >7 x 106 km2

(Ernst and Buchan 2001; Torsvik et al. 2008; Saunders and Rei-
chow 2009; Zhu et al. 2010; Shellnutt et al. 2014; Shellnutt
2014; Ernst 2014; Wang et al. 2014; Xu et al. 2014). The Late
Paleozoic mafic continental LIPs, unlike their Mesozoic and
Cenozoic counterparts, are exclusively unrelated to plate sepa-
ration with the exception of  the ill-defined, poorly constrained
Himalayan magmatic province (HMP).

The HMP is an assortment of  volcanic and plutonic rocks
and mafic dykes throughout the Himalaya that were contem-
poraneous with the rifting of  microcontinental terranes from
the Tethyan margin of  Gondwana (Bhat et al. 1981; Bhat 1984;
Garzanti et al. 1999; Ernst and Buchan 2001; Yan et al. 2005;
Zhu et al. 2010; Shellnutt et al. 2014, 2015; Ali et al. 2012; Zhai
et al. 2013; Wang et al. 2014; Xu et al. 2016). The rifting of
‘Cimmerian’ terranes and accompanying magmatism are
thought to have been related to a regional-scale mantle plume
but the petrogenetic and precise temporal relationships
between the magmatic rocks of  the HMP remains uncertain
(Lapierre et al. 2004; Zhai et al. 2013; Shellnutt et al. 2015; Xu
et al. 2016). The Panjal Traps, located in the western Himalaya,
provide the largest spatially contiguous exposure of  HMP-
related rocks (Bhat et al. 1981; Honegger et al. 1982; Papritz
and Rey 1989; Chauvet et al. 2008; Shellnutt et al. 2014, 2015).
In comparison with other Phanerozoic flood basalt provinces,
the Panjal Traps are not well studied as they are located in rel-
atively remote regions of  the Himalaya. 

Understanding the formation of  the Panjal Traps can help
to unravel the pre-India–Eurasia collision tectonics of  Gond-
wana and can elucidate first order geological problems such as
the geodynamic and tectonomagmatic evolution of  LIPs with

specific relevance to the differences between the passive (i.e.
‘plate hypothesis’) and active (i.e. ‘mantle plume theory’) exten-
sional Late Paleozoic LIPs. This paper presents a current ‘state
of  knowledge’ on the Panjal Traps. The paper is subdivided
into topic-specific sections that include: 1) the geological back-
ground, 2) the age and duration of  volcanism, 3) geochemical
characteristics of  the volcanic rocks, 4) tectonomagmatic evo-
lution vis-à-vis active vs. passive extension, and 5) a regional
comparison of  HMP-related rocks. The final section brings
together all of  the available information in an attempt to offer
a working hypothesis on the formation of  the Panjal Traps and
their relationship to the formation of  the Neotethys Ocean
and Cimmeria.

GEOLOGICAL BACKGROUND
The Tethyan domain of  the western Indian Himalaya compris-
es Precambrian to Late Paleozoic rocks that form part of  the
Higher Himalaya. The Precambrian Central Crystalline com-
plex consists of  augen granite-gneiss, nebulitic migmatite, grey,
and dark paragneiss and is the basement to Tethyan passive
margin sedimentary sequences. Overlying the basement is a
series of  Cambrian to Lower Carboniferous sedimentary for-
mations that consist mainly of  sandstone, shale, siltstone,
arkose, carbonate, and evaporite rocks (Gaetani et al. 1986;
Fuchs 1987; Garzanti et al. 1992, 1994, 1996a, b; Myrow et al.
2006; Brookfield et al. 2013).

Above the Lower Carboniferous units is the Middle to
Upper Carboniferous fossiliferous (Spirifer varuna- and
Camarophoria-bearing) Fenestella shale followed by agglomerat-
ic slate, a mixture of  siliciclastic and volcaniclastic material,
which may represent the first eruptive unit of  the Panjal Traps.
The Upper Permian siliciclastic Nishatbagh beds are deposited
on the agglomeratic slate, and are followed by the main erup-
tive sequence of  the Panjal Traps (Nakazawa et al. 1975;
Garzanti et al. 1998; Wopfner and Jin 2009). The reported total
thickness of  the volcanic rocks is ca. 3000 m in the Pir Panjal
Range (western Kashmir) and ≤ 300 m in the Zanskar Range
(eastern Kashmir) with individual flows around 30 m thick
(Middlemiss 1910; Wadia 1934, 1961; Nakazawa et al. 1975;
Chauvet et al. 2008). The deposition of  the flora- and fauna-
rich Gangamopteris beds (siliceous shale and novaculite) on
top of  the Panjal Traps constrains the basalt eruption age to
the Upper Permian. The Gangamopteris beds are followed by
the Zewan Formation (sandstone and carbonate) and the
uppermost Permian–Lower Triassic Khunamuh Formation
(shale) (Nakazawa et al. 1975; Wopfner and Jin 2009; Brook-
field et al. 2013). The Late Paleozoic sedimentary rocks were
deposited as a response to differential uplift of  the Indian mar-
gin during rifting (Vannay and Spring 1993; Garzanti et al.
1999).

The Panjal Traps underlie an area of  ca. 10,000 km2

exposed primarily around the Kashmir Valley along the Pir
Panjal and Zanskar Ranges and were first documented in the
19th century by Lydekker (1883) (Fig. 2). The Traps are mostly
basalt but there are minor volumes of  basaltic andesite,
andesite, rhyolite and dacite (Ganju 1944; Nakazawa and
Kapoor 1973; Shellnutt et al. 2012, 2014). The Traps show evi-
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Figure 1. Paleogeographic reconstructions of  Pangea at ca. 290 million years show-
ing the location of  the Panjal Traps (P) and possible rift propagation and the loca-
tions of  the five major mafic continental large igneous provinces of  the Late Pale-
ozoic. The reconstruction is based on Torsvik et al. (2014). E = Emeishan large
igneous province (ca. 260 Ma); S = Siberian Traps (ca. 250 Ma); Sc = Skagerrak-
Centred large igneous province (ca. 300 Ma); T = Tarim large igneous province (ca.
280–270 Ma).



dence of  both subaerial (e.g. columnar joints and intertrappean
sedimentary deposits) and subaqueous (i.e. pillow structures)
eruptive environments that Nakazawa and Kapoor (1973)
interpreted as indicative of  a near-shore, transgressive shallow
marine environment. Intertrappean limestone, shale and slate
are reported near Gulmarg and Srinagar suggesting there were
local intermittent pauses during volcanism. 

AGE AND DURATION OF VOLCANISM
The precise age and duration of  the Panjal Traps was, until
recently, only inferred based on the stratigraphic record. The
Traps were initially considered to be Lower Paleozoic but Mid-
dlemiss (1910), based on the presence of  ammonites from the
genus Ophiceras in overlying sedimentary rocks, interpreted
their age as Upper Paleozoic. Subsequent studies revealed the

Traps erupted during the Late Paleozoic to Early Mesozoic (i.e.
Late Carboniferous to Early Triassic), but detailed structural
and sedimentological studies by Nakazawa et al. (1975) showed
that the rocks erupted after the deposition of  the Middle to
Upper Carboniferous Fenestella shale and before the deposi-
tion of  the Upper Permian Gangamopteris beds (Mamal Beds)
which contain lower Gondwana flora. The first isotopic ages
of  the Panjal Traps were determined from zircon collected
from the silicic Traps near Srinagar and yielded a mean
206Pb/238U age of  289 ± 3 Ma (Shellnutt et al. 2011). 

Presently, very few definitive statements can be made
regarding the duration of  Panjal magmatism but it is clear that
magmatism was underway by the Early Permian. The initial
volcanic rocks are thought to be agglomeratic slate which is
interpreted to be an ‘explosive volcanic’ unit and consists of
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Figure 2. Distribution of  the Panjal Traps, major faults of  the western Himalaya and the sampling localities at Guryal Ravine, Pahalgam, PJ3 and PJ4 (based on Papritz and
Rey 1989). IS = Indus suture; MBT = main boundary thrust; MCT = main central thrust; MFT = Salt Range main frontal thrust; PT = Panjal thrust.



ash and possibly volcanic bombs, although non-volcanic fossil-
iferous material appears to dominate (Nakazawa and Kapoor
1973; Nakazawa et al. 1975). Gaetani et al. (1990) suggested
the eruption duration was 2 to 3 m.y. based on faunal markers
from NW Lahul–SE Zanskar, but the volcanic sequences are
thinner than those around the Kashmir Valley and may be
incomplete. The basalts at Guryal Ravine are capped by marine
sedimentary rocks that are Early Permian (Artinskian) in age
but that does not preclude the possibility that magmatism con-
tinued after the rift transitioned from a continental setting to
an oceanic setting (Nakazawa et al. 1975; Wopfner and Jin
2009; Tewari et al. 2015; Shellnutt et al. 2015). 

MAFIC PANJAL TRAPS
Chemical Characterization
The mafic Panjal Traps are tholeiitic to mildly alkalic basalt
(Fig. 3) (Nakazawa and Kapoor 1973; Bhat et al. 1981; Honeg-
ger et al. 1982; Papritz and Rey 1989; Chauvet et al. 2008;
Shellnutt et al. 2014). Bhat et al. (1981) demonstrated that the
Panjal Traps have chemical affinity to basalt related to a with-
in-plate tectonic setting. A slightly more nuanced view, using
the tectonic classification scheme of  Pearce et al. (1977),
shows the Panjal Traps fall within the fields of  ‘continental
basalt’ and ‘ocean ridge basalt’ (Fig. 4).

The volcanic sequences around the Kashmir Valley have
chemostratigraphic variations, specifically the TiO2 concentra-
tion, as there appears to be high-Ti and low-Ti basalt. The vari-
ability within specific sequences is real but if  all basalt data are
considered, then it is less clear that there are two types but
rather a spectrum of  compositions (Fig. 3e). In broad terms,
the Mg# ([Mg2+/(Mg2++Fe2+

t)]*100) can better distinguish
groupings of  basalt as there appear to be three groups (Fig. 3f):
1) high Mg# group (> 57), 2) middle Mg# group (50 to 57),
and 3) low Mg# group (< 50). Furthermore, the rocks with the
highest Mg# likely represent more ‘primitive’ lavas as they tend
to have higher Ni (> 100 ppm) content than the rocks with
lower Mg# values (Ni < 100 ppm). 

To date only a few studies have reported the Sr–Nd iso-
topes of  the Panjal Traps (Chauvet et al. 2008; Shellnutt et al.
2014, 2015). The Sr isotopes are quite variable (ISr = 0.7043 to
0.7185) which may be due to Rb or Sr mobility during green-
schist-facies metamorphism (Fig. 5). Basalt with lower ISr val-
ues (ISr = 0.7043–0.7073) is probably indicative of  source
composition, whereas the higher values (ISr > 0.7100) are
probably related to element mobility associated with green-
schist-facies metamorphism and/or crustal contamination.
The Nd isotopes are also variable (gNd(t) = –6.1 to +4.3) but
Sm and Nd are less susceptible to mobility and likely indicative
of  their ‘unaltered’ compositions. Some samples may be repre-
sentative of  the initial, uncontaminated basaltic magmas as
they have gNd(t) values between –1.4 and +1.3, ISr values
between 0.7043 and 0.7073 and low Th/NbPM (≤ 1) ratios (PM
= normalized to primitive mantle values of  Sun and McDo-
nough 1989) and high Nb/U (≥ 49) ratios, but generally most
samples appear to have been affected by crustal contamina-
tion.

Magma Differentiation and Crustal Contamination
Most of  the mafic Panjal Traps have experienced to varying
degrees either crystal fractionation or crustal contamination or
both. Shellnutt et al. (2014, 2015) suggested that the ‘high-Ti’
rocks from Pahalgam and some rocks (i.e. ‘low-Ti’) from the
Pir Panjal Range experienced crystal fractionation where the
‘high-Ti’ rocks experienced olivine and plagioclase fractiona-
tion and the ‘low-Ti’ rocks experienced clinopyroxene and
olivine fractionation. However, many rocks do not show clear
evidence of  mineral fractionation.

The range of  trace element ratios (e.g. Nb/La, Th/Yb,
Ta/Yb and Nb/U) sensitive to crustal contamination and the
initial Nd isotopes suggests much of  the basalt experienced
crustal contamination (Campbell 2002; Rudnick and Gao
2003). The Nb/La values of  the Panjal Traps are generally <
1.0 although a few samples have higher values, whereas the
Nb/U (6 to 102) and Th/NbPM (0.5 to 6.9) ratios have a wide
range of  values (Fig. 6). Some of  the Nd isotope signatures
(e.g. gNd(t) < –4) are likely due to contamination by crustal
melts. Isotopic modelling indicates that the amount of  crustal
contamination is probably between 5% and 10% for most
basaltic rocks but there are some exceptions and larger
amounts (> 20%) of  contamination likely occurred (Shellnutt
et al. 2014, 2015).

Mantle Source
Trace element modelling suggests that low and moderate
degrees of  partial melting of  a spinel lherzolite source, assum-
ing a primitive mantle starting composition, can reproduce the
range of  the chondrite-normalized rare-earth element (REE)
patterns seen in the Panjal rocks (Fig. 7). Basalt from Guryal
Ravine and Pahalgam that does not show clear evidence for
crustal assimilation can be modelled by 3% to 7% batch melt-
ing using a spinel lherzolite (olivine = 57%, orthopyroxene =
26%, clinopyroxene = 15%, spinel = 2%) source composition
(Shellnutt et al. 2014, 2015). Rocks that have high Mg# (> 57),
high Ni (> 100 ppm), flat REE patterns and fall within the
ocean floor field of  tectonomagmatic discrimination diagrams
can be model by ca. 10% partial melting or more. Although it
is not possible to completely rule out the presence of  garnet in
the source (typically Sm/YbN < 2.7), it would have to be a very
minor (< 1%) constituent.

It is likely that the Panjal Traps were derived from two iso-
topically distinct mantle sources, one similar to chondritic
mantle (i.e. gNd(t) = 0 ± 1) and another similar to asthenospher-
ic mantle (Chauvet et al. 2008; Shellnutt et al. 2014, 2015). Fig-
ure 8 shows three regression lines (Guryal Ravine line, Pahal-
gam line and PJ4 line) of  the Panjal Traps using gNd(t) and the
Th/NbPM ratio. The Th/NbPM ratio is an indicator for crustal
contamination where upper crust (UC) has a value of  7.3,
depleted MORB mantle (DMM) has a value of  0.45 and prim-
itive mantle (PM) is 1.1. Therefore, the ‘uncontaminated’ Traps
should be closer to either the DMM or PM values and the con-
taminated rocks should be between either DMM or PM and
UC. It is clear that only a small cluster of  samples has chon-
dritic gNd(t) values with low Th/NbPM values (0.5 to 1.0). The
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Figure 3. (a) Rock classification of  the Panjal Traps using immobile elements (Winchester and Floyd 1977). SAB = sub-alkaline basalts; AB = alkaline basalt; Com/Pan =
Comendite/Pantellerite; Bas/Trach/Neph = basanite, trachybasanite, nephelinite. (b) Discrimination of  tholeiitic (T) basaltic rocks from calc-alkaline (CA) basaltic rocks
(Miyashiro 1974). (c) Binary diagram showing the use of  bulk-rock V/Ga to indicate the redox condition of  the mafic Panjal Traps. Reference lines at various fO2 are after
Mallmann and O’Neill (2009). (d) Th/Yb vs. Ta/Yb basalt discrimination diagram of  Wilson (1989) showing the differences between subduction and oceanic basalt derived
from depleted and enriched sources. Vectors show influences of  each component, S = subduction component; C = crustal component; W = within-plate enrichment; f  =
fractional crystallization. Ti-classification of  the Panjal Traps showing (e) TiO2 (wt.%) vs. Mg# and (f) Mg# vs. Ti/Y. Data from Pareek (1976), Bhat and Zainuddin (1978,
1979), Bhat et al. (1981), Honegger et al. (1982), Papritz and Rey (1989), Pogue et al. (1992), Vannay and Spring (1993), Rao and Rai (2007), Chauvet et al. (2008) and Shellnutt
et al. (2012, 2014, 2015).



uncontaminated chondritic samples show two separate mixing
lines, one with basalt from Guryal Ravine whereas the other is
with basalt from Pahalgam. When the mixing lines are extend-

ed to higher Th/NbPM values they passed through or very close
to either the Panjal dacite (Guryal Ravine line) or the Panjal
rhyolite (Pahalgam line) suggesting specific silicic volcanic
rocks may have acted as the enriched end-members for mixing
with specific basaltic sections (Fig. 8). A third mixing line (PJ4
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Figure 7. Results of  rare earth element modelling with respect to the least contam-
inated Panjal Traps from Guryal Ravine and Pahalgam. The models assume a prim-
itive mantle starting composition (Sun and McDonough 1989). The composition of
the spinel lherzolite is: olivine = 57%, orthopyroxene = 26%, clinopyroxene = 15%,
spinel = 2%. Elements are normalized to chondrite values of  Sun and McDonough
(1989).

