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Pacific-type transform and convergent margins: igneous rocks, geochemical

contrasts and discriminant diagrams

Andrei V. Grebennikov(® and Alexander |. Khanchuk

Far Eastern Branch, Russian Academy of Sciences,Far East Geological Institute, pr. 100-letiya Vladivostoku 159,Vladivostok, 690022 Russia

ABSTRACT

Transform margins represent lithospheric plate boundaries with horizontal sliding of the oceanic
plate, which in time and space replaced the subduction-related convergent margins. This hap-
pened due to the following: ridge-crest-trench intersection or ridge death along a continental
margin (recent California and Baja California, Queen Charlotte-Northern Cordilleran, west of the
Antarctic Peninsula, and probably Late Miocene-Pleistocene southernmost South America);
change in the direction of oceanic plate movement (western Aleutian—-Komandorsk and southern-
most tip of the Andes); and island arc-continent collision (New Guinea Island). Post-subduction
magmatism is related to a slab window that resulted from the spreading ridge collision (subduc-
tion) with a continental margin or slab tear formation after subduction cessation. Igneous mag-
matic series formed above the slab window or slab tear are similar in composition and show
diversity of tholeiitic (sub-alkaline), alkaline, or even calc-alkaline and peraluminous rocks. The
comprehensive geochemical dataset for igneous rocks (more than 2400 analyses) from the recent
model geodynamic settings allowed us to build discriminant diagrams for the petrogenic oxides
TiO, X 1O—Fe203T°'—MgO and trace elements Nb*5-Ba/La-Yb*10, which show distinctive rock
features present on both convergent and Pacific-type transform margins. The author’s diagrams
are capable of distinguishing volcanic and plutonic rocks formed above the subduction zones at an
island arc and continental margin (related to convergent margins), from those formed in the strike-
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slip tectonic setting of transform margins along continents or island arcs.

Introduction

An important problem of modern geology is in trying to
accurately use geochemical datasets and identifying cri-
teria of magmatism at various Pacific-type margins to
infer a geodynamic/tectonic setting. This can be used for
plate reconstructions in ancient time since it is increas-
ingly often reconstructed as a combination of conver-
gent and transform geodynamic settings alternating in
both time and space (e.g., Natalin 1993; Sengér and
Natal'in 1996; Khanchuk and Ivanov 1999; Patchett and
Chase 2002; Grebennikov 2014; Shen et al. 2014;
Grebennikov et al. 2016; Khanchuk et al. 2016, 2019;
Martynov et al. 2017).

Transform and convergent margins represent differ-
ent types of transition zones between oceanic and
continental or island arc lithosphere. A convergent
margin is an area where oceanic lithosphere is sub-
ducted into the mantle beneath a continent or island
arc. The concept of transform margins came from the
definition of transform faults as a ‘new class of faults’,
where a lithospheric plate boundary is parallel to the

relative plate displacement and two plates slide hor-
izontally past one another (Wilson 1965). Atlantic and
Pacific types of transform margins can be distin-
guished. The first type occurs at the extensions of
previously active transform faults that earlier crossed
passive margins, while the Pacific-type transform mar-
gins are extensions of active (convergent) margins
(e.g., Basile 2015; de Lépinay et al. 2016).

There are three major tectonic settings of the Pacific-
type transform and convergent margin transit resulting
from a ridge-crest-trench intersection or ridge death
along a continental margin; change in the direction of
oceanic plate movement; and island arc-continent
collision.

Magmatism at transform margins following ridge-
crest—trench intersection is interpreted as caused by
asthenospheric upwelling and adiabatic decompression
as a result of the formation of a slab window (Dickinson
and Snyder 1979a; Thorkelson and Taylor 1989; Hole
et al. 1991; Liu and Furlong 1992; Thorkelson 1996;
Gorring and Kay 2001; Breitsprecher and Thorkelson
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2009; Groome and Thorkelson 2009; Guenthner et al.
2010; Guillaume et al. 2013).

The first study of convergent-transform plate bound-
ary transit was performed in California. The San Andreas
transform was initiated locally when a segment of the
ancestral East Pacific rise first encountered the subduc-
tion zone along the continental margin. The resulting
Pacific-American transform has since gradually length-
ened by the simultaneous northward and southward
migration of the two triple junctions that define the
ends of the transform plate boundary (Atwater 1970;
Dickinson and Snyder 1979a). Dickinson and Snyder
(1979b) recognized that generation of a lengthening
transform by a rise-trench encounter will also generate
an expanding triangular hole or window in the slab of
lithosphere subducted beneath the continent.

In a landmark paper, Thorkelson (1996) developed
the geometrical models of slab-window formation
depending on the angle of ridge-crest-trench intersec-
tions. ‘In these situations, commonly referred to as “ridge
subduction”, the newly formed trailing edge of one or both
of the diverging oceanic plates descends into the astheno-
sphere’. One of these models explains the formation of
a transform margin by low-angle convergence of a
highly segmented ridge (Thorkelson 1996). West of the
Baja California transform margin, however, the remnants
of the Pacific—Farallon fossil ridge ceased approximately
12.5 Ma have been identified (e.g., Batiza 1977; Lonsdale
1991; Wilson et al. 2005), and close to it there is the fossil
trench reflecting the former California subduction zone
where the Farallon plate was being subducted until
13 Ma (Atwater 1970). This indicates that active ridge
subduction was not responsible for the opening of the
asthenospheric window beneath Baja California and east
of it. To explain this fact, namely ridge-trench collision
and ridge death, several models of opening of a trench-
parallel slab gap, tear or window within the stalled slab
of the Farallon plate were proposed by different authors
(e.g., Dickinson 1997; Michaud et al. 2006; Pallares et al.
2007; Castillo 2008; Calmus et al. 2011; Negrete-Aranda
et al. 2013; Di Luccio et al. 2014, and references therein).

The most popular understanding of the slab-window
term implies just subduction of a spreading-ridge and
nothing more (McCrory and Wilson 2009; Eyuboglu
2013; Windley and Xiao 2018, and references therein).
When the formation of a window in a slab on a transform
margin is not related to a spreading-ridge subduction,
the terms slab tear, slab gap, slab broke, and slab break-
off are used (e.g., Guivel et al. 2006; Pallares et al. 2007;
Castillo 2008; Breitsprecher and Thorkelson 2009;
Georgieva et al. 2019). Some authors, however, still
used the term ’‘slab window’ for a slab gap on
a transform margin not related to a spreading-ridge

subduction (e.g.,, Michaud et al. 2006; Negrete-Aranda
et al. 2013; Mark et al. 2017). It is noteworthy that a slab
window could form in a setting not transform margin-
related, such as orthogonal spreading-ridge subduction
(e.g., Kinoshita 1999; Windley and Xiao 2018, and refer-
ences therein), while a slab tear, slab gap, slab break-off,
slab failure, etc., are supposed to be formed in an arc-
continent collision and collisional orogeny, for example
(e.g., Davies and von Blanckenburg 1995; Keskin 2003,
2007; Cloos et al. 2005; Garzanti et al. 2018; Whalen and
Hildebrand 2019). A slab tear can form at the extension
of a transform fault under a continental margin, e.g., the
Nootka fault separates the subducted slabs of the
Explorer and Juan de Fuca plates underneath the interior
areas of British Columbia and forms a slab tear (Madsen
et al. 2006). Slab window or slab tear formation is
described as a result of orthogonal collision-subduction
of the aseismic Cocos ridge beneath the Central
American arc (Abratis and Worner 2001).

In future discussions, the term ‘slab window’ will be
used only for the settings related to subduction of mid-
ocean ridge, while in other cases the term ‘slab tear’ will
be used. Slab-window forms at the ocean-continent
boundary and slab tear is located in some distance
from the ocean-continent boundary, and between this
boundary and slab tear a slab fragment is identified
according to the geophysical data. A more detailed
information on this is in the ‘California and Baja
California’ section.

Convergent-transform margin transit related to
changes in the direction of oceanic plate movement is
conditioned by reorganization of the Pacific plate’s
movement (e.g., Engebretson et al. 1985). Tectonic
reconstructions of the Pacific arc-continent collision
usually do not discuss the character of the zone between
the continent, accreting arc, and oceanic plate after
subduction termination. The example of New Guinea
shows that this zone was evidently not a passive margin,
as the Pacific plates kept moving and the boundary
between the continental margin and oceanic plate was
the boundary of sliding before a new subduction zone
formed (e.g., Cloos et al. 2005).

Convergent margins are characterized by the subduc-
tion of a cold oceanic lithosphere into a hot convective
mantle. The lines of evidence for a convergent (subduc-
tion-related) magmatic origin are now numerous.
However, the magmatism does not always accompany
convergence/subduction (McCarthy et al. 2020, and
references therein). Key trace element ratios (Ba/Nb -
total subduction component; Th/Ta, and Th/Nb - deep
subduction component; Ba/Ta, and Ba/Th - shallow sub-
duction component, etc.) based on geochemical finger-
printing versus tectonic setting provided the



petrogenetic insights, and attempts to isolate the differ-
ent subduction components were performed (e.g.,
Pearce et al. 2005; Pearce and Robinson 2010; Pearce
2014).

