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Abstract Hudson volcano (Chile) is the southern most
stratovolcano of the Andean Southern Volcanic Zone and
has produced some of the largest Holocene eruptions in
South America. There have been at least 12 recorded
Holocene explosive events at Hudson, with the 6700 years
BP, 3600 years BP, and 1991 eruptions the largest of these.
Hudson volcano has consistently discharged magmas of
similar trachyandesitic and trachydacitic composition, with
comparable anhydrous phenocryst assemblages, and pre-
eruptive temperatures and oxygen fugacities. Pre-eruptive
storage conditions for the three largest Holocene events
have been estimated using mineral geothermometry, melt
inclusion volatile contents, and comparisons to analogous
high pressure experiments. Throughout the Holocene,
storage of the trachyandesitic magmas occurred at depths
between 0.2 and 2.7 km at approximately ~972°C (£25)
and log fO, —10.33-10.24 (£0.2) (one log unit above the
NNO buffer), with between 1 and 3 wt% H,O in the melt.
Pre-eruptive storage of the trachydacitic magma occurred
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between 1.1 and 2.0 km, at ~942°C (£26) and log fO,
—10.68 (£0.2), with ~2.5 wt% H,O in the melt. The
evolved trachyandesitic and trachydacitic magmas can be
derived from a basaltic parent primarily via fractional
crystallization. Entrapment pressures estimated from pla-
gioclase-hosted melt inclusions suggest relatively shallow
levels of crystallization. However, trace element data (e.g.,
Dy/Yb ratio trends) suggests amphibole played an impor-
tant role in the differentiation of the Hudson magmas, and
this fractionation is likely to have occurred at depths

>6 km. The absence of a garnet signal in the Hudson trace
element data, the potential staging point for differentiation
of parental mafic magmas [i.e., ~20 km (e.g., Annen et al.
in J Petrol 47(3):505-539, 2006)], and the inferred
amphibolite facies [ ~24 km (e.g., Rudnick and Fountain
in Rev Geophys 33:267-309, 1995)] combine to place
some constraint on the lower limit of depth of differenti-
ation (i.e., ~20-24 km). These constraints suggest that
differentiation of mantle-derived magmas occurred at
upper-mid to lower crustal levels and involved a hydrous
mineral assemblage that included amphibole, and gener-
ated a basaltic to basaltic andesitic composition similar to
the magma discharged during the first phase of the 1991
eruption. Continued fractionation at this depth resulted in
the formation of the trachyandesitic and trachydacitic
compositions. These more evolved magmas ascended and
stalled in the shallow crust, as suggested by the pressures of
entrapment obtained from the melt inclusions. The
decrease in pressure that accompanied ascent, combined
with the potential heating of the magma body through
decompression-induced crystallization would cause the
magma to cross out of the amphibole stability field. Further
shallow crystallization involved an anhydrous mineral
assemblage and may explain the lack of phenocrystic
amphibole in the Hudson suite.
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Introduction

Magma generation at subduction zones is largely the
result of partial melting of the mantle wedge above the
descending slab. The lowering of the peridotite solidus in
this area is a consequence of the addition of fluids,
released from the slab during dehydration reactions (e.g.,
Tatsumi 1986; Bebout 1991; Thompson 1992; Hawkes-
worth et al. 1993; Tatsumi and Eggins 1995). Primary
magmas ascend through the mantle wedge and may stall
and pond at structural and/or density ‘traps’ such as the
crust/mantle boundary. Processes of differentiation (e.g.,
magma mixing, fractional crystallization, assimilation) are
then required to generate the intermediate to silicic
compositions typical of subduction zones (Gill 1981;
Grove and Kinzler 1986). In an open system environment
the felsic residual melts produced from differentiation of
mafic sources can ascend into upper crustal levels while
density-driven sinking of the mafic cumulates (e.g.,
Glazner 1994) can complement potential vertical stratifi-
cation within the continental crust (e.g., Rudnick and
Fountain 1995). Therefore, whether the differentiation of
these volcanic and magmatic rocks occurs at relatively
shallow (~3-10 km, e.g., Gill 1981; Grove and Baker
1984; Sisson and Grove 1993) or deeper (>20 km, e.g.,
Annen and Sparks 2002; Annen et al. 2006) crustal levels
is fundamental to understanding continental crust evolu-
tion at convergent margins.

The Southern Volcanic Zone (SVZ) of the South
American Andean margin is a segment of subduction that
is impacted at its southern boundary by the down-going
Chile Rise, resulting in a distinctive gap in volcanism to the
south. Hudson volcano is the southernmost center of the
SVZ and has been the site of some of the largest Holocene
explosive eruptions in southern South America (Naranjo
and Stern 1998). The three major Holocene explosive
eruptions of Hudson Volcano have consistently produced
trachyandesite and trachydacite magmas of similar com-
position, pre-eruptive temperatures, oxygen fugacities, and
phenocryst assemblages. Both deep and shallow differen-
tiation has been inferred along the Andean margin (e.g.,
Tormey et al. 1991; Feeley and Davidson 1994), and both
conditions have been modeled for Hudson volcano, Chile
(e.g., Lopez-Escobar et al. 1993; Bitschene and Fernandez
1995; Gutiérrez et al. 2005).