Figure 4. Basalt tectonomagmatic discrimination diagram of  Pearce et al. (1977)
for the mafic Panjal Traps. C = continental basalt; SCI = spreading centre island
basalt. Symbols as in Figure 2. Data from Pareek (1976), Bhat and Zainuddin (1978,
1979), Bhat et al. (1981), Honegger et al. (1982), Papritz and Rey (1989), Pogue et
al. (1992), Vannay and Spring (1993), Rao and Rai (2007), Chauvet et al. (2008) and
Shellnutt et al. (2012, 2014, 2015).

Figure 5. Sr–Nd plot showing the mafic and silicic Panjal traps from the Kashmir
Valley region. DM = deplete mantle; EMI = enriched mantle I; EMII = enriched
mantle II (Zindler and Hart 1986; Workman et al. 2004; Workman and Hart 2005).
Isotopic range of  the Himalayan crust from Spencer et al. (1995). Data from Chau-
vet et al. (2008) and Shellnutt et al. (2012, 2014, 2015).

Figure 6. Th/NbPM vs. SiO2 (wt.%) of  the Panjal mafic, intermediate and silicic
rocks. The trend toward higher Th/NbPM and SiO2 within the basaltic rocks is likely
due to crustal contamination. UC = upper crust values from Rudnick and Gao
(2003). Data from Spring et al. (1993), Chauvet et al. (2008) and Shellnutt et al.
(2012, 2014, 2015).



line) is observed involving rocks collected from the Pir Panjal
Range near Gulmarg. The PJ4 line, when extended to higher
Th/NbPM values, passes through the values for basalt collected
from the Zanskar Valley and crosses between the dacite and
rhyolite. If  the PJ4 regression line is extended to intercept
either the DMM or the PM line then the corresponding gNd(t)
value is between +8 and +9 and similar to depleted mantle.
The samples that fall along the upper trend-line appear to
favour a contaminant similar to or something in between the
Panjal silicic rocks. Based on the TDM (1240 Ma to 2170 Ma)
model ages of  uncontaminated chondritic basalt, it is possible
that the original mantle source was the sub-continental lithos-
pheric mantle (SCLM), whereas basaltic rocks with higher
gNd(t) values were derived from a source that had a larger pro-
portion of  asthenospheric mantle.

Primary Melt Composition and Thermal Regime
Most flood basalt rocks do not represent primary magma com-
positions but rather derivative liquids that have experienced
crystal fractionation or contamination (Herzberg et al. 2007;
Herzberg and Asimow 2015). Deducing the temperature and
primary melt composition of  ultramafic and mafic volcanic
rocks can reveal important information regarding the possible
thermal conditions of  flood basalt provinces. For example, the
identification of  anomalously hot mantle potential tempera-
tures may be evidence for a hotspot (Herzberg and Gazel
2009; Ali et al. 2010; Hole 2015). The eruptive temperatures

(T) and mantle potential temperatures (TP) of  the Panjal Traps
are estimated to be ≤ 1340°C and ≤ 1450°C, respectively
(Table 1). The calculations suggest the primary magmas were
picritic (Le Bas et al. 2000) and experienced ca. 10–20% olivine
loss. The TP estimates are closer to ambient mantle (1300°C to
1400°C) thermal conditions rather than anomalously hot con-
ditions (Ali et al. 2010; Hole 2015).

SILICIC PANJAL TRAPS
The Panjal Traps have a volumetrically minor but petrological-
ly significant portion of  silicic volcanic rocks that appear to be
restricted to the eastern part of  the Kashmir Valley (Ganju
1944; Pareek 1976; Shellnutt et al. 2012). The volcanic rocks
are classified as dacite and rhyolite and are quartz porphyry
with cryptocrystalline to microcrystalline textures. The pri-
mary petrographic difference between the dacite and rhyolite
is the amount of  quartz phenocrysts. Thus far silicic volcanic
rocks have not been reported outside the Kashmir Valley.
Early investigations suggested they were derived by differenti-
ation of  mafic Panjal magmas but more recent studies indicate
they were derived by partial melting of  the crust (Wadia 1961;
Nakazawa and Kapoor 1973; Nakazawa et al. 1975; Shellnutt
et al. 2012). The whole rock chemistry shows the rocks are per-
aluminous, calcic to calc-alkalic and have isotopic composi-
tions (gNd(t) = –8.6 to –8.9) that are more similar to average
Himalayan crust (gNd(t).= –10 to –14) than to the mafic Panjal
rocks (Figs. 5 and 9). Furthermore, the silicic rocks have very
low Nb/U (< 10) and high Th/NbPM (> 3) values that are typ-
ical of  crust-derived igneous rocks (Fig. 6). Geochemical mod-
elling by Shellnutt et al. (2012) indicated that rhyolite and
dacite can each be derived by partial melting of  the middle
crust (from different lithologies) but it is also possible that rhy-
olite could be derived by fractional crystallization of  a dacitic
parental magma. Regardless of  the relationship between the
rhyolite and dacite it is very likely that the injection of  mafic
Panjal magmas caused the crust to melt and produced at least
the dacitic melts.

ANDESITIC PANJAL TRAPS
The basaltic sequences around the Kashmir Valley have hori-
zons of  andesitic rocks. Panjal andesitic rocks have been
reported from Guryal Ravine, Pir Panjal and the Lidder Valley
near Pahalgam (Bhat and Zainuddin 1978; Shellnutt et al. 2014,
2015). The compositions are typically basaltic andesite as they
have SiO2 contents between 54 and 56 wt.%. 

The Panjal andesitic rocks are compositionally transitional
between the mafic and silicic rocks and are probably derived by
mixing of  mafic magmas and crustal melts. The whole rock Sr-
Nd isotopes (gNd(t) = –6.8 to –6.1) are more enriched than the
basalt but less than in the silicic rocks (Fig. 5). Moreover,
Th/NbPM (2.0 to 6.8) values and Nb/U (5.2 to 22.1) values also
lie between the silicic and basaltic rocks (Fig. 6). The silicic
rocks have gNd(t) values (gNd(t) = –8.6 to –8.9) that are broadly
similar to the gNd(t) values (gNd(t) = –10 to –15) of  Himalayan
crust but the SiO2 and TiO2 content are very different (dacite:
SiO2 = ca. 65 wt.%, TiO2 = ca. 1.1 wt.%, rhyolite: SiO2 = ca.
75 wt.%, TiO2 = ca. 0.4 wt.% ). Isotope and trace element
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Figure 8. gNd(t) vs. Th/NbPM showing three mixing lines of  the Panjal basaltic
rocks and silicic rocks calculated by Shellnutt et al. (2015). Total mafic Panjal Traps
data are superimposed on the calculated mixing lines. The mantle line is based on
the depleted MORB mantle of  Workman and Hart (2005). The calculated regres-
sion lines for the basalt data are extended to the x-axis and the mantle line.
Th/NbPM is normalized to primitive mantle values of  Sun and McDonough (1989).
DM = depleted mantle of  Workman and Hart (2005). Data from Chauvet et al.
(2008) and Shellnutt et al. (2012, 2014, 2015).



modelling suggests that between 20% and 30% mixing of
dacite or rhyolite and basalt can produce the compositions
similar to the andesitic rocks. It seems that in some cases a spe-
cific contaminant (rhyolite or dacite) can be identified within
the volcanic sequences (Fig. 8). Although it is difficult to con-
firm, it is possible that the andesitic rocks throughout the
Kashmir Valley represent a marker horizon of  a very specific
eruptive episode that involved significant mixing between
crustal melts and mafic magmas. 

ACTIVE OR PASSIVE EXTENSION ORIGIN?
There is a tremendous debate regarding the existence of  man-
tle plumes let alone the association between LIPs and plumes
(cf. King and Anderson 1995; Ernst and Buchan 2003; Ernst
et al. 2005; Campbell 2007; Bryan and Ernst 2008; Foulger
2007, 2010; Ernst 2014). The mantle plume model advocates
that a hot diapiric upwelling of  mantle material, originating
from the lower mantle, impinges at the base of  the lithosphere
and is followed by the injection of  high temperature mafic to
ultramafic magmas into the crust. Some of  the magmas form
dyke networks, plutonic bodies and may induce crustal melt-
ing, whereas the magmas that reach the surface erupt and form
spectacular trap structures (Richards et al. 1989; Campbell and
Griffiths 1990; Campbell 2005, 2007). The spatial association
between some LIPs and volcanic rifted margins suggests that
mantle plumes may exploit thermal and structural hetero-
geneities in the lithosphere which assist in continental break-
up, but some LIPs are unrelated to plate separation and thus

the regional plate stress regime likely plays an important role
(Courtillot et al. 1999; Ernst 2014). In contrast, passive rifting
and thermal convection models, known as the ‘plate’ model,
have also been put forth as an explanation of  some LIPs
(White and McKenzie 1989; Foulger 2007, 2010). The premise
of  the ‘plate’ model is that “causative processes of  melting
anomalies of  the Earth’s top thermal boundary layer” are a
consequence of  the lithosphere under tensional stress (Foulger
2010). It is possible that the debate is contentious because of
the focus on a singular or restricted group of  LIPs and that a
‘one-size fits all’ model is inappropriate for all LIPs given their
inherent chemical and tectonic differences, e.g. plate separation
vs. non-plate separation. In other words, the mantle plume
model may be applicable for some but not all LIPs.

Assessing the involvement of  a mantle plume within an
ancient LIP is based on a number of  criteria. In addition to
large volumes of  magma (> 100,000 km3), a mantle plume-
derived LIP may exhibit: 1) short duration of  magmatism (e.g.
≤ 1 m.y.), 2) high thermal regime (presence of  ultramafic vol-
canic rocks) and 3) evidence of  pre-volcanic uplift of  the crust
(Campbell 2007). In the best of  circumstances the criteria are
difficult to assess but even more so if  the LIP is dismembered
or tectonized. The total magmatic duration of  many mafic
continental LIPs commonly exceeds 10 million years for the
main effusive period and may be preceded and followed by
sporadic eruptions or intrusions. Consequently, the evaluation
of  rapid emplacement usually emphasizes peak effusion rates
that represent a substantial (e.g. ≥ 70%) portion of  the vol-
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Table 1. Primary melt compositions and mantle potential temperatures of  the Panjal Traps.

Sample PJ2-003 AFM AFM PJ4-006 AFM AFM
Region Pahalgam Pir Panjal

SiO2 (wt.%) 51.23 50.62 50.90 52.14 51.97 52.33
TiO2 0.76 0.64 0.66 0.98 0.87 0.90
Al2O3 14.70 12.30 12.63 12.37 10.90 11.25
Fe2O3 9.04 0.32 0.65 8.69 0.43 0.89
FeO 9.01 8.62 8.19 7.67
FeOt 8.35 7.82
MnO 0.15 0.16 0.16 0.15 0.16 0.16
MgO 7.50 15.44 14.55 7.37 13.65 12.54
CaO 12.24 10.28 10.56 11.90 10.52 10.86
Na2O 1.33 1.11 1.14 3.25 2.86 2.95
K2O 0.07 0.06 0.06 0.43 0.38 0.39
P2O5 0.08 0.07 0.07 0.07 0.06 0.06
Pressure (bars) 1 1 1 1
FeO (source) 8.54 8.53 8.47 8.43
MgO (source) 38.12 38.12 38.12 38.12
Fe2O3/TiO2 0.5 1.0 0.5 1.0
% ol addition 21.8 19.0 16.4 13.1
Melt Fraction 0.30 0.29 0.28 0.27
Temperature (°C) 1340 1320 1330 1300
TP (°C) 1450 1420 1400 1370

FeOt = Fe2O3t * 0.8998. AFM = accumulated fractional melting composition. Two models are presented for each sample and reflect differences in relative
oxidation state (oxidized mantle source is Fe2O3/TiO2 = 1; reduced mantle source is Fe2O3/TiO2 = 0.5). The model compositions are normalized to 100%
for the PRIMELT3 calculation. Data from Shellnutt et al. (2014, 2015).



canic system (Campbell 2007; Bryan and Ernst 2008). Identi-
fying evidence for a high thermal regime is largely based on the
presence of  non-cumulate ultramafic volcanic rocks but
assessing evidence for pre-volcanic uplift can be difficult (cf.
He et al. 2003; Ukstins Peate and Bryan 2008). 

Evidence in support of  a mantle plume for the genesis of
the Panjal Traps is limited (Lapierre et al. 2004; Zhai et al.
2013). First, the total duration of  volcanism is uncertain.
Although Nakazawa and Kapoor (1973), Nakazawa et al.
(1975), Gaetani et al. (1990) and Stojanovic et al. (2016) sug-

gested volcanism was likely short-lived (< 5 Ma), there is a
dearth of  high-precision isotopic ages. It is possible that the
initial continental portion of  the Panjal Traps erupted within a
few million years but that volcanism was continuous for tens
of  millions of  years as the continental rift transitioned into
sea-floor spreading (Shellnutt et al. 2015). Consequently, the
only preserved remnants of  the Panjal Traps erupted within a
continental setting whereas the transitional to oceanic portions
were likely subducted or highly deformed. Second, there are no
definitively associated non-cumulate ultramafic rocks within
the Panjal Traps and the calculated mantle potential tempera-
tures of  the primary magmas are typical of  ambient mantle
temperatures (Herzberg et al. 2007; Ali et al. 2010). Third, evi-
dence of  pre- and syn-volcanic uplift is documented by the
progression from older marine sedimentation to younger con-
tinental sedimentation throughout the Kashmir and Zanskar
Valleys but the transition is attributed to rifting rather than
thermal uplift (Gaetani et al. 1990; Garzanti et al. 1996a, b).

At the moment, it appears that the Panjal Traps were not
derived from an active rift system but rather a passive rift sys-
tem controlled by the prevailing plate stress (north-directed
subduction of  the Paleotethys Ocean) and possibly the isosta-
tic effects of  deglaciation (Yeh and Shellnutt 2016). The low
estimated mantle potential temperatures and the changing
nature of  the Nd isotopes from chondritic to more depleted is
likely due to the transition from a continental rifting setting to
a nascent ocean basin (Shellnutt et al. 2015).

PERMIAN MAFIC ROCKS OF THE HIMALAYA AND THEIR
ASSOCIATION WITH THE PANJAL TRAPS
There are many occurrences of  Permian rift-related volcanic
rocks within the Tethyan domains of  Oman, Pakistan, India
and China (Bhat et al. 1981; Bhat 1984; Papritz and Rey 1989;
Garzanti et al. 1999; Ernst and Buchan 2001; Lapierre et al.
2004; Zhu et al. 2010; Ali et al. 2012, 2013; Zhai et al. 2013;
Shellnutt et al. 2014, 2015; Wang et al. 2014; Xu et al. 2016).
The Panjal, Abor, Nar-Tsum, Bhote Kosi, Selong, Mojiang vol-
canic groups, Qiangtang mafic dykes and the Garze Ophiolite
are among the many Early to Mid-Permian basaltic rocks that
are attributed to rifting and formation of  the Neotethys Ocean
(Fig. 10). The rocks of  east-central Himalaya (i.e. Abor and
Nar-Tsum) are not as well studied as there are only a few pub-
lished geochemical studies, none of  which present the isotopic
systematics, and consequently it is difficult to link all of  the
Permian rocks petrogenetically. In comparison to the Panjal
Traps, the Jilong and Selong basalt units of  Tibet are younger
(< 280 Ma), have moderate TiO2 (1.8–2.0 wt.%), high MgO (>
10 wt.%), high Mg# (> 60), high ISr (0.7160–0.7185) and high
chondritic gNd(t) values (+0.7 to +1.2). The mafic dykes of  the
Qiangtang terrane range in age from 270 to 290 Ma and gen-
erally have higher gNd(t) (+2.3 to +7.6) values (Zhai et al. 2013;
Xu et al. 2016). The Wusu basalt of  the Mojiang volcanic
group is dated at ca. 288 Ma and has high gNd(t) values (+4.0
to +5.5) but lower ISr values (0.70376–0.70420) than the Pan-
jal Traps (Fig. 11).