The magmatic rock geochemistry of transform mar-
gins is based on investigations of modern and late
Cenozoic settings of a slab window or a slab tear and
depends on the subslab asthenosphere displaying
enriched (OIB) or depleted mantle (MORB) signatures
(e.g., Thorkelson and Taylor 1989; Sharma et al. 1991;
Cole and Basu 1995; Hole et al. 1995; Thorkelson 1996;
Gorring et al. 1997; Gorring and Kay 2001; Weigand et al.
2002; Groome et al. 2003; Keskin 2003, 2007; Pallares
et al. 2007; Castillo 2008; Ickert et al. 2009; Kant et al.
2018). A number of binary diagrams have been pro-
posed for discriminating these sources in different Late
Cenozoic geodynamic settings (not only in transform
margins). Abratis and Worner (2001) used Nb/Zr and
Ba/La ratios as crucial parameters to characterize the
enrichment and depletion of mantle magma sources
related to the subduction of the aseismic Cocos Ridge
beneath the Central American arc and the subsequent
opening of a slab window. These authors showed that
high Ba/La and low Nb/Zr ratios of the rocks before 8 Ma
suggest derivation from a fluid-modified, depleted-
mantle wedge, which is typical of ‘normal’ arc magma-
tism. At the same time, alkalic volcanic and intrusive
rocks between 5.8 and 2 Ma have low Ba/La ratios and
high Nb/Zr ratios that indicate derivation from partial
melting of enriched-mantle material typical of an OIB
source. An investigation of Miocene-Holocene volca-
noes along a 3500-km-long transect from the northern
Cascade Arc to the Aleutian Arc across the Northern
Cordilleran slab-window or Queen Charlotte-Northern
Cordilleran transform margin was performed using geo-
chemical Nb/Zr and La/Nb ratios, and the results showed
that typical volcanic arc compositions in the Cascade
and Aleutian systems are separated by an extensive
transform margin volcanic field with intraplate composi-
tions and higher Nb/Zr values (Thorkelson et al. 2011).

Keskin (2003, 2007) used the Th/Ta ratio of basic
samples (with MgO > 3 wt% and SiO, < 52 wt%) for Late-
Miocene-Recent volcanic rocks of Eastern Anatolia. This
ratio is independent of partial melting and fractional
crystallization and can be used to differentiate between
lavas with subduction and intraplate signatures. He
pointed out that lavas containing a distinct subduction
signature have consistently higher Th/Ta ratios and, in
general, lower Ta concentrations compared to post-
collisional slab break-off related lavas.

Pearce (2014) indicated that Ti/Yb is only high in
products of deep melting where garnet is stable. Thus,
Ti/Yb versus Nb/Yb may be used to differentiate ocean
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island basalts (deep melting and high Ti/Yb) from MORB
(shallow melting and low Ti/Yb).

The earlier proposed binary discriminant diagrams
were better able to identify non-subductional alkali
mafic rocks with intraplate signature compared with
other rocks. In Late Cenozoic margins of Pacific rim calc-
alkaline mafic, intermediate and felsic rocks, and high-
Mg# volcanic rocks with adakitic affinity are present on
both convergent and transform margins. However, their
geochemical differences have not been studied due to
their complexity. One of the principal obstacles in tec-
tonic reconstructions consists of the absence of fields for
transform margin magmatism on current geochemical
discrimination plots.

The authors made an attempt to fill this gap by
a comparative geochemical analysis of different geody-
namic convergent and transform margins in the Pacific
region (Figure 1) and to propose discriminant diagrams
capable of reliably distinguishing the supra-subduction
island arc and continental margin types of magmatism
(related to convergent margins) and the transform slid-
ing of lithospheric plates at ocean margins (related to
transform margins).

Geodynamics and magmatism of the
Pacific-type transform margins

Several examples of transform margins may be found
along the Pacific rim, which formed as follows: 1) result-
ing from a ridge-crest-trench intersection or ridge death
along a continental margin (California and Baja
California, Queen Charlotte-Northern Cordilleran,
Antarctic Peninsula, and probably the Late Miocene-
Pleistocene margin of southernmost South America); 2)
change in the direction of oceanic plate movement
(west Aleutian—-Komandorsk and southernmost tip of
the Andes); and 3) island arc-continent collision (New
Guinea Island).

Transform margins related to a ridge-crest-trench
intersection or ridge death along a continental
margin

California and Baja California

These geodynamic settings are best studied in western
North America in California and Baja California, where
the Pacific and North American plates slide past each
other horizontally and where the latest Cenozoic mag-
matism related to strike-slip tectonics occurs from the
Pacific coast to the Basin and Range province (Figure 2).
Dickinson and Snyder (1979a), considering earlier works
(McKenzie and Morgan 1969; Atwater 1970), laid the
foundation for the modern ideas about the formation
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and evolution of the transform plate boundary.
According to the proposed model, the transform plate
boundary began to form after ridge-crest-trench inter-
section, leading to a change in the direction of motion of
the Pacific plate, causing slab breaks at some points as
well as the formation of an area with no slab beneath the
continent or a ‘slab window'. This slab window contin-
ued to grow as the Mendocino and Rivera triple junc-
tions migrated north and south, respectively (Dickinson
and Snyder 1979b). Severinghaus and Atwater (1990)
argued that instead of a slab window developing from
west to east, a slab gap developed from the east and
then propagated north and south with the Mendocino
and Rivera triple junctions. Overall, the slab gap is only
a modified version of the slab window, and both can be
used to explain the cessation of arc volcanism.
However, magnetic anomalies on the Pacific plate
and tectonic reconstructions have shown that the San
Andreas transform fault system originated at approxi-
mately 27 Ma in response to collision between the East
Pacific rise and the former Farallon-North America sub-
duction zone. The collision process was accompanied by
fragmentation of the Farallon plate into several

microplates, including the Monterey (27-19 Ma),
Arguello (20-18 Ma), Guadalupe (20-14 Ma),
Magdalena (14-12 Ma) and Rivera plates (5 Ma—present).
The Arguello-Pacific and most of Monterey-Pacific ridges
subducted and caused the formation of a slab window
beneath California, in which hot asthenospheric mantle
wells up in the gap created between the two diverging
plates (e.g., Dickinson 1997; McCrory et al. 2009) (Figure
3A). A small unsubducted fragment of the Monterey
plate has been revealed in California near the coastline
and slab tear beneath the continental margin (Wilson
et al. 2005; Wang et al. 2013).

West of Baja California, Guadalupe and Magdalena
microplates ceased subducting before the spreading
centre reached the trench and was captured by the
Pacific plate stagnant slabs attached to them, extending
into the mantle as deep as 200 km (Wang et al. 2013).
Baja California rifted apart from the Mexico mainland
along the dextral strike-slip fault subparallel to the con-
tinental margin. The partially subducted Guadalupe and
Magdalena microplates reversed direction and began to
move with the Pacific plate away from coastal Mexico.
Landward propagation of the plate boundary was
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accompanied by a discrete ‘jump’ of the major fault in
the system. The present-day Pacific-North America plate
boundary is located mostly in the continent, rather than
offshore (Stock and Hodges 1989; Lonsdale 1991;
Dickinson 1997; Wilson et al. 2005; McCrory and Wilson
2009; Mark et al. 2017, and references therein).

Thus, the microplate capture model, also known as
the ‘stalled slab’ concept (Bohannon and Parsons 1995)
provides a direct and effective mechanism for transfer-
ring North American continental crust to the Pacific
plate. This model argues that more regional upwelling
of Pacific asthenosphere occurred when the slab broke
off beneath the proto-Gulf of California once the spread-
ing ridge died near the trench and the subduction of the
Guadalupe and Magdalena microplates ceased. Injected
through a newly formed slab tear, the subslab astheno-
sphere provided a mantle source for post-subduction
magmas, which eventually led to the formation of the
Gulf of California rift zone (Michaud et al. 2006; Pallares
et al. 2007; Castillo 2008; Negrete-Aranda et al. 2013)
(Figure 3B).

Latest Oligocene to Middle Miocene post-subduction
volcanism in western and offshore California occurred

during the transition from convergent to transform plate
boundaries as segments of the East Pacific rise inter-
sected a subduction zone (see Figure 2). The southwes-
tern side of the San Andreas fault system (on both sides
in the area of the Garlock fault) implies progressively
younger volcanic emplacement to the southeast from
~25 Ma (~39°N) to 12.5 Ma (~34°N) according to conse-
quent ridge-crest-trench intersections (Dickinson 1997;
Weigand et al. 2002; McCrory et al. 2009; Day et al. 2019).
The latest Miocene (~5.5 Ma) to Quaternary (~0.9 Ma)
magmatic rocks of the north-eastern side of the San
Andreas fault system become younger in the north-
western direction (e.g. linear belt of volcanic fields
north of San Francisco Bay). This is associated with the
north-western migration of the Mendocino triple junc-
tion (Sweetkind et al. 2011).

Ridge-crest-trench  intersection  volcanism in
California is represented by basalt, basaltic andesite,
dacite, and rhyolite that erupted closely spaced in time
in both submarine and subaerial conditions. These rocks
belong to the calc-alkaline magma series and are char-
acterized by low K,O contents. The petrogenesis of the
basalts is explained by the involvement of
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subcontinental lithosphere, depleted upper mantle
source similar to MORB and local continental crust (e.g.,
Sharma et al. 1991). The generation of rhyolitic melts due
to crustal assimilation by basaltic melts was produced by
the assimilation of variable amounts of continental crust
by MORB-related magmas and subcontinental litho-
sphere-derived melts (Sharma et al. 1991; Cole and
Basu 1995; Weigand et al. 2002).

