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ABSTRACT

Rapid changes in geochemical and isotopic
signatures of arc-related magmatic products
can be used to trace magmatic processes in
subduction zones across many scales, from
the regional response of magmatism to large-
scale geodynamic changes in the subduction
system, to the emplacement of single intru-
sions. In this contribution, we use the south
Patagonian subduction system as a natural
laboratory to investigate magmatic processes
in continental arcs. We use diverse intru-
sions and dikes from the retro-arc region at
49-51°S to investigate these processes both
at the subduction zone scale, and within the
exceptionally well-exposed Torres del Paine
sheeted intrusion. We present Hf isotope data
for zircon from 30 to 12 Ma magmatic units
that were emplaced ~50 km inboard of the
main subduction-related batholith. These
samples record an ~18 m.y. period dur-
ing which the region experienced profound
geodynamic changes, resulting in transient
migration of arc magmatism into the retro-
arc, which then vanished to be replaced by
more alkaline retro-arc magmatism. Inte-
grating published whole rock geochemistry,
we show that the Hf isotope signatures of
these magmatic units directly record their
mantle sources, with negligible assimilation
of continental crust into magmas during
transport through and storage in the crust.
This allows us to trace the appearance and
disappearance of the subduction component
in the retro-arc mantle. Our data show that
migration of calc-alkaline magmatism into
the retro-arc produced magmas with a more
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enriched Hf isotope composition that was
remarkably consistent over ~200 km and
>4 m.y. (g, of —1 to +2.5). These signatures
record addition of subducted continental
crust to the mantle wedge during a period of
subduction erosion that was associated with
arc migration, and show that only a few m.y.
of fluxing by a subduction component is suf-
ficient to leave a distinct Hf isotope imprint
on a mantle wedge previously unmodified by
subduction. The Torres del Paine laccolith
was built up by discrete pulses of magma-
tism in <200 k.y. Our data show isotopic dif-
ferences between magmatic batches, and an
abrupt shift to more juvenile Hf isotope com-
positions during the buildup of the youngest
part of this magmatic complex, recording
the rapid input of new mantle-derived melts
during its formation. This rapid rejuvenation
occurred within 20 + 10 k.y., demonstrating
that different batches of magmatism within
a single intrusive complex can tap geochemi-
cally distinct mantle reservoirs on very short
timescales of <200 K.y.

1. INTRODUCTION

Sheeted intrusive complexes offer an oppor-
tunity to investigate the architecture of a pluton,
and constrain the timing, frequency, and mag-
nitude of successive episodes of magmatism.
The traditional view of plutons as large entities
emplaced en masse then slowly cooled has been
challenged in favor of more complex, polyphase
models. Single-crystal U-Pb geochronology
of zircon has demonstrated that different units
within a single intrusive complex can have re-
solvably different ages, complementing field
evidence for the emplacement of such com-
plexes in discrete magma batches (e.g., Barboni
et al., 2015; Broderick et al., 2015; Claiborne
et al., 2010; Coleman et al., 2004; Glazner

et al., 2004; Leuthold et al., 2012; Michel et al.,
2008; Schaltegger et al., 2009; Schmitt et al.,
2011; Schoene et al., 2012). A question that
has received less attention is whether different
batches of magma within a sheeted complex tap
the same reservoir, or are fed by geochemically
different sources. Hafnium (Hf) isotopes are a
powerful tool to address this question, provid-
ing a robust isotopic fingerprint of the magmatic
source that traces the relative contributions from
continental crust and mantle reservoirs. The
mineral zircon is a particularly attractive target
for Hf isotope analysis, as it contains weight
percent of HfO, (Hoskin and Schaltegger, 2003)
and is extremely robust both physically and
chemically, preserving its Hf isotope signature
under all known crustal conditions (Hoskin and
Black, 2000; Kinny et al., 1991). Coupled Hf
isotope and U-Pb age data can be used to trace
changes in magma source composition over
time, whether on the scale of a single pluton
(e.g., Broderick et al., 2015), a batholith (e.g.,
Kemp et al., 2007), or the continental crust (e.g.,
Dhuime et al., 2012).

The Torres del Paine intrusive complex
(TPIC) is a shallow crustal sheeted intrusive
complex that was emplaced in Patagonia on
rapid timescales of ca. 160 k.y. (Leuthold et al.,
2012; Michel et al., 2008) (Figs. 1 and 2). Field
and geochronological evidence testify to its
emplacement in multiple discrete batches of
magma (Leuthold et al., 2013; Leuthold et al.,
2012; Michael, 1991; Michel et al., 2008). It
is spectacularly exposed in three dimensions
due to kilometer-scale vertical relief and ex-
tensive glacier-denuded outcrops. The TPIC
was emplaced in the retro-arc region of a long-
lived continental subduction zone in southern
Patagonia (South America). In this contribu-
tion, we present zircon Hf isotope data for
different units from the 12-13 Ma Torres del
Paine intrusive complex. We also present Hf
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Figure 1. Map of southern Patagonia, modified after Ramirez de Arellano et al. (2012), showing the Patagonian batholith, Plio-Miocene
intrusions inboard of the batholith, and the Quaternary volcanoes that represent the modern active arc in this area. Plateau basalts after
Kay et al. (2004); Eocene plateaus are not shown. The Torres del Paine intrusive complex (TPIC) and Chaltén plutonic complex (CHPC)
are shown as triangles with a bold outline. Black rectangles indicate the approximate locations (not to scale) of detailed maps of the two
complexes presented in Figures 2 and 3, respectively. The present day positions of the Chile spreading ridge (solid lines), as well as the major
fracture zones (FZ) (dashed lines), are shown along with separated segments of the Chile ridge subducted at different times, are shown

along with the time of subduction for each segment (after Cande and Leslie, 1986; Guivel et al., 2006; Kay et al., 2004).

isotope data for a number of small intrusions
and dikes that are found within ~15 km of the
TPIC, with ages spanning 12-30 Ma; and for a
16-17 Ma intrusive complex (Chaltén plutonic
complex) that crops out ~200 km to the north.
Our data resolve the evolving Hf isotope signa-
ture of retro-arc magmatism over a ca. 18 m.y.
period of its history, during which the region
witnessed profound geodynamic changes as-
sociated with changing convergence rates and
subduction of an active spreading ridge; and

on short timescales (<200 k.y.) during the
progressive emplacement of a single sheeted
intrusive complex within the retro-arc. We
demonstrate that the longer-term evolution of
the Hf isotope composition of magmatism on a
regional scale is unaffected by crustal assimila-
tion, with remarkably consistent €y, on large
temporal and spatial scales of ca. 4 m.y. and
200 km. Our data thus allow us to trace chang-
ing crustal inputs into the retro-arc mantle of a
single continental arc over a ca. 18 m.y. period,
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and show that more crustal Hf isotope compo-
sitions record addition of a subducted conti-
nental crustal component to the mantle wedge.
Our data reveal an abrupt shift to more juvenile
Hf isotope compositions in the youngest part
of the TPIC, recording input of more primi-
tive melts derived directly from the mantle.
We thus demonstrate that different batches of
magma within a single intrusive complex can
tap distinct mantle geochemical reservoirs,
even on 10 k.y. timescales.
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Figure 2. (A) Geological map of the Torres del Paine area, southern Patagonia, Chile, showing location of samples analyzed in this study.
The map is based on an aerial photograph, rather than a topographic map; latitudes and longitudes are approximate. A—A’ indicates the
location of the cross section illustrated in Figure 2B. (B) Cross section through the Torres del Paine intrusive complex after Leuthold et al.

(2012) and Michel et al. (2008).

2. GEOLOGICAL SETTING

Along the western margin of Patagonia
(South America), subduction has been ongoing
since the Late Jurassic in a complex and evolv-
ing geodynamic setting (e.g., Breitsprecher and

Thorkelson, 2009; Cande and Leslie, 1986;
Hervé et al., 2007). Highly oblique conver-
gence from at least 42 Ma changed abruptly
to much faster, nearly orthogonal convergence
at ca. 26 Ma after the breakoff of the Farallon
plate (Cande and Leslie, 1986; Somoza, 1998).
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Convergence slowed again at ca. 16 Ma but re-
mained largely orthogonal (Breitsprecher and
Thorkelson, 2009; Somoza, 1998). Beginning at
ca. 15 Ma, the active spreading ridge between
the Nazca and Antarctic plates (Chile ridge)
arrived at the convergent margin in southern-



most Patagonia (~53°S) and began to subduct
(Breitsprecher and Thorkelson, 2009; Cande
and Leslie, 1986). The associated triple junction
migrated northwards in episodic large jumps to
reach its present position at ~47°S, and ridge
subduction occurred at the latitude of Torres del
Paine at ca. 13—-14 Ma (Cande and Leslie, 1986;
Guivel et al., 2006; Fig. 1).

South of the present-day triple junction
(~47°S), arc magmatism associated with this
long-lived subduction is represented by (1) the
voluminous calc-alkaline South Patagonian
batholith, which was built up episodically from
ca. 160 Ma, with the last period of abundant
magmatism from 25 Ma to 16 Ma (Hervé et al.,
2007) and (2) the Holocene volcanoes of the
Austral Volcanic Zone, which represent the
modern volcanic arc and are located ~50 km
inboard of the South Patagonian batholith
(Ramirez de Arellano et al., 2012; Stern and
Kilian, 1996) (Fig. 1). To the east, voluminous
basaltic plateaus with alkaline to transitional
alkaline chemistry are widespread throughout
the retro-arc region in southern Patagonia both
north and south of the present-day triple junc-
tion (e.g., Espinoza et al., 2005; Forsythe and
Prior, 1992; Gorring et al., 1997; Guivel et al.,
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2006; Kay et al., 2004; Ramos and Folguera,
2011; Ramos and Kay, 1992) (Fig. 1). We use
the term “retro-arc,” rather than back-arc, to
indicate the area immediately inboard of the
main arc batholith, since in South America
this area is represented by unrifted continen-
tal crust. South of the present-day triple junc-
tion, a roughly linear series of intrusions crops
out episodically over ~800 km in the retro-arc
region, ~50-100 km inboard of the batholith,
but trench-wards of the basaltic plateaus (e.g.,
Leuthold et al., 2013; Michael, 1991; Ramirez
de Arellano et al., 2012) (Fig. 1). These intru-
sions range in ages from ca. 3 Ma to 30 Ma,
with no systematic variation in age from south
to north (Ramirez de Arellano et al., 2012, and
references therein). They have heterogeneous
geochemical compositions ranging from calc-
alkaline to transitional alkaline (Espinoza et al.,
2010; Leuthold et al., 2013; Ramirez de Arel-
lano et al., 2012). We refer to this series of
small intrusions as ‘“retro-arc intrusions,” not-
ing the fact that they are diverse both in age and
chemistry precludes a direct link between all of
them in terms of either genesis or process. We
studied two of these retro-arc intrusions, de-
scribed in detail below.
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2.1. Studied Retro-Arc Intrusions

The Chaltén plutonic complex is an ultra-
mafic to granitic intrusive complex which
crops out over ~62 km? around Cerro Fitz Roy
at ~49°S (Ramirez de Arellano et al., 2012)
(Figs. 1 and 3). The country rock into which
it was emplaced comprises metasedimentary
rocks of the Paleozoic Eastern Andes Meta-
morphic Complex, and a range of strongly de-
formed sedimentary, volcanosedimentary, and
volcanic units ranging in age from Jurassic to
Cretaceous (Augustsson et al., 2006; Ramirez
de Arellano et al., 2012; see Section DR1 for
descriptions of individual formations). On the
basis of detailed fieldwork and high-precision
thermal ionization mass spectrometry (TIMS)
U-Pb geochronology of zircon, Ramirez de
Arellano et al. (2012) distinguished eight ma-
jor intrusive units (Fig. 3) with ages ranging
from 16.90 = 0.05 Ma to 16.37 = 0.02 Ma, de-
scribed in more detail in Section DR1. All of
these units have calc-alkaline major and trace
element geochemistry typical of subduction-
related magmatism, indistinguishable from
the Patagonian batholith (Ramirez de Arellano
et al., 2012). The Chaltén plutonic complex
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Figure 3. Geological map of the Chaltén plutonic complex, southern Patagonia, Argentina, after 'Ramirez de Arellano et al. (2012). In the
legend, units within the Chaltén plutonic complex are arranged from youngest (Cerro Torre granite) to oldest (ultramafic cumulates), as

described by Ramirez de Arellano et al. (2012).
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is interpreted as a typical arc pluton, and its
position ~100 km inboard of the main South
Patagonian batholith has been explained by
the progressive continent-wards migration of
arc magmatism from ca. 20 Ma to 17 Ma as
a result of shortening and subduction erosion
associated with rapid convergence (Ramirez de
Arellano et al., 2012).