Some suggestions indicate that the Panjal Traps represent a
continuation of  flood basalts from a mantle plume centred
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Figure 9. (a) Alkali index (Na+K/Al) vs. aluminum saturation index (ASI; A/NCK
= Al/Ca+Na+K). P = peralkaline. (b) Rb (ppm) vs. Y+Nb (ppm) tectonomagmatic
classification of  granitic rocks of  Pearce et al. (1984). Data of  the silicic rocks from
Shellnutt et al. (2012).



within either the Qiangtang block (East) or the Arabian plate
(West). However, the Panjal Traps are the thickest and most
continuous outcrops of  basalt in the Himalaya, suggesting they

may represent a central volcanic eruption location (Lapierre et
al. 2004; Zhai et al. 2013; Shellnutt et al. 2014, 2015). Nakaza-
wa et al. (1975) and Nakazawa and Kapoor (1973) suggested
that volcanism was most intense within the Kashmir Valley
and migrated to the south and southeast. Although there is
some chemical overlap between the different Permian
Himalayan–Arabian basaltic groups there are significant differ-
ences in the reported ages (> 10 Ma) and Nd isotopes (Fig. 11).
It is likely that the Permian magmatic rocks in the Himalaya
and Arabia are members of  the same disjointed regional scale
rifting that led to the formation of  the Neotethys but that they
represent separate magmatic systems derived from ‘local’ man-
tle sources. The precise reason (exploitation of  a structural
heterogeneity) or mechanism (mantle plume vs. lithospheric
extension) of  the formation and propagation of  the rift is not
constrained but it could be that different regions of  the rift
had unique tectonic features.

SYNTHESIS OF THE PANJAL TRAPS
Neoproterozoic to Late Carboniferous continental to marine
sedimentary rocks were deposited on the passive margin of
Tethyan Gondwana at mid-southern latitudes (Stojanovic et al.
2016). The large Gondwanan ice sheet began to melt and the
deposition of  Middle Carboniferous fossiliferous (bryozoans,
brachiopods and crinoids) Fenestella shale was followed by the
lower diamictite unit of  the Upper Carboniferous agglomeratic
slate. The middle units of  the agglomeratic slate appear to con-
tain more tuffaceous material, possibly marking the first vol-
canic unit of  the Panjal Traps, followed by the deposition of
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Figure 11. The variability of  gNd(t) of  Early to Mid-Permian mafic volcanic rocks
from west to east across the Himalaya including the Permian volcanic rocks from
Oman (Lapierre et al. 2004; Fan et al. 2010; Zhu et al. 2010; Zhai et al. 2013; Shell-
nutt et al. 2014, 2015; Xu et al. 2016).

Figure 10. Distribution of  Permian Himalayan Magmatic Province volcanic rocks (based on Zhu et al. 2010).



fossiliferous marine units marking eustatic sea-level rise fol-
lowing deglaciation (Wopfner and Jin 2009). Pyroclastic flows
appeared within the freshwater, plant-bearing siliciclastic
Nishatbagh Beds and were followed by the main effusive
sequence of  the Panjal Traps.

The least contaminated lower basaltic flows have composi-
tions similar to ‘low-Ti’ continental tholeiite and chondritic Sr–
Nd isotope compositions. The injection of  mafic magmas into
the crust likely induced melting that led to the formation of
the silicic volcanic rocks (Fig. 12a). Some of  the mafic magmas
mixed with crustal melts to produce the andesitic rocks that
erupted at distinct horizons, whereas other basaltic units expe-

rienced smaller amounts of  contamination. The younger flows
appear to have erupted within a shallow marine or lagoonal
basin and developed pillow structures (Fig. 12b). Basalt from
the Pir Panjal Range has Nd isotopic compositions and char-
acteristics of  E-MORB. The geochemical change is likely relat-
ed to the tectonic setting transitioning from a predominantly
continental setting to a predominantly oceanic setting. It is
possible that during the continental–oceanic transition vol-
canogenic massive sulphide (VMS) deposits formed.

The final continental Traps are capped by marine sedimen-
tary rocks, whereas regions farther from the volcanic centre
were likely still under extension as sea-floor spreading began
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Figure 12. Tectonic synthesis of  the Panjal Traps. (a) The initial subaerial eruption followed by the (b) subaqueous eruptions and eventual opening of  the Neotethys Ocean.
The possible pre-India–Eurasia collision locations of  the Pir Panjal (PPR) and Zanskar Range (ZR) basaltic units are shown. 



and the first microcontinental blocks of  Cimmeria drifted
away from Gondwana. The Neotethys Ocean was born and
the initial rift completely transitioned from a continental set-
ting into a mid-ocean ridge setting. Cimmerian blocks drifted
northward until they accreted to the southern margin of  Eura-
sia during the mid-Mesozoic (Metcalfe 2013; Torsvik et al.
2014). It is likely that only the continental portion and the ear-
liest subaqueous Traps were preserved within the accreted
Cimmerian blocks, whereas the younger oceanic equivalents
were subducted during closure of  the Neotethys Ocean. It is
possible that some of  the subducted Panjal Traps were taken
to a depth of  2–3 GPa and brought back to the surface as the
Stak Valley, Kaghan and Tso Morari eclogite units (Spencer et
al. 1995; Luais et al. 2001; Kouketsu et al. 2015; Rehman et al.
2016).
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SUMMARY
The viticultural history of  Wisconsin started in the 1840s, with
the very first vine plantings by Hungarian Agoston Haraszthy
on the Wollersheim Winery property located in the Lake Wis-
consin American Viticultural Area (AVA). This study examines
the terroir of  historic Wollersheim Winery, the only winery
within the confines of  the Lake Wisconsin AVA, to understand
the interplay of  environmental factors influencing the charac-
ter and quality as well as the variability of  Wollersheim wines.
Soil texture, chemistry, and mineralogy in conjunction with
precision viticulture tools such as electromagnetic induction
and electrical resistivity tomography surveys, are utilized in the
Wollersheim Winery terroir characterization and observation
of  spatially variable terroir at the vineyard scale. Establishing
and comparing areas of  variability at the plot level for two spe-
cific vineyard plots (Domaine Reserve and Lot 19) at Woller-
sheim Winery provides insight into the effects of  soil proper-
ties and land characteristics on grape and wine production
using precision viticulture tools.

The viticultural future of  Wisconsin looks quite favourable,
as the number of  wineries keeps rising to meet the demand for
Wisconsin wine and local consumption. As climate change
continues to affect the grape varieties cultivated across the
world’s wine regions, more opportunities arise for Wisconsin
to cultivate cool-climate European varieties, in addition to the
American and French-American hybrid varieties currently
dominating grape production in this glacially influenced wine
region.

RÉSUMÉ
L'histoire viticole du Wisconsin a commencé dans les années
1840, avec les premières plantations de vigne par le Hongrois
Agoston Haraszthy sur la propriété du vignoble Wollersheim
situé dans la région de l’American Viticultural Area (AVA) du
lac Wisconsin. Cette étude porte sur le terroir historique du
vignoble Wollersheim, le seul à l'intérieur de l’AVA du lac Wis-
consin, qui soit soumis à l'interaction des facteurs environ-
nementaux qui influencent le caractère, la qualité et la variabil-
ité des vins Wollersheim. La caractérisation et l’observation des
variations spatiales du terroir à l’échelle du vignoble Woller-
sheim se font par l’étude de la texture du sol, sa chimie et sa
minéralogie en conjonction avec des outils de viticulture de
précision comme l'induction électromagnétique et la tomogra-
phie par résistivité électrique. En définissant des zones de vari-
abilité au niveau de la parcelle et en les comparant pour deux
parcelles de vignobles spécifiques (domaine Reserve et lot 19)
du vignoble Wollersheim on peut mieux comprendre les effets
des propriétés du sol et des caractéristiques du paysage sur la
production de raisin et de vin.

Le nombre de vignoble augmentant pour répondre à la
demande de vin du Wisconsin et à la demande locale, l'avenir
viticole du Wisconsin semble assez prometteur. Comme le
changement climatique continue d'influer sur la variétés des
cépages cultivés dans les régions viticoles du monde, c’est l’oc-
casion pour le Wisconsin de cultiver des variétés européennes
de climat frais, en plus des variétés hybrides américaines et
franco–américaines qui dominent actuellement la production
de raisin dans ce vin glaciaire région.

Traduit par le Traducteur

INTRODUCTION
The state of  Wisconsin is perhaps best known for cheese and
beer, invoking placid images of  lush pastureland, clear lakes,
and the north woods, but in the last decade, there has been a
significant increase in the number of  wineries established
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across this Midwestern state. Although Wisconsin has a long
winemaking history, the Wisconsin grape growing and wine
industry has experienced rapid growth in recent years. The viti-
cultural history of  the state of  Wisconsin extends back to the
1840s, when the illustrious nobleman Agoston Haraszthy, a
Hungarian-born immigrant who subsequently became a pio-
neer in California’s grape and wine industry, first settled in
south-central Wisconsin. Haraszthy planted the first vines in
1847 and 1848 and built a 40-foot cellar on the prairie border-
ing the Wisconsin River − the current location of  Wollersheim
Winery, which has become a National Historic Site. The tradi-
tional European vines planted by Haraszthy did not survive
the harsh Wisconsin winters. At the end of  1848 he followed
the gold rush to California, where he founded some of  the
first productive vineyards (including Buena Vista Winery in
Sonoma), introduced over 300 varieties of  imported European
vines, and ultimately became known as the founder of  the Cal-
ifornia wine industry (Pinney 1989). Agoston Haraszthy’s vine
planting and cellar digging efforts on the hill of  Wollersheim
Winery in Prairie du Sac, Wisconsin, mark the humble begin-
ning of  the state’s viticultural history.

Wine production in Wisconsin has always been minimal
due to its climate, which is susceptible to extremes of  temper-
ature (the record low of  –48.3°C, or –55°F, was reported in
February 1996), making Wisconsin’s mesoclimates incompati-
ble with the cultivation of  most Vitis Vinifera varieties. Over-
all, average annual minimum temperatures in the state of  Wis-
consin range between –2°C and 3°C, and average annual max-
imum temperatures vary from 10°C to 14°C. Data from the
Wisconsin State Climatology Office show that Wisconsin’s
continental climate, moderated by Lake Michigan and Lake
Superior, is characterized by a short growing season of  140 to
150 days in the east-central Lake Michigan coast and south-
western valleys and even shorter in the central portion of  the
state, as a result of  inward cold air drainage. These cool-cli-
mate conditions commonly limit yield and quality of  grapes
because of  occasional spring freezes, which can occur from
early May in southern counties and Lake Michigan coastal
areas to early June in northern counties, and fall frosts, which
can occur from late August/early September in northern and
central lowlands to mid-October along the Lake Michigan
coastline. Based on a long-term climatological temperature
average (calculated using the 1981−2010 U.S. Climate Nor-
mals), a total of  2264 Growing Degree Days (GDD, base
50°F) were calculated for Wisconsin from April 1st to October
31st, which puts Wisconsin in Winkler’s Region I (2500 or less
GDD). The Winkler scale, which is a method of  classifying cli-
mate of  grape growing regions based on heat summations
(one degree day per degree Fahrenheit over 50°F), includes
five climate regions: Region I (≤2500 GDD); Region II (2501–
3000 GDD); Region III (3001–3500 GDD); Region IV (3501–
4000 GDD); and Region V (>4000 GDD). Because Vinifera
vines typically cannot survive the cold Wisconsin winters,
mostly cold-resistant native American and French-American
hybrid varieties, such as Marechal Foch, Leon Millot, Edel-
weiss, La Crosse, Frontenac, St. Peppin, Seyval Blanc, Mar-
quette, and many other resilient varieties, are cultivated in Wis-

consin. Many Wisconsin winemakers procure grapes from
other areas of  the USA (California, Washington, New York),
and also make wine from other types of  fruit, including cherries,
strawberries, blueberries, raspberries, cranberries, peaches,
apples, and pears. Most Wisconsin wineries make a combination
of  grape and fruit wines, and increasingly more producers make
wine from locally grown cold-climate grapes.

In spite of  the Midwestern USA climatic challenges, the
Wisconsin grape industry has expanded exponentially in the
last decade, as most vineyards were planted between 2005 and
2010. The number of  Wisconsin wineries keeps climbing, with
over 100 wineries to date (2016) across the state, according to
the Wisconsin Winery Association. As global temperatures
continue to increase, the current areal extent of  grape growing
regions will shift accordingly, allowing new varieties to be cul-
tivated in certain regions, as well as limiting the production and
affecting the quality of  established cultivars in other regions.
As climate change continues to affect the selection of  grape
varieties that can be cultivated in Wisconsin, some grape grow-
ers are starting to experiment with Vitis Vinifera varieties;
cool-climate Riesling is the frontrunner.

In 2012, Wisconsin grape growers and winery owners were
surveyed regarding grape-growing practices, winery operating
practices, and sales and production performance in order to
establish industry baselines and quantify economic contribu-
tion. The survey was conducted by Tuck and Gartner (2014) as
part of  the United States Department of  Agriculture (USDA)-
funded Northern Grapes Project. Based on the survey results,
approximately 708 acres of  vines were planted and approxi-
mately 1400 tons of  grapes harvested in 2011. Of  the 71,699
planted vines in the state, the majority (58,300) are cold-hardy
vines, comprising 34,400 red cultivars and 24,000 white culti-
vars. The top three red cultivars are Marquette, Frontenac, and
Marechal Foch, constituting 42%, 26%, and 9%, respectively,
of  the total planted cold-hardy red varieties. The top three
white cultivars are Frontenac Gris, Brianna, and La Crescent,
representing 27%, 19%, and 15%, respectively, of  the total
planted cold-hardy white varieties (Tuck and Gartner 2014). As
evidenced by these survey results, Wisconsin is a very small
grape producer. For comparison, the top 13 United States
grape producers are listed in Table 1, based on data from the
Crop Production Report (ISSN: 1936-3737) released on
August 12, 2015, by the National Agricultural Statistics Service
(NASS), Agricultural Statistics Board, USDA. California leads
the way with 6,822,000 tons (89%), followed by Washington
with 512,000 tons (5%), and New York with 188,000 tons (2%)
of  total production in 2014.

The state of  Wisconsin is divided into five distinctive wine
regions: the Northwoods Region, Fox Valley Region, Glacial
Hills Region, Door County Region, and Driftless Region, and
within these five wine regions, there are three established
American Viticultural Areas (AVAs), including the Lake Wis-
consin AVA, the Upper Mississippi River Valley (UMRV) AVA,
and the Wisconsin Ledge AVA (Fig. 1). The Lake Wisconsin
AVA, established on February 4, 1994, is situated in the south-
central part of  the state and encompasses approximately 130
square kilometres (km2) in two counties. It includes within its
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boundaries the location of  the historic Wollersheim Winery.
The UMRV AVA, established on June 22, 2009, is the largest
designated appellation in the world, stretching approximately
78,000 km2 across southeastern Minnesota, southwest Wiscon-
sin, northwest Illinois, and northeast Iowa, and it includes
within its boundaries the Lake Wisconsin AVA. The Wisconsin
Ledge AVA, established on March 22, 2012, is located in the

northeastern part of  the state, covering approximately 9800
km2 in 11 counties, and is part of  the Niagara escarpment cor-
ridor, stretching along the Lake Michigan shores.

This research study examines the terroir of  historic Woller-
sheim Winery, the only winery within the confines of  the Lake
Wisconsin AVA, to understand the interplay of  environmental
factors influencing the character, quality, and variability of
Wollersheim wines.