An investigation of the nature of the magmatic system
that fed the major Holocene explosive eruptions of Hudson
volcano has been conducted using intensive parameters
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such as pressure, temperature, and volatile content derived
from mineral geothermometry, FTIR analyses of melt
inclusions, and comparisons with high pressure experi-
ments. The petrogenetic origin of the trachyandesitic and
trachydacitic magmas are examined through geochemical
modeling of fractional crystallization and magma mixing
using a suite of new major and trace element data from the
1991, 3600 years before present (years BP) and 6700 years
BP eruptions. In particular, various geochemical proxies
[e.g., rare-Earth elements (REE)] have been used to assess
the level at which differentiation of parental magmas, to
yield more evolved compositions, may have occurred
beneath Hudson volcano.

Geological setting and background

Located approximately 280 km from the Nazca—Antarc-
tica—South American triple junction (Naranjo and Stern
1998), Hudson volcano is the southern-most volcano of the
Andean SVZ, and is a result of the subduction of the Nazca
plate beneath the South American plate (Fig. 1). Subduc-
tion of the Chile Rise during the last 8 million years has
resulted in the formation of the ~300-km-long Patagonian
Volcanic Gap (Stern et al. 1984; Forsythe and Nelson
1985; Stern 2004), with subduction-related volcanism to
the south resuming again in the Austral Volcanic Zone
(Stern 2004). Hudson volcano has developed on ~ 30-km-
thick crust, surrounded by exposures of tonalitic, granitic,
granodioritic, and gabbroic rocks of the Cretaceous to
Neogene Patagonian Batholith (Kilian and Behrmann
2003; Gutiérrez et al. 2005). Compositional zonation from
leucomonzonite (east) to diorite—tonalite and granodiorite
(west) occurs within the batholith (Gutiérrez et al. 2005).

Hudson magmas are medium- to high-K calc-alkaline
with elevated incompatible elements [i.e., large-ion litho-
phile (LILE), high-field strength (HFSE), and REE] rela-
tive to other calc-alkaline centers of the SVZ. ¥'Sr/*°Sr
ratios are relatively uniform at ~0.7044, although slightly
higher than other volcanoes of the southern SVZ (Naranjo
and Stern 1998). Most Hudson compositions plot within
the subalkaline field on a total alkali versus silica plot [not
shown (e.g., Le Bas et al. 1986, 1992)], and within the calc-
alkaline field when plotted on a AFM ternary [not shown
(e.g., Irvine and Baragaar 1971)]. As such, we have opted
to follow the naming convention of previous authors (e.g.,
Bitschene and Fernandez 1995; Naranjo and Stern 1998;
Gutiérrez et al. 2005) and designate the Hudson trachy-
andesites as calc-alkaline. Hudson basaltic magmas have
been interpreted as the products of melting and partial
assimilation processes occurring during ascent (Guti€rrez
et al. 2005). Magma mixing and fractional crystallization
can explain the compositional range of the more evolved
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Fig. 1 Location map of Hudson
volcano (open triangle) and the
Southern Volcanic Zone (SVZ),
South America. Hudson is the
southern most center in the
SVZ. Black filled triangles
represent single currently active
volcanic centers in the southern
SVZ. Black filled circles
represent sampling locations
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magmas erupted at Hudson, such as during the 1991
eruption (Gutiérrez et al. 2005; Kratzmann et al. 2009).

Holocene explosive eruptions

The distribution of tephra layers in southern Patagonia has
been used to infer the history of explosive volcanism at
Hudson volcano. Active for over the last 1 million years
(Orihashi et al. 2004), there have been at least 12 Holocene
to Recent explosive eruptions at Hudson (Naranjo and
Stern 1998). The 6700 years BP, 3600 years BP, and 1991
eruptions are the largest of these events.

6700 years BP

Stern (1991) geochemically correlated one of the widespread
fall deposits in Patagonia to Hudson volcano and radiocarbon
dating constrained the age of this eruption to ~6700 years BP
(herein referred to as 6700). The stratigraphy of the 6700
eruption contains three major phases, including a thick, late-
rally extensive accretionary lapilli layer sandwiched between
coarse pumice lapilli fall deposits. The lapilli fall deposits
represent Plinian pumice fallout from a high altitude plume
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(Carey et al. 2005). The extensive accretionary lapilli layer
was produced by a large phreatomagmatic phase and can be
traced up to 900 km to the south of Hudson volcano. Its bulk
volume is estimated at more than 18 km® [>4 km® dense rock
equivalent (DRE)], making this one of the largest Holocene
eruptions in southern South America (Stern 1991).

3600 years BP

Another widespread tephra layer with geochemical affinities
to Hudson volcano has been dated at ~3600 years BP (herein
referred to as 3600) (Stern 1991). Four stratigraphic units have
been identified (P1-P4). The characteristics of units P1, P2,
and P4 are representative of fallout from high altitude plumes
with minor fluctuations in eruption intensity, whereas P3
resulted from magma/water interactions and a lower eruption
column. The volume of the plinian phases of the 3600 eruption
have been estimated at <4 km® (DRE) (Carey et al. 2005).