The Torres del Paine intrusive complex
(TPIC) crops out some 200 km south of the
Chaltén plutonic complex, at ~51°S (Fig. 1).
The TPIC is a shallow crustal bimodal intru-
sion in which a significant volume (~88 km?®)
of mafic and granitic magma was emplaced
on short timescales of 162 = 11 k.y. (Leuthold
et al., 2012; Michel et al., 2008). It was em-
placed into the Late Cretaceous—Tertiary sedi-
mentary Cerro Toro and Punta Barossa forma-
tions, both of which are turbiditic sequences
made up of alternating sandstone and pelite,
with subordinate carbonates (Leuthold et al.,
2013; Michael, 1991; Wilson, 1991). The
middle and lower crust in this region is in-
ferred to be made up of Paleozoic metamorphic
basement (Fosdick et al., 2011), presumably
dominantly of the metasedimentary Eastern
Andes Metamorphic Complex (Augustsson
et al., 2006; Hervé et al., 2003). Detailed study
of field relations has shown that the TPIC was
built up in a series of discrete magma batches,
producing the observed sheeted geometry
(Leuthold et al., 2012).

The TPIC can be divided into two parts,
with distinct ages resolved by high-precision
single-grain U-Pb dating of zircon. The sub-
horizontally layered sill complex comprises
three voluminous granitic units underplated by
a mafic sill complex dominated by hornblende
gabbros and (monzo)-diorites (Leuthold et al.,
2012; Michel et al., 2008) (Fig. 2). The granite
units have ages ranging from 12.49 + 0.01 Ma
to 12.58 + 0.01 Ma (Michel et al., 2008; re-
calculated by Leuthold et al., 2012), whereas
four units from the mafic sill complex gave
ages ranging from 12.472 + 0.009 to 12.431
+ 0.006 Ma (Leuthold et al., 2012) (Fig. 2).
The vertically layered feeder zone crops out in
the westernmost TPIC, and comprises mafic
units (dominantly gabbronorites) and Granite
III, which is the only unit to crop out in both
the sill complex and the feeder zone (Fig. 2).
Mafic units from the feeder zone are resolvably
older than the mafic sill complex, and have ages
of 12.593 + 0.009 Ma to 12.587 + 0.009 Ma
(Leuthold et al., 2012).

All units from the TPIC have “transitional
alkaline” whole rock chemistry (Leuthold et al.,
2013) that is intermediate between the calc-alka-
line batholith to the west (Hervé et al., 2007)
and the truly alkaline plateau basalts to the east

that have chemistry similar to ocean island ba-
salts (OIBs) (Espinoza et al., 2005; Guivel et al.,
2006). TPIC samples plot broadly around the
boundary between alkaline and sub-alkaline on
a TAS diagram, but are also distinct from calc-
alkaline samples in trace element ratios used to
fingerprint subduction components (e.g., La/Nb;
Leuthold et al., 2013). The distinct transitional
alkaline chemistry of the TPIC demonstrates
that, in contrast to the Chaltén plutonic com-
plex, it is not the product of typical subduction-
related magmatism.

2.2. Other Intrusions and Dikes in
the Torres Del Paine Region

A number of smaller intrusions that are not
directly related to the TPIC are found within
1-15 km of the complex (Fig. 2). The major-
ity of these are gabbroic to granitic intrusions
that have calc-alkaline chemistry more simi-
lar to the South Patagonian batholith and the
Chaltén plutonic complex than to the TPIC
(Miintener et al., 2018). They have tightly clus-
tered U-Pb ages from 15.7 + 0.4 Ma to 16.5
+ 0.2 Ma (Miintener et al., 2018). Analogous to
the Chaltén plutonic complex, these intrusions
are interpreted as the product of migration of
arc-related magmatism some 50 km inboard of
the main batholith. A small ca. 30 Ma alkaline
gabbro crops out ~15 km east of the TPIC, and
has distinct, alkaline chemistry with trace ele-
ment patterns similar to those of typical OIBs
(Miintener et al., 2018). Several generations of
dikes are also found in the region. Four gen-
erations of dikes were distinguished on the ba-
sis of geochemistry, geochronology, and field
relations, the oldest three of which have been
related genetically to the ca. 30 Ma alkaline
intrusions, ca. 16 Ma calc-alkaline intrusions,
and ca. 12.5 Ma TPIC, respectively (Miintener
et al., 2018). The fourth generation comprises
recent alkaline dikes that are mantle xenolith-
bearing (Miintener et al., 2018). In this study,
only dikes from the ca. 12.5 Ma generation
were analyzed, as well as one small monzo-
nite intrusion with a ca. 12 Ma age (Fig. 2;
Miintener et al., 2018).

3. SAMPLES

We analyzed twenty-four samples that were
previously collected, described in detail, and
dated by Leuthold et al. (2012), Michel et al.
(2008), Miintener et al. (2018), and Ramirez
de Arellano et al. (2012). Nine samples from
the Torres del Paine intrusive complex sampled
the mafic sill complex, mafic units from the
feeder zone, and two of the TPIC granite units
(I and III) (Fig. 2). Ten samples collected from
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the area immediately surrounding the TPIC
(<15 km distant) sampled small intrusions and
dikes distinct from the TPIC: the ca. 30 Ma
alkaline Amarga gabbro, six 17-16 Ma calc-
alkaline intrusions, a small exposure of a
ca. 12 Ma monzonite intrusion, and two bi-
modal dikes that cut metasedimentary rocks
of the Cerro Toro Formation (Fig. 2). Five
samples from the Chaltén plutonic complex
sampled five different units ranging from gab-
bronoritic to granitic in composition. Litholog-
ical data and previously published geochronol-
ogy for the analyzed samples are summarized
in Table 1, and samples are described in more
detail in Section DR1.

4. METHODS
4.1. Solution MC-ICPMS Instrumental

Hf isotope composition was determined by
solution multicollector inductively coupled
plasma mass spectrometer (MC-ICPMS) on
the Neptune Plus at the University of Geneva
(UNIGE), Switzerland, with sample introduc-
tion by an Aridus desolvating nebuliser. Hf
isotope analysis was performed on solutions
obtained from single zircon grains dated by
Leuthold et al. (2012) and Ramirez de Arel-
lano et al. (2012) using isotope dilution ther-
mal ionization mass spectrometry (ID-TIMS)
U-Pb techniques. The analyzed solutions rep-
resent the trace element fractions of the TIMS
U-Pb anion exchange column chemistry that
have been dried down and stored over four
years. No further ion chromatographic sepa-
ration has been applied to these element frac-
tions, which were made up to a suitable vol-
ume for analysis using 2% HNO; with a trace
of HF. Nine masses were measured: '">Yb,
1BYb, SLu, "(Hf+Yb+Lu), ""Hf, "*Hf, '"Hf,
180(Hf+Ta+W), and "®!Ta.

Analytical blanks were monitored by analysis
of aliquots of the 2% HNO; + trace HF, generally
after every 47 sample solutions. Blanks were
found to vary significantly and nonlinearly, mak-
ing it difficult to accurately constrain the true
analytical blank for most analyses. Analytical
blanks were therefore not subtracted except for
two low-Hf analyses that had a blank measure-
ment immediately prior. For these two analyses,
blanks accounted for ~0.07% and 0.12%, re-
spectively, of the signal on each Hf isotope. For
all other solutions, high signal to blank ratios
meant that subtracting a blank would make a
negligible difference (<0.2 €y-units). The range
of measured blanks across all solution sessions
was 0.001-0.009 V on "®Hf, whereas for sample
analyses intensities of 1-29 V were measured on
the same isotope.
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TABLE 1. LITHOLOGICAL AND PUBLISHED GEOCHRONOLOGICAL INFORMATION FOR THE ANALYSED SAMPLES FROM PATAGONIA, SOUTH AMERICA

Age
Sample Unit Lithology Sampling area (Ma) Hf
Torres del Paine intrusive complex
JL438 Feeder zone Pegmatite segregation in layered gabbronorite Cordon Olguin 12.587 +0.009 ' S
JL439 Feeder zone Pegmatite segregation in Px—Hbl gabbronorite Cordon Olguin 12.593 + 0.009 ' S
JL383 Mafic sill complex Lower hornblende gabbro Valle del Frances 12.472 £ 0.009 ' S
JL385 Mafic sill complex Diorite sill Valle del Frances 12.453 +0.010 ' S
JL160 Mafic sill complex Upper hornblende gabbro Valle del Frances 12.434 + 0.009 ' S
JL165 Mafic sill complex Layered diorite Valle del Frances 12.431 £ 0.006 S
JM-05-77 Granite laccolith Granite | Valle Ascencio 1258 £0.02 "2 LA
JM-05-80 Granite laccolith Granite | Valle Bader 12.58 + 0.01 "2 LA
JM-04-66 Granite laccolith Granite 11 Valle del Frances 12.49£0.02"2 LA
Other intrusions and dikes—Torres del Paine region
11-TPM-94 ca. 12 Ma monzonite (small exposure) Monzonite Valle Bader 124+0.2° LA
11-TPM-32A Bimodal dikes Microgranite + basaltic andesite SW flank Mt. Almirante 128+0.2° LA
11-TPM-85 Bimodal dikes Microgranite SW flank Mt. Almirante 12.3+0.2°3 LA
13-OLV-1 Calc-alkaline intrusions (Olvidado complex) Monzogranite Valle Olvidado 157+043 LA
13-TP2-1 Calc-alkaline intrusions Granodiorite Paso John Gardner 15.9+0.4°3 LA
PP-36 Calc-alkaline intrusions Granitic pegmatite, intermingled diorite SSE flank Punta Bariloche 16.4+0.2°3 LA
07-JL-204 Calc-alkaline intrusions Gabbro SSE flank Punta Bariloche 165+0.2° LA
09-PR-06 Calc-alkaline intrusions Granite W ridge Cumbre Central 16.1£0.2° LA
11-TPM-61A Calc-alkaline intrusions Diorite Valle Ascencio 16.2+0.2° LA
11-TPM-73A Amarga alkaline gabbro Monzogabbro Laguna Amarga ca.29-30Ma® LA
Chaltén plutonic complex
FR-08-65 Laguna de los Tres mafic group Gabbronorite Laguna de los Tres 16.83 + 0.04 4 S
FR-08-51 Laguna Sucia mafic group Gabbronorite Laguna Sucia 16.78 +0.10 4 S
FR-07-03 Laguna Sucia group Tonalite Laguna Sucia 16.70 + 0.06 * S
FR-07-31 Fitz Roy group Granodiorite Piedra del Fraile 16.58 + 0.02 * S
FR-08-141 Fitz Roy group Banded granite Piedra del Fraile 16.58 + 0.03 * S

Notes: Ages from 'Leuthold et al. (2012), 2Michel et al. (2008), *Muntener et al. (2018), and “Ramirez de Arellano et al. (2012). For detailed sample descriptions the reader
is also directed to these references. More detailed descriptions of sampling locations for the other intrusions and dikes in the Torres del Paine region are given in Section
DR1. “Hf” indicates the method used to determine Hf isotope composition: Solution (S) or laser ablation (LA) multicollector inductively coupled plasma mass spectrometry.

Analyses were normalized to the average
value measured in each session for JIMC-475
40 ppb Hf solution standard (analyzed every
4-7 analyses), relative to the reference value
of 0.282160 (Nowell et al., 1998). This correc-
tion was always <0.35 g,-units (Fig. DR1"). The
internal precision of most analyses was signifi-
cantly better than the external reproducibility of
JMC-475 solution measurements in the same
session. The errors on analyses were therefore
forced to equal the reproducibility of IMC-475
analyses in the same session at the two standard
deviation (2 S.D.) level, except for analyses that
had internal errors larger than this. For calcu-
lation of weighted means, 26 errors on each
analysis were forced to 0.7 €y-units, which is
the 2 S.D. external reproducibility of nine analy-
ses of IMC-475 doped with Yb measured in one
session. The external reproducibility of this
Yb-doped IMC-475 is significantly worse than
that of Yb-free IMC-475 (0.3 €y-units 2 S.D.;
Fig. DR1) but is a more realistic estimate of the
reproducibility that can be expected for our Yb-
bearing zircon solutions.