OVERVIEW OF THE TERROIR OF LAKE WISCONSIN AVA
Lake Wisconsin AVA is situated in south-central Wisconsin,
approximately 70% in Columbia County and 30% in Dane
County. The AVA is bordered to the west and north by the
Wisconsin River and Lake Wisconsin, respectively, to the east
by Spring Creek and State Highway 113, and to the south by
Mack Road and State Highway Y (Fig. 2); its boundaries are
defined by federal regulations (GPO Electronic Code of  Fed-
eral Regulations 2015). The climate within the Lake Wisconsin
AVA displays minor variability. The Wisconsin River and Lake
Wisconsin moderate the temperatures, and average annual pre-
cipitation ranges from approximately 762 to 813 mm, which is
lower than most of  the state. The number of  frost-free days
ranges from 125 to 170 across the AVA and represents the
number of  days in the interval between the last spring day and
the first autumn day with freezing temperatures. Based on a
30-year climatological temperature average using data from
Columbia and Dane counties weather stations, Lake Wisconsin
AVA falls in the low range of  the Winkler Region II
(2501−3000 GDD), with an average of  2555 GDD. The geol-

ogy of  the Lake Wisconsin AVA comprises
Precambrian bedrock units consisting of
crystalline igneous and metamorphic
rocks, overlain by lower Paleozoic (Cam-
brian and Ordovician) sedimentary rocks.
Specifically, Cambrian sandstone interbed-
ded with secondary dolostone and shale
constitute the Elk Mound, Tunnel City,
and Trempealeau groups, whereas Ordovi-
cian dolostone with secondary sandstone
and shale is assigned to the Prairie du
Chien Group (Oneota and Shakopee for-
mations).

The Lake Wisconsin AVA extends
along the eastern margin of  the Driftless
Area or Paleozoic Plateau, which remained
unglaciated during the last glacial advance.
The USA upper Midwest region was cov-
ered by ice during four glacial stages: the
Nebraskan, Kansan, Illinoisan, and Wis-
consinan. The most recent major glacial
advance of  the North American Lauren-
tide Ice Sheet was the Wisconsinan, which
lasted from approximately 25,000 to
15,000 years ago (Attig et al. 2011). The
glacial lobes of  the Laurentide Ice Sheet
extended down into the northern and east-
ern parts of  the state, covering its terrain
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Figure 1. Map showing the five Wisconsin Wine Regions (Northwoods, Fox Valley, Glacial Hills, Door County, and
Driftless) and the three American Viticultural Areas (AVA; Lake Wisconsin, the Upper Mississippi River Valley, and
the Wisconsin Ledge).

Table 1. Summary of  2014 US grape production showing the
top 13 United States grape producers.*

State Total Grape Production (tons)

California 6,822,000
Washington 512,000
New York 188,000
Pennsylvania 91,000
Michigan 63,300
Oregon 58,000
Texas 9,400
Virginia 8,800
North Carolina 6,000
Missouri 4,030
Georgia 4,000
Ohio 3,810
Arkansas 1,490

*Source: Crop production report (ISSN: 1936–3737) released August 12,
2015, by the National Agricultural Statistics Service, Agricultural Statistics
Board, United States Department of  Agriculture.



in glacial drift, but never reached the Driftless Area in the west-
ern and southern parts of  the state. The Driftless Area is char-
acterized by a lack of  glacial drift and an erosional topography
consisting of  flat-topped hills, steep forested slopes, and a
well- developed, dendritic drainage system. The landscape is
dissected by a network of  steeply-cut valleys developed by
stream erosion during the roughly 420 million years between
the Silurian and Quaternary periods. In contrast, to the east of
the Driftless Area, the land was glaciated, and the topography
consists of  small, gently undulating hills, a less developed
drainage system, and numerous lakes, wetlands, and marshes.
Although glaciers never reached the Driftless Area during the
Quaternary (Mickelson et al. 1982), the effects of  glaciation are
observed in its peripheral deposits and landscapes, which were
affected by periglacial processes (Stiles and Stensvold 2008).

The Lake Wisconsin AVA is situated in the transitional
zone between the glaciated topography to its east and the

unglaciated, driftless topography to its west. Its landscapes are
part of  the glacially-derived Holy Hill Formation, comprising
the Horicon and Mapleview members (Fig. 3). The deposits
consist of  terminal moraines − large ridges of  glacial debris
that accumulated at the glacial limit − and outwash deposits of
stratified sand and gravel found in the valleys of  rivers that car-
ried large volumes of  glacial meltwater. Generally, postglacial
deposits include sand, silt, clay, and organic materials deposited
in stream valleys and lowlands, whereas glacial stream deposits
include outwash and hummocky sand and gravel. Silt-sized
loess, windblown from the floodplains of  glacial meltwater
rivers, was deposited on top of  the land surface during the
Wisconsinan Glaciation, but was subsequently eroded from
many areas, and is now present as a thin discontinuous cover
on uplands and slopes (Clayton and Attig 1997). Figure 3
depicts the glacial features across the state of  Wisconsin,
including the extent of  the Horicon and Mapleview members
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Figure 2. Map depicting the boundaries of  the Lake Wisconsin American Viticultural Areas (AVA) and the location of  historic Wollersheim Winery, the only winery in the Lake
Wisconsin AVA.



of  the Holy Hill Formation, as well as the non-glaciated Drift-
less Area, in relation to the locations of  the state’s three AVAs.

The soils across the Lake Wisconsin AVA were developed
on top of  various types of  parent materials, ranging from
sandstone and dolostone bedrock to glacial till, outwash, and
loess deposits. The parent materials covering the largest pro-
portions of  the AVA are calcareous sandy loam till, loess over
glacial loamy till, silty sediments over stratified silts and sands,
loess and/or silty slope alluvium, loess over calcareous sandy
loam till, and loess over glacial till (USDA Natural Resources
Conservation Service, Web Soil Survey data). Most cultivated
soils in the region have developed in loess, making these wind-
blown silt deposits the foundation of  agriculture (Clayton and
Attig 1997).

GLACIALLY INFLUENCED TERROIR IN OTHER VINE-
GROWING REGIONS
Worldwide, many wine regions located where soils developed
on glacially transported parent materials are known for pro-
ducing outstanding wines. Generally, ice and glacial meltwater
are the primary agents of  deposition of  the soil parent mate-
rial, generating glacial till and glaciofluvial/ glaciolacustrine
deposits, respectively. Windblown silt-sized loess deposits can
also be generated from the floodplains of  glacial meltwater
rivers.

In New Zealand, vast portions of the North and South
islands are covered by Quaternary glacial and fluvial sediments,
and extensive outwash deposits are distributed across the low-
lands. The majority of  vineyards are planted on alluvium and

GEOSCIENCE CANADA Volume 43 2016 269

http://www.dx.doi.org/10.12789/geocanj.2016.43.107

¯

Lake Wisconsin AVA

Upper Mississippi River Valley AVA

Wisconsin Ledge AVA

0 100 200 Kilometres

Figure 3. Map depicting the glacial features of  the state of  Wisconsin in relation to the locations of  the state’s three American Viticultural Areas (AVA). (from Syverson and
Colgan 2004).



outwash gravels. In the Central Otago region, nearly half  of
the planted vineyards are located on glacial gravels; in Hawkes
Bay, which includes the Gimblett Gravels wine region, approx-
imately 63% of  vineyards are located on outwash deposits; and
in the Marlborough and Waipara wine regions, most vineyards
are planted on alluvium and outwash gravels (Imre and Mauk
2009).

In Canada, the soils of  the Niagara Peninsula wine region
developed on glacial till resulting from the advance and retreat
of  ice during Quaternary continental glaciations, and on
glaciolacustrine and glaciofluvial deposits formed during inter-
glacial periods. The Niagara vineyards planted on these soils
define two distinctive terroirs: the flat area of  the Lake Iro-
quois Plain extending between Lake Ontario and Lake Iro-
quois, and the Escarpment, consisting of  the Lake Iroquois
bench terraces and the slopes above the Niagara Escarpment
(Haynes 2000). In the Canadian Okanagan and Similkameen
valleys of  British Columbia, many glacial advances generated
soil parent materials consisting of  unconsolidated glacial
deposits. In the Okanagan Valley, the thickness of  Pleistocene
glacial deposits is nearly 100 m, and glaciofluvial deposits cover
the sides of  the valley (Taylor et al. 2002). Most vineyards in the
Okanagan and Similkameen valleys are planted on soils derived
from these glacial sediments, which include glaciofluvial, fluvial
fan, and glaciolacustrine deposits (Bowen et al. 2005).

In the USA, the Columbia Valley AVA, which encompasses
several other AVAs in Washington and Oregon, has soils
derived from Quaternary glacial sediment and aeolian deposits.
Recurring Pleistocene glacial outburst flooding events, known
as the Missoula floods, generated glacial flood sediment
deposits known as Touchet beds, which accumulated in river
valleys and covered the landscape (Meinert and Bussaca 2000,
2002; Pogue 2009). Deposits of  windblown loess of  varying
thickness overlie the Touchet beds. Most vineyards in the
Columbia Basin are planted on soils derived from deposits of
loess and glacial flood sediments (Pogue 2009). In the Finger
Lakes AVA of  New York state, vineyards are planted on soils
consisting of  varied accumulations of  gravel, sand, silt, and
clay produced by glacial processes (Swinchatt 2012). The
Devonian bedrock, which is now covered by Pleistocene glacial
deposits, was scoured repeatedly during glacial advances. The
retreating glaciers generated the glacial meltwater that formed
the Finger Lakes and carved a landscape of  moraines, glacial till,
and glacial outwash (Meinert and Curtin 2005).

In France, the landscapes of  the Rhone Valley and Bor-
deaux wine regions have abundant glacial sediments originat-
ing from the Alps. In the Rhone Valley, alpine glaciers
descended from the Alps, scouring valleys and leaving behind
an assortment of  glacial till and moraine deposits. Meltwater
and subsequent glacial floods re-sorted some of  these deposits
into extensive terraces and gravel plateaus where many vine-
yard sites are located (Wilson 1998). In the Bordeaux wine
region, Medoc and Graves vineyards are located on gravel ter-
race mounds. The gravel-rich soils of  these areas developed on
the outwash deposits associated with the Garonne River inter-
glacial floods and the moraine deposits generated during the
Pleistocene glaciation (Wilson 1998).

These glacially influenced wine regions produce exception-
al wines in a unique terroir consisting of  soils developed on
transported, glacially derived parent materials. The glacial soils
provide distinct vineyard sites and are characterized by good
internal drainage and moderate fertility and water-holding
capacity, controlling vine vigor and promoting grape ripening.

TERROIR CHARACTERIZATION OF WOLLERSHEIM
WINERY

Historic Wollersheim Winery Background
Wollersheim Winery is a National Historic Site, with a history
extending back to the 1840s, when the legendary Hungarian
nobleman Agoston Haraszthy first settled on the estate. One
of  Wisconsin’s largest wineries, top wine producers, and a
leader in the Midwestern wine industry, Wollersheim Winery
produces approximately 240,000 gallons or 1.2 million bottles
annually, which corresponds to approximately 1410 tons of
grapes. Most are custom-grown grapes, including Sangiovese,
Chardonnay, Riesling, Pinot Noir, Seyval Blanc, Carignan, and
Muscat from Washington (335 tons), California (10 tons), and
New York (783 tons); however, approximately 20% (282 tons)
are Wisconsin-grown grapes, including 25 acres of  vineyards
located on site. Four winter-hardy hybrid grape varieties are cul-
tivated on the Wollersheim Winery estate, including two French-
American red hybrids (Marechal Foch and Leon Millot) and two
Wisconsin-native American white hybrids (St. Pepin and
LaCrosse), producing eight different estate wines made entirely
from Wisconsin-grown grapes. Specifically, the grapes grown
in the young, flat vineyards produce light-bodied wines (Prairie
Blush, Eagle White, Prairie Sunburst Red, and Ice Wine);
grapes from the medium-aged vines planted on medium-
sloped vineyards produce medium-bodied wines (Ruby Nou-
veau, Bon Vivant, and Domaine du Sac); and grapes from the
oldest and steepest-sloped vineyard produce the rich, full-bod-
ied Domaine Reserve wine.

Best known for its distinctive regional wines, Wollersheim
Winery has received numerous medals and awards in national
and international wine competitions. Some of  the most recent
Wollersheim Winery accolades include the 2012 Winery of  the
Year award at the San Diego International Wine Competition
and the 2015 Small Winery of  the Year award at the Riverside
International Wine Competition. It has also won many awards
for its estate wines, such as the 2015 Prairie Blush, which most
recently was awarded the Chairman’s Trophy at the 2016 Ulti-
mate Wine Competition in Hawthorne, New York, and gold
medals at the 2016 New World International Wine Competition
in Ontario, Canada, the 2016 Winemaker Challenge Internation-
al Wine Competition in San Diego, California, and the 2016
Dan Berger’s International Wine Competition in Sonoma
County, California. Other estate wines, including Domaine
Reserve, Domaine du Sac, Eagle White, and Prairie Sunburst
Red, have consistently won awards at numerous competitions; a
listing of  the various awards can be found on the winery’s web-
site (http://www.wollersheim.com).

This research study provides a terroir characterization of
the Wollersheim Winery vineyards, and utilizes analyses of  soil
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type, texture, geochemistry, and mineralogy to understand the
interaction of  environmental factors influencing the character
and quality of  Wollersheim wines. The study further examines
local-scale vineyard variability between two plots (Domaine
Reserve and Lot 19) that are cultivated with the same grape
variety (Marechal Foch) to determine the controls on small-
scale variability in grape quality and Wollersheim wines.

Materials, Methods, and Data Acquisition
Total major and select minor and trace element compositions
were determined on powdered rock samples and on the fine
fraction of  vineyard soil samples, which were powdered and
fused for x-ray fluorescence (XRF) analysis. Loss on ignition
(LOI) was determined by heating 1 gram of  sample for 10 min-
utes in a muffle furnace at 1050°C and calculating the mass dif-
ference. The major element and select minor and trace element
compositions were obtained from glass disks fused at 1050°C in
a Claisse M4 fluxer and analyzed using a Bruker S4 Pioneer XRF
in the Department of  Geosciences, University of  Wisconsin–
Milwaukee. Plant-available soil chemistry analysis was conduct-
ed by the University of  Wisconsin Soil Testing Laboratory in
Madison, Wisconsin, to determine concentrations of  phospho-
rus, potassium, calcium, magnesium, sulfur, zinc, manganese,
and boron, as well as pH, cation exchange capacity, and organic
matter. Soil texture was determined by grain size analysis using
a Malvern Mastersizer 2000E laser diffraction particle-size ana-
lyzer. In the laser diffraction method, a laser beam is passed
through a sample to measure the angular variation in scattered
light intensity, which is used to evaluate the particle size distri-
bution within a sample. Soil and rock mineralogy were deter-
mined non-quantitatively on a portion of  each powdered sam-
ple by x-ray diffraction (XRD) analysis. Random mounts were
prepared by packing the fine powders to a flat surface onto a
cavity mount sample holder capable of  assuming different ori-
entations. Samples were analyzed in the Department of  Geo-
sciences at the University of  Wisconsin–Milwaukee using a
Bruker D8 Focus XRD system (Cu Ka radiation, 4 s per 0.01°
2θ, 2°–60° range, Sol-X energy dispersive detector). Minerals
were identified by searching the International Centre for Dif-
fraction Data (ICDD) database of  standard X-ray powder dif-
fraction patterns for a match with the pattern of  the unknown.

Vine trunk circumferences were measured at two plots, Lot
19 and Domaine Reserve, on September 14, 2014. Vine trunk
circumference measurements can be used as an indicator of
vine vigor variation (Imre and Mauk 2011). The measurements
were collected from every vine at every other row, approximate-
ly 20 cm from the ground surface at the narrow part of  the vine.

Geophysical surveys, including electromagnetic induction
(EMI) and electrical resistivity tomography (ERT) were con-
ducted at two plots, Lot 19 and Domaine Reserve, on May 18,
2014. The EMI surveys were carried out with a Geonics EM-
31-MK2 ground conductivity meter, which has a fixed coil spac-
ing (3.66 m) and a single frequency (9.8 kHz) generating the pri-
mary magnetic field, with depths of  exploration of  3 m in the
horizontal dipole mode and 6 m in the vertical dipole mode.
The Geonics EM-31-MK2 ground conductivity meter is cali-
brated for a standard operating height of  1 m above the ground,

which is approximately waist height. The EMI surveys were per-
formed at walking speed, and apparent electrical conductivity
(ECa) measurements were collected from 104 locations at each
plot along alternating transects between every other row of
vines, for a total of  9 transects completed at each plot. ECa
measurements in the horizontal and vertical dipole modes were
read directly from the integrated data logger, and the measure-
ment locations were georeferenced by means of  a GPS receiver.
The ECa datasets for both plots were downloaded with the
Geonics DAT31W software program and interpolated using the
ordinary kriging method with the Esri ArcGIS Desktop soft-
ware program.