1991 eruption

Beginning on 8 August 1991, the initial phase of the
eruption involved both phreatomagmatic explosions and
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lava flows from a vent and a NNE-SSW trending fissure in
the northwestern corner of the caldera (Naranjo et al.
1993). The eruption column from the phreatomagmatic
phase reached 12 km elevation and prevailing winds
directed the tephra (~0.2 km?, bulk volume) to the north
and northeast (Scasso et al. 1994; Naranjo and Stern 1998).
On 12 August, the paroxysmal phase began with a plinian-
style eruption approximately 4 km to the south-southeast
of the first phase. After reaching ~ 10 km during this initial
phase the column height stabilized at ~16 km on 13
August (Scasso et al. 1994). Localized winds directed the
tephra from the column to the southeast in an elongate
cloud, extending ~ 1500 km to the south and almost
370 km wide. The 1991 eruption produced approximately
4.3 km® bulk volume (2.7 km® DRE) of pyroclastic mate-
rial (Scasso et al. 1994; Naranjo and Stern 1998).

Samples and analytical techniques

Tephra fall deposits from the three major Holocene erup-
tions were sampled at 71 sites along the Chilean—Argen-
tinean border. Overall deposit thicknesses were measured,
maximum pumice and lithic sizes recorded, and samples of
both the bulk deposits and stratigraphic sub-units were
collected for each eruption. With the exception of the ash
fall from phase 1 of the 1991 eruption, subsequent petro-
graphic and geochemical analyses were conducted on sin-
gle or multiple pumice lapilli selected from these tephra
layers. Lapilli were first cleaned in de-ionized (DI) water,
sonicated for 10 min to remove any foreign particles,
rinsed in DI water again and subsequently dried overnight
at 100°C.

Whole-rock analyses of multiple pumices were carried
out using X-ray fluorescence analysis (XRF) with a Bruker
S4 Pioneer wave length dispersive X-ray fluorescence
spectrometer at the Department of Geosciences, University
of Rhode Island (URI). Precision for most elements was
better than 0.2 wt% and accuracy better than 1 wt% of the
measured values. Major element compositions of matrix
glass and melt inclusions were determined using both the
Cameca MBX (for high silica glasses) and Cameca SX-100
(for low silica glasses and mineral phases) electron mi-
croprobes located at the Geological Sciences Department at
Brown University using the methods described by Devine
et al. (1995). All microprobe analyses were better than
0.6 wt% for most elements. Trace element data for matrix
glass and melt inclusions were collected using laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) with the New Wave 213 nm Nd-YAG laser
attached to a Thermo X-Series II quaddrapole ICP-MS at
the Graduate School of Oceanography (URI) following the
methods of Kelley et al. (2003) and calibrated against
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USGS, NIST-RSM, and MPI-DING reference glasses. Ti-
normalization was used on calibration curves, which were
linear, and reproducibility of replicate analyses is <6%
RSD. Water contents (transmission data) were measured on
a Thermo Nicolet Nexus 670 Fourier Transform Infra Red
(FTIR) spectrometer attached to a Thermo Nicolet Con-
tinuum IR microscope at the Department of Earth and
Planetary Sciences, American Museum of Natural History,
New York City. Modifications to the methods of Mande-
ville et al. (2002) include 400 scans for each IR spectrum
(1024 previously) and an increase in the range of mea-
surements into the near-IR (7500 cm™' compared to
6500 cm™'). The petrologic plotting and modeling pro-
grams Igpet® and Mixing® (Carr 2005) were used for data
inspection and classifications.

Results
Whole-rock data

Whole-rock analyses were conducted on pumice lapilli
from the three major Holocene explosive events at Hudson
volcano, with the exception of phase 1 of the 1991 eruption
(Fig. 2; Table 1). Bulk tephra analysis was conducted on a
phase 1 sample even though it has undergone aeolian (i.e.,
physical) fractionation prior to deposition. Although rela-
tively aphyric (~2 vol.% crystals), the whole-rock major
element data are offset from the glasses such that we have
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Fig. 2 Whole-rock total alkali versus silica plot (classification from
Le Bas et al. 1986). 1991 basalt (black filled circles), 1991
trachyandesite (plus symbol), 3600 (crosses), 6700 (open diamonds).
Calc-alkaline products from volcanoes in the Southern Volcanic Zone
(gray field) and Hudson volcano (open black dashed fields) from
Gutiérrez et al. (2005) and references therein. Rio Ibafez (filled black
diamonds) from Gutiérrez et al. (2005). The Hudson samples overlie
the curve of Le Bas et al. (1992) dividing the alkaline and subalkaline
fields (irregular solid black line)
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Table 1 Major and trace element bulk rock compositions of samples from the Holocene eruptions (measured by XRF)

