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This paper applies magnetic fabric analyses to plutons of the East Pacific continental arc. Continental arc
magmatism is strongly episodic, with voluminous granitic magma addition occurring during discrete
high-flux events (‘flare-ups’). The cause of these flare-ups is debated, variously invoking tectonic, mantle,
or crustal controls. To understand how the syn-magmatic strain history changes during a flare-up, we
compare granitic magnetic fabric (Anisotropy of Magnetic Susceptibility, AMS) and geochronological data
from the Antarctic Peninsula (Lassiter Coast), Sierra Nevada, and Chile. This comparison indicates a com-
mon pattern in orientation and magnitude of syn-magmatic deformation, showing flare-up events occur
during increased tectonic compression driven by enhanced interplate coupling and fast subduction.
Flare-ups terminate as tectonic compression reduces or the regime becomes extensional, even if conver-
gence rates remain high. As with enhanced seismicity, magmatic flare-ups result from high tectonic com-
pression, during discrete periods of enhanced interplate coupling within broader periods of increased
subduction rates. The enhanced magmatic flux results either from crustal thickening leading to partial
melting of a newly accreted, hydrous mafic underplate, enhanced melt segregation in the source, or in
response to high tectonic compression rendering lithostatic compression the weakest compressive force,
enhancing magma extraction and ascent from the mantle.

� 2022 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

1.1. Magmatic flare-up events

The evolution of the continental crust is intrinsically linked to
the emplacement of granitic material via continental arc magma-
tism, imparting the comparative low density that prevents conti-
nent destruction at subduction zones. Continental arc
magmatism is episodic, occurring in 10–30 My long ‘‘flare-ups”
between 20 and 70 My intervals (DeCelles et al., 2009), with 1–4
My magmatic episodicity at individual magmatic centres during
each flare-up (De Silva et al., 2015). Whether these flare-ups con-
vert into net crustal growth depends on the relative proportions
of mantle-derived and crustal sources, and the volume of new
material compared with that lost through erosion, basal crust
delamination, and forearc subduction erosion (de Silva and Kay,
2018).

Periods of high magmatic flux (termed ‘‘flare-up events”) have
been attributed to crustal, mantle, magmatic, and tectonic pro-
cesses. The circum-Pacific mid-Cretaceous flare-up was attributed
to plate reorganisation and consequent deformation (Matthews
et al., 2012), invoking tectonic modification of the rates and obliq-
uity of subduction. However, Ducea (2001) compared the apparent
intrusive flux for the Sierra Nevada with the rate or obliquity of
subduction and found no correlation. Instead, intra-crustal pro-
cesses were proposed, with either under-thrusting or crustal thick-
ening and lithospheric delamination driving crustal melting
(DeCelles et al., 2009; Ducea, 2001). Crustal thickening was
invoked to explain the apparent shared episodicity between
tectonic deformation and magmatism of the Sierra Nevada
(Cao et al., 2015), based on visible mineral fabrics, host rock
structures, and sedimentary units. However, radiogenic isotopes
indicate a dominantly mantle, not crustal source for the East Pacific
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flare-ups (Ardila et al., 2019). Tectono-magmatic processes and the
overriding plate may contribute over different timescales; tecton-
ics, crustal thickening and delamination controlling first order
periods of high magmatic activity (40–60 My) whilst magmatic
processes (melt, segregation, ascent) and upper-crustal tectonics
control higher frequency events (20 to < 1 My) (de Saint
Blanquat et al., 2011; De Silva et al., 2015).

With all these competing hypotheses and observations, it
remains unclear how or if magmatic flare-up events are affected
by syn-magmatic tectonic deformation. This paper investigates this
relationship by applying an alternative approach, collecting and
collating magnetic mineral fabric data of plutons from along the
East Pacific continental arc. By determining the degree of syn-
magmatic deformation from this data, and comparing this degree
with the geochronology and apparent magmatic flux of the plutons
analysed, we can test how the changing syn-magmatic deformation
regime affects magmatic episodicity.
1.2. Anisotropy of magnetic susceptibility (AMS)

To compare tectonic deformation and flare-up events, the first
challenge is determining whether the two are coincident. Although
U-Pb dating provides accurate geochronology, and global plate
models (e.g. Seton et al., 2012) constrain convergence rates, deter-
mining the nature and scale of syn-magmatic deformation is diffi-
cult. This is because ‘traditional’ structural evidence (faults and
dykes) record the post-magmatic deformation of their host pluton,
as they fracture or intrude the pluton after its crystallisation.

Instead, the pluton’s magnetic mineral fabric (AMS) is a poten-
tial record of syn-magmatic deformation. AMS data describes the
foliation and lineation of a sample’s magnetic mineral fabric via
three orthogonal axes (Fig. 1): the maximum susceptibility axis
(K1) defines the magnetic lineation; the minimum susceptibility
axis (K3) is the pole to the magnetic foliation; and the intermediate
axis (K2) is the orthogonal intermediate axis within the magnetic
foliation plane.

The AMS fabric reflects the anisotropic distribution and orienta-
tion of magnetic minerals in a sample. As with other mineral fab-
rics, AMS axes relate to the syn-magmatic strain present during
the final stages of crystallisation (Paterson et al., 1998). This strain
generates the magnetic lineation (K1) in its maximum extension
Fig. 1. Relationship of magnetic mineral fabrics (foliation and lineation) and the
principal vectors of magnetic susceptibility describing the AMS fabric (K1 –
Maximum susceptibility; K2 – Intermediate susceptibility; K3 – Minimum suscep-
tibility) to the strain ellipsoid and strain axes (e1 – Maximum extension direction;
e2 – Intermediate extension direction; e3 – Minimum extension direction). To
illustrate how these axes relate to crystallisation under coaxial pure shear, in
parentheses are the principal stress directions that would generate these axes
during coaxial syn-magmatic deformation (r1 – Maximum compression direction;
r2 – Intermediate compression direction; r3 – Minimum compression direction).
Adapted from Burton-Johnson et al. (2019). Arrow sizes reflect relative stress
intensity under pure shear.
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direction (e1), and the magnetic foliation perpendicular to the max-
imum shortening direction (e3) (Fig. 1).

The syn-magmatic strain producing AMS fabrics has variably
been proposed to originate from tectonic deformation or magmatic
emplacement processes, or a combination of the two. Burton-
Johnson et al. (2019) compared anisotropy of magnetic susceptibil-
ity (AMS) axes with tectonic deformation axes for various world-
wide plutons in both compressional and extensional regimes.
They proposed that when more than � 100 m from internal or
external contacts, whole-pluton AMS fabrics in compressional
and extensional regimes dominantly record coaxial tectonic defor-
mation fabrics rather than magmatic emplacement processes
(Fig. 2, with data sources in Table 1). From the 100 km2 Mt Kina-
balu pluton (Borneo; Burton-Johnson et al., 2019) to the
1,100 km2 Tuolumne Batholith (California; Titus et al., 2005),
contact-parallel magmatic fabrics are generally not observed
even < 100 m from the margins. However, on a local scale within
a pluton there is abundant evidence for emplacement and non-
coaxial deformation fabrics. In addition to internal and external
contact-parallel foliations (e.g. the Mt Kinabalu pluton, Burton-
Johnson et al., 2019), this includes fabric rotation during syn-
magmatic shearing (e.g. the sigmoidal fabric of the Mono Creek
pluton [de Saint Blanquat and Tikoff, 1997], and syn-magmatic
shearing of the Cathedral Peak Granite by the Cascade Shear Zone
[Tikoff et al., 2005]); fabric rotation during emplacement of subse-
quent units (e.g. vertical inflation of the Papoose Flat pluton [de
Saint-Blanquat et al., 2001], and lateral rotation of the Joshua Flat
pluton [Morgan et al., 2013]); or mechanical interactions during
crystallisation (Olivier et al., 1997). Pluton-scale and local-scale
tectonic and magmatic fabrics are thus both invaluable for our
understanding of intrusive magmatic processes.

When AMS fabrics record tectonic strain, the strain axes (the
maximum extension direction, e1, the intermediate, e2, and the
minimum, e3; Fig. 1) relate to the syn-magmatic tectonic stress
axes (the maximum compression direction, r1, the intermediate,
r2, and the minimum, r3; Fig. 1 illustrates this relationship for
pure shear). These axes orient according to the relative magnitudes
of the two principle sources of differential stress within the litho-
sphere (Burton-Johnson et al., 2019): 1) Subvertical lithostatic
compression; and 2) subhorizontal tectonic compression. During
high tectonic compression (Fig. 3a), subhorizontal tectonic com-
pression is the dominant stress (r1) and the subvertical lithostatic
compression is the weakest stress (r3). Consequently, under coax-
ial pure shear, the foliation pole (e3 and K3) is subhorizontal (par-
allel tor1), whilst the lineation direction (e1 and K1; parallel tor3)
is subvertical. During extension (Fig. 3d), subvertical lithostatic
compression is r1 and the direction of crustal extension is r3.
Here, K1 (e1) is subhorizontal in the direction of extension, and
K3 (e3) is subvertical.

Between high tectonic compression and extension are two
intermediate pure shear regimes (Fig. 3b and 3c). If subhorizontal
tectonic compression is r1, but subvertical lithostatic compression
is the intermediate (r2) rather than weakest stress, then both K1
and K3 are subhorizontal (Fig. 3b). This reflects moderate tectonic
compression. If tectonic compression is lower still, then lithostatic
compression becomes r1, K3 becomes subvertical, and r3 and K1
become subhorizontal and orthogonal to the tectonic compression
direction (Fig. 3c).

Finally, where AMS records simple, non-coaxial shear, the max-
imum extension direction (e1, K1) rotates towards the plane of
shear, and the shortening direction (e3, K3) rotates towards per-
pendicular to the shear plane (Fig. 3e). Where a pluton emplaces
along an active shear zone, the fabrics adjacent to the shear zone
will record non-coaxial shear rather than the coaxial shear
recorded across the rest of the pluton. However, even the Cascade
Lake Shear Zone on the eastern margin of the Tuolumne Batholith



Fig. 2. Global compilation of lineation (K1, e1) and pole to foliation (K3, e3) directions of AMS data from intrusions emplaced in both extensional and compressive tectonic
settings showing the orientation of the principal extensional or shortening direction generating the tectonic fabric (adapted from Burton-Johnson et al., 2019). Note that
(despite their wide range of ages and scales) in all plutons emplaced in an extensional setting the foliation is subhorizontal and the lineation is subparallel to the syn-
magmatic crustal extension direction. Conversely, in all plutons emplaced in a compressional setting, the foliation is subvertical and strikes perpendicular to the syn-
magmatic compression direction. These common relationships between the AMS fabric and the syn-magmatic deformation regime indicate that AMS fabrics dominantly
record coaxial tectonic deformation rather than magmatic emplacement processes. AMS and geochronology data sources, number of samples analysed, and dating method
used are shown in Table 1.
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only generated non-coaxial deformation fabrics up to 1 km from
the shear zone, despite the extended cooling history of the batho-
lith compared to smaller plutons (Tikoff et al., 2005).