The ERT survey was conducted using a GF Instruments
ARES-G4 unit, with a standard survey line of  115 m consisting
of  three cables and a total of  24 electrodes. The electrodes were
spaced 3 m apart in the Wenner array, attaining a maximum
exploration depth of  14 m. The Wenner array consists of  four
electrodes spaced equally in a straight line at ground surface;
current is applied to the two outer (current) electrodes and the
potential difference measured at the two inner (potential) elec-
trodes. The ERT method records the contrast in apparent elec-
trical resistivity (ER) in soil, providing an estimate of  the hori-
zontal and vertical lithological variations. Two profiles were
completed at each plot, one near the top row and one near the
bottom row of  vines. The profiles were used to determine lat-
eral changes in resistivity, identifying the lateral continuity of
layers. The ER data for all profiles were downloaded with the
GF Instruments ARES v5.0 program and exported into
RES2DINV (Geotomo) inversion program for processing. A
common logarithmic scale was applied to all profiles for appro-
priate comparison.

Results and Discussion
The Wollersheim Winery vineyards are located on a hill over-
looking the Wisconsin River, at elevations between approxi-
mately 213 and 306 m, on south and southwest-facing gentle
slopes. The vines are planted 2 m apart and the distance
between rows is 3 m, which allows sufficient space for farming
equipment. The 25 acres of  bearing vineyards consist of
approximately 700 vines per acre for a total of  17,500 vines on
site. The landforms are streamlined hills and valleys shaped by
glaciers and glacial stream deposits consisting of  outwash and
hummocky sand and gravel (Mickelson 2007). The glacial
deposits are part of  the Horicon Member of  the Holy Hill
Formation, which is characterized by glacial till comprising
brown gravelly, clayey, silty sand, and dolomite derived from
Ordovician formations; these glacial deposits are overlain by
loess (Clayton and Attig 1997).

The climate is moderated by the Wisconsin River, and air
drainage in the river valley inhibits frost in the vineyards. In the
Wollersheim Winery area, where the average growing season
ranges from April 1st to October 31st, a total of  2382 (base
50°F) GDD were recorded in 2014. Based on a 30-year clima-
tological temperature average (1981−2010), Wollersheim Win-
ery falls in the low range of  the Winkler Region II (2501−3000
GDD) with an average of  2652 GDD. In comparison, Napa,
California falls in the middle range of  the Winkler Region III

GEOSCIENCE CANADA Volume 43 2016 271

http://www.dx.doi.org/10.12789/geocanj.2016.43.107



(3001−3500 GDD) with an average of  3297 GDD, and Walla
Walla, Washington falls in the high range of  the Winkler
Region II (2501−3000 GDD) with an average of  2959 GDD.

Vineyard Soil Properties
To characterize the terroir and assess vineyard variability at
Wollersheim Winery, a total of  12 soil profiles were examined
and sampled throughout the vineyards (Fig. 4). Two rock sam-
ples were also collected in the vicinity of  the vineyards. The
first was from a sandstone outcrop exposed along Highway 60,
approximately two kilometres to the north-northeast of  the
Wollersheim vineyards; the second was from a representative
dolostone boulder (approximately 2 x 4 x 2 m) at the top of
the Domaine Reserve plot that was transported from the
Ordovician Prairie du Chien Group dolostone bedrock bor-
dering the east boundary of  the vineyards. The elevations of
the soil sample locations range from 236 to 286 m, and the
maximum depths of  the soil profiles range from 50 to 70 cm
below ground surface, across horizons A, E, and B.

Based on the USDA taxonomic classification, the vineyard
soils are Alfisols, which is a soil order characterized by moder-
ately weathered and leached clay-rich soils having high to medi-
um base saturation, relatively high native fertility, and abundant
iron and aluminum. The soils are further classified as the sub-
group Udalfs (Alfisols found in humid climates) and the great
group Hapludalfs (Udalfs with minimum horizonation). Specif-
ically, the soils are Typic and Mollic Hapludalfs in a mesic soil
temperature regime and udic soil moisture regime, indicating
that the soils are similar to other Alfisols (Typic) or have a dark-
ened and organic-rich surface horizon (Mollic). Based on a
water budget analysis using the National Oceanographic and
Atmospheric Administration’s National Climate Data Centre
climate normals and the USDA Official Soil Series descriptions
(textures and profile thicknesses) to determine the water status
of  soils over the growing season, the soils are seasonally moist
in normal years, and generally experience a surplus throughout
the year. Recharge periods extend from April through October,
when temperatures are generally above 5°C. Although droughts
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likely alter the water balance, drought years do not represent
‘normal years’ in this region.

Based on the USDA Official Soil Series descriptions, the
soils are part of  the Gaphill−Rockbluff  complex, and Boyer,
Kegonsa, and Seaton Series, which are characterized by very
deep, well-drained soils. Based on the grain size analysis, silt-
and sand-sized grains dominate the soil samples collected
throughout the vineyards, with average silt and sand composi-
tions of  59% and 34%, respectively. The soils plot in the silty
loam and sandy loam fields of  the USDA soil texture triangle
(Fig. 5), and these textures are in general agreement with the
USDA taxonomic classification for these soils. Soil samples
collected from the highest elevations in the northern and east-
ern parts of  the property (DR-1, DR-2, and Lot 10A/B) con-
tain the highest silt content (79–80%) and correspond to areas
of  steeper slope, thinner soil, and shallower depth to bedrock.

Most of  the vineyard soils are silty loams developed on par-
ent materials consisting of  windblown loess deposits; these
soils are represented by 8 of  the 12 soil samples collected and
cover approximately 42% of  the property. The vineyard soils
in the northern and central parts of  the property, represented
by soil samples Lot 10A/B, Lot 14, and Lot 20, underlie
approximately 27% of  the property, and consist of  sandy
loams derived from loamy outwash and glaciofluvial deposits
underlain by outwash. Along the eastern property boundary, in
a small area covering approximately 4% of  the property and
characterized by the highest elevations and steepest slope, soil
sample DR-1 is a sandy loam developed on loamy colluvium
and sandy deposits overlying sandstone bedrock. The remain-
der of  the property (approximately 25%) consists mostly of  a
centrally located gravel pit developed in gravelly outwash.

Vineyard Soil Chemistry and Mineralogy
Soil chemical analyses were carried out for organic matter,
cation exchange capacity, and pH, along with plant-available
macronutrients (potassium, calcium, magnesium, phosphorus,
and sulfur) and micronutrients (boron, manganese, and zinc)
that are essential elements necessary for completion of  the
plant life cycle (Table 2). All these elements have important
roles in the metabolic functions of  vines and require that mini-
mum levels be maintained. The physical and chemical character-
istics of  the vineyard soils, such as texture, pH, organic matter,
and cation exchange capacity, affect the nutrient pool, availabil-
ity, adsorption, and retention potential. Fine-grained, clayey soils
can reduce the availability of  potassium to vines, whereas
coarse-grained, sandy soils are prone to leaching and can drain
nutrients from the soils (Lambert et al. 2008). The silty loam and
sandy loam vineyard soil samples are dominated by silt- and
sand-sized grains, providing a good balance between drainage
and water holding capacity. The pH values of  the vineyard soil
samples, ranging from 5.6 to 7.6, indicate moderately acidic to
slightly alkaline conditions, which provide good nutrient avail-
ability and balance for the health of  the vines. Soils rich in
organic matter are generally high in available nutrients, as
decomposition of  organic matter adds nutrients to soil and
improves water-holding capacity. Cation exchange capacity,
which is influenced by the soil’s organic matter and clay con-

tent, affects the ability of  soil to hold positively charged nutri-
ents for plant uptake (Dami et al. 2005). The highest organic
matter percentages and cation exchange capacities, ranging
from 1.1−1.3% and 12−13 cmol/kg, respectively, correspond
to vineyard soil samples containing the highest silt content col-
lected from the vineyards located in the northern and eastern
parts of  the property.

The concentrations of  plant-available macronutrients
potassium (24–112 ppm), calcium (278–1587 ppm), magne-
sium (62–658 ppm), phosphorus (7–49 ppm), and sulfur (1–5
ppm), and micronutrients boron (0.2–0.6 ppm), manganese
(13–89 ppm), and zinc (0.4–2.1 ppm), indicate significant vari-
ability in the vineyard soils. Some of  these nutrient concentra-
tions are outside the ranges specified by Moyer et al. (2014) in
their pre-plant soil fertility guidelines for establishing productive
vineyards, and by Dami et al. (2005) in the Midwest Grape Pro-
duction Guide. However, when assessing the nutrient require-
ments of  established vineyards, analyzing vine tissue samples
in conjunction with soil samples is critical in determining vine
nutrient status and identifying potential deficiencies (Moyer et
al. 2014). Overall, the plant-available soil chemistry shows the
most variability for calcium, magnesium, and potassium; the
highest concentrations of  these elements are found in soils
having the highest silt content in the northern and eastern
parts of  the property, i.e. in areas of  steeper slope, thinner soil,
and shallower depths to bedrock, where the vineyards produc-
ing the lowest yields and highest quality grapes are planted.

The XRF total elemental analysis conducted on the fine
fraction (silt and clay) of  the soil samples indicates some vari-
ation in the chemical composition of  the vineyard soils (Table
3). These elemental abundances represent the total concentra-
tions in the soil and are indicative of  the general vineyard soil
conditions, whereas plant-available essential elements (Table
2), which are necessary for the completion of  the plant life
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Figure 5. Ternary diagram showing the vineyard soil textures plotting in the silt loam
and sandy loam fields of  the United States Department of  Agriculture (USDA) Soil
Texture Triangle.



cycle, must be dissolved in an ionized water solution to allow
uptake into the metabolism of  the vines. Overall, the most
variability in total concentrations is noted for SiO2 (45.16–
78.73%), CaO (0.67–9.82%), MgO (0.5–.94%), Al2O3 (8.13–
13.30%), and Fe2O3 (2.36−7.22%). The vineyard soils contain
average total concentrations of  K2O, CaO, MgO, and P2O5 of
2.55%, 2.03%, 1.64%, and 0.14%, respectively; and Fe2O3,
MnO, Ni, and Zn are present in the vineyard soils in average
total concentrations of  38,650 parts per million (ppm), 1200
ppm, 25.2 ppm, and 67.5 ppm, respectively. The dolostone
rock sample consists primarily of  CaO (32.77%), MgO
(20.72%), and SiO2 (2.25%), whereas the sandstone sample is
dominated by SiO2 (53.77%), CaO (14.12%), and MgO
(9.51%). The variation in the chemical composition of  the
vineyard soils reflects the diversity of  parent materials in which
the soils have developed.

The XRD analysis indicates that the soil mineralogy is
dominated by quartz, plagioclase (albite/anorthite/labo-
radorite), orthoclase (microcline/sanidine/adularia), dolomite,
and minor biotite, hornblende, and various clay minerals (ver-
miculite, montmorillonite). The dolostone consists primarily
of  dolomite, along with minor quartz and clay minerals,
whereas the sandstone is composed of  quartz and dolomite,
and minor clay minerals, indicating that it is a dolomite-rich
sandstone. Unpublished field notes from Road Materials
Investigations Reports prepared by the Wisconsin Geological

and Natural History Survey show that dolomite is the most
common pebble lithotype in the Holy Hill Formation, based
on analyses of  rock types present in deposits of  sand and grav-
el throughout Dane County. East of  Sauk City (Fig. 2), more
than 50% of  the pebbles in glacial till consist of  coarse-
grained, mafic igneous rock to depths of  at least 15 m (Clayton
and Attig 1997). Consistent with chemical analyses indicating
elevated MgO and CaO, soil samples DR-1, Lot-19-2, and Lot
20 contained dolomite, which may indicate the influence of
weathered dolostone and dolomite-rich sandstone in the soils
located in closest proximity to the bedrock outcrops. The rel-
atively high Fe2O3 content in the soils relative to the rock sam-
ples may result from the oxidation of  ferromagnesian minerals
such as hornblende and biotite from mafic igneous rocks.

The compositional variation of  the soils is illustrated
graphically on plots of  major element oxides versus SiO2 (Fig.
6), and spatially on maps depicting interpolated concentrations
across the study area (Fig. 7). The plots show that SiO2 has a
strong inverse correlation with CaO and MgO; high coeffi-
cients of  determination explain 80% of  the variation. The soils
are highly depleted in CaO and MgO relative to the dolostone
sample and slightly depleted relative to the dolomite-rich sand-
stone sample. Fe2O3, P2O5, and MnO are also inversely corre-
lated with SiO2, and have lower coefficients of  determination
that account for 40–60% of  the variation. The soils are highly
enriched in Fe2O3, slightly enriched in P2O5, and have similar
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Table 2. Summary of  plant-available soil chemistry and texture. The variability in nutrient levels is influenced by the vineyard soil
properties, which affect the nutrient pool, availability, adsorption, and retention potential.
Sample ID DR-1 DR-2 Lot 5 Lot 6 Lot 7 Lot 8 Lot 9 Lot 10A/B Lot 14 Lot 19-1 Lot 19-2 Lot 20
Depth (cm) 50 50 65 65 70 60 55 50 55 50 50 50
Soil Type 1145F SmC2 SmB SmB SmB SmB SmC2 BoD2 BoD2 KeB KeB BoC2
Parent Material Loamy Loess Loess Loess Loess Loess Loess Loamy Loamy Loess Loess Fine-
(USDA WSS) colluvium and/or and/or and/or and/or and/or and/or outwash outwash over over loamy

over sandy silty silty silty silty silty silty over over sandy sandy fluvial
residuum slope slope slope slope slope slope sandy sandy and and deposits
weathered alluvium alluvium alluvium alluvium alluvium alluvium and and gravelly gravelly over

from gravelly gravelly outwash outwash sandy-
sandstone outwash outwash gravelly

outwash

Clay 5.8 12.3 7.3 7.3 5.0 5.5 4.2 10.4 6.3 4.9 6.0 9.5
Silt 70.3 79.6 62.4 63.0 41.0 49.7 48.7 74.2 60.6 42.7 61.7 56.0
Very Fine Sand 10.0 4.2 10.8 7.8 12.4 12.5 12.9 8.3 10.0 7.1 11.7 7.6
Fine Sand 8.7 2.0 14.6 12.0 26.4 20.5 20.0 5.0 9.9 17.3 11.0 12.7
Medium Sand 5.0 1.8 4.8 9.3 14.7 11.5 13.0 2.1 6.8 21.4 7.3 11.3
Coarse Sand 0.21 0.1 0.0 0.59 0.46 0.34 1.2 0.006 5.9 6.4 2.2 2.9
Very Coarse Sand 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.56 0.06 0.10 0.03

pH 7.6 5.6 5.7 6.0 6.1 5.9 5.9 6.0 7.1 7.0 7.3 7.0
OM % 1.3 1.1 0.7 0.6 0.3 0.4 0.7 1.1 1.0 0.7 1.0 1.3
CEC (cmol/kg) 12 9 3 4 2 2 2 13 9 4 9 10
P (ppm) 7 28 35 28 34 28 49 8 28 24 16 8
K (ppm) 70 95 50 49 34 24 37 112 79 44 63 79
Ca (ppm) 1587 994 465 567 278 354 482 1384 1234 689 1172 1211
Mg (ppm) 469 373 96 150 68 62 66 658 442 225 515 586
B (ppm) 0.5 0.3 0.3 0.3 0.2 0.2 0.2 0.4 0.4 0.3 0.4 0.6
Mn (ppm) 13 27 36 25 14 21 89 35 30 43 29 28
Zn (ppm) 0.9 0.4 1.5 0.7 0.4 0.4 2.1 0.5 1.2 1.5 1.0 1.0
S (ppm) 3.5 2.0 3.3 1.2 1.0 2.3 3.5 2.3 5.0 2.3 2.3 1.8

Notes:
1145F - Gaphill-Rockbluff  complex, 30 to 60% slopes; SmC2 - Seaton silt loam, 6–12% slopes, eroded; SmB - Seaton silt loam, 2–6% slopes; BoD2 - Boyer sandy loam, 12–
20% slopes, eroded; KeB - Kegonsa silt loam, 2–6% slopes; BoC2 - Boyer sandy loam, 6–12% slopes, eroded; USDA WSS - United States Department of  Agriculture Web
Soil Survey (http://websoilsurvey.nrcs.usda.gov); OM - Organic matter; CEC - Cation exchange capacity
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Figure 6. Harker diagrams depicting the compositional variation of  selected major elements in soils relative to bedrock samples, reflecting the diversity of  soil parent materials
and the influence from the dolostone and dolomite-rich sandstone bedrock.