!GSA Data Repository item 2018281, Sections
DR1-DR3 (additional descriptions of samples,
methodology, and the potential sources of the crustal
component identified in magmatic rocks analysed in
this study); Figures DR1-DR13; and Tables DR1-
DR4, is available at http://www.geosociety.org
/datarepository/2018 or by request to editing@
geosociety.org.

4.2. Laser Ablation MC-ICPMS
Instrumental

In situ Hf isotope measurements were per-
formed on epoxy mounts prepared by Miin-
tener et al. (2018), except for samples JL-204
and three samples previously dated by TIMS
(IM-04-66, IM-05-77, and JM-05-80), for
which new zircons were handpicked from ex-
isting mineral separates (Michel et al., 2008;
Miintener et al., 2018). These zircons were
mounted in epoxy, polished to expose their mid-
sections, and imaged in transmitted light on a
petrographic microscope and in cathodolumi-
nescence (CL) on a CamScan MV2300 scan-
ning electron microscope at the University of
Lausanne, Switzerland, with 10 kV accelerating
voltage, probe current of ~0.7 nA, and a work-
ing distance of ~45 mm. All Hf isotope analyses
were guided by CL images (Fig. 4); wherever
these suggested more than one generation of
zircon growth all possible types of zones were
targeted.

In situ Hf isotope analysis by laser ablation
MC-ICPMS employed the same Neptune Plus
at UNIGE, but coupled to a Photon Machines
“Analyte G2 193 nm laser ablation system con-
nected to a HelEx II two-volume cell. Helium
is introduced directly into the cell, with addi-
tion of a small flow of nitrogen to the sample
gas upstream of the cell (Durrant, 1994; Eggins
et al., 1998). Nine masses were measured in
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static mode: "'Yb, '*Yb, ("*Yb+7#Hf), Lu,
("SHf+76Yb+Lu), ""Hf, "SHF, "Hf, and ®'Ta.
Analyses were conducted with a circular laser
spot of 30 or 50 um diameter, a repetition rate of
5 Hz, and 100% energy (corresponding to 6.05
J/cm?). Analytical blanks were measured after
every ~10 analyses by collecting data without
ablating. No systematic drift in blank values
was observed in any session. Average intensi-
ties from the nearest blank measurement were
subtracted from measured intensities for each
isotope in sample analyses. Measured blanks
ranged from —0.00003 V to 0.00006 V on 7*Hf
across all laser ablation sessions. Signals on
Hf during sample analyses ranged from 1 to
9 V. Further details of analytical protocol gen-
erally followed Ewing et al. (2011) and are de-
scribed in online appendix Section DR2 (see
footnote 1).

The instrument was tuned for sensitivity and
peak shape on NIST-610 synthetic glass. The
Mudtank natural zircon standard (low Yb) and
the MUN-4 high-Yb synthetic zircon of Fisher
et al. (2011) were used to tune the instrument
for accuracy across a wide range of rare earth
element (REE) concentrations, ensuring that
the two standards were close to their nomi-
nal values, and offset from them by a similar
amount. The gas flows in the cell (two He flows
and N,) proved particularly critical in this re-
spect. A series of natural and synthetic zircons
with a wide range of Yb/Hf were analyzed reg-


http://www.geosociety.org/datarepository/2018
http://www.geosociety.org/datarepository/2018
mailto:editing%40geosociety.org?subject=
mailto:editing%40geosociety.org?subject=
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A Mafic units _

Torres del Paine intrusive complex

B Granites

§
g 271038

Alkaline gabbro

D Mafic

Figure 4. Representative cathodoluminescence images of zircon for the main groups of magmatic rocks studied in southern
Patagonia. Zircons from evolved lithologies typically show oscillatory zoning, whereas zircons from more mafic lithologies are
characterized by paneled or sector zoning. Scale bar is 50 pum in all images. White circles show LA-MC-ICPMS spots, with the
measured &g, indicated. Although no mafic Torres del Paine intrusive complex units were analyzed in situ, a representative
zircon from these units is shown for comparison. The pictured zircons are from samples (A) JL385, (B) JM-05-77, (C) TPM-73,
(D) 11-TPM-61A, (E) 13-TP2-1, and (F) 09-PR-06.

ularly throughout each session. Natural zircon
standards Mudtank, PleSovice, Temora-2, and
in some sessions GJ-1 were used as primary
standards. Sample analyses were normalized to
the average offset of all natural standards from
their nominal values (Morel et al., 2008; Slama
et al., 2008; Woodhead and Hergt, 2005). This
correction was always <1.5 gy-units, with re-

producibility (2 S.D.) of all standards of 1.1
€y-units or better in all sessions (Table DR3;
see footnote 1). The relative error (2 S.D.) of
all natural standard analyses was propagated in
quadrature onto the analytical errors of each un-
known analysis. Synthetic zircons doped with
REE were monitored as secondary standards
(see below).
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4.3. Mass Bias Correction (Solution
and Laser Ablation)

For both solution and laser ablation analyses,
mass bias was corrected using an exponential
law (Russell et al., 1978). Mass bias coefficients
were measured for both Hf (relative to "Hf/"""Hf
of 0.7325; Patchett and Tatsumoto, 1981) and Yb



(following Woodhead et al., 2004). The Yb mass
bias coefficient By, calculated from *Yb/'>Yb
for solution and Yb/"'Yb for laser ablation,
was also used to correct mass bias for Lu, which
has only one interference-free isotope. An exter-
nal Yb mass bias correction (after Ewing et al.,
2011) was used for low-Yb zircons in solution
and some laser ablation sessions (Yb-free IMC-
475, MUN-0, Mudtank, and some low-Yb sam-
ple solutions; Tables DR1, DR3 and DR4; see
footnote 1). For synthetic zircon with very high
and zoned Yb contents (MUN-4) in two ses-
sions, Py, was calculated for each cycle of data
acquisition (~1 s) rather than calculating a By,
from the average *Yb/'"'YDb across the whole
analysis (following Fisher et al., 2014; Wood-
head et al., 2004), as this significantly improved
"SHf/"""Hf precision. In all other cases an aver-
age Py, (after lizuka and Hirata, 2005) gave su-
perior precision and was employed. *Hf/""Hf,
which has no isobaric interferences, was moni-
tored to check the effectiveness of the mass bias
correction. No relationship is observed between
the ratio of interest (7°Hf/'"’Hf) and "*Hf/"7"Hf
for either solution or laser ablation analyses
(Figs. DRS and DR7; see footnote 1), confirm-
ing the accuracy of the mass bias correction.

Ewing et al.

4.4. Isobaric Interference Correction and
Choice of Yb Isotope Ratios

The correction for isobaric interference
from Yb is the biggest challenge for accurate
measurement of Hf isotope ratios (e.g., Fisher
et al., 2014). As such, the choice of stable Yb
isotope ratios used to strip this interference
is critical. A range of values exists for these
ratios in the literature (e.g., Amelin and Davis,
2005; Chu et al., 2002; Segal et al., 2003;
Thirlwall and Anczkiewicz, 2004), with no
consensus on which are the most appropriate.
It was recently argued that the true values of
stable Yb isotope ratios may be less important
than finding the appropriate values to give ac-
curate interference corrections for a given in-
strument and/or technique (Fisher et al., 2011;
Kemp et al., 2009).

We tested the effect of different Yb ratios
on solution and laser ablation data (Fig. 5). In
agreement with Fisher et al. (2011), we find
that our MC-ICPMS required the use of differ-
ent Yb isotope ratios for solution and laser ab-
lation modes to obtain accurate interference-
corrected '"Hf/""Hf. We corrected analyses
for isobaric interferences on *Hf using the Yb

10 4
A Solution: Yb-doped JMC-475
(3 sessions)
8 D
@0
6 - e\’a\ @

AN

% Figure 5. Effect of the choice
of stable Yb isotope ratios on
the accuracy of Hf/"Hf of
standards. For clarity, not all
Yb ratios tested were plotted
o here. Symbol color indicates
the published Yb isotope ratios
used to process data: Thirlwall
and Anczkiewicz (2004; black),

Offset from nominal (egp—units)
N
1

A Thirlwall & Anczkiewicz (2004) f

Chu et al. (2002; gray), and
Vervoort et al. (2004; white).

T T T
0.1 0.2 0.3 0.4
Approx.!3Yb/ T HE

0'5 (A) JMC-475 solution doped
' with variable amounts of Yb
and analyzed in three sessions,

Chu et al. (2002)
| | |

B Laser ablation: zircon standards

normalized to undoped JMC-
475. Squares are session 3 of
this study (Table DR1; see
footnote 1); diamonds and tri-
l angles are two sessions not pre-

5 O Mudtank +
- /A Plesovice Thi
O GJ-1 Mwalj & A
& Temora-2

Offset from nominal (ggr—units)

sented here. (B) Primary zircon
standards analyzed in a single
preliminary LA-MC-ICPMS
session (data available on re-
quest). Laser data have not been
normalized to a standard; black
line indicates the average offset
of standards used to normalize

T T
0 0.05

Approx. Byb/"Hf

nczkiewicZ (2004)
T

0.1 unknowns in this session.
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and Lu ratios of Thirlwall and Anczkiewicz
(2004; TIMS YDb values) for solution mode,
and of Chu et al. (2002) for laser ablation.
Using these ratios, standards with a wide range
of Yb/Hf gave ""SHf/'7"Hf within error of their
nominal values, and there is no relationship
between '"*Hf/'77Hf and Yb/Hf for analyses of
any samples or standards across the large range
of Yb/Hf they cover (Fig. 5; Figs. DR2, DR3,
DR4, and DR6; see footnote 1), demonstrat-
ing that isobaric interferences from Yb and Lu
have been accurately corrected (e.g., Fisher
et al., 2014). In contrast, use of the Thirlwall
and Anczkiewicz (2004) Yb ratios for laser
ablation or the Chu et al. (2002) ratios for so-
lution produced a dramatic systematic correla-
tion of "Hf/"7Hf with Yb/Hf, with measured
values differing by up to 9 gy-units from the
nominal value (Figs. 5A, 5B). These data de-
cisively demonstrate that the same Yb ratios
cannot be used for the two sampling modes on
our instrument.

The accuracy of the Yb interference cor-
rection was confirmed by analysis of three
aliquots of JMC-475 40 ppb Hf solution
doped with varying volumes of 50 ppb Yb
solution analyzed in triplicate in one solu-
tion session; and regular analysis of synthetic
zircons doped with varying degrees of REE
including Yb and Lu (supplied by Fisher
et al., 2011) as secondary standards in all la-
ser ablation sessions. The Yb-doped JIMC-475
had "Yb/Hf of 0.13-0.15 (cf 0.04-0.20
for zircons from the samples), and showed
no systematic difference in "Hf/"’Hf from
Yb-free JMC-475. Previously, accurate solu-
tion Hf isotope measurements on our instru-
ment were reported for natural zircon stan-
dards Temora and PleSovice processed only
through U-Pb column chemistry (D’Abzac
et al., 2016). The accuracy of these results
for zircon standards confirms that reliable
measurement of the Hf isotope composition
of zircon is possible without complete matrix
removal (D’ Abzac et al., 2016). The synthetic
zircons analyzed by LA-MC-ICPMS included
MUNZirc 4 (Fisher et al., 2011; here referred
to as “MUN-4"), which has much higher REE
contents than almost all sample zircons ana-
lyzed. Any analyses of sample zircons with
Yb/Hf higher than MUN-4 were discarded, as
were analyses of sample zircons with Yb/Hf
comparable to MUN-4 in one two-day ses-
sion in which this standard only gave inac-
curate values. Excluding MUN-4 analyses
from this session, the average "Hf/'""Hf in
each session for analyses of synthetic zircons
across all REE contents was within error of
the nominal value of 0.282135 (Fisher et al.,
2011; Table DR4; see footnote 1).
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4.5. Calculation of Initial &y,

Initial €y (€yy) Was calculated using the
chondritic uniform reservoir (CHUR) param-
eters of Bouvier et al. (2008) and the A, of
Soderlund et al. (2004). For solution analyses,
€yt Was calculated using the TIMS U-Pb age
for the same single-zircon solution, taken from
Leuthold et al. (2012) or Ramirez de Arellano
et al. (2012). Sample €, was calculated by
taking the weighted mean of &, calculated in
this way for single zircons. For LA-MC-ICPMS
analyses, not all analyses were on a domain
previously dated by U-Pb, and the sample age
(Miintener et al., 2018; Michel et al., 2008, re-
calculated by Leuthold et al., 2012) was used to
calculate €y, of each single-spot analysis. The
calculated &y, is insensitive to the precise age
used, and changes by <0.1 even for differences
in age up to £5 Ma.