Note that whilst the direction of lithostatic compression is
always subvertical, the direction of subhorizontal tectonic shorten-
ing (e3) is not always parallel with the plate convergence direction.
During pure convergence, the angle between the plate margin and
the convergent plate motion vector (a) coincides with the angle
(hP) between the plate margin and the tectonic shortening direc-
tions (i.e. a = hP = 90�). However, strain ‘‘refraction” occurs during
oblique convergence resulting in the following linear relationship
(Teyssier et al., 1995):

hP ¼ 0:5 � 90
� þ a

� �
ð1Þ
3

For example, when a = 70�, hP = 80�. The result is that during
oblique subduction, the tectonically-driven, horizontal shortening
direction (e3) is closer to perpendicular with the plate margin than
the relative convergence directions would imply.

The above discussion assumes that the magnetic carrier phase
from which the AMS fabric is derived is either multidomain mag-
netite, or paramagnetic phases whose preferred orientation gener-
ates a normal magnetic fabric (e.g. phyllosilicates such as biotite or
chlorite, as well as amphiboles and pyroxenes; Hrouda, 1982).
Although these are the dominant carrier phases in previous studies
of plutonic AMS fabrics (see Table 1 and Table 2), where the mag-
netic fabric is hosted by single domain magnetite, this AMS fabric
will be inverted and thus not represent the mineral axes (Rochette
et al., 1992). However, the presence of single domain magnetite



Table 1
AMS and geochronology data sources, number of samples analysed, dominant magnetic carrier phase, and dating method used in the data compilation of Fig. 2.

Extensional Plutons (Fig. 2)

Pluton AMS Geochronology

Source # samples
(# cores)

Dominant carrier phase Source Method

Mt Kinabalu Burton-Johnson et al. (2019) 94 Magnetite (multidomain) (Cottam et al., 2010) U/Pb (zircon)
Yiwulüshan massif (Lin et al., 2013a) 51 (302) Variable (Magnetite and paramagnetic phases) (Lin et al., 2013b) U/Pb (zircon)
Zahedian Sadeghian et al. (2005) 189 Magnetite (multidomain) (Camp and Griffis, 1982) K/Ar (biotite)
Mt Capanne Bouillin et al. (1993) 74 Biotite (paramagnetic) (Juteau et al., 1984) U/Pb (zircon)
Aigoual – Saint Guiral– Liron Talbot et al. (2005) 125 Biotite (paramagnetic) (Monié et al., 2000) Ar/Ar (biotite)
La Tojiza Aranguren et al. (2003) 74 (296) Biotite (paramagnetic) (Fernández-Suárez et al., 2000) U/Pb (zircon)
Compressional Plutons (Fig. 2)
Pluton AMS Geochronology

Source # samples
(# cores)

Carrier phase Source Method

Shigujian Deng et al. (2013) 33 (259) Variable (Magnetite and paramagnetic phases) Deng et al. (2013) U/Pb (zircon)
Ross of Mull Petronis et al. (2012) 139 Magnetite (multidomain) (McAteer, 2009) U/Pb (zircon)
Pinto Peak Petronis and O’Driscoll (2013) 35 (789) Magnetite (multidomain) (Rowley, 1998) Ar/Ar
Namwon Otoh et al. (1999) 13 Variable (Magnetite and paramagnetic phases) (Turek and Kim, 1995) U/Pb (zircon)
Lavadores Martins et al. (2011) 63 Magnetite Martins et al. (2011) U/Pb (zircon)
Las Tazas Wilson (1998) 30 (133) Magnetite Wilson et al. (2000) Ar/Ar (hornblende)
Wayangala Lennox et al. (2016) 8 Biotite (paramagnetic) (Lennox et al., 2014) U/Pb (zircon)
La Gloria Gutierrez et al. (2013) 46 Low-Ti magnetite (multidomain) Deckart et al. (2010) U/Pb (zircon)
Mt Stuart (Benn et al., 2001) 75 Biotite, hornblende, and pyrrhotite (paramagnetic) (Matzel et al., 2006) U/Pb (zircon)
Dinky Creek Cruden (1999) 83 (461) Mixed multidomain magnetite and paramagnetic phases Tobisch et al. (1993) U/Pb (zircon)
Shellenbarger Tomek et al. (2017) 240 Low-Ti magnetite (multidomain) Lowe (1996)Fiske and Tobisch (1978) U/Pb (single & multigrain zircon)Rb-Sr

(WR)
Mono Creek de Saint Blanquat and Tikoff (1997) 183 (1040) Magnetite (multidomain) Stern et al. (1981) U/Pb (zircon)
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Fig. 3. Lower hemisphere stereonets for deriving the variable magnetic fabric orientations of the Lassiter Coast Intrusive Suite (Fig. 9) within a regime of homogenous vertical
lithostatic compression and NW-SE oriented horizontal tectonic compression of consistent orientation but variable magnitude; resulting from the NW-SE subduction
convergence direction of the Aluk Plate beneath the Antarctic Peninsula. Shown are the principal compressive stress directions (maximum stress, r1; intermediate stress, r2;
and minimum stress, r3), simple shear directions, and vectors of magnetic susceptibility: K1 – Maximum susceptibility and magnetic lineation; K2 – Intermediate
susceptibility; K3 – Minimum susceptibility and pole to foliation.
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can be identified by thermomagnetic analyses, as well as hysteresis
and first-order reversals curves (analysing the coercivity of the car-
rier phases). Similarly, some paramagnetic phases (tourmaline,
cordierite, siderite, and goethite; Rochette et al., 1992) can also
generate an inverse AMS fabric if they dominate the magnetic sig-
nature. Care must thus be taken with paramagnetic samples to pet-
rographically identify the phases present.
2. The Lassiter Coast Intrusive Suite (LCIS)

Our previous work (Burton-Johnson et al., 2019) indicated a glo-
bal ubiquity of tectonic fabrics in plutonic AMS data, albeit with a
data compilation of 18 plutons. To test this observation, and inves-
tigate the relationship between AMS fabrics, magmatic addition
rates, and changing tectonic regimes, we have tested our hypothe-
sis using a Cretaceous magmatic flare up event: the Lassiter Coast
Intrusive Suite (LCIS) of the Antarctic Peninsula.

The LCIS was one of the largest Mesozoic magmatic events of
the Antarctic Peninsula (Burton-Johnson and Riley, 2015), and is
composed of � 13,000 km2 of pyroxenite to granite intrusions
(Vaughan et al., 2012b), emplaced within an up to 6 km thick slate
sequence of Jurassic mudstones to fine grained sandstones (the
Latady Group). This sedimentary sequence was deposited in a
back-arc basin setting (Riley et al., 2020) during the intraplate rift-
ing of Gondwana (Willan, 2003). Previous U-Pb zircon data shows
the LCIS was emplaced in three pulses: 130–126 Ma, 118–113 Ma,
and 108–102 Ma (Riley et al., 2018).

We examined 26 separate plutons (Fig. 4), covering �
1,200 km2. This subset ranges from composite batholiths to
individual stocks, and covers the lithological range of the LCIS
(pyroxenite to granite). In targeting plutons for sampling, we
selected plutons across the length and breadth of the study area,
whilst also representing the complete range of lithologies found
5

in previous mapping (Rowley et al., 1992; Rowley and Williams,
1982). Geological units were mapped linking outcrops of similar
mineralogy, including dividing plutons and batholiths into com-
posite units of different mineral compositions and textures. It
was notable (as elsewhere) that the more erosion-resistant plu-
tonic outcrops made them preferentially exposed compared to
the less competent sedimentary units, helping delineate the sub-
ice extent of the plutons (Fig. 4a). The aeromagnetic anomaly
(Fig. 4b) was useful in this regard, but shows the geological effect
on magnetic susceptibility at depth as well as on the bedrock sur-
face (hence the different distribution of the magnetic anomaly,
Fig. 4b, with the interpreted bedrock surface geology map, Fig. 4a).

Based on 500-stop modal point counting on K-feldspar-stained
thin sections, most of the intrusions are classified as granodiorite
(following Streckeisen, 1976), of which fine-medium grained bio-
tite hornblende granodiorite is the most abundant lithology.

Slate formation requires > 1.6 kbar, equivalent to > 6 km depth
(Bucher and Grapes, 2011). The common occurrence of andalusite
in Latady Group slates < 600–800 m from intrusions indicates
a < 3kbar shallow upper crustal emplacement pressure (Bucher
and Grapes, 2011), equivalent to < 11 km depth (assuming a
2.8gcm�3 density for the Latady Group slates), and heating of the
slates to > 350 �C. Cordierite occurrences < 200 m from the Mount
Axworthy intrusion indicate contact metamorphic conditions
of < 9 km (<2.5kbar) and > 500 �C (Bucher and Grapes, 2011). Based
on these P-T constraints, we interpret emplacement of the entire
LCIS at similar upper crustal depths.
3. Methodology

For U-Pb analysis, zircon crystals were separated from < 500 lm
sieved fractions of powdered samples by panning; then hand-
picked; mounted in epoxy; and polished. Their internal structure



Table 2
AMS and geochronology data sources, number of samples analysed, and dating method used in the AMS data compilation of the Sierra Nevada (USA) and Chile (Fig. 11). Approximate areas of the Sierra Nevada plutons calculated in GIS
(used for the apparent intrusive flux calculations of Fig. 14).