Eruption 1991 1991 1991 1991 1991 1991 1991 1991 1991 1991
Phase P1? p1® P2 P2 P2 P2 P2 P2 P2 P2
Unit - - D D C C B B A A
Sample HUDI10  210192.1D HUD207 HUD206  HUD208 HUD141 HUD209 HUDI143 HUD210 HUD149
SiO, 51.61 51.44 59.81 61.01 61.00 61.47 61.56 60.82 61.83 60.92
TiO, 2.03 2.15 1.37 1.31 1.32 1.33 1.29 1.30 1.24 1.30
Al,05 15.96 15.79 16.60 16.71 16.76 16.77 16.74 16.49 16.33 16.83
Fe,03 11.55 11.74 6.50 6.20 6.12 6.18 6.05 6.00 5.86 6.04
MnO 0.18 0.19 0.18 0.18 0.18 0.18 0.18 0.18 0.17 0.18
MgO 4.14 4.21 1.92 1.83 1.80 1.75 1.74 1.70 1.69 1.75
CaO 8.27 8.24 4.08 3.94 3.81 3.86 3.73 3.67 3.73 3.67
Na,O 4.31 4.27 591 6.10 6.12 6.27 6.18 6.17 5.96 6.17
K,O 1.23 1.22 2.29 2.32 2.35 2.39 2.38 2.39 242 2.35
P,Os 0.71 0.71 0.48 0.44 0.46 0.46 0.44 0.45 0.42 0.44
LOI —0.55 — 0.97 0.63 0.09 0.18 0.09 0.11 0.36 0.07
Total 99.99 99.96 100.11 100.67 100.01 100.84 100.38 99.28 100.01 99.72
S - - 246 b.d.l 216 b.d.l. 192 b.d.l 232 b.d.l
Sc - 25 18 b.d.l 15 b.d.l. 16 b.d.l 18 b.d.l
v 343 322 87 73 70 73 59 66 74 71

Cr 32 19 21 0 16 b.d.l. 19 b.d.l 32 b.d.l
Co 30 33 11 4 6 3 8

Ni 12 12 4 2 3 3

Cu 51 45 6 6 8 5

Zn 120 91 107 101 107 98 104 100 97 99
Ga 21 19 21 20 22 23 21 23 22 22
Rb 34 27 56 57 59 57 59 59 60 59

Sr 546 524 371 374 370 365 369 349 350 354
Y 38 35 47 48 49 49 50 49 47 49

Zr 186 178 362 354 368 360 371 369 381 364
Nb 11 5 21 19 20 19 21 19 20 19
Mo - 2 - - - - - - - -

Ba 420 371 711 705 728 704 707 715 721 710
Hf - - 10 b.d.l 9 b.d.1 9 b.d.l 10 b.d.l
Pb 18 9 14 13 13 11 12 11 13 10
La 87 18 64 57 56 71 55 64 56 56
Ce 65 49 107 99 96 100 96 104 101 116
Nd - 30 - - - - - - - -

Sm - 9 - - - - - - - -

Th 15 4 1 7 5 5 5 >1 5 >1

U 22 6 - >1 - - - - - -
Eruption 3600 3600 3600 3600 3600 6700 6700 6700 6700
Phase

Unit C C B A A B B A A
Sample HUDI134 HUD202 HUD203 HUD204 HUDI136 HUD212 HUD186 HUD174 HUDI187
SiO, 61.07 61.49 62.26 62.65 61.96 57.27 56.56 55.92 57.97
TiO, 1.03 0.91 0.89 0.88 0.88 1.37 1.26 1.38 1.34
Al,O4 16.77 16.94 16.36 16.23 15.56 17.58 15.52 16.53 15.76
Fe,05 5.08 4.31 4.16 4.33 4.22 6.54 5.15 6.60 5.50
MnO 0.14 0.13 0.13 0.13 0.13 0.16 0.15 0.17 0.16
MgO 1.31 0.91 0.94 1.17 0.96 1.91 1.90 2.01 1.96
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Table 1 continued

Eruption 3600 3600 3600 3600 3600 6700 6700 6700 6700
Phase

Unit C C B A A B B A A
Sample HUDI134 HUD202 HUD203 HUD204 HUDI136 HUD212 HUDI186 HUD174 HUDI187
CaO 2.85 2.18 2.21 2.30 2.12 3.89 3.90 3.56 4.12
Na,O 5.10 5.30 5.39 5.36 548 5.23 5.75 5.09 5.79
K,O 2.72 2.85 292 2.93 3.10 2.09 2.24 2.14 2.29
P,05 0.29 0.22 0.22 0.22 0.22 0.48 0.46 0.42 0.50
LOI 4.80 5.10 4.40 3.80 3.80 3.20 1.70 3.70 1.40
Total 101.16 100.34 99.88 100.00 98.43 99.72 94.59 97.52 96.79
S - 198 185 170 - 289 - - -

Sc - 13 10 12 - 22 - - -

v 77 47 44 43 50 89 93 93 97
Cr 6 18 12 14 >1 22 4 19 0
Co 11 1 2 b.d.1l 10 7 9 12
Ni 5 3 2 3 4 6 14 5
Cu 13 11 8 9 7 14 8 14 11
Zn 82 79 79 83 77 97 98 101 99
Ga 21 21 22 20 20 23 22 23 22
Rb 71 74 74 76 79 51 55 54 54
Sr 253 222 223 217 205 348 351 318 366
Y 51 54 53 54 52 50 52 55 53
Zr 491 547 539 541 528 479 432 490 429
Nb 22 26 26 26 23 25 21 22 21
Mo - - - - - - - - -
Ba 885 879 869 919 950 817 773 773 788
Hf - 14 13 14 - 15 - - -
Pb 11 14 10 15 15 11 14 14 16
La 72 68 60 75 79 75 78 82 88
Ce 120 128 113 143 126 129 126 120 118
Nd - - - - - - - - -
Sm - - - - - - -
Th b.d.l - - - 4 - 15
U 3 - - - 4 - 9

Published bulk rock data and the average of repeat analysis (n = 5) of 1991 basaltic ash fall for comparison

b.d.l. beyond detection limits
* Data from five repeat analyses of ash fall deposit
® Data from Bitschene et al. (1993)

used the analyses of the 1991 basaltic glass (i.e., least to
most evolved) for geochemical modeling. Whole-rock data
on the Hudson basalts are also available in the literature
(e.g., Bitschene et al. 1993; Lopez-Escobar et al. 1993;
Ippach 2001).