5. RESULTS
5.1. Solution MC-ICPMS

Zircons from six samples from the TPIC and
five samples from the Chaltén plutonic com-
plex were analyzed by solution MC-ICPMS.
Data for single zircons are plotted in Figure 6
and Figure DRS, and given in Table DR1 (see
footnote 1).

Figure 6. Initial &, measured

TPIC feeder zone (ca. 12.6 Ma)

Four zircons from JL438 gave a weighted
mean "*Hf/'Hf of 0.28282 + 0.00004, cor-
responding to an &y, of 1.4 + 1.4 (95% con-
fidence). Five zircons from JL439 gave an
indistinguishable weighted mean "°Hf/""Hf
of 0.28284 + 0.00002 with g, of 2.2 = 0.7
(Fig. 6).

TPIC mafic sill complex (ca. 12.45 Ma)

All four mafic sill complex samples have
weighted mean '"Hf/'7Hf and &, that are
identical within error, but distinctly higher
(more radiogenic) than the feeder zone
samples (Fig. 6). Three zircons from JL160
gave a weighted mean "Hf/""Hf of 0.28288
+ 0.00001 and gy, of 3.5 = 0.4. Of five zir-
con solutions from JL165, one was excluded
for having significantly higher Yb/Hf and
strongly offset 7*Hf/'""Hf from other analyses
of the same sample (Fig. DR4A; Table DR1).
This raised "Hf/""Hf may reflect an inter-
ference from a REE-oxide that only affects
high-REE zircons. The remaining four anal-
yses gave a weighted mean "SHf/'Hf of
0.28292 + 0.00002 and an g, of 5.1 = 0.7.
Three zircons from JL383 gave a weighted
mean Hf/'7Hf of 0.28289 + 0.00001 and
an gy, of 4.1 = 0.4. Six zircons from JL385
gave a weighted mean "SHf/""Hf of 0.28293
+ 0.00002 and an &y, of 5.2 £ 0.8.

Chaltén plutonic complex (ca. 16 Ma)

Three zircons from the gabbronorite FR-08-
51 gave a weighted mean "Hf/"Hf of 0.28283
+ 0.00003 and &y, of 1.8 + 0.4 (Fig. 6). Three
zircons from gabbronorite FR-08-65 gave a
weighted mean that is not significantly different
with "°Hf/""Hf of 0.28280 + 0.00001 and &,
of 0.9 £ 0.4. Three zircons from granodiorite
FR-07-31 gave an indistinguishable weighted
mean "Hf/""Hf of 0.28281 + 0.00004 and an
€uiy of 1.2 = 1.4. For the tonalite FR-07-03,
two of four analyzed zircons had high Lu/Hf
and Yb/Hf (Table DR1) and gave much higher
H{/'""Hf, well outside of error, than the other
two zircons from this sample. These outlier
SHf/'""Hf values show a strong correlation
with "Lu/"77Hf and "Yb/""Hf (Fig. DR4B).
They are attributed to either inadequate correc-
tion of isobaric Yb and Lu interferences at high
REE/Hf, or the appearance of GdO interfer-
ences at these higher values of REE/Hf; these
two analyses are excluded. The remaining two
zircons from FR-07-03 gave a weighted mean
indistinguishable from the other samples with
"CHf/""Hf of 0.28282 + 0.00001 (26) and &,
of 1.4 + 0.5 (26). Quoted errors are 26 internal
for this sample only, as with only two analyses
the 95% confidence errors calculated by Isoplot
(which incorporates a ¢ factor for small popu-
lations) became unreasonably large. The granite
FR-08-141 has a resolvably less radiogenic Hf

for single zircons from eleven
samples by solution multi-
collector—inductively coupled
plasma-mass spectrometer,
plotted against published age for
the same zircon from Leuthold 44
et al. (2012) or Ramirez de Arel-
lano et al. (2012). Note that the

to DM
—
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1

%
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Mafic sill complex %

Torres del Paine

A 7 6

Chaltén plutonic complex

Mafic sill
complex

@ JL160
W JL165
< JL383
A JL385

Feeder zone

Torres del Paine intrusive complex

errors plotted here are prob- :35 24 E 24 TT':F‘%_ WV JL438
ably underestimated, as the _v_ —v’- 3 @ JL439
propagated session reproduc- A 2 o+ w—

ibility is for a Yb-free solution; 0 Feeder zone 0 Chaltén plutonic
a more realistic reproducibility complex

for our Yb-bearing zircons is Banded ¢ @ FR-07-03
~0.7 gy-units (see Section 4.1). -2 24 granite '<§> O FR-07-31
Any apparent intra-sample Ic) < FR-08-141
variability is therefore not in- é 124 125 126 160 162 164 166 168 A\ FR-08-51
terpreted as significant. Sam- 206pp,2381 5 age (Ma) 206py, /23817 age (Ma) W FR-08-65

ples analyzed from the mafic

sill complex were diorites and hornblende gabbros; from the feeder zone, pegmatitic segregations in gabbronorite; and from the Chaltén
complex, lithologies ranging from gabbronorite to granite (Table 1). Black arrows on left indicate the direction of increasingly crustal Hf iso-
tope compositions and of the depleted mantle (DM), respectively. Note that plots for the Torres del Paine intrusive complex (TPIC) (left) and
Chaltén plutonic complex (right) have the same scale on their y-axes (but different scales for their x-axes). Gray box highlights the consistent
Hf isotope composition from the ca. 17 Ma Chaltén plutonic complex to the ca. 12.5 Ma TPIC. "Hf/"""Hf of single zircon solution analyses is

plotted in Figure DRS (see footnote 1).
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isotope composition than the four other Chaltén
plutonic complex samples, with weighted mean
SHf/""Hf of 0.28273 + 0.00003 and &, of
-1.6 + 1.1 (Fig. 6).

5.2. Laser Ablation MC-ICPMS

Zircons from thirteen samples (TPIC granites
and small intrusions and dikes in the Torres del
Paine area) were analyzed by LA-MC-ICPMS
(Fig. 7; Table 2; Table DR2; see footnote 1). Zir-
cons are simple in CL, and almost never show
evidence for multiple domains indicating more
than one generation of growth (Fig. 4). Discor-
dant central domains suggestive of inherited
cores were observed only in one or two grains
from a few samples (Fig. 4F).

From a total of 161 analyses in six LA-MC-
ICPMS sessions, six analyses that were ex-
tremely short or sampled inclusions visible in
post-analysis inspection gave no part with reli-
able "*Hf/"""Hf and were discarded a priori (not
plotted). Other analyses that were excluded are
identified in gray in Figure 7 and Table DR2,
due to: unsuccessful correction of mass bias
identified by anomalous 'Hf/'"Hf, Yb/""Hf
above that of the highest-Yb standard that was
accurate in the same session, either rapidly drill-
ing through the zircon or dramatic zoning in Yb,
Hf, or Ta contents, if these were associated with
outlier Hf/""Hf. Note that “outlier” analy-
ses were not excluded only for being outliers,
without independent evidence indicating that
they may be analytically compromised. Most
of the samples have weighted mean &, with
mean square of weighted deviates (MSWDs) in
the range of ~1 to 2 (Table 2) indicating that ac-
ceptable analyses of zircons from each sample
define a single, homogeneous population.

ca. 30 Ma Alkaline Gabbro

11-TPM-73A was analytically challeng-
ing because its zircons have extremely high
REE contents. They have Gd/Hf up to 15 times
higher than zircons from other samples (Man-
zini, 2012), and up to six times higher than that
of MUN-4 (data of Fisher et al., 2011). This
sample was analyzed in two sessions. In the
first, the Yb interference was not successfully
corrected at high "*Yb/'""Hf (20.2; Fig. DR3;
see footnote 1). All analyses with *Yb/'"’Hf
20.2 from this session were excluded, leav-
ing only two analyses of 11-TPM-73A. In the
second session, three analyses of 11-TPM-73A
were excluded because they had significantly
higher *Yb/"77Hf than the highest-Yb standard
(MUN-4) and higher "Hf/"""Hf than the rest of
the population. Five other analyses with outlier
high "°Hf/"""Hf attributed to a Gd-oxide interfer-
ence were excluded. Gd is the principal source

Ewing et al.

of isobaric interferences from REE oxides,
including on our instrument (D’Abzac et al.,
2016), owing to its relatively high oxide produc-
tion rate (Payne et al., 2013). There is a general
trend of higher Hf/'""Hf at higher Gd/Hf for
11-TPM-73A zircons for which trace element
data exist (data of Manzini, 2012). Pooling the
seven acceptable analyses of 11-TPM-73A from
two sessions, which are indistinguishable, gives
SHf/'""HS of 0.282921 + 0.000039 and an &y,
of 5.4 + 1.4 for its age of ca. 30 Ma.

ca. 16 Ma Calc-Alkaline Intrusions

The ca. 16 Ma calc-alkaline intrusions all have
similar €y, clustered in the range of —1 to +2,
but scattered slightly outside of error (Fig. 8).
A granodiorite from the Olvidado complex
(13-OLV-1; Fig. 2A) has the most radiogenic
SHf/""HS at 0.282836 + 0.000010, correspond-
ing to an &y, of 2.2 + 0.4 (Figs. 7 and 8). Not in-
cluded in this population was one inherited core,
visible in CL and dated to >2700 Ma (Miintener
et al., 2018), which gave a dramatically lower
€uius ma Of —07 £ 1 for the first part of the analy-
SiS (€uror00 Mo Of -9 = 1; Fig. 7; Table DR2;
Fig. DRY; see footnote 1). The second part of
this analysis drilled through the core domain
and into the underlying rim, and gave €y ) Of
2.2 + 1.7 (Fig. DR9), which was included in the
main population.

Gabbro 11-TPM-61A has "“Hf/'"Hf of
0.282817 + 0.000009 and &, of 1.5 £ 0.3. The
13-TP2-1 granodiorite has "*Hf/"”’Hf within er-
ror at 0.282798 + 0.000013, and an &, of 0.8
+ 0.4. Granitic pegmatite PP-36 has indistin-
guishable "*Hf/""Hf of 0.282786 + 0.000010
and &y, of 0.4 + 0.3 (Fig. 8). Two analyses of
core domains from granite 09-PR-06 gave dis-
tinctly 1ow €6 Of 33 £ 1 and -8 + 1 (Fig. 7;
Table DR2), and were excluded from the mag-
matic population. These cores are interpreted as
inherited based on, respectively, a concordant
age of 565 + 5 Ma (Miintener et al., 2018), and
clearly discordant and partially resorbed char-
acter in CL (Fig. 4F). ""Hf/'""Hf of the 09-PR-
06 magmatic population was determined from
seven analyses as 0.282770 + 0.000011, giving
an gy, of —0.2 x 0.4. This weighted mean ex-
cluded three analyses with excess scatter attrib-
uted to transient instrumental instability, noting
that their exclusion makes a negligible differ-
ence (0.2 gy-units) to the calculated weighted
mean "Hf/"7Hf. The granodiorite JL204 has
the lowest "Hf/""Hf of 0.282759 + 0.000008,
and &y, of —0.6 % 0.3 (Figs. 7 and 8).