Sierra Nevada Plutons
Pluton AMS Geochronology Approximate area (km2)

Source # samples
(# cores)

Dominant carrier phase Source Method

a) Cathedral Peak Titus et al. (2005) 14 (85) Magnetite (multidomain)
(Tikoff et al., 2005)

Coleman and Glazner (1997) U/Pb (zircon) 582

b) Johnson Gt Pph Titus et al. (2005) 49 (741) Magnetite (multidomain) Coleman and Glazner (1997) U/Pb (zircon) 17
c) Jackass Lakes McNulty et al. (1996) 40 Ferrimagnetic (magnetite?) Stern et al. (1981) U/Pb (zircon) 246
d) Mono Creek de Saint Blanquat and Tikoff (1997) 183 (1040) Magnetite (multidomain) Stern et al. (1981) U/Pb (zircon) 616
e) Round Valley Peak Tikoff et al. (1999) 57 Magnetite Stern et al. (1981) U/Pb (zircon) 265
f) Silver Pass Pph Titus et al. (2005) 17 (101) Magnetite (multidomain)

(de Saint Blanquat and Tikoff, 1997)
Titus et al. (2005) Field relations 5

g) Shellenbarger Tomek et al. (2017) 240 Low-Ti magnetite (multidomain) Lowe (1996)Fiske and Tobisch
(1978)

U/Pb (single &
multigrain zircon)Rb-
Sr
(WR)

13

h) Dinkey Creek Cruden (1999) 83 (461) Mixed multidomain magnetite and
paramagnetic phases

Tobisch et al. (1993) U/Pb (zircon) 743

i) Bald Mountain Tobisch and Cruden (1995) 18 Magnetite (multidomain) Tobisch and Cruden (1995) U/Pb (zircon) 65
j) Mt Barcroft Michlesen (2004) 78 (655) Mixed magnetite and paramagnetic

phases
Ernst et al. (2003) U/Pb (zircon) 100

k) Beer Creek Morgan et al. (2013) 141 Magnetite (multidomain) Gillespie Jr (1979)
Coleman et al. (2003)

U/Pb (zircon)U/Pb
(zircon)

273

l) Eureka Valley Morgan et al. (2013) 17 Magnetite (multidomain) Sylvester et al. (1978) U/Pb (zircon) 17
m) Joshua Flat Morgan et al. (2013) 153 Magnetite (multidomain) Matty et al. (2008) U/Pb (zircon) 158
n) Santa Rita Flat Vines and Law (2000) 64 (461) Magnetite Chen (1977) U/Pb (zircon) 137
o) Papoose Flat de Saint-Blanquat et al. (2001) 102 Magnetite (multidomain) Miller (1996) U/Pb (monazite) 130

Chilean Plutons

Pluton AMS Geochronology

Source # samples
(# cores)

Carrier phase Source Method

p) Fortuna Somoza et al. (2015) 42 Magnetite (multidomain) Campbell et al. (2006)Dilles et al. (1997) U/Pb (zircon)
U/Pb
(zircon)

q) Los Picos Somoza et al. (2015) 42 Magnetite (multidomain) Campbell et al. (2006)Tomlinson et al. (2010) U/Pb (zircon)U/Pb
(zircon)

r) Las Tazas Wilson (1998) 30 (133) Magnetite Wilson et al. (2000) Ar/Ar (hornblende)
s) Illapel Ferrando et al. (2014) 56 (492) Magnetite (multidomain) Ferrando et al. (2014) Ar/Ar (biotite)
t) Concón Creixell et al. (2006) 6 (49) Magnetite Hervé et al. (1988) Rb/Sr (whole rock)
u) La Gloria Gutierrez et al. (2013) 46 Low-Ti magnetite (multidomain) Deckart et al. (2010) U/Pb (zircon)
v) Huemel Garibaldi et al. (2018) 40 (251) Magnetite (multidomain) Schaen et al. (2017) U/Pb (zircon)
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Fig. 4. a) Geological map of the study area with sample locations. b) Reduced to pole, magnetic anomaly data for the study area (Golynsky et al., 2018) overlain with outlines
of the geological units and U-Pb zircon ages (this study).
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was imaged by cathodoluminescence at the University of Edin-
burgh. U-Pb isotopic analysis was performed on a Cameca ims-
1270 ion microprobe at the University of Edinburgh following
the procedures of Kelly et al. (2008). Results were calibrated
against zircon Geostandard 91500, which has a 206Pb/238U ratio
of 0.17918 ± 8, a 206Pb/238U age of 1062.5 ± 0.4 Ma and U and Pb
concentrations of 81.2 and 14.8 ppm (Wiedenbeck et al., 1995).
In situ common Pb corrections were applied using the present
day common Pb composition. 206Pb/238U concordia ages were cal-
culated using Isoplot v3.7 (Ludwig, 2003). Uncertainty in the calcu-
lated pluton ages are presented as 95% confidence limits.

To determine the magnetic mineralogy, variability of magnetic
susceptibility with temperature was analysed on powdered sam-
ples. An AGICO MFK1 Kappabridge with a CS4 high temperature
attachment and CS-L low temperature attachment was used under
an argon atmosphere to reduce secondary oxidation. A representa-
tive subset of the samples were selected for further magnetic char-
acterisation of hysteresis and first-order reversal curves (FORC)
using a Lakeshore Vibrating Sample Magnetometer.

263 oriented block samples were collected from the LCIS, from
which 11 cm3 cylindrical oriented cores were drilled at the Univer-
7

sity of Oxford. All magnetic susceptibility analyses were performed
at the University of Cambridge. 1,425 oriented cores were analysed
on an AGICO MFK1 Kappabridge to determine the orientation and
magnitude (K) of the three principal axes of the AMS fabric (axis of
maximum magnetic susceptibility, K1; intermediate susceptibility,
K2; and minimum susceptibility, K3; Fig. 1). Each sub-specimen’s
results were normalised by the specimen’s mean susceptibility
(Kmean) and averaged for each block sample to determine mean val-
ues of the AMS ellipsoid (Jelínek and Kropáček, 1978; Owens,
2000).
4. Results

4.1. U-Pb zircon

All of the 22 samples analysed yielded mid-Cretaceous ages
(118.2 ± 0.8 to 95.7 ± 0.7 Ma); comparable to previous studies of
the LCIS (Pankhurst and Rowley, 1991; Riley et al., 2018;
Vaughan et al., 2002a, 2002b). Given the number of samples and
individual U-Pb analyses (369), full isotopic data and U-Th-Pb con-



Fig. 5. Individual zircon 206Pb/238U ages (2r error bars) and sample weighted mean ages for the LCIS. Calculated ages presented with 95% confidence limits. Concordia ages in
parentheses, also with 95% confidence limits. Concordia plots and zircon cathodoluminescence images presented in the Supplementary Material. Sample names and pluton ID
letters as in Fig. 4.
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centrations, and representative cathodoluminescence zircon
images are presented in the Supplementary Material. The ages
and their spatial distribution are presented in Fig. 4b, their
206Pb/238U weighted mean ages in Fig. 5, and their 238U/206Pb con-
cordia in the Supplementary Material. Of the 22 samples analysed,
only 7 samples yielded evidence of inherited ages. These 23 inher-
ited ages range from 118.7 ± 1.3 to 1483.2 ± 15.3 Ma and are
excluded from the age calculations. Thirteen discordant ages of
100.7 ± 1.1 to 119.1 ± 1.8 Ma were also excluded as they were
interpreted to be affected by Pb loss and potential radiation dam-
age in high U grains (Supplementary Material). Given the zircon
zoning of most samples (Supplementary Material), where the
excluded ages are only slightly older than the concordant ages of
their pluton, at least some these are likely to be from antecrysts
or earlier crystal growth. The diorite N14.035 only yielded one zir-
con crystal, from which a concordant age was derived from two
spots (Fig. 5 and Supplementary Material). Although 18 analyses
were acquired from the 113.0 ± 1.1 Ma tonalite N15.026, 10 of
these yielded inherited ages (132.7 ± 1.5 to 846.2 ± 9.9 Ma) and
2 ages were discordant (109.3 ± 1.2 and 115.7 ± 1.3 Ma), leaving
only 6 concordant ages. Otherwise, all pluton ages were derived
from 10 to 15 concordant analyses.
4.2. Magnetic mineralogy

The LCIS exhibit a range of magnetic susceptibilities (Fig. 6 and
Fig. 7), with a higher susceptibility cluster representing ferromag-
netic carrier phases, and a lower susceptibility cluster representing
paramagnetic carrier phases (Fig. 7). Plotting the degree of mag-
netic anisotropy (P; K1

K3) against the mean bulk susceptibility (Kmean)
divides the samples into two groups (Fig. 7a): a low susceptibility
group of samples with a low degree of anisotropy (the paramag-
netic samples), and a high susceptibility group with a high degree
8

of anisotropy (the ferromagnetic samples). This shows that
changes in mineralogy affect the degree of anisotropy in the LCIS.

All but the lowest susceptibility samples show abrupt reduc-
tions in bulk susceptibility on heating between 565 and 585 �C
(the Curie temperature of pure magnetite; Fig. 6). Although a
minor Hopkinson peak is identified prior to the 565–585 �C mag-
netic susceptibility reduction in some samples (Fig. 6b), the lack
of an extreme peak indicates dominance of multidomain rather
than single or pseudo single-domain particles (Orlický, 1990).
FORC diagrams (Fig. 8) are sensitive indicators of single domain
magnetite as even small proportions of single-domain grains pro-
duce a high coercivity and narrow bias range (Fig. 8; Harrison
et al., 2018). However, none of the LCIS samples analysed display
this behaviour. Consequently, the AMS data does not represent
an inverse fabric (as would be produced by single-domain mag-
netite; Rochette et al., 1992; Stephenson et al., 1986).

The five lowest susceptibility plutons (Fig. 6b) lack the mag-
netite Curie temperature and the �148 �C susceptibility increase
(the Verwey transition; Walz 2002), and thus have a paramagnetic
carrier phase. As these five plutons are all biotite tonalites, biotite
is the probable carrier. K3 is perpendicular to the cleavage plane in
biotite (Martı́n-Hernández and Hirt, 2003), enabling direct com-
parison of the ferromagnetic and paramagnetic pluton fabrics.