The trachyandesite to trachydacite whole-rock analyses
of pumice lapilli from the 6700 and phase 2 of the 1991
eruptions occupy a narrow SiO, range, from 59 to 62 wt%.
In contrast, whole-rock analyses of pumice lapilli samples
from the 3600 eruption are more evolved trachydacitic,
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ranging from 63 to 66 wt% SiO,. Phase 1 of the 1991
eruption is basaltic to basaltic—andesite in composition
(50-54 wt% SiO,).

The major element compositions reported here are
similar to those reported by previous authors (e.g.,
Bitschene and Fernandez 1995; Naranjo and Stern 1998;
Gutiérrez et al. 2005). The whole-rock compositions of this
study and that of Gutiérrez et al. (2005) exhibit a distinc-
tive gap in SiO, from ~55 to 60 wt% (Fig. 2). Similar
compositional gaps are present in the matrix glass data (this
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study). No bulk compositional variations have been iden-
tified within individual subunits analyzed from any of the
eruptions.

Petrography and mineralogy

Tephra from the 1991 basaltic eruption is relatively crystal
poor, black, basaltic vitric ash. The ash collected at Puerto
Aisén contains tachylite (~50 vol.%), pale brown, pla-
gioclase-phyric sideromelane (~45 vol.%), lithic clasts
(~5 vol.%) and plagioclase, clinopyroxene and Fe-Ti
oxide crystals (Bitschene and Fernandez 1995). Low
vesicularity tachylitic particles are generally blocky with
large, ovoid vesicles and a high abundance of intergrown
microlites of varying morphologies including tabular,
hopper and swallowtail types (Kratzmann et al. 2009).
These morphologies are similar to those produced in
studies of volatile exsolution-induced crystallization (e.g.,
Hammer and Rutherford 2002). The tachylitic particles are
similar to samples from the 2001 basaltic eruption of Mt
Etna (e.g., Taddeucci et al. 2004). Fluidal to irregularly
shaped sideromelane fragments are brown in color, more
vesicular than the tachylite, and feature a smaller popula-
tion of larger microlites (Kratzmann et al. 2009).

The 1991 trachyandesite tephra fall deposits are com-
posed of alternating units of pale gray fine ash, and gray
pumice lapilli, with sharp contacts between units. The pale
gray units are composed of glass shards, pumice, crystal,
and lithic fragments (Scasso et al. 1994). Glassy tephra
range from pale gray/white tube pumice to dark brown/
black, blocky, poorly vesicular shards (Scasso and Carey
2005). The 1991 trachyandesite pumice samples are highly
vesicular (Fig. 3a) and vary from dark gray/black to pale
brown/tan. Several reworked samples collected from Lago
Buenos Aires display prominent color bands that have been
previously cited as evidence for magma mingling (e.g.,
Bitschene and Fernandez 1995). Our analysis of the bands
reveals similar major element compositions and does not
support physical mingling. We attribute these color dif-
ferences largely to variations in the extent of vesiculation
(Kratzmann et al. 2009).

Of the four phases identified for the 3600 eruption,
phases one and two are commonly reversely graded, coarse
lapilli fall deposits. Phase three deposited a massive, poorly
sorted, silty-ash layer with pumice and minor accretionary
lapilli. The final phase of the eruption produced a pumice
lapilli fall deposit that commonly shows normal grading
(Carey et al. 2005). The contacts between units are sharp.
Pumice lapilli samples from the 3600 eruption are highly
vesicular and vary from pale tan to brown in color.

Three major phases were identified for the 6700 erup-
tion. The initial and final phases produced reversely or
normally graded, coarse pumice lapilli fall deposits. The

second phase produced a thick, distinctive accretionary
lapilli-rich, silty-ash layer with accretionary lapilli diame-
ters up to 2.3 cm at 35 km from the volcano (Carey et al.
2005). Pumice lapilli samples are typically highly vesicu-
lar, vary from pale tan to brown in color, and are very
friable (Figs. 3e—h and 4f).

Plagioclase is the dominant phenocryst phase in the
products from the three Holocene eruptions being investi-
gated. Orthopyroxene, clinopyroxene, olivine, Fe-Ti oxi-
des, and apatite are present in various proportions and
occur as either single phenocrysts or glomerocrysts
(Figs. 3b, c, and 4; Table 2). Glass adheres to all hand-
picked phenocrysts analyzed (e.g., Figs. 3d and 4a).