TPIC Granites (12.5-12.6 Ma)

A sample of Granite III, JM-04-66, gave
SHf/""Hf of 0.282793 + 0.000009 and &y
of 0.6 + 0.3 (Fig. 7), lower than the main range

Geological Society of America Bulletin

ewing-B31983.1 1stpages / 10 of 22

recorded by zircons from mafic feeder zone
samples (Fig. 8). Two samples from Granite I,
JM-05-80 and JM-05-77, gave indistinguish-
able "Hf/'"'Hf of 0.282841 + 0.000015 and
0.282839 + 0.000013. These samples have €,
of 2.3 £ 0.5 and 2.2 * 0.5, respectively (Fig. 7),
indistinguishable from the two mafic samples
from the feeder zone (Fig. 8).

ca. 12 Ma Dikes and Small Intrusions

The ca. 12 Ma dikes and small intrusion ex-
ternal to the TPIC all have indistinguishable
€yp) (Fig. 8). 11-TPM-32A gave "SHf/'""Hf
of 0.282845 + 0.000016 and &, of 2.4 + 0.6
(Fig. 7). 11-TPM-85 gave ""*Hf/'""Hf of
0.282851 + 0.000014 and &y, of 2.6 £ 0.5.
11-TPM-94 gave a weighted mean ""Hf/"""Hf
of 0.282861 + 0.000016 and &y, of 3.0 £ 0.6
(Fig. 7).

6. DISCUSSION

6.1. Relationship between Granitic
and Mafic Units of the TPIC

The two TPIC granite units analyzed (Gran-
ites I and III) have distinct Hf isotope compo-
sitions, and Granite III shows a slightly more
crustal signature (Fig. 8). Published whole rock
Nd isotope data for the TPIC show the same
trend, although the two granite units are indis-
tinguishable in terms of whole rock Sr isotopes
(Leuthold et al., 2013).

Both granite units have €, that falls within
the range of the feeder zone, and is distinctly
lower than any sample from the mafic sill com-
plex (Fig. 8). Although Granite I crops out only
above the mafic sill complex and is not observed
in the feeder zone, Leuthold et al. (2013) con-
cluded that mafic rocks from the feeder zone (or
their equivalents at depth) are the complemen-
tary cumulates to Granite I, based on their indis-
tinguishable U-Pb ages, as well as geochemical
and isotopic modeling and field observations.
This conclusion is unequivocally supported by
our Hf isotope results, given the indistinguish-
able &y, for all Granite I and feeder zone gab-
bronorite samples. Granite III outcrops in both
the feeder zone and the sill complex. It has a
U-Pb age intermediate between mafic units of
the feeder zone and sill complex, although it
overlaps in age with the oldest unit of the mafic
sill complex (Leuthold et al., 2012). However,
based on geochemical modeling, Leuthold et al.
(2013) argued that there is no genetic link be-
tween the mafic sill complex and Granite III.
Our Hf isotope data support this conclusion and
provide evidence that Granite III was also de-
rived from mafic cumulates related to the feeder
zone and not the sill complex.



ewing-B31983.1 1stpages / 11 of 22

Rapidly changing mantle sources in the south Patagonian retro-arc

11-TPM-32A

0.28292 —

0.28288 —

0.28284 —

176Hf/l 77Hf

0.28280 —

JM-04-66

£ 0.6+0.3

Hig)

11-TPM-61A

0.28287 —

0.28285 —

0.28282 —

176Hf/177Hf

0.28280 —

0.28277 —

0.28283

0.28281 =

0.28279 —

]76Hf/l77Hf

0.28277 —

0.28275

11-TPM-73A

. €y =54£14

0.2832 —

176Hf/ 1 77Hf

0.2830 —

il

6.2. Isotopically Enriched South Patagonian
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Figure 7. "Hf/""Hf of single analyses measured by LA-MC-ICPMS (20 errors). Excluded
(excl.) analyses (see online Table DR2; see footnote 1) are shown in gray and analyses of
inherited domains in blue. Red horizontal lines plot the weighted mean. Weighted mean
€y IS given as text (95% confidence errors).

nature (Woodhead et al., 2012). Similarly, the
Hf isotopic composition of retro-arc magmatic
rocks in a continental arc may give insight into
the nature of the ambient mantle, as long as
they did not experience crustal assimilation.
The ca. 30 Ma Amarga alkaline gabbro has
OIB-like trace element chemistry, similar to
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alkaline plateau basalts erupted in the South
Patagonian retro-arc to the east (Espinoza et al.,
2005; Guivel et al., 2006; Miintener et al.,
2018) (Figs. 9 and 10). Its alkaline nature, OIB-
like trace element chemistry, and the absence
of the trace element enrichments (e.g., Th, Pb)
and depletions (e.g., Nb, Ti) that characterize
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TABLE 2. WEIGHTED AVERAGE "®HF/'”’HF AND g, OF SAMPLES FROM THE TORRES DEL PAINE AND CHALTEN REGIONS,
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Age Method Witd. av. + Witd. av. +
Sample Lithology (Ma) (Hf) TOHf/177HE (95% conf.)* ) (95% conf.)*  MSWD n
Torres del Paine intrusive complex
Mafic sill complex
JL160 Hornblende gabbro 12.434 + 0.0009 ' Solution 0.28288 0.00001 3.5 0.4 1.0 3/3
JL165 Layered diorite 12.431 + 0.0006 ' Solution 0.28292 0.00002 5.1 0.7 15 4/5
JL383 Hornblende gabbro 12.472 + 0.0009 ' Solution 0.28289 0.00001 41 0.4 0.8 3/3
JL385 Diorite sill 12.453 +0.01" Solution 0.28293 0.00002 5.2 0.8 4.8 6/6
Feeder zone
JL438 Gabbronorite® 12.587 + 0.009 ' Solution 0.28282 0.00004 1.4 14 6.2 4/4
JL439 Gabbronorite 12.593 + 0.009 ' Solution 0.28284 0.00002 22 0.7 25 5/5
Granites
JM-04-66 Granite 12.49 +0.012 Laser 0.282793 0.000009 0.6 0.3 1.3 11/15
JM-05-80 Granite 12.58 £ 0.012 Laser 0.282841 0.000015 2.3 0.5 2.6 9/9
JM-05-77 Granite 12.58 +0.012 Laser 0.282839 0.000013 2.2 0.5 1.4 717
ca. 12 Ma dikes and small intrusions (Torres del Paine region)
11-TPM-85 Microgranitic dike 12.3+0.2° Laser 0.282851 0.000014 2.6 0.5 1.2 9/10
11-TPM-94 Monzonite intrusive 124 +0.2° Laser 0.282861 0.000016 3.0 0.6 4.1 10/10
11-TPM-32A Bimodal dike 128+0.2° Laser 0.282845 0.000016 2.4 0.6 1.3 8/9
ca. 16 Ma calc-alkaline intrusions (Torres del Paine region)
13-OLV-1 Monzogranite 15.7+0.4°3 Laser 0.282836 0.000010 2.2 0.4 0.2 12/15
13-TP2-1 Granodiorite 15.9+04° Laser 0.282798 0.000013 0.8 0.4 1.2 12/12
09-PR-06 Granite 16.1+0.2° Laser 0.282770 0.000011 -0.2 0.4 1.7 712
11-TPM-61A Diorite 16.2+0.2° Laser 0.282817 0.000009 1.5 0.3 1.8 13/13
PP-36 Granite 164 +0.2° Laser 0.282786 0.000008 0.4 0.3 0.7 9/9
JL-204 Diorite 16.5+0.2° Laser 0.282759 0.000008 -0.6 0.3 1.2 12/12
Chaltén plutonic complex
FR-08-65 Gabbronorite 16.83 £ 0.04 * Solution 0.28280 0.00001 0.9 0.4 1.1 3/3
FR-08-51 Gabbronorite 16.78 £ 0.10 * Solution 0.28283 0.00003 1.8 0.4 1.2 3/3
FR-07-03 Tonalite 16.70 £ 0.06 * Solution 0.28282 0.00001* 1.4 0.5* 2.1 2/4
FR-07-31 Granodiorite 16.58 + 0.02 * Solution 0.28281 0.00004 1.2 1.4 2.6 3/3
FR-08-141 Banded granite 16.58 + 0.03 * Solution 0.28273 0.00003 -1.6 1.1 1.5 3/3
ca. 30 Ma alkaline gabbro (Torres del Paine region)
11-TPM-73A Alkaline gabbro ca.30 Ma? Laser 0.282921 0.000039 5.4 1.4 6.8 7/23

Notes: “Method (Hf)” indicates whether Hf isotopes were measured by solution or laser ablation multicollector inductively coupled plasma mass spectrometry
(MC-ICPMS). The U-Pb age calculated for each sample by 'Leuthold et al. (2012), 2Michel et al. (2008; recalculated by Leuthold et al. [2012]), *Mintener et al. (2018),
or “Ramirez de Arellano et al. (2012) is given in gray for reference. For laser ablation analyses, the sample age was used to calculate &, of individual zircons, while for
solution analyses, the U-Pb age of the same individual zircon solution (see Leuthold et al., 2012; Ramirez de Arellano et al., 2012) was used for g, calculation. The
uncertainty on solution analyses was forced to 0.7 &~ units for calculation of weighted means (see text for discussion). Wtd. av.—weighted average; MSWD—mean square
of weighted deviates; n—number of analyses used in calculation of weighted mean, as a fraction of the total (including rejected analyses and inherited domains).

APegmatitic segregations.

*Errors are 95% confidence (conf.) and incorporate tc and a propagated error for any scatter outside analytical errors, except for FR-07-03 for which 2c internal errors are
given. With only two analyses, 95% (conf.) errors calculated for this sample were unreasonably large.

the subduction component (Fig. 10) record low-
degree partial melting of retro-arc mantle that
had not been fluxed by recent subduction. This
petrogenesis is consistent with the fact that the
Amarga gabbro was emplaced >60 km inboard
of the Patagonian batholith, and well prior to
the eastwards migration of arc magmatism
at ca. 20-16 Ma (Ramirez de Arellano et al.,
2012). The &y, of +5.4 = 1.4 of the Amarga
gabbro (Fig. 8; Table 2) therefore represents
the “background” Hf isotope composition of
the South Patagonian mantle wedge, before it
was modified by any modern subduction com-
ponents. The background €,; of +5.4 + 1.4
is significantly lower than the €y of global
modern-day depleted mantle (+14 to +18; Ver-
voort et al., 1999). This low €, implies that the
unfluxed retro-arc mantle in Patagonia is not
pristine depleted mantle, consistent with the
continental setting of the arc and evidence from
mantle xenoliths for pervasive metasomatism

of the Patagonian back-arc mantle by enriched
melts (Rivalenti et al., 2004). The enriched Hf
isotope signature has to be inherent to the local
sub-continental mantle, and must be an inher-
ited feature (i.e., not related to the contempo-
raneous subduction), given that the OIB-like
trace element chemistry and gabbroic compo-
sition of the Amarga gabbro (Miintener et al.,
2018; Fig. 9) do not permit any significant con-
tribution from either modern subduction com-
ponents or assimilated continental crust.

6.3. Regional Evolution of the Hf Isotope
Composition of Magmatism

A coherent region-wide evolution of &g is
observed, with three distinct phases. The earli-
est is recorded by the ca. 30 Ma alkaline gab-
bro, which has &, of +5.4 + 1.4 (Fig. 8) and
defines the unfluxed retro-arc mantle prior to
inboard migration of arc magmatism. The next
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phase records distinctly less juvenile Hf isotope
compositions, and remarkably consistent €,
that falls in a narrow band between —1 and +3
from ca. 17-12.5 Ma (Fig. 8). The only notable
exception is the Fitzroy banded granite from the
Chaltén plutonic complex, which has lower €,
of —1.6 = 1.1 (Figs. 6 and 8; Table 2). This lower
€41, 18 attributed to assimilation of continental
crust having affected the Hf isotope systemat-
ics of this granitic magma only. This interpre-
tation is supported by published U-Pb data: of
the Chaltén plutonic complex samples we have
analyzed, the Fitzroy granite is the only one that
contained zircons with ages significantly older
than the magmatic age, which were interpreted
as xenocrytic cores acquired by crustal assimi-
lation (Ramirez de Arellano et al., 2012). The
period of consistent &g, ends abruptly, and a
sudden jump to more juvenile &g, of +3.5-5.5
is recorded by the younger ca. 12.45 Ma mafic
sill complex (Figs. 6 and 8). The Hf isotope
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composition of these samples is distinct from all
17-12.5 Ma intrusions, but similar to that of the
ca. 30 Ma alkaline gabbro.