The consequent evolution of slab window-related
volcanism, for example, north of San Francisco Bay, is
represented by Pliocene-Quaternary basalt, basaltic
andesite, andesite, and rhyolite (Schmitt et al. 2006;
Sweetkind et al. 2011). Volcanic centres are characterized
by the following individual compositions: 1) from mafic
to silicic; 2) from dominantly basaltic to andesitic; and 3)
dominantly silicic volcanic. Mafic rocks of the Sonoma
and Clear Lake volcanic fields generally have medium-K
calcalkaline series compositions, with generally increas-
ing total alkali contents with silica and are clearly distin-
guished from rocks of the ancestral and modern
Cascades magmatic arc in having elevated TiO, concen-
trations and low LILE/HFSE ratios (Sweetkind et al. 2011).
The volcanism of the south side of Garlock fault in the
Lava Mountains is similar to the volcanism north of San

Francisco Bay that occurred between 11.7 and 5.8 Ma
(Smith et al. 2002).

In the east, California slab-window volcanism extends
to the Basin and Range province. In the Mojave Desert,
since at least 8 Ma, most of the basalts were derived from
asthenosphere isotopically identical to the source of
Pacific MORB in response to the passive upwelling of
asthenospheric mantle into a slab gap that developed in
this region during the initiation of the San Andreas trans-
form fault system (Farmer et al. 1995). In the Death Valley
area, there are the latest Miocene to middle Pliocene
rocks from basalt to dacite with dominant basaltic ande-
site and very rare high-silica units. Their chemical and
isotopic characteristics record interaction of the ancient
crust, enriched and lithosphere mantle. This is consistent
with extension across the southern Basin and Range
province inferred from other evidence (Coleman and
Walker 1990).

Late Miocene to Quaternary igneous rocks of Baja
California related to the ridge death and slab tear
along the continental margin are characterized by
exceptional geochemical diversity (e.g., Gastil et al.
1979; Benoit et al. 2002). On the whole, mafic lavas
represent a number of basaltic compositions from



depleted MORB to alkalic peralkaline basalts along with
their intermediate variations and, less frequently, with
Nb-enriched basalts (Aguillén-Robles et al. 2001). More
siliceous variations include unusual rocks such as icelan-
dites and peraluminous A-type rhyolites (Vidal-Solano
et al. 2008), magnesian andesites (Saunders et al. 1987;
Calmus et al. 2003) and adakites (Aguillén-Robles et al.
2001; Calmus et al. 2008). The curious association of
adakites with alkaline rocks enriched in HFSEs and Cu-
Au mineral deposits as well as diagnostic chemical char-
acteristics of adakites have permitted a number of
authors to infer that these rocks form in unique tectonic
settings where the subducting slab is abnormally heated
and melts as a result of breaking of the slab, leading to
the opening of asthenospheric windows or slab tear
(e.g., Yogodzinski et al. 2001; Calmus et al. 2003; Gao
et al. 2007; Castillo Castillo, P.R., 2012). Volcanic rocks
related to the transform margin in the southern Basin
and Range are represented by Late Miocene (12 Ma) and
Pliocene hawaiite as well as Quaternary basalt (Henry
and Aranda-Gomez 2000).

Queen Charlotte-northern Cordilleran

The Queen Charlotte fault forms one of Earth’s great
transform margins and extends from southern British
Columbia to Alaska. The dextral-slip Queen Charlotte
fault systems are the result of the Pacific plate moving
north-west along the margin of the North American
plate. They extend from the Explorer triple junction
north of Vancouver Island to the eastern end of the
Chugach-St. Elias mountain range, a distance of
1,200 km (Walton et al. 2015; Ten Brink et al. 2018). The
Queen Charlotte transform margin began at 153 Ma
after ridge-crest-trench intersection of the Kula-
Resurrection or Kula-Resurrection and Eshamy ridges
subparallel to a continental margin from the area south
of the modern Vancouver Island to Alaska (Haeussler
et al. 2003; Madsen et al. 2006). At 140 Ma, the Kula
and Eshamy plates became fused to the Pacific plate.
The Pacific plate began to move in approximately trans-
form motion with respect to the Queen Charlotte trans-
form fault system (Madsen et al. 2006).

In forearc, the subduction of a spreading centre par-
allel to a continental margin and formation of a slab
window produces diverse Eocene mafic and felsic mag-
matism occurring in Alaska, the Queen Charlotte (Haida
Gwaii) Islands, Vancouver Island, and Oregon area (e.g.,
Babcock et al. 1992; Breitsprecher et al. 2003; Haeussler
et al. 2003; Madsen et al. 2006). Voluminous tholeiitic
basalts resemble MORB, and calc-alkaline basaltic ande-
sites are enriched in LREE but are not strongly depleted
in Nb. The rocks have overlapping isotopic composi-
tions, similar to those of intraplate basalts (Hamilton
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and Dostal 2001). Eocene tonalite-trondhjemite and
bimodal suites are interpreted to be products of forearc
melts mixed with mid-ocean-ridge basalt magmas dur-
ing ridge-trench interaction (Groome et al. 2003). In
back-arc, adakitic volcanism formed simultaneously
with the beginning of (53-47 Ma) forearc ridge-
crest-trench intersection. The formation of adakites has
been caused by upwelling asthenosphere related to
a slab tear (Ickert et al. 2009). The Eocene Challis-
Kamloops volcanic belt that extends from Yukon across
British Columbia to the northern United States was run-
ning approximately parallel to the Queen Charlotte fault.
This belt is composed of high-K calc-alkaline mafic and
intermediate lavas and is probably related to a slab win-
dow formation (Dostal et al. 2001; Breitsprecher et al.
2003).

Recently, the northern Cordilleran volcanic province
related to the Queen Charlotte transform margin encom-
passes a broad area of Neogene to Quaternary volcan-
ism in western British Columbia, the Yukon Territory, and
adjacent eastern Alaska. Volcanic rocks of the northern
Cordilleran volcanic province range in age from 20 Ma to
ca. 200 yr B.P. and are dominantly alkali olivine basalt
and hawaiite. A variety of more strongly alkaline rock
types not commonly found in the North American
Cordillera are locally abundant in the northern
Cordilleran volcanic province. These include nephelinite,
basanite, and peralkaline phonolite, trachyte, and
comendite. They show trace element abundances and
isotopic compositions that are consistent with an asthe-
nospheric source region similar to that for average ocea-
nic island basalt and for post-5 Ma alkaline basalts from
the Basin and Range (Edwards and Russell 2000).
A database of 3530 analyses from Miocene-Holocene
volcanoes along a 3500-km-long transect, from the
northern Cascade Arc to the Aleutian Arc, was used to
show that typical volcanic arc compositions in the
Cascade and Aleutian systems (derived from subduc-
tion-hydrated mantle) are separated by an extensive
volcanic field with intraplate compositions (derived
from relatively anhydrous mantle) (Thorkelson et al.
2011). The transition from subduction to a right-lateral
translation north ridge crest-trench intersection may
have created post-subduction Cenozoic magmatism
within the former forearc and accretionary prism is
explained by the existence of a slab window under the
margin (Thorkelson and Taylor 1989; Edwards and
Russell 2000; Haeussler et al. 2003; Madsen et al. 2006;
Thorkelson et al. 2011).

Southernmost South America
The Late Miocene to Pleistocene margin located south of
the Chile triple junction (CTJ) in the southernmost South
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America is similar in many characteristics to a transform
continental margin.

The current tectonic framework of the southern
Andean Cordillera involves a relatively complex interac-
tion between the oceanic Nazca, Antarctic, and Scotia
plates and the continental South American plate (Figure
4). The Nazca plate subducts rapidly beneath the South
American plate at a relative velocity of 9 cm/yr, whereas
the Antarctic plate subducts more slowly at 2 cm/yr. The
Nazca and Antarctic plates are separated by the South
Chile ridge (SCR) active spreading centre currently enter-
ing the subduction zone beneath the South American
plate (Cande and Leslie 1986; Polonia et al. 2007;
Breitsprecher and Thorkelson 2009; Lagabrielle et al.
2015, and references therein). In southern Chile, the
extent of the slab is not well imaged due to a lack of
significant subduction-related seismicity; as a result, the
slab can only be traced to depths of (140 km adjacent to
the CTJ using locally collected active source seismic
profiles (Hayes et al. 2012, and references therein).
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Figure 4. Late Cenozoic geodynamics and magmatic complexes
of southernmost South America and the Antarctic Peninsula as
a result of ridge-crest-trench intersection (collision) or change in
the direction of oceanic plate movement or subduction.
Compilation after Hole and Larter 1993; Gorring and Kay 2001;
Altenberger et al. 2003; Ramos et al. 2004; Eagles and Jokat
2014. The yellow arrows show migration of the Chile Triple
Junction (CTJ) related to the transform margin. Red line with
red triangles indicate the subduction zone, red line with red
arrows indicate transform faults.

A gap in active volcanism occurs between 46-49°S in
the region south of the CTJ (Stern et al. 1990).

The Austral Volcanic Zone (AVZ, 49-55°S) located
more southward consists of five Holocene volcanoes of
the South American plate (Stern and Kilian 1996; Stern
2004; Polonia et al. 2007) and the Cook volcano of the
Scotia late near the Magallanes-Fagnano transform fault.
There is no Benioff zone of seismic activity associated
with the AVZ, and there is no information concerning
pre-Holocene volcanic activity in this belt (Stern 2004).
East of the AVZ, large Late Miocene to Pleistocene basal-
tic plateaus occur between 46.5°S and 52°S (e.g., Ramos
and Kay 1992; Gorring et al. 1997; D'Orazio et al. 2000,
2001; Gorring and Kay 2001; Espinoza et al. 2005; Guivel
et al. 2006; Boutonnet et al. 2010).