Plagioclase

Plagioclase phenocrysts display euhedral to anhedral
morphologies and exhibit zonation patterns including
complex and oscillatory zoning (Figs. 3b, 4a, b). The
phenocrysts range in composition from Anyg to Angg
(Fig. 5; Table 3).

Plagioclase phenocrysts from the 1991 basalt range in
composition from Anyg to Angy (Fig. 5; Table 3). Pheno-
crysts display both complex and oscillatory zoning and
evidence for partial resorption (i.e., embayments and dis-
solution zones) and sieve textures are common (Figs. 4a,
b). Core compositions cover a large range (Ansg to Angy),
with a distinct peak in the data centered on Anys. Plagio-
clase phenocryst rims from the 1991 basalt occupy a nar-
rower compositional range (Anyes to Any7) with two distinct
peaks, one at Ansg and the other at An;s (Kratzmann et al.
2009). Some of the 1991 basalt plagioclase rim and core
compositions are similar to the averaged 1991 trachy-
andesite anorthite value (Kratzmann et al. 2009). Pheno-
cryst compositions from the 1991 trachyandesite eruption
range from Anyg to Anyy (Fig. 5; Table 3). Including the
rim and core compositions extends the range to Angs, with
the majority of both rim and core compositions clustering
around Ang; (Kratzmann et al. 2009). The average 1991
trachyandesite plagioclase composition (Ang;) is more
similar to the 1991 basalt rim average (Ansg) than to the
average 1991 basalt (Angg) phenocrysts (Kratzmann et al.
2009).

The 3600 plagioclase phenocrysts occupy a much nar-
rower range in composition (Anz; to Any;) relative to the
1991 trachyandesite and 6700 products (Fig. 5; Table 3).
Both the core and rim compositions cover a limited range
(Anz; to Anyy), with a distinct peak at about Anze. There
are no apparent compositional trends within subunits (A, B,
or C) in the samples analyzed (Fig. 5).

Plagioclase phenocrysts from the 6700 eruption range in
composition from Anze to Angg (Fig. 5; Table 3). The
majority of both rim and core compositions cluster around
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Fig. 3 Photomicrographs of
samples from all three Holocene
eruptions, 1991 (a and b), 3600
(¢ and d), and 6700 (e-h).

a 1991 pumice sample
(HUD207) showing glass (gl),
vesicles (v) and infilling fine
ash. Field of view (FOV) 2 mm.
b Representative phenocryst
assemblage including zoned and
embayed subhedral plagioclase
(pl), euhedral pyroxene (px) and
Fe-Ti oxides (oxides)
(HUD210). FOV ~2 mm.

¢ Glomerocryst from 3600
pumice sample (HUD202) with
euhedral and subhedral
plagioclase (pl), subhedral to
anhedral pyroxene (px), apatite
and Fe-Ti oxides (FOV

~4 mm). d Grain mount
sample showing glass attached
to euhedral plagioclase
phenocryst. Note laser ablation
spots in glass, melt inclusions
(mi), and grain mounting
medium. FOV ~2 mm.

e Pumice sample from the 6700
event (HUD205), FOV

~4 mm. Note the slightly
darker region in the center of
the image with more elongated
or stretched vesicles relative to
the more ovoid shapes of the
surrounding paler colored glass.
f Close-up of the gray boxed
area from image e. The
elongated vesicles (darker
glass) appear to transition into
the finely vesiculated pale glass
(arrow), FOV ~ 1.5 mm. Plane
polarized (g) and crossed
polarized (h) photomicrographs
of a xenocryst from the 6700
event (HUD212). Note the
vesicular nature of the pumice
surrounding the microlite-rich
xenocryst (FOV ~4 mm)
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Fig. 4 Backscattered electron
(BSE) images of juvenile
pyroclasts from the Holocene
eruptions. a Euhedral
plagioclase phenocryst from
phase 1 of the 1991 eruption
with a more sodic core (Ans),
a dissolution zone, and a more
calcic rim (Ansg). b Close-up of
the dissolution zone. ¢ and

d Representative examples of
phenocrysts from phase 2 of the
1991 eruption. Compare the
microlite-poor glass (c; sample
HUD209) with the microlite-
rich glass (d; sample HUD210)
adhered to the crystals.

e Anhedral plagioclase and
subhedral magnetite and
ilmenite from the 3600 event
(HUD204). f Xenocryst

from the 6700 event

(refer to Fig. 3g, h)

Table 2 Phenocryst assemblages for the Holocene eruptions at Hudson volcano

Eruption Phase Unit Crystallinity Phenocryst assemblage S n
Plag Opx Cpx Ol Mag Ilm Apa
1991 P1* 1.2-2.2 0.6-1.3 0.4-0.5 - 04-0.5 <0.1 0.2-0.3 <0.1-0.1 0.014-0.019 3
1991 P2 D 6.1-9.0 4.7-1.0 - 0.5-1.1 <0.1-0.1 0.9-1.1 - - 0.230-0.265 2
C 8.6-10.3 6.7-8.0 - - 0.1-0.4 1.8-1.9 - - 0.090-0.107 3
B 10.2-14.5 7.0-10.5 - 0.8-1.3 0.2-1.0 1.7-2.0 - - 0.036-0.099 4
A 9.5-15.6 6.6-10.7 - 1.0-2.0 0.4-0.7 1.5-2.4 - - 0.016-0.108 6
3600 C 25.7-27.7 229-243 1.0 - - 2426 0.2-03 - 1.220-1.280 2
B 19.7-22.0 16.4-18.5 1.5-1.6 - - 1.8-1.9 0.1-0.3 - 0.370-0.747 3
A 22.4-23.5 17.5-18.7 2.5-2.6 - - 02-0.6 1.7-2.0 - 0.297-0.495 2
6700 B 21.5-27.0 16.6-20.9 3.1-3.5 - - 0.7-1.3  0.6-0.8 0.6-0.7  0.060-0.078 3
A 15.6-21.2 11.0-15.1 1.1-2.6 0.1-0.3 - 1.1-1.6  0.2-0.4 0.3-0.6  0.056-0.164 6