Two bimodal dikes (11-TPM-32A, 11-TPM-
85) and one monzonite from outside the TPIC
(11-TPM-94) have ca. 12.5 Ma LA-ICPMS ages
that, due to their relatively low precision, are
within error of both the mafic sill complex and
the feeder zone (Miintener et al., 2018). Although
all bimodal dykes observed intersecting the TPIC
post-date Granite III, no field relations were ob-
served that directly constrain the relationship of
the analyzed samples with the main units (Sec-
tion DR1). The dikes and monzonite have Hf iso-
tope compositions that are intermediate between
the feeder zone and the mafic sill complex, albeit
within error of samples from both units. This re-

lationship hints at the possibility that the abrupt
shift to more juvenile &y, may occur as a con-
tinuous transition rather than a single jump. How-
ever, the ages of these minor intrusions are too
imprecise to constrain how they relate temporally
to the main units of the TPIC, and they have ages
that could fall on either side of the major shift
in Hf isotope composition observed within the
TPIC. Because of this uncertainty, these samples
will not be considered further in the regional Hf
isotope evolution. A critical observation is that
whether the shift in &g, occurred gradually or in
a single jump, it must have occurred on very short
timescales (<20 = 10 k.y.).

All of the analyzed zircon samples have
somewhat enriched Hf isotope compositions,
with €y, significantly lower than the modern

Geological Society of America Bulletin

Figure 8. Weighted mean &g,
of each sample, plotted against
sample U-Pb age from the lit-
erature (Leuthold et al., 2012;
Michel et al., 2008; Miintener
et al., 2018; Ramirez de Arel-
lano et al., 2012). This plot
compiles both solution (S) and
laser ablation (LA) results, as
indicated by gray text next to
symbols in the legend. (A) All
samples. Shaded columns dis-
tinguish alkaline, calc-alkaline,
and transitional alkaline whole
rock geochemistry, with the
range of La/Nb for each group
given as text. The timing of key
geodynamic events in the region
(after 'Cande and Leslie, 1986;
2Guivel et al., 2006; *Somoza,
1998) is indicated by gray bars
above the plot. (B) 12-17 Ma
samples, excluding for clarity
two dikes and one ca. 12 Ma
small intrusion that has an am-
biguous relationship to the Tor-
res del Paine intrusive complex
(TPIC) (see text). The shaded
box highlights a ca. 4.5 m.y. pe-
riod of remarkably stable €;;);
arrow emphasizes subsequent
evolution of Hf isotope signa-
tures. See Figure 6 for explana-
tion of crustal- and mantle-like
Hf isotope signatures.

depleted mantle. Magmas derived directly from
the isotopically enriched local subcontinen-
tal mantle (Section 6.2), with no addition of a
crustal component, would be expected to share
its enriched Hf isotope composition (g of +5.4
+ 1.4). However, 17-12.5 Ma magmas have re-
solvably lower &g, than this ambient mantle,
indicating that over this time period there was
input of an additional continental crustal com-
ponent to melts of the already inherently en-
riched local mantle. This additional crustal com-
ponent is absent from the ca. 12.45 Ma mafic
sill complex samples. In the following sections,
the origin of the additional crustal component
recorded from ca. 17 to 12.5 Ma, and the cause
of its rapid (<20 + 10 k.y.) disappearance by
ca. 12.45 Ma, will be explored.
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Figure 9. (A-C) Published whole rock geochemical data for the mafic Torres del Paine intrusive complex (TPIC) (Leuthold
et al., 2013) and calc-alkaline and alkaline intrusions from the Torres del Paine region (Miintener et al., 2018). Fields with
crosses delineate whole rock data for Torres del Paine granites (Michael, 1984). Gray fields show the range for the South Pata-
gonian batholith (Hervé et al., 2007). (A) Total alkali versus silica diagram. Alkaline-sub-alkaline boundary of Irvine and
Baragar (1971). The blue field highlights mafic rocks of the TPIC (both mafic sill complex and feeder zone) with Eu*/Eu <1.0,
thus excluding the most strongly cumulate samples. (B, C) La/Nb and Th/La plotted against Zr, used as a measure of degree of
differentiation. TPIC and alkaline intrusions show less subduction influence from slab components (as tracked by La/Nb) and
subducted continental crust and/or sediments (Th/La) than calc-alkaline intrusions and the batholith, at all degrees of differ-
entiation. (D) &y, of zircon versus whole rock Th/La for units analyzed for Hf isotopes; whole rock data for Chaltén plutonic
complex from Ramirez de Arellano et al. (2012). For four TPIC samples, whole rock data for the same sample analyzed were
not available. Either an equivalent sample collected from the same locality was used (mafic sill complex), or the average of all
analyses of the same lithology (feeder zone). TPIC granites are not plotted, as published whole rock data do not distinguish
which granite units samples came from. Note the lack of systematic relationship between &, and Th/La, and thus the sub-
ducted sediment contribution. g, vs La/Nb shows identical behavior (Fig. DR13; see footnote 1).
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6.4. Origin of the Increased Crustal
Contribution 17-12.5 Ma

There are several possible origins for the
additional crustal component identified in
17-12.5 Ma plutonic rocks. One possibility is
that their source magmas were extracted from
“background” subcontinental mantle, then as-
similated some continental crust on transport
through, storage in, or final emplacement in the

crust. An alternative possibility is that addition
of the crustal component occurred in the mantle
wedge itself, prior to mantle melting, and the
partial melts extracted from this recently re-
enriched mantle experienced little or no crustal
assimilation during their passage through the
continental crust. It is well established that
crustal Hf isotope signatures can be transferred
to arc magmas through the mantle wedge by
partial melting of subducted continental compo-
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nents, either sediments or eroded forearc conti-
nental crust (e.g., Nebel et al., 2011; Ranero and
von Huene, 2000; Straub et al., 2015).

The remarkable consistency of the Hf isotope
composition of 17-12.5 Ma intrusions argues
against any significant addition of a crustal Hf
component by assimilation of continental crust
into these separate magma chambers during
ascent or emplacement, except for the Fitz-
roy banded granite (Section 6.3). The period
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Figure 10. Multi-element plot of averaged whole rock geochemical
data for the Torres del Paine intrusive complex (TPIC) feeder zone
and mafic sill complex plutonic units (data from Leuthold et al.,
2013), and the ca. 16 Ma calc-alkaline and ca. 30 Ma alkaline in-
trusions in the Torres del Paine region (data from Miintener et al.,
2018). Concentrations are normalized to the primitive mantle values
of McDonough and Sun (1995). Gray dashed lines highlight some
elements that record a subduction component.

of stable €4, spans >4 m.y., and includes di-
verse intrusions: various 17-16 Ma calc-alka-
line intrusions in the Torres del Paine region,
the Chaltén plutonic complex ~200 km to the
north, mafic lithologies from the oldest part of
the TPIC (the feeder zone), and Granites I and
II from the TPIC. It would require a remark-
able degree of coincidence to achieve such a
homogenous Hf isotope composition on such
large temporal and spatial scales (17-12.5 Ma
and ~200 km) by crustal assimilation in numer-
ous separate magma chambers. This conclusion
is supported by the fact that the calc-alkaline in-
trusions from both Chaltén and Torres del Paine
regions range from gabbronorite to granite in
composition, but all intrusions have similar €,
from the most primitive to the most evolved lith-
ologies, and across a wide range in bulk rock
SiO, (Figs. DR10, DR11; see footnote 1). If as-
similation in the crust were the dominant source
of the crustal Hf component, more primitive
compositions would be expected to record less
crustal influence than more evolved composi-
tions, as the latter would have had more oppor-
tunity to ingest continental crust during fraction-
ation and the associated residence in the crust.
We note that although we can rule out as-
similation within the crust as the origin of the
crustal Hf component in 17-12.5 Ma magmas,
our data do not rule out any crustal assimilation
having occurred at all. Previous work showed
that TPIC magmas were not transported di-
rectly from mantle/lower crustal source reser-
voirs to be emplaced immediately into shallow
crustal levels. Rather, microtextural evidence

and thermobarometry of hornblende cores indi-
cate that some differentiation of TPIC magmas
occurred in middle crustal reservoirs prior to
their emplacement at shallow crustal levels
(Leuthold et al., 2014). There is also evidence
for a small amount of crustal assimilation af-
fecting some lithologies from the TPIC feeder
zone, in the form of rare marl and quartzite
xenoliths in gabbronorites, which also have
slightly more crustal whole rock Nd and Sr
isotope signatures (Leuthold et al., 2013). Al-
though our Hf isotope data show no evidence
for assimilation within the crust, instead di-
rectly recording the mantle source, they do not
contradict the previous evidence for residence
and fractionation of magmas in a middle crustal
chamber with a small degree of assimilation.
The long half-life of *Lu (ca. 54 Ga; Soder-
lund et al., 2004) means that extremely long
periods of time are required for crust to acquire
significantly less radiogenic €. Assimilation of
young crust, or lithologies poor in Hf-bearing
phases, is therefore not expected to change the
Hf isotope composition of magmas. The impor-
tant point for our study is that, whatever crustal
assimilation occurred, it cannot be the origin of
the remarkably consistent crustal contribution
seen in 17-12.5 Ma magmas, which instead
records addition of a significant subducted
continental crustal component to the mantle.
In this case, the Hf isotope system allows us to
“see through” any small amount of assimilation
within the crust, recording isotopic changes in
the original source composition during ongoing
extraction of melts from the mantle.
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The striking paucity of inherited zircon in
even the most evolved intrusions supports our
conclusion that crustal assimilation within
the crust was limited, and did not produce the
crustal Hf signature. Zircons rarely showed
evidence in CL images for discordant central
domains that resemble inherited cores (Fig. 4),
and we deliberately targeted all such domains
observed. Nonetheless, only three analyses
from two evolved ca. 16 Ma intrusions, out of
a total of 155 LA-MC-ICPMS analyses from
13 samples, gave Hf isotope compositions dis-
tinct from the magmatic population in the same
sample (Fig. 7). These analyses had extremely
unradiogenic €5y, Oof =8, =33, and —67, and
ancient U-Pb ages of 550-2700 Ma (Miintener
et al.,, 2018). The presence of rare inherited
cores in these two intrusions is attributed to
assimilation of a small quantity of Paleozoic
metasedimentary units, which are known to in-
clude ancient zircons (Hervé et al., 2003). Al-
though a Paleozoic metamorphic basement has
been assumed to underlie the Torres del Paine
region (e.g., Fosdick et al., 2011), these inher-
ited zircons provide the first direct evidence for
it. The fact that even in the two samples with
inherited cores, these were rare, suggests only
very limited crustal assimilation. That the as-
similation they record had little effect on the Hf
isotope composition is evident from the fact that
13-OLV-1 has an inherited core with €y55 44
of —67, but still has the most radiogenic (least
crustal) magmatic &g, of the calc-alkaline in-
trusions (Table 2). The complete absence of in-
herited zircons in the 11 other samples analyzed
by LA-MC-ICPMS testifies to a generalized
lack of crustal assimilation.

Altogether, the consistent Hf isotope signa-
ture over >4 m.y. and ~200 km favors addition
of a crustal component in the mantle wedge,
which can easily explain the consistent low €,
of all magmas from 17 to 12.5 Ma. The conti-
nent-wards migration of arc magmatism from
20 to 16 Ma was associated with a period of
intense subduction erosion at ~48-51°S, which
removed ~180 km of forearc crust (Ramirez de
Arellano et al., 2012; Thomson et al., 2001).
The forearc crust eroded during this subduc-
tion erosion could be the source of the crustal
component introduced into the mantle wedge
and recorded in the Hf isotope composition of
17-12.5 Ma magmas. Subducted sediments
are another potential source, but the exposed
surface lithologies south of 47°S favor eroded
forearc crust as the source of the mantle contam-
inant. There are no direct constraints on the Hf
isotope composition of sediments in the forearc
accretionary prism at these latitudes, but these
are expected to be dominated by terrigenous
detritus derived from the exposed part of the



adjacent continent. South of ~47°S, surface ex-
posure seaward of the main divide of the Andes
is overwhelmingly dominated by Jurassic—-Neo-
gene arc magmatic products of the South Pata-
gonian batholith (Hervé et al., 2007). These
young igneous units would not have strongly
crustal Hf isotope compositions (see Section
DR3; see footnote 1). Subducted sediments will
have Hf isotope compositions dominated by the
overall rather juvenile Patagonian batholith, and
are therefore unlikely to represent the crustal
contaminant in the mantle. In contrast, eroded
forearc crust comes from mechanical erosion
of the part of the crust closest to the trench
(Ranero and von Huene, 2000), which may in-
clude lower crust and/or lithologies not exposed
at the surface. The most likely source of crust
with highly unradiogenic Hf isotope signatures,
suitable to represent the contaminant of the
mantle wedge, is Paleozoic to Mesozoic meta-
morphic complexes with significant proportions
of >500 Ma zircons that can have extremely
low &, (Augustsson et al., 2006; Hervé et al.,
2003). Such units (reviewed in detail in Section
DR3) are extensively exposed north of 47°S
(Hervé et al., 2003), and are inferred to form
the middle and lower crust beneath the Torres
del Paine region (Fosdick et al., 2011; see their
fig. 3), but crop out only sporadically at the sur-
face at the latitudes of Torres del Paine and El
Chaltén. Subduction erosion of forearc crust
comprising Paleozoic metasedimentary base-
ment is therefore the most likely mechanism to
introduce a strongly crustal component into the
subarc mantle.