SCR-continental margin intersection is characterized
by complex processes of collision and subduction. Since
the ridge axis is trending 10° oblique to the orientation
of the trench, the triple junction migrates northward
(Forsythe and Nelson 1985; Cande and Leslie 1986;
Forsythe et al. 1986; Cande et al. 1987; Bourgois et al.
2000; Lagabrielle et al. 2015).

Plate reconstructions based on subparallel oceanic
magnetic anomalies along the coastline indicate that
the initial SCR collision occurred near the southern tip
of South America at (55°S) 15-14 Ma and has since
migrated ~1000 km northwards to its present location
at the Taitao Peninsula at 46°S. Three distinct ridge-
trench collision events have been identified. Between
14 and 10 Ma 700-km-long, a nearly continuous section
of the SCR was collided between 55°S and 48°S. Shorter
sections of the ridge, offset by large transform faults,
were collided at 6 and 3 Ma between 48°S and 47°S
(Cande and Leslie 1986). The initial stage of the SCR
collision correlates with the cessation of the 16-14 Ma
volcanic arc, emplacement of 14-12 Ma adakites behind
it (Kay et al. 1993; Ramos et al. 2004; Espinoza et al. 2010),
and formation of large volumes of Miocene (12 Ma) to
Pleistocene mafic magmas erupted over vast areas of the
southern Patagonian (e.g., Ramos and Kay 1992; Gorring
et al. 1997; D'Orazio et al. 2000, 2001; Gorring and Kay
2001; Guivel et al. 2006). In Late Miocene (12 Ma), five
granitoid plutons intruded along the N-trending linea-
ment over 650 km long in the eastern edge of the main
cordillera. This line of Miocene plutons strikes subparal-
lel, with a divergence of approximately 15°, to the pre-
sent trench and collided with the Miocene fragment of
the SCR (Altenberger et al. 2003).

The modern orogenic belt of the Patagonian
Cordillera formed from south to north during the con-
tinuous ridge collisions from 14 Ma (Ramos 2005, 2009;
Goddard and Fosdick 2019) and in front of the 16-14 Ma
volcanic arc, whose fragments are found in the present-



day back-arc region of Central Patagonia (Ramos et al.
2004; Espinoza et al. 2010, and references therein). Fault
kinematic analysis and the N-S to N-NW trends of folds
and thrusts both indicate dominant E-W compression
with a component of right-lateral wrenching along the
strike (Coutand et al. 1999). The Patagonian Cordillera
shows morphotectonic and tectonic features, strongly
differs from that of the northernmost Andes and is not
expected in a normal subduction-related belt located
away from a buried spreading centre (Ramos 2005,
2009; Scalabrino et al. 2010; Encinas et al. 2019;
Georgieva et al. 2019, and references therein).

Despite the general understanding of Late Miocene-
Pleistocene volcanic rock generation associated with the
formation of the Patagonian slab window (slab-tear)
(e.g., Ramos and Kay 1992; Gorring et al. 1997, 2003;
D'Orazio et al. 2000, 2001; Gorring and Kay 2001;
Espinoza et al. 2005; Guivel et al. 2006; Breitsprecher
and Thorkelson 2009; Boutonnet et al. 2010), there are
several models of their formation. The first model has
been developed by Gorring et al. (1997) to explain the
sequence of magmatic events occurring along a SW-NE
transect opposite the SCR segment that collided at ca.
12 Ma. This slab window has formed within the Nazca
slab due to the volcanic rock position that was ~350 km
away from the place where the SCR collided against the
Chile trench. The close location (Cerro Pampa) of 14-12
Ma adakites and 12 Ma plateau basalts implies slab
melting before slab window opening.

However, Guivel et al. (2006) argued that the subduc-
tion of the SCR at these latitudes (46-47°S) started at
6 Ma, whereas the emplacement of the main plateau
basalts took place between 12.4 Ma and 5 Ma, which
precludes a convincing cause-effect relationship. They
proposed a model in which the collision of the south-
ernmost segments of the SCR around 15 Ma caused
a tear in the Nazca slab subparallel to the trench.

According to the model developed by Breitsprecher
and Thorkelson (2009), the Patagonian slab window is
a subsurface tectonic feature resulting from subduction
of the Nazca—Antarctic spreading-ridge system beneath
southern South America and the formation of a slab
window below the overriding plate, created between
the Nazca and Antarctic diverging plates. In this model,
the majority of the slab window’s areal extent and geo-
metry is controlled by the highly oblique (near-parallel)
subduction angle of the Nazca-Antarctic ridge system
and by the high contrast in relative convergence rates
between these two plates relative to South America. This
model of the slab-window does not explain why OIB
basalts are located at 46-47°S. The authors appeal to
a tear in the Nazca slab as the mechanism responsible
for triggering mafic magmatism, as proposed by Guivel
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et al. (2006), which continues to be a viable scenario
(Breitsprecher and Thorkelson 2009).

Alternatively, Guillaume et al. (2013) proposed that
complex mantle-flow patterns around the edges of the
subducting slab may trigger lateral (i.e., trench-parallel)
mantle flow, inducing remote alkaline volcanism and
a large-scale thermal impact on the upper crust well
before the arrival of the slab window. Georgieva et al.
(2019) proposed an alternative model trench-orthogonal
slab-tear for 46-47°S basalts. Such tears can initiate due
to a lateral difference in thermal structure and strength
within a subducting slab, possibly arising from the pre-
sence of a transform fault or fracture zone.

Movement of the CTJ from south to north along the
continental margin, subparallel ridge-crest-trench colli-
sion, with simultaneous formation of Late Miocene-
Pleistocene orogenic belt due to compression with
a component of right-lateral wrenching, and absence
of Late Miocene-Pleistocene subduction-related mag-
matic rocks allow it to be concluded that in this particu-
lar period in southern South America, the setting of the
transform continental margin existed.

In southernmost South America, the following mag-
matic complexes related to the Late Miocene to
Pleistocene continental transform margin have been
revealed: adakites (14-12 Ma); Paine-type (K-rich) series
of gabbros, monzodiorites and granitic plutons and
dikes (12.5 Ma); and slab window or slab tear basalts
(12 Ma to <0.1 Ma).

The porphyritic dacite of adakitic composition forms
small (~100-200 m diameter) bodies in three areas along
the eastern edge of the main cordillera (Kay et al. 1993;
Ramos et al. 2004). Adakites show a systematic north-
ward decrease of *°Ar/*°Ar in age 14.50 + 0.29, 13.12 *
0.55, and 11.39 + 0.61 Ma, respectively (Ramos et al.
2004). In the north (Cerro Pampa), adakites erupted
east of the inactive volcanic arc and in the area of con-
sequent eruptions of OIB-type basalts. This association
suggests that Nazca slab melting in Patagonia required
a thermal input from the sub-slab asthenospheric man-
tle as well as a young hot subducting plate (Kay et al.
1993; Ramos et al. 2004).

Miocene intrusive complexes are located along
a more than 650 km long N-trending lineament in south-
ern Patagonia (Altenberger et al. 2003). These intrusives
were built up by multiple pulses of gabbronorites, horn-
blende-gabbros, monzodiorites and granitic rocks
(Michael 1991; Michel et al. 2008; Leuthold et al. 2014,
and references therein). Bulk rock geochemistry indi-
cates that the different mafic units follow high-K calc-
alkaline to shoshonitic differentiation trends character-
ized by variable alkali and H,0 contents (Michael 1984,
1991; Altenberger et al. 2003; Leuthold et al. 2012, 2013).
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High precision U-Pb zircon ID-TIMS dating on granite has
shown that the granitic pulses were assembled between
12.58 + 0.01 and 12.49 + 0.01 Ma (Michel et al. 2008;
Leuthold et al. 2012).

In the north of Late Cenozoic basal fields (46.5-49.5°
S), two periods of magmatism have been distinguished:
(1) an older (12-5 Ma) voluminous, tholeiitic main-
plateau sequence and (2) a younger (7 to <0.1 Ma), less
voluminous and more alkaline post-plateau sequence.
Both main- and post-plateau lavas have strong OIB-like
geochemical signatures (Ramos and Kay 1992; Gorring
et al. 1997; Gorring and Kay 2001). Plio-Pleistocene (3.-
4-0.1 Ma) post-plateau basalts (at 46.7°S) have geo-
chemical and isotopic signatures that are distinctive
from most other lavas. These data are interpreted to
indicate contamination of OIB-like asthenosphere-
derived slab  window  magmas  with the
Paleoproterozoic lithospheric mantle (Gorring et al.
2003). According to other authors, the Quaternary
basalts (46-47°S) display major elements, trace ele-
ments, and Sr and Nd isotopic features similar to those
of oceanic basalts from the SCR and the CTJ near the
Taitao Peninsula. Among 8.2-4.4 Ma-old main plateau
basalts, there are the basalts that are still dominantly
alkalic, displaying incompatible element signatures
intermediate between those of OIB and arc magmas
(Guivel et al. 2006). In the southernmost tip (~52°S) OIB-
type subalkaline basalts and basaltic andesites erupted
at 8.0-8.5 Ma from a series of five isolated buttes located
at the southern end of the discontinuous belt of Late
Cenozoic basaltic lava, and east of it, there is a large field
of Pliocene (4 Ma)-recent OIB-type basalt (D'Orazio et al.
2000, 2001).