Although the thermomagnetic and FORC data indicate multido-
main magnetite is the dominant magnetic phase in the ferromag-
netic plutons, for AMS studies it is important to identify whether
the bulk magnetic phase also carries the magnetic anisotropy. This
is because in rocks where the bulk magnetic phase is isotropic, less
magnetically susceptible phases can control the magnetic aniso-
tropy (Biedermann and Bilardello, 2021). Combining high and
low field AMS data can separate the paramagnetic and ferromag-
netic fabrics. However, the magnetic anisotropy of the rock’s mag-
netocrystalline minerals cannot exceed the magnetic anisotropy of
a single crystal. Therefore, if none of the ‘‘matrix” minerals in a



Fig. 6. a) Idealised variation of magnetic susceptibility with increasing temperature for ferromagnetic and paramagnetic carrier phases (adapted from Žák et al., 2021). b)
Variation of magnetic susceptibility with increasing temperature for representative samples of each LCIS pluton. Pluton ID letters from Fig. 4 and Fig. 9.
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sample possess large enough single-crystal values of mean bulk
susceptibility (Kmean) and mean deviatoric susceptibility (K’, Equa-
tion (2)) compared with the sample values, then it is likely that
magnetite is the dominant carrier of magnetic anisotropy
(Biedermann and Bilardello, 2021). For the LCIS, this comparison
(Fig. 7c) shows the deviatoric susceptibility (K’) for all the param-
agnetic plutons to be below the single crystal value of biotite, sup-
porting our prior conclusion that biotite is the carrier phase for the
AMS fabric. For all but one ferromagnetic pluton, K’ exceeds the
single crystal values of the magnetocrystalline ‘‘matrix” minerals,
indicating that magnetite (determined above to be multidomain)
is the dominant carrier phase of magnetic anisotropy in the LCIS.

K
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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The lowest susceptibility ferromagnetic pluton (pluton ‘m.
N15.0660 in Fig. 6b) displays a mixed signature, with a paramag-
netic hyperbolic variation in susceptibility below 0 �C, and the
abrupt drop in susceptibility at 565–585 �C associated with mag-
netite. It’s K’ value exceeds that for hornblende or phlogopite, but
is below that for biotite. We conclude that its AMS fabric is carried
by a combination of multidomain magnetite and biotite, but as K3
is perpendicular to the cleavage plane in biotite, the fabrics of these
two phases are comparable.

One pluton appears to have a spuriously high susceptibility
value of 0.32 Kmean. However, this pluton is the exceptionally
magnetite-rich Mt Tricorn pyroxenite cumulate (pluton ‘y’ in the
9

SE of Fig. 9). This body (a pyroxenite mountain, 11 km across and
1.5 km high) represents the highest susceptibility aeromagnetic
anomaly on the Antarctic Peninsula (Golynsky et al., 2018).

4.3. AMS fabrics

Full AMS data are presented in the Supplementary Material
along with maps of the full foliation and lineation data. All the plu-
tons analysed display a dominant AMS fabric, albeit with varying
degrees of data dispersion (Fig. 9). To ensure the statistical signif-
icance of the individual analyses, we applied the test for triaxial
anisotropy of Jelínek (1977). By excluding samples from pluton-
scale analyses where F2,9 < 8.0215, we ensure that all samples used
are triaxially anisotropic at the 99 % significance level. Even with
this high significance level, only 4 of the 1,425 oriented cores anal-
ysed were excluded. When collated, the pluton-scale foliation
poles (K3) show a dominant fabric across the LCIS with a steep
WNW foliation dip (206/21 NW, Fig. 10a). However, this foliation
has a variable dip across the suite (Fig. 10a). The lineation of the
AMS fabrics (K1) is dominantly shallowly plunging to the NNE
but varies from steeply plunging to shallowly plunging in a NNE-
SSW direction (Fig. 10b).

5. Differentiating tectonic and magmatic strain in the AMS data

Whether the LCIS AMS data dominantly records magmatic
rather than tectonic strain can be tested by comparing the AMS
and mineral fabric data with field evidence for tectonic strain



Fig. 7. Scalar AMS parameters of all LCIS site analyses (small grey crosses) and overall parameters of each pluton, classified as either ferromagnetic or paramagnetic based on
their thermomagnetic profiles (Fig. 6). Single crystal properties of hornblende, biotite, and phlogopite are shown for comparison (Biedermann et al., 2020, 2018, 2014) and
included in the Supplementary Material. Bulk susceptibility values are volume normalised (no unit, SI).

A. Burton-Johnson, T.R. Riley, R.J. Harrison et al. Gondwana Research 112 (2022) 1–23
(Paterson et al., 1998). Except when porphyritic, the LCIS lack vis-
ible fabrics However, that the AMS fabric is representative of the
mineral fabrics of the LCIS is supported by the foliation of mafic
enclaves measured in the field (Fig. 10c, average foliation of
201�/77� NW). However, the AMS fabric is more homogenous than
the enclave fabric; this homogeneity of plutonic AMS fabrics hav-
ing been highlighted elsewhere (Bouchez, 1997; Olivier et al.,
1997). ‘‘Homogenous” in this case meaning that the overall AMS
fabric (Fig. 10a and Fig. 10b) has axes clustered unimodally about
mean values (Olivier et al., 1997), and can be defined by the
orthogonal axes of a single strain ellipse (e1, e2, and e3; Fig. 1),
rather than displaying a multimodal or random distribution. Simi-
larly, each individual pluton AMS fabric can also be described as
‘‘homogenous” (Fig. 9) despite the variability between plutons.

As AMS foliation poles orient parallel to the principal shorten-
ing direction (Fig. 1), if the overall LCIS AMS fabric (Fig. 10a and
Fig. 10b) is tectonically derived then this indicates a syn-
emplacement WNW-ESE oriented tectonic shortening. The Latady
Group country rocks were subjected to the pre-, syn-, and post-
magmatic deformation history of the LCIS. The bedding orienta-
tions dip predominantly steeply towards the WNW (196�/62�
NW, Fig. 10d), very similar to the AMS and enclave foliation; again
indicating reorientation and tilting about a WNW-ESE directed
shortening direction. The mafic dykes crosscutting the LCIS post-
date the intrusions, and consistently display subvertical WNW-
ESE striking orientations (293�/90�, Fig. 10e). Because dykes strike
in the direction of maximum lateral compression (excluding local
pre-existing crustal weaknesses; Sielfeld et al., 2017), this indicates
that the strain regime remained WNW-ESE compressional after
emplacement of their host pluton.

The close agreement between the AMS and field data indicates
that the AMS fabric records tectonic, not magmatic strain, and that
10
this strain was consistently WNW-ESE shortening pre-, syn-, and
post-emplacement. Paleomagnetic data from the LCIS indicates
that the WNW-ESE recorded orientation of this shortening direc-
tion has undergone minimal rotation since LCIS emplacement
(5.3�±22.9� ACW, or 0.8�±28.9� CW; Kellogg and Reynolds, 1978).
Assuming 0� rotation, the shortening direction indicated by the
average AMS foliation (116�), average enclave foliation (111�),
tilted sedimentary beds (106�), and dykes (113�) compares with
the 114� Late Cretaceous (83–68 Ma) subduction azimuth of the
Aluk Plate beneath the Antarctic Peninsula at this latitude
(McCarron and Larter, 1998), indicating coaxial subduction-
driven deformation for all structures (note that the lack of a com-
plete plate circuit prior to 83 Ma prevents deduction of older con-
vergence directions by kinematic modelling).
6. Origin of the AMS fabric variation

All the AMS data of the LCIS dominantly record syn-magmatic
tectonic deformation. The fabrics dominantly record WNW-ESE
oriented syn-magmatic crustal shortening, sub-parallel to the
syn-magmatic plate convergence direction between the subducting
Aluk Plate and the overriding Antarctic Plate. However, the relative
orientations of the AMS fabric’s orthogonal axes (K1, K2, and K3)
are variable (Fig. 9). Multiple samples were collected across each
pluton to compensate for variation from local magmatic fabrics
(similar to those observed in pluton macro fabrics; e.g. Paterson
et al., 2019) and contact-parallel strain (Tikoff et al., 2005).
Although these magmatic sources of variability will contribute to
the data distribution of each sample, the overall AMS axes of most
plutons remain coaxial with the regional strain axes and the over-
all fabric (Fig. 10), even if their relative orientations vary. This vari-



Fig. 8. Hysteresis loops and First Order Reversal Curves (FORC diagrams) for two synthetic binary mixtures of a) purely multi-domain (MD), and b) a mixture of multi- and
single-domain (SD) magnetite, showing the sensitivity and response of FORC diagrams in determining the presence of SD grains even when the proportion in undetectable on
hysteresis loops (Harrison et al., 2018). c) FORC diagrams for the Lassiter Coast Intrusive Suite, showing an absence of SD behaviour. Pluton ID letters from Fig. 4 and Fig. 9.
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ability was highlighted in the previous compilation of selected glo-
bal data (Burton-Johnson et al., 2019). Consequently, the dominant
control on this variability are the relative magnitudes of tectonic
and lithostatic compression, and the resultant orientations of the
strain axes. We can thus interpret the variable AMS fabrics of
Fig. 9 following the classification of Fig. 3. The classification of each
pluton’s fabric within this conceptual model of pure and simple
shear is shown by the stereonet outlines in Fig. 9. Some fabrics
are straightforward to classify, as two poles lie in a subhorizontal
plane and one in a subvertical orientation (e.g. Plutons ‘‘i” and
‘‘g” in Fig. 9). However, the poles of other plutons are oblique to
these orientations (e.g. Plutons ‘‘d” and ‘‘o”). In these cases, the pole
closest to vertical is used, and the others treated as subhorizontal
for classification. However, as shown by the overall fabric above,
most plutons display one subvertical and two subhorizontal poles.

For most of the LCIS, the pole to the foliation (K3) is variable
within a WNW-ESE striking plane (Fig. 10a), whilst the lineation
direction (K1) is variable within a NNE-SSW striking plane
(Fig. 10b), indicating high to low degree WNW-ESE coaxial tectonic
compression and shortening (Fig. 3a-c). There are four examples
where K3 is steeply plunging and K1 plunges shallowly NW-SE
(orthogonal to its NNE-SSW dominant plane). This represents
convergence-parallel extension (Fig. 3d), driven by extensional tec-
tonics (e.g. slab rollback) or post-orogenic collapse.

One example shows a shallowly NNE dipping K3 andWNW dip-
ping K1. Because K3 represents the maximum shortening direction
(e3), and K1 the minimum shortening direction (e1), this variability
11
could indicate multiple deformation regimes (as proposed by
Vaughan et al., 2012a). However, there is no evidence for sec-
ondary folding of the sedimentary beds (Fig. 10), nor is there evi-
dence for this in the relative regional plate motions (Matthews
et al., 2016). Instead, the orientation can be explained through local
non-coaxial simple shear (Fig. 3e; Arbaret et al., 1997; Benn, 2010),
rather than the coaxial pure shear recorded by the other plutons of
the LCIS.