Range in crystallinities calculated using bulk rock data (via Igpet).
Plag plagioclase, Opx orthopyroxene, Cpx clinopyroxene, OI olivine, Apa apatite, S _* sum of squares of residuals, n number of analyses

? Calculated using bulk rock data from Ippach (2001, unpublished thesis)
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Fig. 5 Histograms showing the 6 T T T T ; T T 7 T T T T T T T
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Any;. Sample HUD212 has an average plagioclase com-
position of Angg that is more similar to the 1991 basalt
values (up to Angg). There are no apparent compositional
trends within subunits (Fig. 5).

Ferro-magnesian minerals

Clino- and orthopyroxene typically occur as euhedral to
subhedral phenocrysts either as individual grains or as
glomerocrysts. Clinopyroxene is present in the 1991
trachyandesite samples and in trace amounts in the 6700
samples, but not in the 1991 basalt or the 3600 products.
Orthopyroxene is found in all samples with the exception
of the 1991 trachyandesite, where olivine is present in
small amounts (Table 2). The compositional range occu-
pied by the phenocrysts is very narrow with clinopyroxenes
clustering around Wo . 4En _43Fs 5 and orthopyroxenes
at Wo _3En _ggFs o9 (Table 4). Most phenocrysts are rela-
tively homogeneous, with no core-to-rim variations. Sub-
hedral to anhedral olivine (Fo_gg 16 = 0.3) is present in
the 1991 basalt and small amounts in the 1991 trachy-
andesite (Tables 2, 4).

@ Springer
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In general, the Fe-Ti oxides are subhedral to anhedral
and some phenocrysts are highly fractured (Figs. 4c—e).
They occur as clusters of large magnetite and smaller
ilmenite crystals with visible resorption textures. No core-
to-rim compositional variations were identified within the
oxides analyzed (Table 5).

Matrix glass compositions

The compositional variation in matrix glasses from the
least evolved 1991 basalt to the most evolved 3600 trac-
hydacite display slightly curvilinear trends on bivariate
element-silica diagrams defined by decreasing MgO, FeO,
CaO, TiO, and P,0Os, and increasing K,O and Na,O
(Fig. 6; Table 6). Distinct gaps in the trend occur from
~54 to 60 and 65 to 68 wt% SiO,.

The 1991 glasses are more diverse in composition than
those from both the 3600 and 6700 eruptions, and range
from basalt to trachydacite. Glasses from the initial phase
of the 1991 eruption occupy a narrow compositional range
from basalt to basaltic trachyandesite (50-54 wt% SiO,).
The 1991 paroxysmal phase matrix glasses occupy a
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Table 3 Representative electron microprobe analyses of plagioclase phenocrysts rims and cores from the three major Holocene Hudson

eruptions
Eruption  Phase  Unit  Sample SiO, Al,O; FeO CaO Na,O K,O Total An Ab Or Comment
1991 P1 HUDI10 51.27 31.15 0.63 13.87 3.44 0.12 10048 6881 29.11 0.71 Rim
HUDI10 4741 33,60 053 17.16 1.84 0.05 100.59 8327 1497 030 Core
HUDI10 5345 29.00 085 11.83 441 0.20 99.75 58.69 37.32 1.18 Rim
HUDI10 61.00 24.84 0.33 6.26  7.36 0.52 100.30 31.06 6228 3.07 Core
1991 P2 D HUD210 5497 2834 091 11.15 4.80 0.22  100.39 55.13 40.62 130 Rim
HUD210 4746 33.51 0.54 17.01 1.86 0.05 10042 8294 1559 030 Core
C HUD207 57.25 27.12 0.56 941 5.66 0.30 100.31 46.68 47.89 1.77 Rim
HUD207 5595 28.16 053 1020 5.32 0.25 10041 50.60 4502 148 Core
B HUD208 57.44 27.16 0.54 8.88 5.95 0.31 100.27 44.05 5035 1.83 Rim
HUD208 57.59  26.58 0.43 853  6.09 0.33 99.55 4232 5153 195 Core
A HUD209 57.56 26.83 0.54 8.68 5.99 0.32 9993 43.06 50.69 1.89 Rim
HUD209 59.16 25.85 0.44 7.51 6.56 0.39 9990 37.26 5551 230 Core
3600 C HUD202 60.48 2549 0.50 6.92 6.74 0.53 100.66 3506 61.76 3.18 Rim
HUD202 59.16 25.80  0.50 7.58 6.37 0.46 99.87 3856 58.62 2.10 Core
B HUD203 60.34 24.57 0.51 6.09 694 0.56 99.01 3152 65.00 347 Rim
HUD203 59.25 2532 048 7.03 6.61 0.50 99.18 3592 61.06 250 Core
A HUD204 60.00 25.35 0.50 6.82 6.83 0.50 100.00 3449 6252 3.00 Rim
HUD204 59.83 25.58 0.45 6.98  6.68 0.51 100.04 3546 6144 224 Core
6700 B HUD205 59.61 2548 0.55 7.09 6.79 0.46 9998 3557 61.65 277 Rim
HUD205 59.77 2547 0.49 7.14  6.64 0.46 9998 36.23 6096 280 Core
B HUD212  47.24 3427 0.68 1742 1.57 0.04 101.22 8581 1397 0.23 Rim
HUD212 46.16 34.71 0.60 18.22 1.25 0.02 100.95 88.84 11.04 0.11 Core
A HUD187 57.64 26.67 0.56 8.89 5.88 0.31 9996 44.65 5348 1.87 Rim
HUD187 57.17 26.82  0.50 8.68 592 0.34 9943 43.84 54.12 2.04 Core