West of the Antarctic Peninsula
West of the Antarctic Peninsula (see Figure 4), the trans-
form continental margin has been related to the succes-
sive ridge-crest-trench collisions of segments of the
Antarctic-Phoenix plate boundary from southwest to
northeast that started in the Eocene time (Barker 1982;
Hole 1990; Hole et al. 1991, 1994). A probable mechan-
ism for the transform margin development at the north-
western end of the Antarctic Peninsula requires either
significant transtensional effects caused by the config-
uration and drift vector of the Scotia plate after the
activity of the West Scotia ridge ceased at c. 7 Ma or
rollback of the Phoenix plate under the South Shetland
Islands after the cessation of spreading activity along the
Phoenix ridge at 3.3-0.2 Ma, causing the north-western
migration of the South Shetland trench (Solari et al.
2008).

Two distinct groups of latest Cenozoic (15 to <0.1 Ma)
OIB-like basalts are recognized along the Antarctic

Peninsula (Figure 4). Small volumes of undersaturated
basanites, tephrites, alkali and olivine basalts and
‘within-plate’ tholeiites, which post-date the cessation
of subduction as a result of ridge-crest-trench interac-
tions by 40 to <10 Ma, are scattered along much of the
southern part of the peninsula. At James Ross Island, in
the northern part of the peninsula, alkali basalts,
hawaiites and rare mugearites erupted synchronously
with subduction at the South Shetland Islands trench
to the west. These two groups of basalts are remarkably
similar in terms of their geochemical and isotopic char-
acteristics, although they apparently owe their origin to
two distinct combinations of tectonic processes. The
southern Antarctic Peninsula basalts are causally related
to the cessation of subduction, the formation of slab
windows and the upwelling and decompressional melt-
ing of subslab asthenosphere. These suites of basalts
were generated as a result of significant lithospheric
extension and passive asthenospheric upwelling on
a regional scale. In addition, there is no evidence for
the existence of a mantle plume beneath the region
(Hole 1990; Hole et al. 1991, 1994).

Transform margin related to the changed direction
of oceanic plate movement

Western Aleutian—-Komandorsk

The transform margin of the western Aleutian-
Komandorsk region between 172°E (west of Near
Islands), and 164°E is essential for understanding of the
Pacific-type transform margin origin. There, the trans-
form margin formed not because of the spreading
ridge subduction or collision but due to the changed
direction of oceanic plate movement along the Aleutian
Arc from subduction in the east to transform sliding in
the west. As the active slab is not registered here; thus,
there is no subduction (Hayes et al. 2012; Schellart and
Rawlinson 2013; Petricca and Carminati 2016).

An important outcome of the WAVE and KALMAR
cruises was the discovery of a 300-km-long zone of
active seafloor volcanism west of Buldir Island, the loca-
tion of the westernmost emergent volcano in the
Aleutian arc (Yogodzinski et al. 2015). These and the
data collected from Piip Seamount near Kamchatka
Peninsula (Yogodzinski et al. 1995; Kelemen et al. 2003)
helped to reveal an active volcanic front 700-km-long
that spans from the Buldir Volcano to Piip Seamount in
the Komandorsk area (Yogodzinski et al. 2015). The east-
ern part of these submarine volcanoes (Ingenstrem
Depression) relates to the convergent margin, while its
western part (Western Cones) relates to the transform
margin.



The seafloor volcanism of the western Aleutian-
Komandorsk transform margin is related to a very large
window registered between 172°E, and 164°E and
defined by the term slab portal (Levin et al. 2005).
According to Kay et al. (2014), this slab portal is probably
related to the lithosphere subducted before 6 Ma. Late
Pleistocene rocks dredged from Piip Volcano repre-
sented by Piip-type’ magnesian andesites (Yogodzinski
et al. 1995). Lavas dredged from Western Cones volca-
noes are primarily basalts, dacites and rhyodacites.
Basalts have geochemical characteristics that differ
from those typical of island arc basaltic lavas. High
MgO and Mg# relative to silica, flat to decreasing abun-
dances of incompatible elements, and decreasing Pb
isotope ratios with increasing SiO, rule out an origin
for the dacites and rhyodacites by fractional crystalliza-
tion. The physical setting of some samples (erupted
through the Bering Sea oceanic lithosphere) rules out
an origin for their garnet rutile trace element signature
by melting in the deep crust. Adakitic trace element
patterns in the dacites and rhyodacites are therefore
interpreted as the product of eclogite-facies melting of
subducted oceanic lithosphere (Yogodzinski et al. 2015).

Southernmost tip of the Andes
At the southernmost tip of the Andes, the boundary
between the Antarctic and Scotia plates is located
along the Chile trench and the Shackleton fracture
zone, while the Scotia-South America plate boundary
corresponds to the Magallanes-Fagnano fault system on
land and to the North Scotia ridge to the east. The triple
junction between these plates has been interpreted to
be a diffuse area of deformation located west of the
Strait of Magellan (Polonia et al. 2007, and references
therein). The Antarctic plate convergence direction,
which is nearly orthogonal at the latitude of the north-
ernmost Lautaro volcano in the AVZ (49°S), becomes
increasingly oblique along the Scotia plates and finally
transits into the Shackleton fracture zone, which forms
the left-lateral transform boundary (Sue and Ghiglione
2016; Santibanez et al. 2019, and references therein).
Among the AVZ adakite volcanoes and arc volcanoes
from a global perspective, Cook Island (54°S) Mg#-
andesites (‘adakites’) are extraordinary in their MORB-
like isotopic composition and certain MORB-like trace-
element ratios which preclude crustal contamination.
Ba/La (<5) is also significantly lower than typical arc
magmas for which dehydration of subducted oceanic
crust and contamination of the sub-arc mantle by alkali
and alkaline-earth-element-rich hydrous fluids is consid-
ered an important petrogenetic process (Stern and Kilian
1996). Upon on the result, Stern and Kilian (1996) pro-
posed fragmentation of the subducted slab and deep
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lithospheric faults. South of 52 S and in the area of the
Cook volcano seismicity occurs mainly in the first 30 km
of the crust, i.e., there is no deep seismicity typical of the
subduction zones (Sue and Ghiglione 2016). This all
probably means that the Cook volcano is related to
a transform margin (Santibanez et al. 2019).

Transform margin related to an island arc-continent
collision

New Guinea island

The present-day tectonics of the New Guinea region are
the result of the Australian and Pacific plates’ oblique
collision. At the end of the Late Miocene, the Australian
continental plate moving north-north-eastern collided
with Palaeogene-Miocene island arcs (Abbott et al.
1994; Hill and Hall 2003; Cloos et al. 2005; Baldwin et al.
2012). At the same time, when the Pacific plate was
moving south-westward, the eastern part of the largest
and thickest Ontong Java plateau (33 km) collided with
the Solomon arc (e.g., Mann and Taira 2004; Taylor 2006).
In map view, the AUS-PAC zone of deformation resem-
bles a large left-lateral transform sigma clast, within
which microplates evolved (Figure 5), which partially
transformed into convergent boundaries in Pliocene-
Pleistocene (Cloos et al. 2005; Baldwin et al. 2012, and
references therein).

The transform margin of New Guinea Island is the
result of Late Miocene (~7.5 Ma) oblique arc-continent
collision and consequent movement of the Pacific/
Caroline Plate west-north-western, parallel to the
Australian plate boundary (e.g., Cloos et al. 2005). The
seismic tomographic studies show no evidence of
a subducted slab currently present beneath western
New Guinea (e.g., Hall and Spakman 2015), but tomo-
graphy beneath central and eastern New Guinea does
show evidence for a south-dipping subducted slab
(Tregoning and Gorbatov 2004). This south-dipping
slab is related to the present-day New Guinea trench,
but is interpreted to have been active from at least
~9 Ma (based on a ~650 km slab and subduction rate
of 7 cm/yr) or even earlier (Tregoning and Gorbatov
2004) and may be associated with middle Miocene mag-
matism in New Guinea (Webb et al. 2020). Cloos et al.
(2005) concluded that the trench has been reactivated as
the latest tectonic adjustment associated with arc/fore-
arc-continent collision. This conclusion corresponds to
the deformation study of the Lengguru fold belt of
Wandamen Peninsula in West Papua and U-Pb isotopic
dating, which shows that the region underwent crustal
extension and shortening within the last six million
years, and after ca. 3 Ma, the Lengguru fold belt went
into a phase of crustal extension. Aerial and satellite
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Figure 5. Late Cenozoic geodynamics and magmatic complexes of New Guinea Island resulting from island arc-continent collision
(tectonic base and magmatic complexes after Cloos et al. 2005; Baldwin et al. 2012; Holm et al. 2019; Webb et al. 2020). BTFZ - Bewani-
Torricelli fault zone; SFZ — Sorong fault zone; and YFZ - Yapen fault zone.

imagery also demonstrate that there is widespread evi-
dence for relatively recent crustal extension throughout
the Lengguru fold belt (White et al. 2019) that coincides
with the initiation of major strike-slip faults (e.g.,
Pubellier and Ego 2002). Thus, we can assume that the
Bewani-Torricelli fault zone (BTFZ), Sorong fault zone
(SFZ) and Yapen fault zone (YFZ) represent transform
plate boundary between the Pacific/Caroline Plate and
New Guinea part of the Australian plate (see Figure 5), as
shown in the global geophysical interpretations (e.g.,
Hayes et al. 2012; Petricca and Carminati 2016).