7. East Pacific AMS fabrics

Both our previous data compilation (Burton-Johnson et al.,
2019) and the new AMS data from the LCIS indicate that AMS data
at a pluton-scale dominantly records syn-magmatic tectonic defor-
mation. To test how ubiquitous this is, we have compiled all pub-
lished AMS data and associated geochronology on two well-
studied regions: Chile and the Sierra Nevada (California, Fig. 11).
Unlike Tierra del Fuego, Central America, and Alaska, these regions
have not undergone large-scale block rotation. We summarise the
data contributing to this compilation below and in Table 2. Note
from Table 2 that multidomain magnetite is the most prevalent
carrier phase in the East Pacific plutons, removing complications
of single-domain inverted fabrics in the ferromagnetic plutons
(Orlický, 1990). Where the fabric is paramagnetic, biotite is the
dominant carrier phase, for which K3 is perpendicular to the cleav-
age plane (Martı́n-Hernández and Hirt, 2003). Consequently, the
ferromagnetic and paramagnetic pluton fabrics are comparable.



Fig. 9. Lower hemisphere stereonets of the three orthogonal axes describing the overall magnetic fabric of each analysed LCIS intrusion (K1, K2, and K3). The outline colour of
each stereonet refers to the interpreted syn-magmatic stress regime based on the conceptual model of Fig. 3. Number of oriented cores analysed for each stereonet shown in
parentheses, followed by the number of sites sampled. The oldest well-constrained subduction convergence direction of the Aluk Plate beneath the Antarctic Peninsula at this
latitude (i.e. after creation of the complete plate circuit at 83 Ma) is shown for reference (McCarron and Larter, 1998). Pluton ID letters as in Fig. 4 and Fig. 5.
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7.1. Sierra Nevada data compilation

7.1.1. Cathedral Peak (Fig. 11a)
The � 580 km2 pink, megacrystic Cathedral Peak Granodiorite is

the most extensive unit in the Tuolumne Intrusive Suite. The unit
occupies much of the central batholith, and is noted for its 5 cm-
wide alkali feldspar megacrysts (Bateman and Chappell, 1979).
The AMS foliation is generally NW-SE striking and steeply dipping,
12
consistent with observed field foliations (Titus et al., 2005). Linea-
tions plunge steeply, but tend to plunge west in the west of the
pluton, and eastward in the east. Žák et al. (2008) showed that vis-
ible magmatic fabrics varied across the Tuolumne Intrusive Suite,
noting four distinct fabrics. However, collating their data shows
that on a pluton scale the macro fabrics show the same steeply dip-
ping, NW-SE striking foliation and steeply plunging lineation as the
AMS fabric (compare Fig. 12 and Fig. 11a).



Fig. 10. 10% contours and eigenvectors for a) the poles to the AMS foliation planes of each intrusion (K3); b) the AMS lineations of each intrusion (K1); and the poles to the
planes of the c) mafic enclave foliations, d) sedimentary bedding, and e) mafic dykes of the study area. All datasets record dominantly WNW-ESE oriented tectonic shortening.
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7.1.2. Johnson granite porphyry (Fig. 11b)
The Johnson Granite Porphyry is the youngest and least exten-

sive unit of the Tuolumne Intrusive Suite, located at the centre of
this zoned batholith. Its variable AMS foliation poles define a
NNE-SSW girdle, and its AMS lineations plunge shallowly to mod-
erately WNW-ESE. Titus et al. (2005) interpreted the AMS fabric as
magmatic as the petrography didn’t show solid-state deformation,
and the AMS fabric resembled the larger mineral fabrics. They used
the AMS to interpret an emplacement mechanism facilitated by
regional shear zones.

7.1.3. Jackass Lakes (Fig. 11c)
The Jackass Lakes Pluton is dominantly composed of medium-

grained, equigranular biotite granodiorite, but is locally variable
from diorite to granite. Its AMS lineation forms a NNW-SSE girdle,
and its foliation dips steeply WSW-ENE. McNulty et al. (1996)
interpreted this subvertical fabric as representing sheet-like
assembly of the pluton.

7.1.4. Mono Creek (Fig. 11d)
The Mono Creek granite is an elongate, 55 km long pluton com-

posed of porphyritic granite. Its overall AMS fabric has a shallowly
plunging NW-SE trending lineation and a subvertical, NW-SE strik-
ing foliation. This foliation has an elongate sigmoidal form across
the pluton. de Saint Blanquat and Tikoff (1997) interpreted the fab-
ric as a magmatic fabric that was progressively rotated within a
syn-magmatic shear zone.

7.1.5. Round Valley Peak (Fig. 11e)
The Round Valley Peak granodiorite formed slightly before and

adjacent to the eastern margin of the Mono Creek granite, with
magma-mixing occurring locally between the two. On a pluton
scale, the AMS fabrics of this equigranular granite have a subverti-
cal lineation and a subvertical, NW-SE striking foliation. Tikoff et al.
(1999) proposed that this fabric was imparted on an incompletely-
crystallised magma during forceful emplacement and lateral com-
pression of the Mono Creek granite.

7.1.6. Silver Pass Porphyry (Fig. 11f)
The Silver Pass Porphyry is a small, late-stage intrusion within

the Mono Creek granite. It has a subhorizontal, NW-SE trending
AMS lineation and a subvertical, NW-SE striking foliation. Titus
et al. (2005) proposed that, as for the Mono Creek granite, this fab-
ric was imparted during emplacement along a syn-magmatic shear
zone.

7.1.7. Shellenbarger (Fig. 11g)
The Shellenbarger granite was emplaced within the middle Cre-

taceous Minarets caldera. Its AMS fabric shows a subvertical AMS
lineation and a subvertical, NW-SE striking foliation. Tomek et al.
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(2017) interpret this as a hypersolidus, coaxial tectonic deforma-
tion fabric imparted after emplacement.

7.1.8. Dinkey Creek (Fig. 11h)
The Dinkey Creek pluton is dominantly granodiorite (although

ranging from granite to tonalite). Its overall AMS fabric shows a
subvertical AMS lineation and a subvertical, NW-SE striking folia-
tion, but the foliations rotate towards contact-parallel in its SW
lobe, and its lineations shallow beneath the roof pendant. Cruden
(1999) attributed the AMS fabric to emplacement and inflation of
a tabular magma body, with shear zone deformation affecting fab-
rics in the pluton’s eastern half.

7.1.9. Bald Mountain (Fig. 11i)
The Bald Mountain leucogranite was emplaced within the Din-

key Creek pluton � 7 My after the emplacement of the latter. It has
a subhorizontal, NW-SE trending AMS lineation and a steep but
variably dipping, NW-SE striking foliation. Tobisch and Cruden
(1995) interpreted the AMS fabric as recording magma flow during
emplacement via lateral spreading from NW-SE trending conduits.

7.1.10. Mt barcoft (Fig. 11j)
The AMS fabric of the dominantly granodioritic Mt Barcroft plu-

ton is comparatively heterogeneous. Its foliation forms a girdle,
with maxima indicating an overall steeply dipping NW-SE striking
foliation and a shallowly to moderately plunging lineation.
Michlesen (2004) attributed the fabric to heterogeneous magma
flow, influenced by adjacent faults.

7.1.11. Beer creek (Fig. 11k)
The leucocratic Beer Creek granite is the youngest unit of the

Eureka Valley-Joshua Flat-Beer Creek composite pluton. Its AMS
fabric is comparatively heterogeneous, but has an overall steeply
dipping NNW-SSE striking foliation and a subvertical lineation.
Morgan et al. (2013) interpreted the fabric as representing magma
flow during emplacement, imparting compressional outward
deformation on the older units of the composite pluton.

7.1.12. Eureka valley (Fig. 11l)
The Eureka Valley monzonite is the smallest and oldest unit of

the Eureka Valley-Joshua Flat-Beer Creek composite pluton. Its
overall AMS fabric has a steeply dipping NW-SE striking foliation
and a steeply plunging lineation. Morgan et al. (2013) interpreted
the fabric as representing magma flow during emplacement.

7.1.13. Joshua flat (Fig. 11m)
The Joshua Flat monzonite is the intermediate unit of the Eur-

eka Valley-Joshua Flat-Beer Creek composite pluton. Its overall
AMS fabric has a steeply dipping NNW-SSE striking foliation and
a steeply plunging lineation. Morgan et al. (2013) interpreted the



Fig. 11. Compilation of all AMS data from the plutons of the Sierra Nevada, and Chile. K1 (lineation, e1) and K3 (pole to foliation, e3) plotted as lower hemisphere stereonets
with 10% contours and interpreted strain axes based on Fig. 1 (e1 – Maximum extension direction; e2 – Intermediate extension direction; e3 – Minimum extension direction).
All compiled data show dominantly tectonic, not magmatic controls. The majority display homogenous fabrics on the pluton-scale, with e3 subparallel to the paleosubduction
direction (SW-NE in California, E-W in Chile), whilst other fabrics result from variable relative magnitudes of lithostatic and tectonic compression (Fig. 13). Bedding directions
from the Sierra Nevada (Cao et al., 2015) and northern Chile (Amilibia et al., 2008) are shown for comparison. Convergence directions between the relevant continental and
oceanic plates are based on the global plate circuit (Wright et al., 2016) and the magmatic fabrics of the Sierra Nevada (Cao et al., 2015). A table of the AMS and geochronology
data sources, number of samples analysed, and dating method used is included in the Supplementary Material.
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Fig. 12. Macrofabrics of the Tuolumne Batholith, combining data from Žák et al.
(2008) to determine the pluton-scale fabric from local data. Compare with the
similar fabrics of the Cathedral Peak AMS data in Fig. 11a.
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fabric as representing magma flow during emplacement, which
underwent compressional deformation during emplacement of
the younger Beer Creek granite.

7.1.14. Santa rita flat (Fig. 11n)
The Santa Rita Flat granite has variable shallowly to moderately

dipping foliation and a subhorizontal SSE plunging lineation. Vines
and Law (2000) proposed that the variable foliation represented
emplacement of the pluton as a ‘‘saddle reef” along the hinge line
of a syncline during folding. However, Stevens et al. (2001) chal-
lenged this model as incompatible with the geometry and probable
age of the host rock structures, with no evidence for a syncline, and
that the body was more likely steep walled and continuing for con-
siderable depth.