MnO compositions relative to the dolostone and sandstone
samples. TiO2 and SiO2 are positively correlated, with a coeffi-
cient of  determination that accounts for 70% of  the variation.
The soils are significantly enriched in TiO2 relative to the
bedrock samples. Additionally, SiO2 has a strong positive cor-
relation with Zr and Ba; high coefficients of  determination
explain 80–90% of  the variation (not shown). Again, these
compositional differences reflect the diversity of  parent mate-
rials, which include windblown loess, loamy outwash and
glaciofluvial deposits underlain by outwash, and loamy colluvi-
um and sandy deposits overlying sandstone bedrock.

Figure 7 depicts the spatial compositional variability in
soils, based on interpolated concentrations across the study
area. Overall, the soils with the highest SiO2 contents are
found in the southern half, whereas the lowest SiO2 contents
occur in the northwest corner of  the study area. Conversely,
the soils with the highest CaO and MgO contents are present
in the northwest corner and the lowest CaO and MgO con-
tents are in the southern half  of  the study area. The highest
Fe2O3 and Al2O3 compositions are found in soils from the west
and north-central parts of  the study area, and the highest P2O5
contents are located in the west and northwestern corner. Of
note are soil samples DR-1, Lot-19-2, and Lot 20, which con-
tain the lowest percentages of  SiO2 (62.09−45.16%), the high-
est LOIs (7.95−19.09%), and elevated concentrations of  MgO
(1.27−6.94%) and CaO (1.14−9.82%) relative to the rest of
the soil samples. These compositions reflect the dolostone and
dolomite-rich sandstone bedrock influence on the soils of

these vineyard plots, caused by dissolution of  primary minerals
during rock weathering. Forested ridges underlain by dolo-
stone of  the Ordovician Prairie du Chien Group border the
east boundary of  the vineyards, and weathered outcrops of
dolomite-rich sandstone are observed approximately 2 km to
the northeast, along Highway 60.

The major element chemistry was used to assess the gener-
al spatial distribution and degree of  chemical weathering at the
local scale in the vineyard soils (Fig. 8). Ratios of  mobile ele-
ments (Ca, Mg, K, Na, Sr, and Ba used as proxies for primary
minerals) to the immobile elements Ti and Zr were calculated
and interpolated across the study area. Generally, the ratios of
CaO/TiO2, MgO/TiO2, Sr/Zr, Ba/Zr, and to a lesser degree
K2O/TiO2, representing minerals such as calcite, dolomite,
plagioclase, hornblende, and mica, increase toward the north-
west, indicating greater chemical weathering in the northern,
eastern, and southern areas of  the property. In the north and
east, greater chemical weathering correlates with areas of
steeper slope, thinner soil, shallower depth to bedrock, and
highest soil silt content, where the vineyards producing the
lowest yields and highest quality grapes are located. Woller-
sheim Winery winemaker, Philippe Coquard, states that the
grapes from these vineyard plots (Lots 10A/B, 11 [not sam-
pled], and Domaine Reserve) consistently produce the lowest
yields and reach the highest sugar levels. With average Brix
(estimated concentration of  dissolved sugar) values of  21.5,
average pH values of  3.31, and average yields of  approximately
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Figure 7. Map showing the spatial distribution of  selected major elements in the
Wollersheim Winery vineyards (see Figs. 2, 4), reflecting the variety of  parent mate-
rials in which the soils formed.
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Figure 8. Map showing the spatial distribution and degree of  chemical weathering in
the Wollersheim Winery vineyards (see Figs. 2, 4), using ratios of  selected mobile to
immobile elements. More extensive chemical weathering is associated with vine-
yards in the north, east, and south.



5 to 6 tons per acre, these grapes consistently achieve a perfect
balance of  sugar and pH levels at harvest, and produce wines
with robust fruit flavors and concentrated aromas (P. Coquard
personal communication March 15, 2016). In the southern
part of  the property, the vineyards are characterized by soils
with higher sand content, intermediate elevations, and flatter
slopes; these vineyards produce the highest grape yields
(approximately 7 to 8 tons per acre) and softer wines with del-
icate, lighter flavours (P. Coquard personal communication
March 15, 2016). Overall, these are typical economic crop
yields for hybrid grapes that have been optimized and proven
successful for Wollersheim Winery in terms of  maintaining a
balance between profitability and grape and wine quality, while
meeting the demand for sensible local wines. 

Vineyard Variability Study at Domaine Reserve and Lot
19
The 1.6-acre Domaine Reserve and 1.4-acre Lot 19 plots, both
planted with Marechal Foch grapes, were selected for further
investigation by means of  geophysical methods and vine trunk
circumference measurements. Both plots have a southwesterly
aspect, with slopes of  21% at Domain Reserve and 10% at Lot
19. The geophysical surveys provide measurements of  apparent
ECa and its inverse, ER, which are correlated with soil moisture,
clay content and mineralogy, rock fragments, bulk density,
porosity, and other soil properties (André et al. 2012). Vine
trunk circumference measurements can be utilized to assess
subsurface variability at the plot level and as a proxy for vine
vigor, which can be correlated with grape characteristics (Imre
and Mauk 2011).

Vine Trunk Circumferences
Vine trunk circumferences were measured at Domaine Reserve
and Lot 19 in September 2014. The Domaine Reserve vines
were planted in 1974, and the Lot 19 vines were planted in 1987.
Measurements were collected from every vine on every other
row, for a total of  nine rows at each plot. The number of  meas-
urements collected was 437 at Domaine Reserve and 477 at Lot
19. Generally, vine trunk circumferences were similar between
the two plots: median circumferences were 170 mm at Domaine
Reserve and 190 mm at Lot 19 (Fig. 9). The Domain Reserve
vine circumference data displayed slightly more variation, with a
range of  300 mm compared to a range of  260 mm for the Lot
19 data.

Smaller vine trunk circumferences were observed at the
uppermost three rows, at higher elevations near the top of  the
slope at Domaine Reserve. As uniform management practices
are implemented at both plots, the variation in vine trunk cir-
cumferences between them reflects vine age, soil conditions
(type, texture, and drainage), and topographic conditions
(slope, elevation); it is also observed in grape yields, which are
approximately 5 tons per acre at Domaine Reserve and 6 tons
per acre at Lot 19. Wollersheim Winery’s Philippe Coquard
considers the age of  the vines to be the dominant factor in the
variation of  vine trunk circumferences, although he insists that
it is the combination of  these factors (vine age, soil conditions,
and topographic conditions) that ultimately creates these dif-

ferences (personal communication, March 15, 2016). Larger
circumferences in older vines may be expected if  vine age
alone were a determining factor, but the actual average meas-
urements indicate that the younger vines of  Lot 19 have the
larger circumferences; it is clear, therefore, that the effects of
age, soil, and topographic conditions combined outweigh the
effects of  vine age by itself.

Geophysical Surveys
EMI and ERT surveys were completed at Domaine Reserve
and Lot 19 in May 2014. The survey measurements were uti-
lized to determine spatial variations in the subsurface that can
be used to map soil variations within each plot. The soils were
likely saturated by spring precipitation at the time of  the sur-
vey.

Figure 10 presents the horizontal (3 m) and vertical (6 m)
soil ECa at 9.8 kHz measured in May 2014. Overall, the ECa
values were relatively low, ranging from 7 to 68.75 millisiemens
per metre (mS/m), and spatially correlated areas of  similar
ECa were noted at both plots. These areas generally coincide
with the distribution of  different soil types, as established by
the USDA. The horizontal ECa measurements were generally
similar between the two plots, ranging from 5 to 27.25 mS/m
at Lot 19 and from 7 to 30.75 mS/m at Domaine Reserve,
indicating relatively sandy surficial soils. Vertical ECa values
ranged from 7.25 to 18 mS/m at Lot 19 and from 8 to 68.75
mS/m at Domaine Reserve. The highest vertical ECa values
were encountered at Domain Reserve in the northeastern cor-
ner of  the plot, which is underlain by the Gaphill − Rockbluff
complex (well-drained sandy loams developed from loamy or
sandy colluvium), and has steeper slopes and shallower soil
(Fig. 11). An inverse relationship between ECa and depth to
bedrock is observed here because soils developed from the
underlying bedrock are generally more conductive than the
bedrock, and groundwater at or above the bedrock interface
may also increase conductivity. Philippe Coquard of  Woller-
sheim Winery confirms that the shallow depth to bedrock
restricts rooting depth and limits grape yields in this northeast
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portion of  the plot, which also coincides with smaller vine
trunk circumference measurements in this area.

Figures 12 and 13 illustrate the two resistivity profiles com-
pleted at each plot: one profile near the top row, and one pro-
file near the bottom row of  vines. Overall, the ER measure-
ments can be correlated with the ECa data of  the plots, with
areas of  high conductivity corresponding to low resistivity and
vice versa. At Lot 19, the ER values were generally similar
between the top (53–7433 ohm-m) and bottom (51−3850
ohm-m) rows. Although the top row of  the Domaine Reserve
plot revealed ER measurements (26−2821 ohm-m) similar to
those observed at Lot 19, much higher resistivity values
(25−31,551 ohm-m) were noted for the bottom row of  vines,
indicating the presence of  a more resistive layer at lower eleva-
tions, near the foot of  the slope. This highly resistive layer is
encountered at a depth of  approximately 12 m near the bot-
tom row of  vines at Domaine Reserve, indicating an increase
in coarser soil textures with depth. These coarser textures at
depth coincide with the centrally located gravel pit, consisting
of  stratified sand and gravel, and covering approximately 25%
of  the property. Based on well-log information from private
wells drilled on the property, the stratified sand and gravel layer
is laterally continuous and extends from 2 to 29 m below
ground surface in the centre of  the property and from 9 to 15
m below ground surface in the northeast part of  the property.
Based on the ER data, Lot 19 has a more homogeneous sub-
surface, compared to the Domaine Reserve plot, which shows
much more variability between the top and bottom rows.

Overall, the ECa data corroborate the ER data at the
Domaine Reserve plot, depicting more conductive/less resis-
tive soils near the top row of  vines, proximal to the
Gaphill−Rockbluff  complex, and more resistive/less conduc-
tive soils approximately 12 m deep near the bottom row of
vines at Domaine Reserve. This indicates an increase in coarser
soil textures with depth and coincides with the location of  the
stratified sand and gravel pit.

In addition to the differences established by geoelectrical
methods, other plot characteristics such as elevation, slope,
and vine age variations further differentiate the two plots.
Specifically, the Domaine Reserve plot is situated at elevations
of  259−305 m, has an average slope of  approximately 20%,
more soil textural variability across the plot, higher average clay
and silt content, and vines approximately 42 years old. The
grapes from Domaine Reserve have consistently higher sugar
levels, with average Brix values of  21.13, average pH values of
3.29, and average yields of  approximately 5 tons per acre, pro-
ducing the best wines with robust fruit flavors and bold, con-
centrated aromas. In contrast, Lot 19 is located at lower eleva-
tions (213−259 m), has a gentler average slope of  ca. 10%, less
soil textural variability across the plot, higher average sand
content, and younger vines approximately 29 years old. The
grapes from Lot 19 attain intermediate sugar levels, have aver-
age Brix values of  20.07, average pH values of  3.28, average
yields of  approximately 6 tons per acre, and produce medium-
bodied wines with pleasant fruit flavors and balanced aromas.

CONCLUSIONS
Wollersheim Winery is the birthplace of  Wisconsin viticulture,
a National Historic Site, and a leader in the Midwestern USA
wine industry. Its location on a hill bordering the Wisconsin
River marks the transition zone from glaciated terrain to the
east to non-glaciated terrain to the west. The Wollersheim vine-
yards, with south and southwest-facing slopes and good air
drainage, have well-drained soils dominated by silt- and sand-
sized grains (silty loams and sandy loams). The vineyard soils
are developed on parent materials consisting of  windblown
loess deposits, loamy outwash and glaciofluvial deposits under-
lain by outwash, and loamy colluvium and sandy deposits over-
lying sandstone bedrock. 

The plant-available chemistry of  the vineyard soils shows
that the most variability and highest concentrations of  calci-
um, magnesium, and potassium correspond to vineyard soils
having the highest silt content in the northern and eastern
parts of  the property. The XRF total elemental chemistry of
the vineyard soils reveals the most variability in SiO2, CaO,
MgO, Al2O3, and Fe2O3, reflecting the variety of  parent mate-
rials in which the soils have developed. The soil mineralogy
consists primarily of  quartz, plagioclase, orthoclase, and
dolomite, minor biotite and hornblende, and various clay min-
erals. The soil samples with the lowest SiO2 compositions and
the highest LOIs have elevated MgO and CaO contents, indi-
cating a contribution from the weathering of  dolostone or
dolomite-rich sandstone bedrock in the soils of  these plots,
which are located in closest proximity to the bedrock outcrops.
Based on a preliminary evaluation of  chemical weathering
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Figure 10. Map depicting the horizontal (3 m) and vertical (6 m) apparent electrical
conductivity (ECa) measurements in soils at Domaine Reserve and Lot 19, demarcat-
ing areas of  similar soil type at each plot. mS/m: millisiemens per metre.



using ratios of  mobile to immobile elements in the vineyard
soils, an overall increase in chemical weathering is noted in the
northern, eastern, and southern parts of  the property. The
areas of  greater chemical weathering in the north and east are
characterized by steeper slope, thinner soil, shallower depth to
bedrock, and most silt-rich soils. They also display the highest
plant-available calcium, magnesium, and potassium, and coin-
cide with the location of  vineyards producing the highest qual-
ity grapes.

Vineyard geophysical surveys at the Domaine Reserve and
Lot 19 plots demonstrate spatial variations within the subsur-
face at the plot level, demarcating soil variations within each
plot. The ECa data corroborate the ER data, indicating more
soil textural variability and higher average clay and silt content
for the Domaine Reserve plot, and less textural variability and
higher average sand content for Lot 19. Additional character-
istics, such as elevation, slope, and vine age variations further
differentiate the two plots. Thus, the terroir of  the Domaine
Reserve plot, consisting of  more heterogeneous soils with a
greater degree of  chemical weathering, higher elevation, steep-
er slope, and older vines, produces the lowest yields, the best

quality grapes, and the rich, full-bodied Domaine Reserve
wine, whereas the terroir of  Lot 19, comprising more homo-
geneous soils with the lowest degree of  chemical weathering,
lower elevation, gentler slope, and younger vines, produces
slightly higher yields, good quality grapes, and the medium-
bodied Domaine du Sac wine.