In south-eastern New Guinea, the fault zone separates
the Woodlark microplate from the New Guinea high-
lands block of the Australian plate, linking via a series
of left-lateral transfer faults from the Woodlark spread-
ing centre rift to the Papuan peninsula. This fault zone is
a reactivated megathrust that initially accommodated
south-western obduction of the Papuan ophiolite during
arc-continent collision. Active volcanoes of the Papuan
peninsula are confined to this fault zone (Baldwin et al.
2012, and references therein)

Late Miocene (Pliocene, <7 Ma)-recent time syn- and
postcollisional (Hamilton et al. 1983; McDowell et al.
1996; Cloos et al. 2005) or strike-slip related (e.g.,
Housh and McMahon 2000; Holm et al. 2015) volcanic
and correlative intrusive rocks, generally intermediate in
composition, occur scattered over >1000 km throughout

the New Guinea highlands block. In the highlands, some
glaciated volcanoes were active in the Quaternary
(Mackenzie and Johnson 1984). Plio-Pleistocene calc-
alkaline basaltic-andesites also occur in the south-
eastern part of New Guinea Island and D’Entrecasteaux
Islands.

The youngest age of plutonic rocks was first dated
Pliocene up to 2.5 Ma; however, SHRIMP U-Pb ages
dated monzonite porphyry and monzodiorite of the
Ok Tedi mining district to be approximately 1.4-1.1 Ma
(van Dongen et al. 2010). Plio-Pleistocene magmatic
rocks were erupted through deformed Australian con-
tinental margin sediments (Cloos et al. 2005). This
magmatism is small in volume but of widely scattered
occurrence. It is of considerable economic interest
because giant porphyry copper/gold ore districts
have so far been discovered in intrusive bodies (e.g.,
Cloos et al. 2005). Volcanic rocks are represented by
potassic trachybasalt, tholeiitic basalt and trachyande-
site (Mackenzie and Johnson 1984), intrusive gabbro,
porphyry dominantly diorite, monzodiorite, monzonite
and lamprophyre shoshonitic and high-K calc-alkaline
suite (Housh and McMahon 2000; Cloos et al. 2005,
and references therein). Mafic alkali intrusive complex
has trace-element characteristics similar to those of
basalts of intraplate settings (Richards 1990). It was
proposed that Late Miocene-recent magmatism was



due to sub-slab asthenospheric upwelling into the tear
rupturing of the subducting Australian lithosphere
(McDowell et al. 1996; Cloos et al. 2005).

Validation of discriminant diagrams

To make diagrams, we used the published data on the
geochemical compositions of igneous rocks from recent
geodynamic settings of model transform and convergent
margins (see Figure 1 for the full details). Justifying the use
of the database to determine further criteria of the geo-
dynamic settings, we primarily based them on geological
and geochronological characteristics of the magmatic
complexes described in detail in the previous chapters.
The geochemical database, for a total of more than 2400
analyses of various types of the rock compositions (see
Supplementary data), includes the following:

Transform margin-related igneous rocks
analyses):

California and Baja California: 1) the latest Oligocene
to Middle Miocene basalt-rhyolite volcanic rocks, conti-
nental borderland of California (~39°N to ~33°N)
(Sharma et al. 1991; Cole and Basu 1995; Weigand et al.
2002), 2) Pliocene to Quaternary basalt-rhyolite volcanic
rocks, northern San Francisco Bay region (Schmitt et al.
2006; Sweetkind et al. 2011) and Late Miocene basalt to
dacite lavas, Lava Mountains (Keenan 2000), 3) Late
Miocene to Quaternary adakites, Nb-enriched basalts,
tholeiitic and calc-alkaline basalts, basaltic andesites,
andesites, dacites, rhyolites, alkali trachybasalts, and
high-Mg# andesites, Baja California, Mexico (Luhr et al.
1995; Moreno and Demant 1999; Benoit et al. 2002;
Pallares et al. 2007), 4) Late Miocene to Quaternary
basalts and dacites, Basin and Range province
(Coleman and Walker 1990; Ormerod et al. 1991;
Farmer et al. 1995; Rogers et al. 1995; Henry and Aranda-
Gomez 2000; Blondes et al. 2008).

Queen Charlotte-Northern Cordilleran: 1) Eocene tho-
leiitic and alkaline basalts, Olympic Peninsula, British
Columbia (Babcock et al. 1992), 2) Eocene high-K calc-
alkaline mafic and intermediate lavas of Buck Creek
volcanic complex, central British Columbia (Dostal et al.
2001), 3) Eocene calc-alkaline basaltic andesite to rhyo-
lite lavas with adakitic trace element signature including
high-Mg# basaltic andesites, S British Columbia (Ickert
et al. 2009), 4) Tertiary to recent alkaline basaltic lavas,
the Northern Canadian Cordillera (Abraham et al. 2001,
2005); 5) Pleistocene alkaline to peralkaline mafic lavas
(basanites and hawaiites) and more evolved trachytes
and phonolites of Satah and Baldface Mountain volcanic
fields, west-central British Columbia (Kuehn et al. 2015),
6) Pleistocene to Holocene basaltic rocks, the Isku-Unuk
volcanic field; NW British Columbia (Cousens and Bevier
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1995), 7) Quaternary alkaline basalts, Tasse areas, SE
British Columbia (Friedman et al. 2016), 8) Tertiary sub-
alkaline basaltic lavas of the Masset formation, the
Queen Charlotte Islands (Hamilton and Dostal 2001).

Southernmost South America: 1) Late Miocene to
Pleistocene tholeiitic to alkalic basalts and basaltic ande-
site plateau lavas, Patagonia, Argentina (Gorring and Kay
2001), 2) Late Miocene (14-12 Ma) andesitic to dacitic
adakites, Cerro Pampa volcanic centre, the Patagonian
Cordillera (Kay et al. 1993; Ramos et al. 2004), 3) Late
Miocene (~12.5 Ma) Paine-type (K-rich) series of gabbros,
monzodiorites and granitic plutons and dikes, Torres del
Paine intrusive complex, southern Chile (Michael 1984,
1991; Leuthold et al. 2013; Miintener et al. 2018).

West of the Antarctic Peninsula: 1) Pliocene-Holocene
tholeiite to alkali basalt and dolerite lavas and dikes, Seal
Nunataks, the Antarctic Peninsula (Hole 1990; Hole and
Larter 1993; Kosler et al. 2009).

Western Aleutian-Komandorsk: 1) late Pleistocene and
Holocene rhyodacites, and andesitic adakites from sea-
floor volcanoes located west of Near Islands (172°E) to
Piip Seamount (167.13°E) (Yogodzinski et al. 2015).

Southernmost tip of the Andes: 1) Holocene andesitic
adakites, Cook Island (54°S) volcano (Stern and Kilian
1996).

New Guinea Island: 1) The latest Miocene-Pleistocene
basalts to trachyandesites, and granite to granodiorite
volcanic and igneous suites, Papua New Guinea high-
lands and NW New Guinea (Richards 1990; Richards and
Ledlie 1993; Holm et al. 2015; Holm and Poke 2018;
Webb et al. 2020).

Convergent (subduction) margin-related igneous rocks
(1082 analyses): 1) the late Pleistocene-recent basalts and
basaltic andesites from the Antuco volcano (37.4°S) to the
Osorno volcano (41°S), the central southern volcanic zone
of the Andes (Hickey-Vargas et al. 2016), 2) Quaternary
volcanic rocks, the Aleutian arc, Alaska (Yogodzinski et al.
2015; Coombs et al. 2018), 3) late Pliocene basalts, basaltic
andesites, dacites, rhyodacites, and rhyolites of the
Karymskii and the Bol'shoi Semyachik volcanic massif,
Kamchatka (Grib et al. 2009, Grib, E, 2015); Late
Pleistocene andesitic to dacitic lava dome complex
Bezymianny and Kliuchevskoi volcanoes (Almeev et al.
2013); recent basaltic andesites form the Avachinsky vol-
cano, Kamchatka (Viccaro et al. 2012), 4) Quaternary vol-
canic rocks of the Kuril Island arc (Martynov et al. 2010)
and Pleistocene basalts of Kunashir Island, Kuril Island arc
(Martynov and Martynov 2017), 5) Quaternary lavas, NE
Japan arc (Kimura and Yoshida 2006) and Oligocene to
Quaternary basalts from the NE Japan arc (Shuto et al.
2015); Mio-Pliocene volcanic Izu-Bonin volcanic arc suite
(Tamura 2002; The Database GEOROC with references
therein); 6) Quaternary lavas, southern Pagan Island
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lavas, Mariana arc (Marske et al. 2011), 7) Quaternary Java—
Sunda front arc (Dempsey 2013), 8) recent volcanic rocks
of the Tonga arc, SW Pacific (Hekinian et al. 2008) and the
submarine Monowai volcanic centre, northern Kermadec
arc, SW Pacific (Timm et al. 2011).

Slab window or slab tear environments are expected to
differ from those involving normal subduction in patterns
of subslab asthenospheric mantle flow, variations in man-
tle composition, flux of mantle-derived heat, and expres-
sions of magmatism in both forearc and inboard regions
(Dickinson and Snyder 1979a; Hole et al. 1991; Haeussler
et al. 1995; Thorkelson 1996; Cloos et al. 2005; Pallares
et al. 2007; Castillo 2008; Cole and Stewart 2009;
Thorkelson et al. 2011). Primitive low-FeO*/MgO, high-
SiO, arc magmas are generally inferred as resulting from
flux-melting of a peridotite mantle wedge and are char-
acterized by high extents of mantle melting at high mag-
matic H,O contents. (e.g., Grove et al. 2003). Trace
element patterns in subduction-related magmatic rocks
show enrichments in large ion lithophile elements (K, U,
Cs, Rb, Ba), and depletions in middle and heavy rare earth
elements (MREE and HREE; Dy, Er, Yb, Lu) and in high field
strength elements (HFSE; Ta, Nb, Zr, Hf) compared with
mid-ocean ridge basalts (e.g., Gill 1981).