7.1.15. Papoose flat (Fig. 11o)
The overall AMS fabric of the granitic to granodioritic Papoose

Flat pluton has a variable shallow to moderately dipping foliation
and a shallowly NNW-SSE plunging lineation. The foliation defines
an elongate, shallow outward dipping dome pattern, concordant
with the pluton margins. de Saint-Blanquat et al. (2001) inter-
preted the AMS data as an emplacement fabric fed by a WNW-
striking feeder dyke, with the dome shape representing inflation
and lateral expansion of a laccolith.

7.2. Chile data compilation

7.2.1. Fortuna (Fig. 11p)
The granodiorite of the Fortuna plutonic complex is the younger

plutonic suite of Chuquicamata in the Precordillera of northern
Chile. Its AMS fabric displays a variable lineation about a NNE-
SSW girdle, with a steeply plunging maxima, and its overall folia-
tion is steeply dipping and NNE-SSW striking. Somoza et al.
(2015) interpreted this fabric as representing a combination of ver-
tical magma sheet injection and tectonic strain.

7.2.2. Los Picos (Fig. 11q)
The diorite to quartz monzonite bodies of the Los Picos plutonic

complex are the older plutonic suite of Chuquicamata. Its overall
AMS fabric displays a subvertical lineation, and a steeply dipping
NNE-SSW striking foliation. As for the Fortuna complex, Somoza
et al. (2015) interpreted this fabric as representing a combination
of vertical magma sheet injection and tectonic strain.
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7.2.3. Las Tazas (Fig. 11r)
The monzonitic to granodioritic Las Tazas Complex intrudes the

Cordillera de la Costa of northern Chile. Its overall AMS lineation
plunges steeply to moderately, and its subvertical foliation strikes
NNE-SSW. Wilson (1998) explored the relationships between mag-
netic and macro fabrics in the complex, but did not postulate on
the origin of the fabric.

7.2.4. Illapel (Fig. 11s)
The lithologically variable, Illapel Plutonic Complex (gabbro to

granodiorite) was emplaced into Jurassic-Cretaceous volcanic and
sedimentary sequences in central Chile. It has a heterogeneous
AMS fabric, but overall maxima indicating a steeply dipping lin-
eation and a WNW-ESE striking subvertical foliation. Ferrando
et al. (2014) interpreted the AMS data as a magma emplacement
fabric.

7.2.5. Concón (Fig. 11t)
The overall AMS fabrics of the Late Paleozoic granitoids of

Concón in central Chile show a subhorizontal, SSE-plunging lin-
eation and a subvertical NNW-SSE striking foliation. Creixell
et al. (2006) focussed their interpretation on the Mesozoic dykes
crosscutting the granitoids, and do not postulate on the origin of
the granitoid fabrics.

7.2.6. La Gloria (Fig. 11u)
The quartz monzonite to granite, La Gloria pluton displays an

overall AMS fabric of subhorizontal, NNW-SSE trending lineations,
and a variably steep to moderately dipping NNW-SSE striking foli-
ation. Gutierrez et al. (2013) interpreted the variable foliation as
recording internal convection within the pluton.

7.2.7. Huemel (Fig. 11v)
The quartz monzonite to granite Huemel pluton of the Chilean

Andes has an overall AMS fabric of a steep to moderate plunging
lineation and a subvertical, NNW-SSE striking foliation. Garibaldi
et al. (2018) interpreted this fabric as recording tectonic shorten-
ing, and proposed that this led to rhyolitic melt extraction.

7.3. Absent data

Whilst we attempted to include all published AMS data from
the plutons of the Sierra Nevada and Chile, we recognise that some
may unintentionally have been missed. Unfortunately, some stud-
ies do not include data tables or visualise the data in a manner that
we could utilise (e.g. Sage Hen Flat; Morgan et al., 2000), and the
data for other studies are no longer available (e.g. Mt Givens;
McNulty et al., 1996). However, we are confident this data compi-
lation accurately represents the regional AMS fabrics. We recom-
mend further AMS publications include data tables of all
analysed samples to aid future studies and maximise data utility.

7.4. Origin of East Pacific AMS fabrics

Despite the comparable pluton-scale AMS fabrics recorded by
the various East Pacific studies, some authors propose a tectonic
origin whilst others propose a magmatic one (e.g. compare the
Shellenbarger and Dinkey Creek plutons, Fig. 11g and Fig. 11h;
Cruden, 1999; Tomek et al., 2017). In the LCIS, the AMS foliation
and host rock structures were all aligned relative to the syn-
magmatic plate convergence direction of the Aluk Plate beneath
the Antarctic Peninsula. This indicated a tectonic origin for the
AMS fabrics. For the Californian plutons, determining relative con-
vergence between the Pacific Ocean plates and North America is
ambiguous prior to formation of a complete plate circuit at
83 Ma. Prior to 83 Ma, Pacific Plate reconstructions use mantle ref-



Fig. 13. Lower hemisphere stereonets for deriving the variable magnetic fabric orientations of the Sierra Nevada batholith (Fig. 11) within a regime of homogenous vertical
lithostatic compression and SW-NE oriented horizontal tectonic compression of consistent orientation but variable magnitude. Shown are the principal compressive stress
directions (maximum stress, r1; intermediate stress, r2; and minimum stress, r3), simple shear directions, and vectors of magnetic susceptibility: K1 – Maximum
susceptibility and magnetic lineation; K2 – Intermediate susceptibility; K3 – Minimum susceptibility and pole to foliation. Reoriented from Fig. 3. to reflect the WSW-ENE
subduction convergence direction beneath the Sierra Nevada.

A. Burton-Johnson, T.R. Riley, R.J. Harrison et al. Gondwana Research 112 (2022) 1–23
erence frames instead of a plate circuit (Müller et al., 2016), despite
evidence that mantle hotspots move over time (Konrad et al.,
2018). It is also unclear whether any other ocean plates existed
within the � 4600 km of now subducted ocean crust that separated
the 83 Ma Pacific ocean isochrons from the continental margin (a
distance and consequent uncertainty that increases farther back
in time). However, orientations of bedding (322/71 NE) and host
rock foliation (315/78 NE) in the Sierra Nevada (Cao et al., 2015)
indicate shortening directions of approximately 52� and 45�
respectively. These orientations are perpendicular to the continen-
tal margin (the continent-ocean boundary) and comparable with
the � 50� azimuth of the Farallon Plate beneath the Sierra Nevada
at 83 Ma predicted by the global plate circuit (Wright et al., 2016).
Published interpretations of the convergence direction from mag-
matic fabric data (Cao et al., 2015) indicate similar margin-
perpendicular convergence back to 232.9 Ma. However, the global
plate circuit model (Wright et al., 2016) indicates continued con-
vergence in this relative orientation in the Late Cretaceous, chal-
lenging the proposal by Cao et al. (2015) that convergence
switched from normal to oblique after 90 Ma. Convergence along
the Chilean margin is similarly ambiguous prior to 83 Ma, but
the 80 Ma global plate circuit also indicates sub-perpendicular
convergence relative to the trench since the Late Cretaceous
(Wright et al., 2016). This is supported by the WNW-ESE dip of
Mesozoic-Cenozoic sedimentary beds in northern Chile (Amilibia
et al., 2008).

All AMS data show principal axes in these directions, in agree-
ment with the expected stereonets associated with tectonic fabrics
(Fig. 13). The majority of plutons record homogenous AMS fabrics
on the pluton-scale, and high subduction-driven tectonic compres-
sion (i.e. e3 and r1 are sub-perpendicular to the continental mar-
gin). Whole-pluton, East Pacific AMS fabrics thus principally
record syn-magmatic deformation.

This ubiquitous presence of tectonic fabrics, and the homogene-
ity of AMS stereonets at the whole-pluton scale (Fig. 11) is despite
the undeniable prevalence of visible magmatic fabrics at the out-
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crop scale (e.g. Paterson et al., 2019) or over localised regions of
a pluton (e.g. Žák et al., 2008). Similarly, variability in AMS axes
across a pluton are also widely observed (see the literature sum-
mary in Section 7.2 and 7.3). As noted earlier, this includes: inter-
nal and external contact-parallel foliations (e.g. the Mt Kinabalu
pluton, Burton-Johnson et al., 2019); fabric rotation during syn-
magmatic shearing (e.g. the sigmoidal fabric of the Mono Creek
pluton [de Saint Blanquat and Tikoff, 1997], and syn-magmatic
shearing of the Cathedral Peak Granite by the Cascade Shear Zone
[Tikoff et al., 2005]); fabric rotation during emplacement of subse-
quent units (e.g. vertical inflation of the Papoose Flat pluton [de
Saint-Blanquat et al., 2001] and lateral rotation of the Joshua Flat
pluton [Morgan et al., 2013]); or mechanical interactions during
crystallisation (Olivier et al., 1997). We thus cannot emphasize
enough that we do not challenge the presence of these fabrics.
However, on a pluton scale, both visible and magnetic mineral fab-
rics are largely homogenous (Bouchez, 1997; Cao et al., 2015;
Olivier et al., 1997). That is, the AMS axes cluster about mean val-
ues (Olivier et al., 1997), and can be defined by the orthogonal axes
of a single strain ellipse (e1, e2, and e3; Fig. 1). This applies to all
plutons in this compilation (Fig. 11) the prior compilation
(Fig. 2), and the LCIS data (Fig. 9), and is well illustrated in Fig. 2
of de Saint Blanquat et al. (2011) where maps showing clear fabric
heterogeneity across various plutons are plotted alongside stere-
onets showing common orientations at the pluton-scale. As local
variations in AMS fabric will be incorporated in the pluton-scale
data, this heterogeneity contributes to the variation of data about
the common axes, but do not contribute significantly enough to
diverge the overall fabric away from the tectonic and lithostatic
strain axes (i.e. one axis of the strain ellipse is always subvertical,
and one is always subparallel to the subduction convergence direc-
tion; Fig. 11). Consequently, even though internal heterogeneity is
commonly observed, a homogenous fabric is ubiquitously
observed on the pluton-sale.