With an increasing demand for wine and an expanding
local consumption movement across the state, the future of
viticulture in Wisconsin looks promising, with new wineries
opening and larger acreage of  grapes being cultivated through-
out the state to meet the demand for Wisconsin wine. As cli-
mate change continues to affect the selection of  cultivated
grape varieties, Wisconsin holds a great potential for cultivat-
ing quality cool-climate European varieties, in addition to the
American and French–American hybrids currently dominating
the state’s grape production. Future work focused on selecting
the proper hybrid not only for the appropriate climatic condi-
tions, but also for the specific soil type, will aid in further refin-
ing our understanding of  the optimal terroir conditions for
cultivating quality cold-climate grapes.
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Figure 11. Map depicting the vertical (6 m) apparent electrical conductivity (ECa) measurements and soil types at Domaine Reserve and Lot 19; the area of  highest ECa (the
Domaine Reserve plot) coincides with steeper slope and shallower soil depth, restricting rooting depth and limiting crop yields in this area. mS/m: millisiemens per metre.
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Figure 12. Figure illustrating the soil apparent electrical resistivity (ER) measurements (in ohm-m) for the two resistivity profiles completed at Domaine Reserve; the highly resis-
tive layer at Domaine Reserve’s bottom row indicates an increase in coarser soil textures with depth.
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Figure 13. Figure illustrating the soil apparent electrical resistivity (ER) measurements (in ohm-m) for the two resistivity profiles completed at Lot 19; similar ER values between
the top and bottom rows indicate a homogeneous subsurface.
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John Tuzo Wilson probably had a greater influence on the
development of  the earth sciences than any geologist since
William Smith and Charles Lapworth. Prior to the early 1960’s,
he was a staunch anti-drifter but, in 1965, he pulled together
many threads to create a cohesive paradigm that embraced
continental drift, sea-floor spreading, subduction, and very
large motions on transcurrent faults that defined the bound-
aries of  and sites of  relative motion between plates, the basis
of  what would come to be known as plate tectonics. Implicit
in his analysis was the torsional rigidity of  plates. Torsional
rigidity means that plates have sufficient strength to avoid dis-
tortion in map view although they may be distorted along their
edges (plate boundaries) and are more easily distorted by flex-
ure in cross-section. Apart from the well-known contributions
of  Wegener (1929), Holmes (1931), Griggs (1939), Creer et al.
(1958), Hess (1962), Runcorn (1962), Heezen (1960), Dietz
(1961), and Vine and Matthews (1963), two lesser known and
appreciated observations were instrumental in the formulation
of  plate tectonics. First, Harry Wellman (1955) already recog-
nized that the Alpine Fault in New Zealand joined trenches
with opposite polarities and is elongating. Secondly, Bert
Quennell (1958) described the sinistral relative motion of
Africa with respect to the Arabian Plate along the small circle
of  the Dead Sea Fault around a rotation pole near Gibraltar,
implying torsional rigidity of  the adjacent blocks. Simultane-
ously with Tuzo’s 1965 paper, Bullard et al. (1965) assumed
torsional rigidity to make finite difference rotations around
poles of  rotation, to achieve fits and minimizing misfits,
between the continents around the Atlantic. McKenzie and
Parker (1967) described the relative motion among the torsion-
ally rigid Pacific, North American, and Gorda plates and the
theory of  plate tectonics was born. Tuzo’s fundamental role

came between 1962 and 1965 in his papers on the Cabot Fault
(1962), and interpretations of  oceanic islands (1963a) and
Hawaii (1963b) as hot-spot tracks, culminating in his definitive
1965 paper that founded plate tectonics and his clever paper
(1966) on the Caribbean and Scotia plates moving through
gaps between continents and invading ‘innocent’ oceans with
rifted margins. Strangely, Tuzo did not use rotation poles to
describe relative motion among his global plate mosaic, in spite
of  the implicit rigidity of  plates, even though used, explicitly,
by Wellman, Quennell, and Bullard et al. Within a few years,
plate tectonics was developed as a quantitative, integrated the-
ory by McKenzie and Parker (1967), Morgan (1968), Le
Pichon (1968), and Isacks et al. (1968).

Of  great importance in tectonics, during this period, was
Tuzo’s 1966 paper, “Did the Atlantic close and then re-open?”
(Tuzo enjoyed framing his papers as questions, which many
journals no longer allow). In 1965, I was a young lecturer in
Cambridge deeply absorbed in developing new courses in
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Figure 1. There are many ‘official’ pictures of  Tuzo Wilson, but it seems more
appropriate to use this lovely photograph by renowned Canadian photographer
Harry Palmer, and we reprint it with his kind permission. Harry took splendid and
candid photographs of  many ‘Companions of  the Order of  Canada,’ and Tuzo was
awarded this honour in 1969, three years after his famous paper.



structural geology and working on the geology of  western Ire-
land, Nova Scotia, and Newfoundland. Both Harry Hess and
Tuzo were on sabbatical leave in Madingley Rise, the then
Department of  Geophysics in Cambridge presided over by
Teddy Bullard. I owe these three earth scientists more than I
can say in transforming my approach to geology, in their
advice to expand my horizons to include a global tectonic
scale. Tuzo came into my room in the Sedgwick Museum many
times for morning coffee and chats about regional and global
geology, especially the relationship between structural geology
and tectonics. One morning, with that inscrutable gentle smile
that usually characterized his face, he announced “I have dis-
covered a new class of  fault.” I confess that I was sceptical
until he drew from his bag his now-classic paper model of  a
ridge-to-ridge transform and repeatedly opened and closed it
under my nose. I was transfixed by the spectacle of  a spreading
ridge offset by a transcurrent fault that had the opposite sense
of  motion to that intuitively thought of  as displacing the ridge
axis along a classic transcurrent fault. Once seen, the pattern is
obvious but was the most exciting thing in geology that I had

witnessed in my short career thus far. It was even more fulfill-
ing and instructive as Tuzo spent the next hour with me cut-
ting up cards to illustrate the offsets along faults that connect-
ed trenches with the same and opposite polarities, ridges to
trenches with ridge-facing and ridge-opposed polarities and
several kinds of  triple junction. Tuzo told me that he was
about to publish all this as a coherent global model (his 1965
paper) and that he would introduce the term ‘transform’ for
large-offset lithosphere-cutting faults that terminate at a ridge,
trench or triple junction. Thus, he established the global pat-
tern of  continuous plate boundaries. I still have that model and
the pieces of  card (Bristol Board upon which I drew most of
the illustrations for my papers until the digital revolution of
Adobe Illustrator) as one of  my most treasured possessions.
As if  all this was not enough, the following month Tuzo strode
into my room and (paraphrasing) announced “my global
model means that continents are carried around as passengers
that oceans open with trailing rifted margins and close with
collisions that make mountain belts. It seems to work for the
Appalachian–Caledonian Orogenic Belt in relation to the

Atlantic Ocean. The Orogen was probably
developed by the closing of  a Lower
Palaeozoic ocean and split to form the
present Central and North Atlantic leaving
bits of  the margins of  the Lower Palaeo-
zoic ocean (now termed Iapetus) on both
sides of  the present Atlantic.” In 1973,
Burke and Dewey coined the term ‘Wilson
Cycle’ to describe the opening and closing
of  oceans. Tuzo showed me a draft of  a
paper that he had begun to write that
appeared in Nature in 1966. This, together
with my work with Art Boucot and Stuart
McKerrow in Nova Scotia and Marshall
Kay in Newfoundland in 1964, Bob Jas-
trow’s Goddard Conference in New York
in 1965 and further work in Newfound-
land in 1966, developed my interest in try-
ing to understand the Northern
Appalachians and the British and Irish
Caledonian Orogen. By serendipity, Chuck
Drake was on sabbatical leave in Cam-
bridge in 1966 and, knowing of  my
Appalachian interests, invited me to Lam-
ont for a six month sabbatical leave in the
second half  of  1967. While in Lamont, the
whole picture of  plate tectonics was solid-
ifying as a ‘complete’ theory with the work
of  Morgan, McKenzie and Parker, Le
Pichon, Isacks et al., and Pitman. During
the sabbatical, I developed a tectonic map
of  the Appalachian and Caledonian Chain,
on a massive roll of  tracing linen, upon
which I plotted Lower Palaeozoic conti-
nental shelves/platforms, ophiolites, island
arcs, subduction zones, collision zones and
all the geological corollary hallmarks of
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Figure2. The changing views of  the North Atlantic borderlands. 
On the left is a redrawn coloured version of  the hand-drawn Figure 3 from Tuzo’s 1966 paper in Nature, showing
the concept of  his “Atlantic Ocean of  Lower Paleozoic time.” We see the inference that parts of  Scandinavia and
the British Isles were once part of  the North American continent, and that parts of  eastern North America more
properly belong with Europe or Africa. On the right is a later reconstruction of  the Appalachian–Caledonian Oro-
gen by Hank Williams, from the Decade of  North American Geology volume (Williams 1995), showing the
spreading axis of  the modern North Atlantic. It incorporates more detail on the components of  what we now call
‘Iapetus,’ but its heritage remains clear. This analysis remains a cornerstone of  regional geology and tectonics in
our 21st century, and it is a direct descendant of  Tuzo’s prescient thinking in 1966. Wilson’s (1966) paper, “Did the
Atlantic close and then re-open?” surely deserves recognition as one of  the most influential contributions to geo-
logical science.



plate tectonics, which led to a string of  papers, e.g. Dewey and
Kay (1968), at the same time as those of  many others, such as
Atwater (1970), Hamilton (1969), and Smith (1971). 

In all this, Tuzo was my main influence, inspirer, and prin-
cipal encourager for which he has my eternal gratitude and
respect. Like Bullard and Hess, Tuzo was a kind and generous
man with his time, ideas, and encouragement of  the young. His
mind was quick, fertile, and imaginative with an astonishing
capacity for organizing, analyzing, and synthesizing huge
amounts of  data. Above all, he was prepared to admit that he
was wrong and changed his mind in a flash. He was brilliant at
asking the right question and following it up with a prodigious
amount of  reading and plotting, seeing through and casting
aside irrelevance, and linking apparently disparate notions and
data coherently. He was always well-dressed in suit and tie with
a polite but confident demeanor, seemingly happy and con-
tented. He is remembered as a brilliant and original synthesizer
who formulated global plate tectonics. He remarked to me and
to Kevin Burke that, if  he had known Euler’s Theorem (a
method of  finding the simplest paths between once contigu-
ous points), he would have ‘nailed’ plate tectonics cold. It is
significant that Harold (Hank) Williams gained his PhD at the
University of  Toronto in 1961 under the supervision of  Tuzo
Wilson. Williams unleashed a productive period in our under-
standing of  the geology of  Newfoundland (e.g. Williams 1979)
and the opening and closing of  Iapetus. One might fairly say
that Tuzo’s 1965 paper changed the course of  global tectonics
and that his 1966 paper led to a complete new understanding
of  the implications of  his 1965 paper for the origin of  moun-
tain belts resulting from super-continent cycles, the most
important paradigm change in the history of  geology.
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Did the Atlantic close and then reopen?: 
A commentary

Harold (Hank) Williams*

Department of  Earth Sciences
Memorial University
St. John’s, Newfoundland and Labrador, A1B 3X5, Canada

*Passed away September 28, 2010.

Tuzo Wilson’s 1966 Nature paper entitled “Did the Atlantic
close and then re-open?” is truly the major turning point in the
history of  ideas on the evolution of  the Appalachian Orogen.
For a hundred years, the Appalachian Orogen was the type
geosyncline, and Appalachian evolution was viewed in fixist
models of  geosynclinal development. Contrasting faunal
realms were always enigmatic and never properly explained by
notions of  land barriers. Equally enigmatic was the symmetry
and two-sided nature of  the Newfoundland cross-section that
refuted the fixist idea that continents grew like trees by the out-
ward addition of  asymmetric peripheral rings. The Wilson
Cycle of  closing a proto-Atlantic Ocean, then re-opening the
Atlantic Ocean provided an elegant and simple solution to
these enigmas.

Wilson realized that island arcs existed on the North Amer-
ican side of  the proto-Atlantic, such as the present Notre
Dame Subzone in Newfoundland, and that the major faunal
boundary lay to the east of  these volcanic rocks. He also real-
ized that the early Paleozoic continents may have touched in
the middle Ordovician, “…for thereafter the distinction between the
Atlantic and Pacific faunal realms ceases to be marked.” One conti-
nent encroaching upon another in the middle and late Ordovi-
cian explained the former borderland concept of  Charles
Schuchert and Marshall Kay. Likewise, Kay’s island arcs were
most in evidence during the early Ordovician, the time of
major proto-Atlantic closing.

Wilson also recognized irregularities in ocean closing,
which occurs first at promontories, then at re-entrants, with
resulting clastic wedges, and an overall change from early Pale-
ozoic marine conditions to middle and late Paleozoic terrestrial
conditions. The Taconic allochthons were also part of  his
ocean closing scenario. The proto-Atlantic was completely
closed by the end of  the Paleozoic, and major spreading of  the
Atlantic began in the Cretaceous.

Wilson then went on to trace the former course of  the
proto-Atlantic along the length of  the Appalachian–Caledon-
ian chain from Spitsbergen to Florida. This is no small task. It
is encouraging to see that the contemporary Newfoundland
analysis supported his views, and that even Tuzo had trouble
finding a suture along the New England segment of  the sys-
tem. Northwest Africa was accommodated with ease as a Her-
cynian orogenic belt, in some respects symmetrical to the
southern Appalachians.

An important corollary of  the Wilson Cycle is that the
assembly and eventual breakup of  Pangaea must have been an
event of  major significance in world geology. This is certainly
true in North America, where major orogenesis and accretion
in the Cordilleran Orogen on the Pacific Margin corresponds
to Atlantic opening.

Since the 1966 Wilson paper, we have emerged from fixist
geosynclinal models that were entrenched in the literature for
100 years. Still, the Appalachian Orogen is full of  surprises and
there are many secrets yet to be revealed. As so aptly expressed
by David Baird, how strange it is that the more we seem to find
out, the horizon is still there, always inviting us to go closer. We
have more problems now than our predecessors, before the
advent of  the Wilson Cycle. And where will the horizon be
teasing us to approach in 25 or 50 or the next 100 years? Will
we be then as far away from where we stand now as our pres-
ent position is from the world of  pre-Wilson Cycle practition-
ers?

Editor’s Note
Hank wrote this eloquent commentary for a local conference
held in St. John’s in early 1992, to mark the 25th anniversary of
Tuzo Wilson’s landmark paper. Tuzo himself  was of  course
the guest of  honour. Those of  us who were involved in the
event remember it well, and a diverse assortment of  guest
speakers gave their own perspectives on the paper, and its
influence upon later work in the Appalachians and elsewhere.
I had actually forgotten about Hank’s commentary until I
found the 1992 conference program whilst fruitlessly search-
ing for another document. After reading it again, it seemed
only appropriate to include it here and provide it wider circu-
lation.  The current executive of  the Newfoundland Section of
GAC are thanked for giving permission to reprint a short piece
that surely will demonstrate longevity. 

Andrew Kerr
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BACK TO WHERE IT BEGAN
The Department of  Geological Sciences and Geological Engi-
neering of  Queen’s University, in Kingston, Ontario, will host
the 2017 Annual meeting of  the GAC–MAC. The meeting will
coincide with the 175th anniversary of  the founding of  the
Geological Survey of  Canada, which was established by the
legislature of  the Province of  Canada in 1842, in Kingston,
and with Canada’s 150th anniversary celebrations. The local
geology surrounding Kingston, commonly called the Lime-
stone City, does not disappoint and multiple field trips associ-
ated with the meeting will take advantage of  its unique loca-
tion. Kingston is located at the eastern end of  Lake Ontario,
where the St. Lawrence River begins, draining the waters of
the Great Lakes into the Gulf  of  St. Lawrence. The transition
from lake to river occurs east of  Kingston Harbour, where the
nearly flat-lying Early Paleozoic limestone, rimming the east-
ern Lake Ontario basin, border against a NW-SE trending, low
ridge of  Grenvillian Precambrian basement rocks, locally
known as the Frontenac Arch, which connects the southeast-
ern Ontario part of  the Canadian Shield with the Adirondack
Massif  of  northern New York State. The crystalline basement
rocks form a resistant ridge over which the St. Lawrence River
flows northeastward from Lake Ontario, creating the ‘Thou-
sand Islands,’ a well-known tourist and cottage region along
the international border that now also includes a National
Park.

The 2017 Kingston GAC–MAC meeting will provide seven
field trip opportunities that span from Proterozoic geology to
the present, and cover a wide range of  Earth Sciences sub-dis-
ciplines, from geomorphology to hydrology, from Quaternary
geology to metallogeny, and from tectonics to sedimentology.
Trips range in length from one to five days, as homegrown as

a day trip touring the local geology highlights of  Kingston’s
environs, and as far-afield as a five day transect traversing the
accreted terranes of  the Newfoundland Appalachians.

The one-day ‘Bedrock to Beaches’ field trip will take partic-
ipants from Kingston to Prince Edward County and back.
Along the way, participants will track one billion years of  evo-
lution of  the Kingston region. They will contemplate metased-
imentary rocks that were heated, squeezed, and intruded by
granite ca. 1170 million years ago, sandstone deposited by
rivers and wind ca. 490 million years ago, limestone and shale
deposited in tropical seawater ca. 455 million years ago, faults
that displaced the limestone perhaps 176 million years ago,
drumlins shaped by a continental ice-sheet about 20,000 years
ago, a shoreline created by a giant proglacial lake ca. 13,200
years ago, and a thin soil full of  frost-heaved limestone nod-
ules that nowadays nourishes many of  the best vineyards in
‘the County.’