The slab tear or slab window may lead to the subslab
asthenosphere rising through the tear (window) and
adiabatically melting, and it invades the subcontinental
lithospheric mantle and the overlying crust. Resulting
melts derive through deep mantle processes likely
include partial melting of the metabasaltic/gabbroic
upper portion of the slab, leaving a garnet-bearing eclo-
gitic residue. The magmas are derived from increasingly
greater depths should be compositionally different than
typical MORB, reflecting greater amounts of residual
garnet (Hildebrand and Whalen 2017). Geochemistry of
this slab window synextensional magmatism shows
more MORB-like basalts towards the former fore-arc,
and MORB-OIB-like basalts towards the former back-
arc. Major elements show that slab window basalts reach
TiO, values up to 3 wt%, as compared with the top value
of 1.5 wt% of arc magmas. Besides, the MgO with respect
to (FeO'+Al,05) ratio helps to distinguish slab window
magma changes from the former fore-arc to the former
back-arc (Aragon et al. 2013).

It is assumed that they have alkaline and ferrous com-
positions with high contents of Ti, Nb, Ta, LREEs and LILEs.
The strong partitioning of heavy rare earth elements
(HREE) into residual garnet, rutile, allanite, etc,, and the
absence of Sr-plus Eu hosting plagioclase yields distinc-
tive high La/Yb, Sm/Yb, Gd/Yb and Sr/Y ratios and the lack
of negative Eu anomalies on chondrite normalized REE
plots. The instability of a Ti-rich phase such as rutile plus
residual garnet yields their high Nb/Y and Ta/Yb ratios

(Negrete-Aranda and Cafndn-Tapia 2008; Thorkelson et al.
2011; Grebennikov et al. 2013; Grebennikov 2014;
Hildebrand and Whalen 2017; Robinson et al. 2017).

When identifying the differences between the
igneous rocks of supra-subduction island-arc and con-
tinental-margin type (related to convergent margins)
and rocks formed in the setting of transform sliding of
the lithospheric plates at the ocean margins we based
on ‘standard’ geochemical criteria and existing dia-
grams. The geochemical data were filtered to eliminate
evolved (high silica) compositions, which may reflect
crustal rather than mantle sources, and samples with
extreme trace element concentration, which may reflect
analytical error, or misreporting of data. Therefore, the
data have been interpreted with regards to the restric-
tions made by the authors: one should use only mag-
matic rocks with the total wt.% oxides near 98-101.5;
ignore rocks subjected to considerable secondary super-
posed alterations with LOI > 2 wt.%; and perform statis-
tical processing of data in the 95% confidence interval
for igneous rocks in order to achieve the maximum
reliability of analytical results. To make the plots easy-
to-work, no other filtering has been performed.

Data plotted in the existing standard diagrams (some
of which are present in Figure 6) showed a significant
overlapping of fields of convergent and transform mar-
gin igneous rocks, which is caused by the diversity of
tholeiitic (subalkaline), alkaline or even calc-alkaline and
peraluminous rocks typical of both geodynamic types.

Hence arose the necessity to find more informative
discriminative diagrams to infer distinct geodynamic
settings. Using the developed base of data collected at
the most representative areas of these convergent and
transform margins (see Supplementary data) we took
into account the abundance or trends of each element
reflected in term of magmatic processes that were dis-
cussed in multiple papers (Eby 1992; Abratis and Worner
2001; Frost et al. 2001; Arculus 2003; Pearce et al. 2005;
Aragon et al. 2013; Pearce 2014 etc.).

Having run multiple tests on the example of repre-
sentative igneous rocks of convergent and transform
margins we found informative ternary diagrams for pet-
rogenic oxides TiO, x 10-Fe,05"°*-MgO, wt.%, and trace
elements Nb*5-Ba/La-Yb*10, ppm (Figure 7A) and
defined the field limits based on visually manipulating
the boundaries to maximize correspondence to the
available data (Figure 7B).

We use Ti, Mg, and Fe (Il and Ill) oxides as a proxy to
distinguish slab window magma changes (e.g., Aragén
et al. 2013). As an indicator of the anhydrous character
of the magmas, Nb is subduction-immobile in most arc
systems, with the result that the vast majority of supra-
subduction zone lavas have high Th/Nb (Pearce 2014). As
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nant diagrams to fingerprint tectonic settings (Pearce 2008,
2014). Field of the igneous rocks related to convergent and
transform margins based on Supplementary data (see references
therein).

a result, within-plate granites enriched in Nb have geo-
chemical features that reflect enriched mantle sources
and anhydrous crystallization (Pearce 1996). Yb is particu-
larly suitable as it is strongly compatible with eclogitic
assemblages and so is one of the most subduction-
immobile incompatible elements. It can vary significantly
during partial melting, but not in most oceanic subduc-
tion systems where the shallow depth and high degree of
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melting rarely result in residual garnet (Pearce et al. 2005;
Pearce 2014). Ba/La ratios in arc magma sources, by con-
trast, are highly susceptible to contributions from
a dehydrating subducted slab (Abratis and Worner 2001).

As seen in the presented diagrams, the points depict-
ing rock compositions (SiO, < 63 wt.%) form two main
fields that almost do not overlap. The first field corre-
sponds to igneous rocks from zones of the supra-
subduction island arc and marginal continental mag-
matic types (related to convergent margins);
the second field corresponds to magmatic rocks from
the tectonic setting of transform continental or island
arc margins (related to transform margins). When discri-
minating these rocks, it is recommended using both
types of diagrams for the identification of their geody-
namic positions to avoid ambiguous results that distort
the geochemical compositions due to superimposed
processes of assimilation, or contamination as well as
low precision method results.

Some difficulties are posed by the separation of high-
silica igneous rocks present both at convergent and trans-
form margins. More siliceous rocks (SiO, > 63 wt.%) are
characterized by a certain overlapping (up to 10%, 42
from 445 samples) of the denoted fields on the TiO,
x 10-Fe,05"°'-MgO diagram (Figure 7C), which is largely
because the processes of silicecous magma generation are
identical for both types and are followed by crustal assim-
ilation in these geodynamic settings (e.g., Savov et al.
2009; Seitz et al. 2018). The geochemistry of rhyolites
correlates strongly with the nature of the underlying
basement terranes (Savov et al. 2009). Thus, the high silica
end of the spectrum is much more complicated and
needs even further filtering as well as careful considera-
tion in the future. Notably, trace element concentrations
show minimum overlapping on the Nb*5-Ba/La-Yb*10
plot. Summarizing the aforesaid, we may propose the use
of additional geochemical criteria for these acidic-type
rocks. It is necessary to recognize that convergent margin-
related igneous rocks with siliceous compositions do not
plot in the fields of geochemical A-type granites and
related volcanic rocks but correspond to I-type granites
(Whalen et al. 1987; Grebennikov 2014). Moreover, when
constructing the geodynamic diagrams, more precise
conclusions can be drawn with the use of geochemical
compositions that include all silica types of coeval differ-
entiates of magmatic melts.

Testing of new discrimination plots

Examination of the new discrimination plots for the most
debatable origin regions in relation to our article’s objec-
tive (Figure 8 and Supplementary data) demonstrates
excellent discrimination between magmatic rocks of
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Figure 7. TiO, x 10-Fe,05;"°'-Mg0 and Nb*5-Ba/La-Yb*10 discriminant diagrams for interpretation of geodynamic settings of the
supra-subduction island arc and continental marginal types of magmatism (related to convergent margins) and transform sliding of
lithospheric plates at ocean margins (related to transform margins). See the text, Supplementary data and references therein for the full
details. Coordinates for plot fields (B) are based on these values: 1 (15; 85; 0), 2 (85; 15; 0), 3 (53; 38; 8), 4 (56; 35; 9), 5 (15; 35; 50), 6 (15; 30;
55), 7 (10; 90; 0), 8 (95; 5; 0), 9 (95; 0; 5), 10 (20; 0; 80), 11 (0; 30; 70), 12 (20; 25; 55), 13 (37; 21; 42), 14 (44; 19; 37), and 15 (0; 90; 10).

the supra-subduction island arc and continental mar-  Western Aleutian-Komandorsk (304 analyses):
ginal types of magmatism (related to convergent mar-
gins) and transform sliding of lithospheric plates at
ocean margins (related to transform margins).