Furthermore, it is worth noting that plutons do not intrude as a
single body, but via incremental magma addition, rapid dyke-fed



Fig. 14. The LCIS and Sierra Nevada batholith over time, showing that flare-ups are associated with high tectonic compression and end as this compression magnitude wanes.
a) & e) Degree of compression against magmatic age. Data points classified by syn-magmatic stress regime, following Fig. 3. Grey boxes highlight the � 2 My composite peaks
within the LCIS flare-up. b) & f) Age histogram and cumulative frequency of LCIS U-Pb zircon ages (including previous studies - (Flowerdew et al., 2005; Riley et al., 2018;
Supplementary Material) and Sierra Nevada (Chapman et al., 2012). c) & g) Areal addition rates of the LCIS (based on the mapped extents of Fig. 4), the AMS-studied plutons of
the Sierra Nevada (10 My intervals at 0.5 My increments), and the compilation of plutons in the California arc (65% of the arc-exposed area; Ducea, 2001). d) & h) Convergence
rate between the Pacific’s Aluk and Farallon Plates with the Antarctic Peninsula (Lat. 74�S, Long. 62�W) and Californian (Lat. 38�N, Long. 119�W) continental margins. Black
lines in d) show individual LCIS pluton ages (including previous studies).
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ascent, and layered, laccolith-style emplacement (Clemens and
Mawer, 1992; Cruden, 1998; Cruden and McCaffrey, 2001; de
Saint-Blanquat et al., 2006, 2001; de Silva and Gosnold, 2007;
Grocott et al., 2009; Horsman et al., 2009; McCaffrey and Petford,
1997; Petford et al., 2000; Petford and Clemens, 2000;
Vigneresse, 2006; Vigneresse and Clemens, 2000; Wiebe, 1988;
Wiebe and Collins, 1998). Consequently, that each pluton of the
East Pacific displays a homogenous AMS fabric on the pluton-
scale implies that a similar strain ellipse was experienced by each
subsequent batch of crystallising magma, and that the tectonically-
dependant strain regime that principally determined the AMS fab-
ric development lasted longer than the crystallisation period of
each pluton.

That the data compiled from Antarctica, Chile, and the Sierra
Nevada consistently display a dominance of pure shear tectonic
fabrics over magmatic fabrics supports the similar conclusion of
Pitcher (1997), which we quote in full: ‘‘The fabrics of what I take
to represent free flowage are rarely identifiable in granitic plutons.
The well organized linear fabric that we map, and often label as a
magmatic foliation, is normally an indication of strain, and induced
by pure shear of a progressively strengthening, viscid, crystal sus-
pension – probably not long before the crystal framework finally
linked up”.
8. Tectonic control on episodic magmatism

For the LCIS, the AMS variability about common axes reveals
variable syn-magmatic tectonic compression and crustal shorten-
ing during emplacement. U-Pb ages and mapping show most
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emplacement took place between 118 and 110 Ma (Fig. 14a to
Fig. 14c), followed by sparse magmatism until 95 Ma. The mag-
matic flare up includes two composite pulses of activity (118–
117 Ma, and 114–112 Ma, Fig. 14a), occurring � 3 My apart (out-
side of geochronological error; Fig. 5 and Fig. 14a). These compos-
ite pulses are consistent with the regional geochronology of Riley
et al. (2018), who described three longer duration magmatic events
at 130–126 Ma, 118–112 Ma and 108–102 Ma. This is reflects the
fractal relationship described by de Silva et al. (2015) that within
each longer duration pulse (5 to 6 Myr) will be a sequence of
shorter duration (�1.5 Myr) pulses.

Integrating the U-Pb and AMS data requires within-error syn-
chronicity. The closure temperature for Pb in zircon is 900 �C
(Cherniak and Watson, 2003), whilst mineral fabrics can be devel-
oped until final locking of the crystal framework in the late stages
of crystallisation, close to the solidus temperature (�690 �C for
upper crustal granites; Johannes, 1984). Cooling over this interval
for the centre of a 5 km wide, 2 km thick granite pluton in the
Upper Crust takes � 52 ka (Nabelek et al., 2012). This is more than
an order of magnitude less than the geochronological uncertainty
on our samples, so it is reasonable to use the U-Pb ages to date
the formation of AMS fabric development.

Plotting the interpreted tectonic deformation regime of the LCIS
against the U-Pb ages reveals a relationship between magmatic
pulses and increased tectonic compression. Moderate to high
degrees of syn-magmatic tectonic compression are only recorded
during the flare-up event, and represent the majority of the intru-
sions (Fig. 14a). In contrast, all of the plutons of the later waning
magmatism record low levels of WNW-ESE oriented tectonic com-
pression, and finally WNW-ESE crustal extension (Fig. 14a). Inter-



Fig. 15. Comparison of the corrected degree of anisotropy (Pj) for the LCIS and Sierra Nevada with the determined deformation type (a, c) and mean bulk susceptibility (Km, SI
units) of each pluton. ± 1 SD error bars shown.

A. Burton-Johnson, T.R. Riley, R.J. Harrison et al. Gondwana Research 112 (2022) 1–23
estingly, and outside of geochronological uncertainty, the second
composite pulse of the flare-up commences with low levels of
WNW-ESE tectonic compression (Fig. 14a), reaches the highest
levels of tectonic compression during its peak, and ends with
WNW-ESE oriented crustal extension (interpreted to represent
post-orogenic extension). This implies that the period of increased
compression did not persist beyond the period of the composite
pulse. Geochronological uncertainty prevents the exact relative
timing of the apparent range in deformation regimes within each
pulse to be determined. However, it is only during these composite
magmatic pulses that high degrees of compression are recorded,
and the range of deformation implies that increased compression
occurred in discrete events.

Following the same approach applied to the LCIS, we can cate-
gorise the tectonic regimes of the Sierra Nevada using the pre-
dicted orientations of Fig. 13 (reoriented from Fig. 3 to represent
the subduction convergence directions of the Sierra Nevada) and
the AMS data compilation of Fig. 11. This shows emplacement dur-
ing two flare-ups (180–150 Ma and 120–80Ma, Fig. 14g). As for the
LCIS, both flare-ups are during increased tectonic compression, and
end with decreasing compression and crustal extension. Decreased
compression midway during the younger event is contemporane-
ous with decreased U-Pb zircon abundance, indicating an interme-
diate period of reduced magmatism.

Unfortunately, the data for Chile is too sparse both temporally
and geographically for a similar analysis (7 plutons over
1,550 km and 260 Ma). However, of the seven plutons, four record
high-degree syn-magmatic compression and two record moderate
compression (i.e. display a subvertical foliation plane; compare
Fig. 11p to Fig. 11v with the conceptual stereonets of Fig. 13). This
indicates that intrusive magmatism in Chile preferentially occurs
during periods of increased tectonic compression, as previously
proposed for the central and southern Andes (Horton, 2018).

AMS analytical outputs include the corrected degree of aniso-
tropy (Pj), describing the deviation of the AMS fabric from a sphere.
Given our conclusion that AMS fabrics dominantly record tectonic
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strain, it would be appealing if this value provided another proxy
for the degree of syn-magmatic strain (Cogné and Perroud, 1988).
However, no apparent correlation exists between Pj and the qual-
itative classification of deformation (Fig. 15a and Fig. 15c) for the
LCIS or Sierra Nevada. A weak correlation does exist between the
bulk susceptibility (Km) and Pj (Fig. 15b and Fig. 15d), particularly
for the LCIS. This indicates that a range of Pj can be developed in all
settings, and that the mineralogy and associated Fe concentration
has a greater effect on the degree of anisotropy than the deforma-
tion regime. This has previously been noted where the magnetic
carrier phase is biotite (Biedermann, 2018; Biedermann et al.,
2014) or amphibole (Biedermann et al., 2015).

It is important to reiterate here that under any suprasubduction
deformation regime, the strain axes remain orthogonal: one in the
vertical direction, one relative to the subduction convergence
direction, and one perpendicular to these. Progressive strain is
experienced by any pluton remaining ductile within these regimes,
not just those in high compressional regimes, and so a range of Pj
should be expected to develop in any setting. The duration of crys-
tallisation is thus likely another parameter affecting Pj, as is the
degree of strain (Cogné and Perroud, 1988), but the deformation
setting is not.

This combination of U-Pb and AMS data indicates that both the
LCIS and Sierra Nevada batholith were largely emplaced during
flare-up events driven by tectonic deformation of the crust. Invok-
ing a tectonic control on magmatic flare-up events is not dissimilar
to previous work (De Silva et al., 2015; Kirsch et al., 2016;
Matthews et al., 2012). However, Ducea (2001) found no relation-
ship between apparent intrusive flux and the rate or obliquity of
convergence, despite the expected increase in volatile flux and
mantle wedge convection. Convergence rates of the Aluk Plate
beneath the Antarctic Peninsula and the Farallon Plate beneath Cal-
ifornia can be calculated in GPlates (https://www.gplates.org;
Boyden et al., 2011) from Matthews et al., (2016), which we have
extended from 120.6 to 190 Ma using the motion of the Hiku-
rangi–Manihiki Plateaus (Seton et al., 2012). By comparing the tim-

https://www.gplates.org
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ing of LCIS emplacement (including Flowerdew et al., 2005, and
Riley et al., 2018) with the convergence rates (Fig. 14d) we can
see that whilst the LCIS plutons were emplaced within the 138–
95 Ma period of increased convergence, their timing is not evenly
distributed through this period. Nor does the period of maximum
magmatic addition coincide with the period of maximum conver-
gence. As shown by Ducea (2001), there is no obvious relationship
between convergence rate and timing or scale of magmatism in the
Sierra Nevada (Fig. 14h). However (as noted above), the absence of
a complete plate circuit prior to 83 Ma renders these convergence
estimates increasingly ambiguous farther back in time. These find-
ings show that whilst flare-up events may occur within longer
periods of increased subduction rates (as in the LCIS), shorter peri-
ods of enhanced tectonic compression control the timing of indi-
vidual pulses.

In addition to convergence rate, the obliquity of convergence
has also been proposed as a driver for flare-up magmatism
(Glazner, 1991; Tikoff and de Saint Blanquat, 1997). Again, the lack
of a complete plate circuit prior to 83 Ma makes calculating the
angle of obliquity during these Cretaceous events even more
ambiguous than the convergence rate (papers presenting such data
should thus be clearer in this caveat). However, as noted above, the
bedding directions of the host rocks, syn-magmatic dyke orienta-
tions, and plate convergence directions after 83 Ma all indicate
consistent plate convergence sub-perpendicular to the plate mar-
gin. Furthermore, as noted in Equation (1) (Section 1.2), strain ‘‘re-
fraction” occurs during oblique plate convergence. This results in
the horizontal shortening direction (e3) being closer to perpendic-
ular with the plate margin than the relative convergence directions
would imply (Teyssier et al., 1995), reducing the effects of oblique
convergence.