Another one-day trip will explore local shallow neritic
marine carbonate rocks on a tropical Ordovician Earth. Shal-
low water marine carbonate rocks are beautifully exposed in
the Kingston area and many buildings in ‘the limestone city’
are made of  these rocks. The easily accessible outcrops have
been little altered since they were deposited ca. 450 million
years ago and the components are easily visible making aspects
of  sedimentology, paleoecology, and diagenesis understand-
able to everyone. The carbonate rocks are world famous in this
regard and have been studied for more than 150 years. The
field excursion will visit sections exhibiting a range of  paleoen-
vironments with plenty of  time for illustration and discussion.
Paleoceanography will range from arid tidal flats, through the
paleothermocline, into interpreted cool water outer ramp
storm and slope deposits.  Fossils range from scarce to profuse
reflecting changes in paleoseawater salinity and bottom pale-
otemperature. This trip has been used for many decades as a
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Figure 1. Highly deformed tonalitic gneiss cross-cut by pegmatite dykes in the
Grenville Province north of  Kingston (Photo: Laurent Godin).



teaching tool for Queen’s undergraduates and will be designed
for participants who are neophytes, those who want to know
more about carbonate rocks or those who are fascinated by
this period in deep time. Travel will be by bus and ferry, with
perhaps a libation stop.

Located adjacent to Highway 7, the Maberly shear zone is
one of  the most accessible structural features in the Grenville
Orogen. It is also one of  the oldest (circa 1162 Ma) and repre-
sents the boundary between the Composite Arc and the Fron-
tenac–Adirondack belts. Beginning and ending in Kingston,
this one-day trip will highlight the results of  recent research
along this boundary by the Ontario Geological Survey. The
field trip will examine key outcrop exposures providing evi-
dence of  the tectonic, magmatic and metamorphic history of
this boundary, including stops in the Sharbot Lake domain,
Frontenac terrane, and the shear zone itself. Field trip discus-
sions will focus on styles of  metamorphism, magmatism, and
metasomatism, complementing both the session on the Meta-
morphic Architecture of  Orogenic Belts and the post-meeting trip on
the Tectonic and metamorphic architecture of  the northeastern Composite
Arc Belt and the Central Metasedimentary Belt boundary tectonic zone,
Grenville Orogen. 

New modelling of  the Laurentide Ice Sheet reveals the
presence of  more than 100 fast flowing ice streams. GAC–
MAC 2017 will offer a three-day field trip travelling through
the superbly exposed glacially-streamlined ‘hard’ and ‘soft’
beds of  the former Ontario Ice Stream in southern Ontario
and upper New York State. Participants on this trip will exam-
ine rock drumlins and mega-grooved limestone surfaces of  the
‘hard bed’ seen immediately south of  the border of  the Cana-
dian Shield and the down-glacier change to classic ‘drift’ drum-
lins composed of  sediment of  the ice stream’s ‘soft bed.’ Par-
ticipants will review variations in drumlin morphology using
new imagery such as LiDAR, together with the stratigraphy
where exposed along the Lake Ontario shoreline. The field trip
will foster field discussion of  the role of  fast flowing ice
streams in the subglacial evolution of  rock and sediment bed-
forms in general, the relationship with landforms such as
eskers and moraines, and implications for mineral exploration
projects. 

Another field trip will examine surficial processes in south-
ern Ontario through a hydrogeology lens. This trip will tra-
verse the Canadian Shield and Paleozoic geology of  the east-
ern Lake Ontario Basin to highlight its contrasting style of  ero-
sion and sedimentation. The tour will review field evidence of
the influence of  bedrock lithology and structural control on
micro/macro scales of  erosional and depositional regimes.
From the eroded shield and limestone terrains near Kingston,
the tour will complete a loop to the northwest to the thick sed-
iment terrain of  the Peterborough drumlin field with its asso-
ciated tunnel valleys and eskers. Sedimentary deposits, land-
forms and landscape architecture are integrated into regional
conceptual models relevant to groundwater supply and man-
agement in the transitional sediment setting (thin to thick) of
eastern Ontario.

What better way to follow through on the discussions from
the theme session on the Metamorphic Architecture of  Orogenic
Belts than to examine a major tectonic boundary in the
Grenville Orogen less than two hours drive from Kingston?
This three-day field trip will begin and end in Kingston, and
will highlight the results of  detailed mapping, new airborne
geophysical surveys, and geochemical and geochronological
studies conducted by the Ontario Geological Survey between
2011 and 2015 along the northeastern part of  the Composite
Arc Belt and its boundary with the Central Gneiss Belt in
Ontario. The field trip will examine key outcrops providing
evidence of  the tectonic, magmatic and metamorphic history
of  this notable area in terms of  understanding the linkage
between the gneisses of  the Laurentian Margin (infrastructure)
to the northwest and the Composite Arc Belt (both the supras-
tructure and the Ottawan orogenic lid) to the southeast. A key
goal of  the trip will be to foster field discussions on topics
including its complex thrusting history, the recognition of  ca.
1150 Ma metamorphism and magmatism in parts of  the area,
and the history of  syenite magmatism, metasomatism, and rare
element mineralization between 1080 and 1030 Ma. 

The Newfoundland Appalachians trans-island field trip will
take participants to some of  the best-preserved ophiolites,
mélanges and island arc terranes in the Appalachian mountain
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Figure 2. Paleozoic boulder conglomerate unconformably resting on Grenvillian
quartzite (Photo: Doug Archibald).

Figure 3. Precambrian–Paleozoic angular unconformity exposed in the Kingston
area. The Grenvillian quartzite below is cross-cut by an offset mafic dyke, overlain
by flat-lying Middle Ordovician limestone (Photo: Doug Archibald).



belt. Crossing several suture zones, including the main Iapetus
suture, participants will explore the tectono-stratigraphy of  the
various oceanic and micro-continental terranes and their com-
plex tectonic interactions during successive accretion to a pro-
gressively expanding composite Laurentia from the Early
Ordovician to Devonian. The trip will take participants from
Stephenville to Gander, showing spectacular geology framed
by the beauty and ruggedness of  Newfoundland. 

We do hope this menu of  field trips will appeal to the
broad geoscientific community and that you will visit Kingston
for GAC–MAC 2017. See you next spring! Further informa-
tion can be found at: http://www.kingstongacmac.ca/.
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The publisher’s synopsis of  this abundantly illustrated and
colourful book of  350 pages claims that it “presents a ground-

breaking formation theory for lode vein gold deposits coupled with practical
exploration guidelines.” The book is written by two Canadian
exploration geologists Ulrich Kretschmar (who passed away in
2014) and Derek McBride, and their thesis is that lode gold
deposits are syngenetic and were formed by hydrothermal flu-
ids emanating on the seafloor and ponding in depressions.
These fluids deposited ore minerals in a silica gel that later
crystallized as quartz laminations conformable within the local
sedimentary sequence. The main quartz veins of  lode gold
deposits, now mostly steeply dipping, were therefore originally
flat lying, and their previously interpreted ‘crack-seal’ lamina-
tions represent sedimentary or diagenetically developed lami-
na. An underlying premise throughout the book is that the
authors’ approach is primarily based on field evidence that they
have seen in outcrop and that they consider as not explained
adequately by other genetic models.

As requested by the authors, I started reading this book
with an open mind as I went through the various chapters that
present the authors’ evidence for syngenesis. Their evidence is
mostly personal observations made whilst exploring lode gold
and Volcanogenic Massive Sulfide (VMS) deposits in eastern
Canada, along with some supporting information based on
reviews of  selected literature on these types of  deposits and on
modern seafloor massive sulphide systems. As a Kiwi geologist
I was disappointed that the reviews made no mention of  the
New Zealand orogenic/mesothermal shear-zone lode gold
deposits, particularly of  the Reefton Goldfield, which clearly
do not fit a syngenetic model because most of  the quartz veins
crosscut bedding, and bedding-parallel veins are rare. Never-
theless, I continued with an open mind rationalizing that
maybe the authors were not suggesting that all lode gold
deposits were syngenetic and that I should try and see the pos-
sibilities for some deposits in other parts of  the world. Unfor-
tunately, there is no world map included showing the lode gold
deposits that the authors include in their syngenetic class.

Chapter 1 provides a review of  various models for lode
gold formation in an historical context, in some instances with
the authors’ comments on their views on the inadequacies of
the models and how their syngenetic model would better
explain specific characteristics. The chapter finishes with a dis-
cussion on syngenetic gold formation concepts, listing some
factors that most geologists would consider to negate a syn-
genetic origin and then attempts to counter these. For exam-
ple, radiometric dates of  mineralization that are much younger
than the sedimentary host rocks are dismissed as dating errors
resulting from non-representative sampling or resetting of
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ages by later thermal events such as igneous intrusions. I
immediately thought of  the extensive Ar–Ar dating done on
the deposits in Victoria, Australia by Denis Arne, Frank Bier-
lein and others, that shows several periods of  gold mineraliza-
tion many millions of  years after host rock deposition. Also,
there is an enormous volume of  literature on structural con-
trols and development of  lode gold deposits (e.g. contribu-
tions by Rick Sibson, Francois Robert and Stephen Cox) that
is ignored or given only passing reference in review sections of
the book, because the structural aspects are considered to
postdate vein formation. 

Chapter 2, Interpreting Textures in Outcrop, describes several
features of  lode gold deposits in the Ordovician turbidite
rocks of  the Meguma Group of  Nova Scotia emphasizing the
bedding-parallel nature of  the main veins and suggesting that
they are bedding-concordant. Crosscutting veins are consid-
ered as feeders to the bedding-concordant veins. The Archean
deposit in the Kenty mine, Ontario, is also included to show an
example of  crosscutting ‘feeder’ veins and a link to Youtube
videos on the Stawell and Morning Star mines in Victoria, Aus-
tralia, both of  which are definitely not syngenetic deposits.
Chapter 2 also introduces the term ‘gold cycle’ that is
explained in Chapter 3, Introduction to Gold Cycles. In this very
short Chapter 3, the gold cycle concept envisages the quartz
veins as part of  sedimentary cycles such as Bouma-sequence
turbidite units, with the quartz veins primarily associated with
the fine sediment of  pelagic or abyssal mud, ash or crystal tuff,
and carbonate. Lamprophyres noted in many lode gold
deposits are suggested to be mistakenly identified and to actu-
ally represent dark green or black chlorite-rich, fine-grained
interflow sediments or tuff. Examples of  gold cycle stratigra-
phy are given from Larder Lake and Timmins.

Chapter 4, Field Examinations in a Variety of  Gold Settings in
Canada: The Meguma, Nova Scotia; Chester Twp and Beardmore,
Ontario; Maskwa, Manitoba, and Nugget Pond, Newfoundland is, as
the title states, a series of  geological descriptions of  the above-
named gold deposits. Many of  the intrusive rocks of  the
Chester Complex are reinterpreted as basaltic to rhyolitic vol-
canic rocks and these enclose ‘Gold Cycle’ units. The descrip-
tions of  disseminated sulphides, sulphide bands and siliceous
bands in some of  the prospects do indeed conjure up images
of  VMS deposits. Mapped intrusive rocks of  the Maskwa Plu-
ton that host some large veins are also interpreted as originally
volcanic rocks that have been metamorphosed to resemble
plutonic rocks. Mafic dykes, lamprophyres and shear zones are
reinterpreted as former pelagic-pelitic sedimentary units. I was
impressed by photos of  the Golden Mile vein in the Beard-
more area that is 1.5 m thick, extends for > 1 km, and said to
be hosted by mafic and felsic flows, and began to be swayed
into considering a possible syngenetic origin for this one.

Chapter 5, Why Lamprophyres Have No Role in Lode Vein Gen-
esis, uses examples in the Chester Complex, Maskwa Pluton
and a few other locations to demonstrate that the lampro-
phyres in these areas studied by the authors are fine-grained
‘Gold Cycle’ interflow sedimentary units. This is partly done
on the basis of  geochemical data presented in several tables
and in geochemical discrimination diagrams.

Chapter 6, Felsic Volcanism Associated with Mineralization in the
Chester Complex – Type Gold Deposits, describes the Chester
Complex volcanic rocks and their setting and then compares
them to the Noranda Camp. 

Chapter 7, Understanding Hydrothermal Systems, is a review of
seafloor hydrothermal systems, the transport and deposition
of  silica and gold, and the role of  carbon (graphite) in gold
deposition. The Papua New Guinea Manus Basin and New
Zealand Kermadec Arc, both of  which are known to have
gold-rich hydrothermal systems, are not mentioned.

Chapter 8, The Role of  Structural Geology and Remobilization,
describes the process of  folding and cleavage development
and then discusses shear zones as post-mineralization defor-
mation, in contrast to accepted interpretations that the shear
zone is the site of  veining and mineralization in lode gold
deposits. I found it confusing that the Heath Steele VMS
deposit in New Brunswick was used as an example to show the
negligible effects of  remobilization on mineralization. A sec-
tion of  deformation of  minerals and veins again confusingly
includes some VMS examples, but has some excellent photos
of  folded veins in the Meguma Group. The chapter primarily
aims to convince the reader that the structural aspects of  lode
gold deposits postdate mineralization. It didn’t convince me.

Chapter 9, Lode Gold Deposits: Their Geometry and Evidence For
Seafloor Vent Systems, uses maps, level plans and sections of  lode
gold deposits, mostly Canadian, taken from published and
unpublished literature, to illustrate the geometry of  the
deposits and their geological setting. The selected deposits are
ones in which the authors have ‘personal experience’ and
hence many of  the classic deposits where structural control is
paramount are not mentioned.

Chapter 10, Toward a Syngenetic Model and Vent Geometry,
develops the syngenetic model and includes sections on
“Observations to aid exploration applications” and “Area
selection.” The titles offer promise, but the text is rather dis-
appointing based mainly on distinguishing younging direction,
stratigraphic correlation, ‘vent tracing’ based on the propor-
tion of  quartz (assuming this increases toward the seafloor
vent), stratigraphic control, volcanic facies mapping and geo-
chemistry to establish proximity to vents. Examples, where
given, are only briefly described. Mostly this is a section of
suggesting which exploration approaches might work. The
area selection section is a generic list that applies to any miner-
al exploration so there is no specific advice in this list for syn-
genetic lode gold deposits. The chapter also includes a section
on identifying and targeting volcanic rocks in units previously
described as tonalite, trondhjemite and granodiorite, as well as
a syngenetic classification of  deposits and a recipe for using
the model for target selection based on spatial relationships.

Chapter 11, Comparisons, Conclusions, Suggestions for Further
Work and Application of  the Syngenetic Model, summarizes many
aspects of  the preceding chapters and includes a table of  char-
acteristics of  lode gold deposits comparing and contrasting the
epigenetic and syngenetic interpretations. The chapter and
book end with a short section on “The proof  is in the success
of  the model in its positive application.” It claims that applica-
tion of  the model was a key factor in the discovery of  the
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Nugget Pond deposit, the first gold find in the Bett’s Cove
Ophiolite Complex by a team led by McBride.

The authors’ writing style is easy to read and chatty in many
sections. There are a number of  minor typos and errors in the
text and figures, but none are critical. There is some repetition
of  information between sections and chapters, and three pho-
tos are produced twice in different chapters (Fig. 2.4 = Fig.
4.24; 2.5 = 4.26; 2.3 = 7.1). There are many instances of  pho-
tos and tables that appear before their first mention in the text.
I think the book would have benefited from more careful peer
review and editing. I was supplied with a PDF version and
printed it for my review. However, I found many of  the field
scene photos too small on the printed page to see what was
illustrated and had to revert to the PDF to view the photos
enlarged on screen. The review nature of  some sections results
in a large number of  old references and many of  the more
recent references are unpublished exploration reports by the
authors, giving the impression that the information is a bit
dated. However, of  the 568 reference listed in the references
section 19% are from 2000–2009 and 11% are from 2010–
2015. Nevertheless, references from the 1990s to recent publi-
cations on the genesis of  orogenic gold deposits are limited
and those included are mostly dismissed. 

In conclusion, the book contains some informative photos
and illustrations, some interesting but biased reviews of  lode
gold deposits, but an unconvincing development and descrip-
tion of  the syngenetic model with little practical information
for use in exploration. I recommend a quick look at a library
copy, but I would be very disappointed if  I had paid for my
copy.
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ERRATUM

Magmatism and Extension in the Foreland and Near-Trench Region of  Collisional and Convergent Tectonic Systems

Adam Schoonmaker, William S.F. Kidd and Tristan Ashcroft
(V. 43, no. 3, p. 159–178, http://www.dx.doi.org/10.12789/geocanj.2016.43.100)

An error occurred in the first line of  the second column of  page 173 concerning the subduction polarity of  the Maine Acadian
Orogeny. The sentence has been corrected and now reads “Here, we emphasize one inconsistent consequence of  the west-dipping
interpretation.” 
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