Volcanic rocks from the Western Cones (172°E) and Piip
Seamount (167°E) distinguish from Aleutian volcanic rocks.
Former ones on the proposed plots correspond to volcanic
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@ - Gabbro, diorite, and granitic rocks of transform continental margin (12.5 Ma)
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x - Holocene andesitic adakites of the Cook Island volcano (54°S)

O - Holocene basaltic to dacitic volcanic rocks of the AVZ
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Figure 8. TiO, x 10-Fe,05"*-MgO and Nb*5-Ba/La-Yb*10 discriminant diagrams for igneous rocks of the Aleutian arc (A), the
southern South America (B) and New Guinea (C). The whole-rock major and trace elements are from Michael 1984, Michael, P.J., 1991;
Johnson et al. 1985; Kaeding et al. 1990; Richards 1990; Kay et al. 1993; Richards and Ledlie 1993; Stern and Kilian 1996; Guivel et al.
1999, 2003; Gorring and Kay 2001; D'Orazio et al. 2003; Ramos et al. 2004; Guivel et al. 2006; Kon et al. 2013; Leuthold et al. 2013; Holm
et al. 2015; Yogodzinski et al. 2015; Zhang et al. 2015; Holm and Poke 2018; Miintener et al. 2018; Webb et al. 2020. See the text and
Supplementary data for the full details. Coordinates for plot fields as for Figure 7.

window, ‘slab portal’ in the western part (Levin et al. 2005),
clearly indicate that Ingenstrem Depression (174.80°E to

rocks derived in the tectonic setting of transform island arc
margins (related to transform margins), as the latter corre-

sponds to the field of supra-subduction island arc and
marginal continental magmatic rock types (Figure 8A).
These results, which are consistent with the modelling of
the Aleutian slab shape and the existence of a very large

175.33°E) is a key area between the western Aleutian
strike-slip zone and eastern subduction zone. As a result,
the igneous rocks of Ingenstrem Depression show inter-
mediate positions on the empirical fields (Figure 8A).
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Southern South America (452 analyses):

The Late Miocene to Pleistocene igneous rocks of south-
ern South America differ from the Holocene volcanic
rocks of the AVZ (with the exception of rocks from the
Cook Island volcano) and correspond to magmatic rocks
formed in the transform continental margin environ-
ment (Figure 8B and Supplementary data). Pliocene-
Quaternary magmatic rocks have formed due to the
heating of the accretionary prism by the
Chile spreading ridge (‘blowtorch’ effect) and are also
plotted within the transform margin field (Kaeding et al.
1990; Lagabrielle et al. 1994, 2000; Kon et al. 2013).

New Guinea (124 analyses):

On discriminant diagrams (Figure 8C), the latest
Miocene-Pleistocene volcanic and igneous suites of
New Guinea related to the transform margin are sepa-
rated from Oligocene-Miocene convergent margin
suites and the active island-arc Manam volcano
(Supplementary data). The rocks of the Mt. Lamington
volcano are similar to the rocks of the transform margin.
This signature agrees with the fact that Mt. Lamington
lavas do not show the expected '°Be excess of recently
subducted sediments (Gill et al. 1993).

Adakites (181 analyses):

Adakites were first documented in the Aleutian arc (Kay
1978) and then were initially defined by Defant and
Drummond (1990), as a distinct arc rock type (lava with
54 to 65 wt% SiO, and Mg# > 0.45 and high Sr/Y and La/
Yb ratios) produced specifically through melting of
young subducted oceanic basalt. These rocks were also
found among the post-arc (post-subduction) rock at Baja
California transform continental margin where they are
considered to be the result of the partial melting of the
edges of the slab tear, which formed inside of the sub-
ducted Farallon plate after the cessation of subduction
(e.g., Aguillon-Robles et al. 2001; Calmus et al. 2008;
Castillo 2008). Adakite-like rocks produced through
other petrogenetic processes also exist, and these may
be more widespread than adakites (e.g., Martin et al.
2005; Castillo Castillo, P.R., 2012). Experimental evidence
has demonstrated that high-pressure melting of
a metabasaltic composition under the control of residual
minerals, such as amphibole, garnet, clinopyroxene, and
rutile, can account for the geochemical signature of
most of the adakite suites irrespective of the tectonic
setting of formation (Rossetti et al. 2014 and references
therein).

In the discriminant diagrams, the compositions of
high Mg# volcanic rocks with adakitic affinity (Figure
9A) form two different empirical fields that almost do
not overlap for petrogenic oxides (Figure 9B). The Cook
Island adakites differ from the convergent margin ada-
kitic rocks of the AVZ but are similar to the transform
margin-related adakites of Patagonian and Western
Aleutian ones (Supplementary data). Thus, we can
assume that these diagrams can identify adakites related
to a slab melting around the edges of the slab tear or
slab window margins caused by subslab asthenospheric
mantle input (Kay et al. 1993; Stern and Kilian 1996;
Ramos et al. 2004; Thorkelson and Breitsprecher 2005;
Calmus et al. 2008; Castillo 2008) and adakites of a slab
melting at the stage of subduction (e.g., Smith and
Leeman 1987; Stern and Kilian 1996; Nakamura and
Ilwamori 2013). At the same time, in trace elements
ternary diagram compositions of adakites related to
a slab melting at the stage of subduction fall into field
of transform margin magmatism (Figure 9C). As it can be
seen from Supplementary data, their high Ba/La ratios
(~10-90) and low Nb/Zr ratios (0.03-0.09) suggest deri-
vation from a fluid-modified, depleted-mantle wedge, as
is typical of ‘normal’ arc magmatism (see Abratis and
Worner 2001). This also evidenced by low Ti/Yb ratios
that resulted from the melting of depleted mantle under
shallow, hydrous conditions (see Pearce 2008, 2014 and
references therein). On the other hand, Keskin (2007)
pointed out that lavas containing a distinct subduction
signature have consistently higher Th/Ta ratios and, in
general, lower Ta concentrations compared to post-
collisional slab break-off related lavas. This type of ada-
kites, however, have even lower Th/Ta, and similar Nb/
Yb ratios comparable to adakites related to slab tearing.
Such ambiguous geochemical characteristics along with
diagrams results (Figure 9D) emphasize once again that
adakites are a very problematic/peculiar rock-type and
their genesis is still unknown.

It should be noted, though, we do not discuss the
genesis problem of these high-Mg# volcanic rocks with
adakitic affinity but test the new discrimination plots
with only true adakites (following Defant and
Drummond 1990; Martin 1999) derived from subduction
and post-subduction scenarios resulting from the slab
melting. Obtained results confirm once more that both
types of proposed diagrams should be used for identifi-
cation of geodynamic positions.

In summary of ‘Testing of new discrimination plots’
section, it should be recalled that analysis of the data
on the presented ternary diagrams permits us to
relate, with some caution, igneous complexes to
a particular geodynamic setting. However, no dia-
gram is as informative for understanding the genesis
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Figure 9. Sr/Y vs. Y and (La/Yb)y vs. Yby plots (following Defant and Drummond 1990, and Martin 1999) that are typically used to
distinguish adakites from normal arc andesite, dacite and rhyolite (ADR) lavas (A); TiO, X 10—Fe203T°t—MgO and Nb*5-Ba/La-Yb*10
discriminant diagrams for true adakites derived from post-subduction (B), and subduction scenarios (C). Generalized discriminant
diagrams for true adakites related to convergent and transform margins (D). The whole-rock major and trace elements are from Kay
et al. 1983; Smith and Leeman 1987; Kay et al. 1993; Stern and Kilian 1996; Aguillén-Robles et al. 2001; Benoit et al. 2002; Ramos et al.
2005; Pallares et al. 2007; Chiaradia et al. 2009; Ickert et al. 2009; Yogodzinski et al. 2015. See the text and Supplementary data for the
full details. Coordinates for plot fields as for Figure 7.

and geodynamic setting of formation of igneous composition, isotope properties, structural position,
rocks as a comprehensive analysis of data on their  and age. Therefore, these diagrams are proposed as
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Figure 10. TiO, x 10-Fe;05"°'-MgO and Nb*5-Ba/La-Yb*10 discriminant diagrams for interpretation of geodynamic settings of the
supra-subduction island arc and continental marginal types of magmatism (related to convergent margins) and transform sliding of
lithospheric plates at ocean margins (related to transform margins). Coordinates for plot fields as for Figure 7.

one of the tools for a comprehensive analysis of
geological data.

Concluding remarks

Based on the analysis conducted with up-to-date geologi-
cal and geophysical data, the following points can be con-
cluded. Cenozoic geodynamics of the Pacific Rim relate to
a convergent or transform margin. Transform margins
represent lithospheric plate boundaries with horizontal
sliding of the oceanic plate, which in time and space
replaced the subduction-related convergent margins.
Transit from a convergent to transform margin along
a continent or island arc is conditioned by the changes in
oceanic plate interaction. For transform margins of different
types, intensive strike-slip tectonics and post-subduction
magmatism related to the slab window or slab tear forma-
tion are common. The slab window is a result of spreading
ridge collision (subduction) with a continental margin and
consequent divergence of slabs beneath a continent.
Ridge-crest-trench intersection can take place together
with triple junction migration along continental margins.
Slab tear formed as a result of active subslab asthenosphere
upwelling through the stalled (fossil) slab after subduction
cessation due to the following different factors: 1) ridge
death along continental margin; 2) change in the direction
of oceanic plate movement; and 3) island arc-continent
collision. Slab tear can also form beneath the continent

away from the paleotrench simultaneously with slab win-
dow ridge-crest-trench intersection.

Igneous rocks formed above the slab window or slab
tear are similar in composition. Geochemical diversity of
transform margin igneous rocks is determined by their
location in the former forearc to the former back-arc
regions.

The comprehensive geochemical dataset for vol-
canic and plutonic rocks from the model transform
and convergent geodynamic settings allowed us to
build the ternary diagrams for petrogenic oxides
TiO, x 10-Fe,05°'-MgO (wt.%) and trace elements
Nb*5-Ba/La-Yb*10 (ppm). New discrimination plots
(Figure 10) add more information to the previous
studies and show distinctive features for igneous
rocks of calc-alkaline mafic, intermediate, felsic and
adakitic composition present on both convergent
and Pacific-type transform margins.
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