The situation at 49-51°S contrasts to the
central Andes (28-32°S), where the Hf isotope
compositions of arc magmas were found to be
controlled mainly by assimilation in the crust,
with little influence from addition of continen-
tal crust to the mantle by subduction erosion
(Jones et al., 2015). The dominance of within-
crust assimilation in the central Andes, and its
near absence in southern Patagonia, could partly
result from differences in crustal thickness. The
present day crustal thickness is significantly
less in Patagonia (~30 km) than in the central
Andes (~60 km) (Assumpgdo et al., 2013; Law-
rence and Wiens, 2004; Robertson Maurice
et al., 2003), although the Patagonian crust may
have been considerably thicker at 17 Ma, after
which occurred a period of extension, uplift, and
erosion (Boutonnet et al., 2010; Fosdick et al.,
2013; Lagabrielle et al., 2007; Lagabrielle et al.,
2004; Thomson et al., 2010). The presence of
ancient (Grenville-aged, i.e., 12001000 Ma)
basement in the central Andes, but not in Pata-
gonia (Jones et al., 2015; Ramos, 2010), may
also contribute to the stronger control of crustal
assimilation on the Hf isotope composition of
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magmatism in the central Andes. The extremely
long timescales required to evolve a strongly
crustal Hf isotope signature mean that assimila-
tion of relatively young crust such as that found
in Patagonia will have much less potential to
change &y, than assimilation of the same quan-
tity of ancient Grenville-aged crust.

6.5. Rapid Rejuvenation during
Emplacement of the TPIC

One of the most exciting observations from
our data is the abrupt shift toward more juve-
nile Hf isotope compositions within the TPIC
(Figs. 6 and 8), from the more crustal signatures
of the 12.593 + 0.009 Ma to 12.49 + 0.02 Ma
feeder zone mafic units and Granites I and III,
to the more mantle-like signature of the 12.472
+ 0.009 Ma to 12.431 + 0.006 Ma mafic sill
complex (ages from Leuthold et al., 2012;
Michel et al., 2008). Our results thus demon-
strate that within this single sheeted magmatic
complex, different batches of magma tapped
different geochemical reservoirs, in spite of the
very short timescales on which the complex was
built up (162 + 11 ka; Leuthold et al., 2012). The
timing of the abrupt shift in Hf isotope composi-
tion is bracketed between the youngest granite at
12.49 + 0.01 Ma and the oldest mafic sill com-
plex unit at 12.472 + 0.009 Ma (Leuthold et al.,
2012; Fig. 7; Michel et al., 2008), constraining
the shift to have occurred within 20 + 10 k.y. The
fact that the younger mafic sill complex has more
Jjuvenile &g, demands the input of new primitive
melts into the system at this time.

We can exclude late-stage crustal contamina-
tion in the feeder zone as the cause of its more
crustal &g, compared to the younger mafic sill
complex. It has already been argued that differ-
ences in Hf isotope composition in our samples
cannot be the result of different degrees of
crustal assimilation in the crust (Section 6.4).
Late-stage assimilation can particularly be ruled
out, as thermal constraints mean that it is not
expected to be effective at the shallow levels
of emplacement (Thompson et al., 2002). The
rare marl and quartzite xenoliths that are ob-
served in some feeder zone units (Section 6.4)
do not correspond well lithologically with the
surrounding country rock, which is dominantly
Late Cretaceous—Tertiary turbidites, sandstone,
and shale (e.g., Fosdick et al., 2011; Ghiglione
et al., 2016; Wilson, 1991). The xenoliths are
commonly stretched and folded (Leuthold et al.,
2013). These observations support an origin at
greater depth and provide further evidence that
the small degree of assimilation the xenoliths re-
cord cannot have been late stage. The Hf isotope
data therefore unequivocally record a rejuvena-
tion event.
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Although Hf isotope data provide the clearest
evidence for rapid rejuvenation at ca. 12.45 Ma,
this shift is also corroborated by other trace ele-
ment and isotopic signatures. Whole rock Nd
and Sr isotopes show generally more primitive
isotopic compositions for the mafic sill complex
than the feeder zone (Leuthold et al., 2013), al-
though this trend is complicated by more crustal
signatures in Sr isotopes than Nd isotopes for
some samples. This difference could result from
the more mobile nature of Sr compared to Nd
(Rollinson, 1993), making the Sr isotopes more
susceptible to post-magmatic modification than
Nd (and Hf) isotopes. Olivine from the mafic
sill complex has distinctly more primitive com-
positions than feeder zone olivine, with much
higher Ni and Mg contents (Leuthold et al.,
2014). Input of new, less-differentiated mantle
melts at ca. 12.45 Ma is required to explain
these compositions. Established crystallization
sequences for all mafic sill complex units show
olivine was an early crystallizing phase, and
hornblende barometry constrains crystalliza-
tion of these early minerals to have occurred at
mid-crustal depths prior to emplacement of the
TPIC at shallower crustal levels (Leuthold et al.,
2014). The more evolved composition of feeder
zone olivines therefore cannot be explained by
emplacement-level assimilation.

6.5.1. Nature of the Rapid Rejuvenation Event

A marked shift in chemistry from calc-alka-
line for the 17-16 Ma intrusions, to transitional
alkaline for the ca. 12.5 Ma TPIC is recorded
by both major and trace element whole rock
data (Figs. 9 and 10; Fig. DR12; see footnote 1).
Hf isotope composition remains remarkably
constant across this major geochemical shift
(Fig. 8). Conversely, there is no systematic
change in whole rock geochemistry associated
with the abrupt shift in Hf isotope composition
within the TPIC, which has transitional alkaline
chemistry both in the feeder zone and the sill
complex (Fig. 9). This decoupling is evident
on plots of &y, against trace element ratios
that track subduction influence (e.g., Th/La,
La/Nb, Th/Nb), which remain constant across
the change in &y, (Fig. 9D; Fig. DR13; see
footnote 1).

The calc-alkaline chemistry of the 17-16 Ma
intrusions in the Torres del Paine and Chaltén
areas is typical of subduction-related magma-
tism and has been interpreted as recording the
migration of arc magmatism continent-wards
(i.e., into the former retro-arc) during a period of
fast convergence and subduction erosion from
ca. 20-16 Ma (Miintener et al., 2018; Ramirez
de Arellano et al., 2012). The transitional alka-
line chemistry of the TPIC reflects a change in
melting regime compared to the preceding arc
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magmatism in this region. The higher incom-
patible element concentrations (e.g., K, Rb, La;
Fig. 10) of TPIC parental magmas imply a low
degree of mantle partial melting. An important
implication of this observation is that TPIC
magmas must have originated from renewed
extraction of mantle melts, with lower degrees
of partial melting, at ca. 12.6 Ma. They cannot
have been derived from a new episode of ex-
traction of magma already stored in the crust,
which would be unable to produce the observed
transitional alkaline chemistry. This in turn im-
plies that the abrupt shift in Hf isotope compo-
sition recorded during the emplacement of the
TPIC cannot simply result from a small input
of new mantle-derived melts into a pre-existing
crustal chamber. Rather, the whole rock chem-
istry and Hf isotope data together require that
at ca. 12.6 Ma, new lower-degree partial melts
were extracted from a mantle with the same
isotopic composition as that from which the
ca. 16 Ma calc-alkaline magmas were produced;
and that subsequently, at ca. 12.45 Ma, new low-
degree partial melts of mantle with a distinct,
more depleted Hf isotope composition were
extracted to form the mafic sill complex. The
rapid rejuvenation observed at ca. 12.45 Ma in
the TPIC must therefore record input of new,
more juvenile mantle-derived melts during the
build-up of this intrusive complex. Input of new
mantle-derived melts is also required by the ob-
served increase in Ni and Mg contents of olivine
in the mafic sill complex compared to the feeder
zone (Leuthold et al., 2014).

6.6. The Geochemical Record of
Arc Migration and Retreat in
Southern Patagonia

Modern oceanic arc magmas worldwide have
consistently less radiogenic Hf isotope com-
positions than their related back-arc, indicat-
ing ubiquitous imprinting of the subarc mantle
wedge with a crustal-derived Hf component
that back-arcs escape (Woodhead et al., 2012;
Woodhead et al., 2001). In the same way, the
retro-arc of the Patagonian continental arc
would be expected to escape overprinting by the
modern Hf subduction component recorded by
arc magmas.

The decoupled chemical and isotopic evo-
lution of magmatism in the retro-arc region at
49-51°S can be understood in the light of the
changing geodynamic setting in southern Pata-
gonia from 30 to 12 Ma. At ca. 30 Ma, magma-
tism in the Torres del Paine region was typical
for a retro-arc, with low-degree melting of man-
tle unfluxed by recent subduction (Amarga alka-
line gabbro; Fig. 11A). This low-degree mantle
melting predates the ca. 25 Ma onset of Andean

uplift and intense compressive deformation
in the Patagonian fold and thrust belt (Sudrez
et al., 2000; Thomson et al., 2001), and could
possibly have occurred in response to an exten-
sional tectonic regime in the retro-arc. An exten-
sional setting would be consistent with the fact
that convergence was slow and oblique at this
time (Cande and Leslie, 1986; Somoza, 1998).
From 25 to 16 Ma, a period of fast, orthogonal
convergence (Cande and Leslie, 1986; Somoza,
1998) resulted in subduction erosion associ-
ated with removal of a significant quantity of
forearc crust, and migration of calc-alkaline arc
magmatism inboard into the (former) retro-arc
region (Ramirez de Arellano et al., 2012; Thom-
son et al., 2001) (Fig. 11B). This migration
produced a change to calc-alkaline magmatism
in the Torres del Paine and Chaltén retro-arc re-
gions from 17 to 16 Ma (Fig. 11B). The typical
subduction-related chemistry and more crustal
Hf isotope signatures of these intrusions record
the transient addition of a subducted continental
crustal component to the retro-arc mantle wedge
associated with arc migration at this time. Al-
though these intrusions range from gabbroic to
granitic in composition, implying that mantle-
derived melts underwent varying degrees of
crustal processing to generate the different in-
trusions, these crustal processes did not affect
their Hf isotope compositions. The change to
transitional alkaline magmatism at ca. 12.6 Ma
records a return to low-degree, flux-poor melt-
ing more typical of a retro-arc, after the tran-
sient inboard migration of arc magmatism had
ceased (Fig. 11C). The cessation of calc-alka-
line magmatism after ca. 16 Ma is also observed
in the main batholith to the west: in the South
Patagonian batholith, there is an abundance of
25-18 Ma plutons, but only one dated sample
younger than 16 Ma (a ca. 5 Ma dacite; Hervé
et al., 2007). Apart from one small ca. 14.5 Ma
basaltic sub-volcanic intrusion in the retro-arc
of the Chaltén region (Ramos et al., 2004),
the magmas that formed the feeder zone of the
TPIC at ca. 12.6 Ma were among the first melts
extracted from the mantle at these latitudes af-
ter calc-alkaline magmatism vanished. The ini-
tiation of low-degree melting of the retro-arc
mantle at ca. 12.6 Ma could, for example, have
been caused by decompression related to the on-
set of a regime of extension, tectonic relaxation,
and erosion around this time (Boutonnet et al.,
2010; Lagabrielle et al., 2007; Lagabrielle et al.,
2004) (Fig. 11C).