As highlighted here, Engebretson et al. (1985) also noted that
plutonism is associated with moderate to high rates of conver-
gence, but that a high rate of convergence does not necessarily pro-
duce magmatism. The apparent lack of direct correlation between
convergence rate and magmatism can be explained using the AMS
data. Convergence rate at subduction zones is not expected to
directly relate to compression, as supra-subduction settings in
the overriding plate are frequently extensional. The global distribu-
tion of seismic events show that it is the coupling of the two plates
is more important. To a first order, subduction zones of high global
seismicity are characterised by high convergence rates (Ruff and
Kanamori, 1980). However, along individual continental margins,
seismicity is not evenly distributed, despite consistent conver-
gence rates. Instead, seismicity (and thus interplate coupling) is
spatially related to features on the seafloor or on the overriding
plate (Habermann et al., 1986).

Previous studies support that interplate-coupling and resultant
deformation drive magmatic flare-ups. Integrating structural,
stratigraphic, and igneous records revealed a temporal and spatial
relationship between tectonic and magmatic regimes along the
Andes (Horton, 2018). Similar to our results, they also could not
explain the timing of the magmatic and deformation events exclu-
sively via the plate convergence history, although there was a first-
order relationship with the trench-normal absolute overriding
plate velocity. It was proposed that interplate coupling, driven to
a first order by the rate of overriding plate advance, and to a second
order by the dip of the subducting slab (increased compression and
magmatism during slab shallowing) controlled the structural and
magmatic history of the Andes. Horton (2018) also identified a syn-
chronous episodicity to the Andean deformation and magmatism,
which has also been identified in the Sierra Nevada based on min-
eral fabrics and structural data (Cao et al., 2015). This relationship
is further evidenced by our data, although only the AMS data reveal
the relative orientations of the principle strain axes, and the switch
from high tectonic compression during the peak of each flare-up, to
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low tectonic compression or crustal extension terminating each
flare-up.

Magmatic flare-ups of the East Pacific continental margin thus
occurred during discrete events of high syn-magmatic tectonic
compression, resulting from discrete periods of enhanced inter-
plate coupling. Whilst high convergence rates at subduction zones
may be necessary for the first order peaks in magmatism
(Matthews et al., 2012) (as with seismological activity, and shown
by the LCIS data and convergence model), it is these periods of
increased interplate coupling and consequent increased upper
plate deformation that trigger the episodic pulses of elevated
magma addition rates.
9. Origin of the tectonic control on magmatism

We have shown that magmatic flare-ups are associated with
increased compression, indicating that enhanced tectonic com-
pression either increases melting in the source region or enhances
melt extraction. This agrees with the breadth of evidence for the
intrinsic role of deformation in the segregation, ascent, and
emplacement of granitoid melts in the continental crust (Petford
et al., 2000). Sr, Nd, and Pb isotopic data for East Pacific flare-up
magmatism (Ardila et al., 2019) indicates a dominantly mantle
source with only < 20–30 % crustal assimilation. However, partial
melting of the mafic lower crust or a newly accreted mafic under-
plate (e.g. Petford and Gallagher, 2001) would be isotopically indis-
tinguishable from mantle derived magmatism. We propose two
hypotheses for future research, to be tested geochemically:
9.1. Hypothesis 1: Enhanced melt generation

Previous studies proposed that enhanced tectonic compression
drives flare-up magmatism via crustal thickening (Cao et al., 2015),
under-thrusting (Ducea, 2001), or crustal thickening and litho-
spheric delamination (DeCelles et al., 2009). Melting of upper
and middle crustal felsic lithologies would generate crustal-
affinity isotopes, not the trend towards mantle signatures observed
for flare-up magmatism (Ardila et al., 2019). Consequently, melting
models involving crustal thickening highlight the need to melt
both mantle or lower crustal lithologies as well as incorporation
of upper crustal material to generate the observed isotopic hetero-
geneities (DeCelles et al., 2009; Ducea, 2001). The upper crustal
component can be either assimilated during magma transport or
incorporated into the mantle or lower crustal source prior to melt-
ing via melange diapir ascent (Marschall and Schumacher, 2012). If
thickening sufficiently increases the PT conditions to partially melt
a recently accreted mafic underplate or young lower crust then this
may generate felsic magmatism of indistinguishable isotopic sig-
natures to the mantle. Once magmatism has commenced, the
enhanced heat flow may decrease the bulk viscosity of the arc
crust, promoting further thickening and consequent melting (Cao
et al., 2015).

Whether crustal thickening can drive a magmatic flare-up
revolves around the continuing debate whether continental arc
magmatism is H2O-saturated (e.g. Collins et al., 2020, 2016) or
H2O-undersaturated (e.g. Clemens et al., 2020). The H2O-
saturated model proposes that most continental margin magma-
tism, including the granites and calc-alkaline silicic rocks from
the North American cordillera, were generated by water-fluxed
partial melting of a hydrous source rather than via anhydrous
dehydration melting (Collins et al., 2020, 2016). They propose that
extensional, water-undersaturated adiabatic melting is more
important in the backarc, although even here hydrous melting
can occur (Collins et al., 2016). While anhydrous melting of ultra-
mafic or mafic sources involves a positive PT Clapeyron slope
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(Hirschmann et al., 2009; Rapp and Watson, 1995), and hence
melting occurs during adiabatic decompression, the hydrous,
H2O-saturated PT Clapeyron slopes are negative (Grove et al.,
2012, 2006; Rapp and Watson, 1995). Consequently, in hydrous,
continental margin settings, increased pressure will enhance melt-
ing of the mantle and lower crust.
9.2. Hypothesis 2: Enhanced melt segregation

Enhanced melt generation during compression is only feasible
in water-saturated source regions, which may not be common sys-
tems for voluminous granitic magmatism (Clemens et al., 2020).
Mantle melting is primarily a product of volatile addition, not crus-
tal deformation (Grove et al., 2012; Schmidt and Poli, 1998), and
lower crustal melting is either a product of water flux (in the
hydrous melting model for batholith generation; Collins et al.,
2016), basalt intrusion (Petford and Gallagher, 2001), or water-
undersaturated, adiabatic decompression melting (resulting from
the positive PT Clapeyron slope of mafic rocks; Rapp and Watson,
1995). Therefore, if flare-up magmatism is derived from these
sources during periods of compressional deformation (Ardila
et al., 2019), it can be argued that increased tectonic compression
leads to enhanced melt segregation and ascent rather than
increased melting of the source region. Numerical modelling
shows that deformation is necessary for melt extraction from mig-
matites, and that pure shear compression is the most effective
deformation regime; even more so than simple shear or transpres-
sion (Vigneresse and Burg, 2000). This is supported by the broad
evidence associating migmatisation with contemporaneous defor-
mation (Brown et al., 1995; Vigneresse et al., 1996).
9.3. Hypothesis 3: Enhanced melt ascent

In addition to enhancing melt segregation, enhanced compres-
sive deformation may enhance upper crustal magmatism by aiding
magma ascent. As the magmatic flare-ups cease as compression
wanes, irrespective of convergence rate and associated influx of
volatiles into the mantle, voluminous extraction of partial melts
from the lower crust or mantle cannot be achieved when litho-
static compression is the dominant compressive stress (i.e. when
r1 is vertical). Instead, a vertical r3 in response to the enhanced
tectonic compression (rendering r1 horizontal) is required in the
presence of suitable melting conditions (the orientation revealed
by the AMS data to be associated with peaks in flare-up magma-
tism). By re-orienting the stress axes, episodes of enhanced tec-
tonic deformation from interplate coupling thus allow
voluminous mantle-derived magmas to ascend during flare-up
events. Similarly, if the melts are instead derived from partial melt-
ing of a young mafic lower crust or underplate, then the partial
melts require reorientation of the stress axes to escape the lower
crust and reach upper crustal emplacement depths.

However, large tectonic differential stresses cannot exist in the
ductile lower crust (Brown and Solar, 1998). The buoyant ascent of
magma via dykes, driven by its density contrast with surrounding
rocks, has been proposed by numerical models as the principal
method of magma ascent through the crust (Petford, 1996). Never-
theless, magmatic overpressure (imparted by tectonic compres-
sion) may be important in the more brittle middle and upper
crust, and thus control the ascent of granitic magma to its emplace-
ment depth, including aiding space creation during emplacement
(Hutton, 1997). Furthermore, increased pore-fluid pressure enables
brittle behaviour at lower differential stresses, enabling brittle
behaviour to extend into the lower crust through melt-enhanced
embrittlement (Brown and Solar, 1998).
20
10. Conclusions

Although previously interpreted to record variably magmatic
and tectonic fabrics, we have shown that the overall AMS fabrics
of each pluton in the Antarctic Peninsula (Lassiter Coast Intrusive
Suite), Sierra Nevada (California) and Chile dominantly record pure
shear tectonic fabrics, imparted by strain and deformation during
the final stages of their crystallisation. The AMS orientations of
each pluton are dependent on the relative magnitudes of tectonic
and lithostatic compression, recording the tectonic regime, and a
qualitative record of the degree of syn-magmatic tectonic
deformation.

By comparing the AMS records of the syn-magmatic strain axes
with new and published geochronology, we have shown that
increased tectonic compression during periods of enhanced inter-
plate coupling controls intrusive magmatic flare-ups and, conse-
quently, crustal addition in continental arcs. Whilst the Lassiter
Coast flare-ups occurred during a longer period of enhanced sub-
duction, the exact timing of the flare-up occurred during shorter
periods of increased interplate coupling and resultant tectonic
compression. We propose that these periods of enhanced tectonic
compression triggered increased magmatic flux either by: 1)
enhancing melt generation by thickening the crust, partially melt-
ing a newly accreted hydrous mafic underplate; 2) enhancing melt
segregation and migmatisation in the source region; or 3) enhanc-
ing melt extraction from the mantle by rendering vertical litho-
static compression the lowest intercrustal compressive stress
(r3) (or a combination of these processes).
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