The first ca. 12.6 Ma low-degree melts have
the same Hf isotope composition as the calc-
alkaline intrusions. We propose that they were
both produced by melting of mantle with a relict
subduction Hf component, inherited from the last
phases of fluxing of the retro-arc mantle wedge
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at ca. 16 Ma (Figs. 11B, 11C). The youngest part
of the TPIC, the ca. 12.45 Ma mafic sill complex,
was produced by ongoing low-degree mantle
melting, but has a distinctly more juvenile Hf
isotope composition indistinguishable from the
“background” retro-arc mantle (Fig. 8; Section
6.2). This demonstrates that by ca. 12.45 Ma,
the relict subduction Hf component was ex-
hausted from the mantle, which returned to the
background retro-arc isotopic composition. We
attribute this change to influx of nearby retro-
arc mantle, which was not imprinted with a
recent Hf subduction component, after extrac-
tion of the mantle melts that formed the oldest
parts of the TPIC (Fig. 11C). In this model, the
transient inboard migration of arc magmatism
up to ca. 16 Ma plays a key role. During this
brief period the mantle wedge previously in a
retro-arc position was flushed with a subduction
component (Fig. 11B). The transient nature of
arc migration and the fact that, apart from this
brief period, this area was rear of the arc would
mean that typical subcontinental mantle, un-
fluxed by recent subduction, existed nearby. This
proximity explains the rapid shift from a relict
subduction component at ca. 12.6 Ma, to typi-
cal retro-arc mantle signatures at ca. 12.45 Ma.
The close proximity of the two types of mantle is
also shown by many dikes in the Torres del Paine
area, which show a “hybrid” chemistry between
typical calc-alkaline rocks and more alkaline
varieties (Miintener et al., 2018).

The mafic sill complex has whole rock geo-
chemistry transitional between subduction-
related and alkaline magmatism, including for
trace element ratios that track subduction influ-
ence, demonstrating that when it formed the
relict subduction influence had been diluted but
not yet completely erased for certain elements.
The rapid erasure of the relict signature for Hf
isotopes compared to whole rock geochemical
signatures likely reflects the small quantity of
Hf contributed by the subduction component,
which is quickly overwhelmed with the incom-
ing of pristine retro-arc mantle.

We have here focused our discussion of the
TPIC on its mafic units, which are the most
direct recorders of mantle processes. Whereas
TPIC mafic units directly record input of
mantle-derived magmas, the TPIC granites
are interpreted as the differentiated products
of the same mantle-derived melts as the older
(feeder zone) mafic units, produced by fraction-
ation from mafic cumulates in a middle crustal
chamber (Leuthold et al., 2014; Leuthold et al.,
2013). Although they are not directly derived
from the mantle, the Hf isotope compositions
of the TPIC granites are nonetheless consis-
tent with our model, being similar to that of the
feeder zone mafic units.
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Figure 11. Schematic diagram illustrating the geodynamic evolution of the south Patagonian margin at 51°S from >25 Ma to
ca. 12.6 Ma. At ca. 25 Ma, convergence changed from slow and oblique to fast and orthogonal, which initiated a period of subduction
erosion of forearc crust, associated with continent-wards migration of both the trench, and calc-alkaline magmatism. This period was
also characterized by compressive deformation and uplift, which migrated progressively eastwards. Increased uplift rates produced
a strong orographic rain effect and intensified rainfall in the west, which led to high erosion rates and thus high sediment supply to
the trench from ca. 25 Ma to 16.5 Ma (Blisniuk et al., 2005; Thomson et al., 2001). At ca. 16 Ma, convergence rates slowed (Breitsprecher
and Thorkelson, 2009; Somoza, 1998) and compressive deformation ceased soon after (Fosdick et al., 2011; Lagabrielle et al., 2004;
Ramirez de Arellano et al., 2012); subduction erosion is therefore likely to have terminated at this time. By ca. 12.6 Ma, when the
oldest part of the Torres del Paine intrusive complex (TPIC) was emplaced, calc-alkaline magmatism was no longer active at 51°S.
The Chile ridge had previously been subducted at these latitudes but the opening slab window between the Nazca and Antarctic
plates was still to the west of the Torres del Paine area (Breitsprecher and Thorkelson, 2009). The TPIC was emplaced in a context
of tectonic relaxation and extension, causing decompression melting of the mantle. The first mantle melts had a residual subduction
Hf isotope signature related to the transient flushing of the retro-arc mantle wedge with a subduction component during the inboard
migration of arc magmatism up to ca. 16 Ma. This residual subduction component was quickly exhausted and subsequent mantle
melting to form the ca. 12.45 Ma TPIC mafic sill complex tapped typical retro-arc mantle uncontaminated by recent subduction.
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6.7. Hf Isotopes as the Unique Fingerprint
of Waning Subduction Influence

Trace element ratios are commonly used to
trace the contribution from a subduction com-
ponent to arc magmas (e.g., Plank, 2005). Al-
though the shift in Hf isotope composition
within the TPIC records the disappearance of a
residual subduction Hf component, the feeder
zone mafic units and mafic sill complex have
similar ranges of Th/La and La/Nb, which trace
the subducted sediment and slab contribution,
respectively (Plank, 2005) (Fig. 9; Fig. DR13).
The TPIC gabbros have clear plagioclase and
hornblende textural and geochemical cumula-
tive signatures, especially in the feeder zone
(Leuthold et al., 2014; Leuthold et al., 2013).
Different degrees of accumulation lead to sig-
nificant scatter in major and trace element sig-
natures between samples, that do not reflect real
differences in source composition (or degree of
partial melting), hampering the identification
of subtle changes in trace element ratios related
to the waning influence of a subduction compo-
nent. A key advantage of Hf isotopes for tracing
a changing subduction contribution is the abil-
ity to use an isotopic ratio, rather than elemental
concentrations, to fingerprint the input of dif-
ferent sources. In Patagonia, subduction-fluxed
mantle and ambient retro-arc mantle each have
distinct, tightly clustered Hf isotope composi-
tions (€yz;, of 0 to +2.5 and +5.4 + 1.4, respec-
tively). The homogenous Hf isotope composi-
tions of these reservoirs, which are unaffected
by degree of partial melting, means that even for
a small change in their relative contributions,
a noticeable shift in Hf isotope composition
would be expected. In contrast, trace element
concentrations may not change outside of the
large range of absolute concentrations possible
in a subduction-fluxed mantle, making these in-
sensitive indicators of such processes.

6.8. The Influence of Ridge Subduction

Ridge subduction occurred at the lati-
tudes of Torres del Paine at 13—-14 Ma, and at
ca. 12 Ma at the latitude of El Chaltén (Breit-
sprecher and Thorkelson, 2009; Cande and
Leslie, 1986). Ridge subduction thus occurred
after the emplacement of the ca. 16 Ma calc-
alkaline intrusions, but before the ca. 12.5 Ma
TPIC. We speculate that the cessation of typi-
cal subduction-related magmatism south of
the present-day triple junction is at least partly
a consequence of the ridge subduction, which
produced a dramatic drop in convergence rate
(by a factor of ~6) once the Antarctic rather
than the Nazca plate was subducting beneath
South America (Breitsprecher and Thorkelson,

2009; Cande and Leslie, 1986). Kinematic re-
constructions show that the Antarctic plate dips
shallowly and reaches a maximum depth of
only 45 km beneath the Austral Volcanic Zone,
far too shallow to produce typical arc magma-
tism (Breitsprecher and Thorkelson, 2009). This
dramatic drop in convergence rate for the newly
subducting plate is superimposed on a general
slowing of convergence rates along the Patago-
nian margin from ca. 16 Ma (Breitsprecher and
Thorkelson, 2009; Somoza, 1998), which may
also have contributed to the cessation of calc-
alkaline magmatism.

The identical Hf isotope composition of
magmatism before (ca. 16 Ma) and after
(ca. 12.6 Ma) the ridge subduction demonstrates
unequivocally that the subducting ridge was
not itself involved in the petrogenesis of TPIC
magmatism. If, for example, the low-degree
melting that produced the TPIC was related to
upwelling of sub-slab asthenosphere through
an opening slab window, the observed residual
subduction signature would not be recorded by
the Hf isotope composition of this magmatism.
That the subducted ridge was not involved in the
genesis of TPIC magmatism is consistent with
kinematic modeling that shows that at 12 Ma
the Torres del Paine region was still inboard of
the opening slab window (Breitsprecher and
Thorkelson, 2009; Fig. 11), making it difficult
to envisage it directly influencing magmatism in
the region at this time. This conclusion is also
supported by the fact that a shift from calc-alka-
line magmatism at ca. 16 Ma to transitional alka-
line magmatism at ca. 12 Ma is observed in the
retro-arc at 47°S (Boutonnet et al., 2010; Espi-
noza et al., 2010), as well as at 51°S (Miintener
et al., 2018; this study). The contemporaneous
occurrence of low-degree melting in southern-
most Patagonia and at the latitude of the pres-
ent-day triple junction, while ridge subduction
occurred some 14 m.y. apart at these latitudes
(Breitsprecher and Thorkelson, 2009), strongly
argues against the subducted ridge itself being
directly involved in the petrogenesis of these
magmas. The main role of the ridge subduction
in governing magmatism in the region is thus to
induce the shift from calc-alkaline magmatism
to low-degree mantle melting, as a result of the
changed convergence rate of the new subduct-
ing plate.

CONCLUSIONS

Hf isotopic variability is preserved in south-
ern Patagonian (49-51°S) magmatic units
on different time scales. An extremely rapid
change in only a few thousand to tens of thou-
sands of years (20 + 10 k.y.) is observed within
the exceptionally well-exposed Torres del Paine
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sheeted intrusion, whereas a regional change
occurred during an important period of arc mi-
gration between 30 and 12 Ma. We have shown
that the observed changes in Hf isotope com-
positions directly reflect changes in the mantle
source tapped by these magmatic units. We infer
that the different Hf isotopic compositions are
related to the shifting influence of the subduct-
ing plate: the more alkaline-rich intrusions tap
a “background subcontinental mantle,” whereas
calc-alkaline plutons tap a mantle that is af-
fected by subducted continental crustal com-
ponents. The regional Hf isotopic evolution
of intrusions in southern Patagonia thus tracks
the transient migration of subduction-related
magmatism into the south Patagonian retro-arc
until ca. 16 Ma, and the progressive return to
low-degree melting after fluxing of the retro-
arc mantle ceased. The “background sub-conti-
nental mantle,” as characterized by a ca. 30 Ma
alkaline gabbro, is shown to have an inherently
enriched Hf isotope composition. Numerous
ca. 17-12.5 Ma plutons in the Torres del Paine
and El Chaltén regions have remarkably consis-
tent, slightly more enriched &y, over large tem-
poral and spatial scales of >4 m.y. and ~200 km.
These tightly clustered Hf isotope compositions
record input of subducted continental com-
ponents into the retro-arc mantle, associated
with the continent-wards migration of arc mag-
matism up to ca. 16 Ma. A rapid return to low
degree, relatively unfluxed mantle melting is re-
corded in the retro-arc Torres del Paine sheeted
intrusion. The oldest (ca. 12.6 Ma) part of the
TPIC was produced by melting of mantle with a
relict subduction component with identical &y,
to the previous calc-alkaline magmatism. An
abrupt shift to distinctly more juvenile Hf iso-
tope signatures in the youngest (ca. 12.45 Ma)
part of the TPIC occurred within 20 + 10 k.y.
and records melting of typical “background”
retro-arc mantle, after the relict subduction
component was exhausted. This change in iso-
topic composition demonstrates that within a
single intrusive complex built up over <200 k.y.,
different magma batches can tap geochemically
different mantle reservoirs. Furthermore, our re-
sults show that migration of arc magmatism into
the retro-arc region for only a few million years
is sufficient to significantly modify the compo-
sition of the retro-arc mantle wedge, imprinting
it with a distinct subduction signature. We pro-
pose that the Hf isotope composition of zircon is
the most sensitive tracer of the waning influence
of subduction in the Patagonian retro-arc. The
finding that a shallow crustal pluton taps dif-
ferent mantle sources on 10 k.y. timescales has
profound implications for our understanding
of the process of melt transport in transcrustal
magmatic mush columns.
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