An anorthite, Ab albite, Or orthoclase

slightly broader compositional range (60-65 wt% SiO,)
encompassing trachyandesite to trachydacite (Table 6).
Within the 1991 paroxysmal phase glasses there exists a
systematic progression in composition from trachydacitic
early in the sequence to trachyandesitic at the end of the
eruption (Kratzmann et al. 2009).

More evolved, compositionally homogeneous trac-
hydacite was erupted during the 3600 event (Fig. 6;
Table 6). Glasses occupy a very narrow compositional
range (6870 wt% Si0O,) with no internal compositional
variations identified within the sampled stratigraphy.

The melt phase of the 6700 eruption was trachyandesite,
with some compositional diversity towards trachydacite,
but generally less evolved than the 3600 magma (Fig. 6;
Table 6). Glasses occupy a relatively narrow SiO, range
(62-65 wt%), and unlike the 1991 trachyandesite there are
no systematic compositional variations as a function of
stratigraphic level. The field defined by the 6700 glasses
overlaps the more evolved end of the 1991 trachyandesite
compositional spectrum (Fig. 6).

Melt inclusion compositions

Light to dark brown, plagioclase- and pyroxene-hosted
melt inclusions are common in the products from the three
eruptions investigated. No significant compositional vari-
ations were found between plagioclase or pyroxene host
crystals.

The 1991 basalt—andesite melt inclusions encompass a
relatively narrow compositional range (53-57 wt% SiO,),
and are typically more evolved than the surrounding matrix
glass (Fig. 7a; Table 7). Melt inclusions from the parox-
ysmal phase of the 1991 eruption occupy a narrow SiO,
range (62—-65 wt%), and in general they are either similar
to, or more evolved than their co-existing matrix glasses
(Fig. 7b; Table 7). As the 1991 eruption progressed, there
is a trend in the range of the analyzed matrix glass
extending to more mafic compositions relative to the
coexisting melt inclusions (Kratzmann et al. 2009).

Melt inclusions from the 3600 eruption are composi-
tionally homogeneous and occupy a narrow SiO, range
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Table 4 Representative electron microprobe analyses of pyroxene and olivine phenocrysts from the Holocene eruptions of Hudson volcano

Eruption Phase Unit Sample SiO, TiO, ALO; FeO MnO MgO CaO Na,O K,O0 Cr,0;3 Total En Wo Fs Fo Fa
1991 P1 HUDI110C-2 cpx 51.53 0.84 2.25 7.71 036 1579 20.37 0.33 0.003 0.001 99.19 454 421 125 - -
HUDI110C-3 opx 50.60 0.63 0.67 17.64 1.18 24.05 1.68 0.03 0.001 0.014 9623 68.6 34 280 - -

HUDI110C-5 ol 36.15 0.05 0.01 27.59 1.02 3335 0.20 0.01 0.010 0.002 9839 - - - 683 317

1991 P2 D HUD210A-1 cpx 50.71 0.97 2.66 879 0.58 15.13 19.79 042 0.010 0.008 99.07 44.1 415 144 - -
HUD210A-3 ol 37.03 0.04 0.03 27.62 1.05 3355 0.14 0.02 0.040 0.014 99.53 - - - 684 316

C HUD207D-1 cpx 5196 0.77 191 8.65 0.61 1529 20.29 043 0.004 0.001 9991 44.0 420 140 - -

HUD207C-3 ol 37.10 0.02 0.02 27.39 1.04 3336 0.16 0.00 0.011 0.002 99.09 - - - 685 315

B HUD208A-1 cpx 51.77 0.74 191 8.79 0.62 1529 20.09 0.46 0.003 0.000 99.22 44.1 41.7 142 - -

HUD208A-3 ol 37.25 0.02 0.01 27.79 1.09 3329 0.16 0.01 0.009 0.000 99.63 - - - 681 319

A HUD209B-1 cpx 51.58 0.79 2.08 8.68 0.55 1544 2021 044 0.012 0.007 99.78 443 41.7 140 - -

HUD209B-2 ol 3732 0.04 0.04 2772 1.04 3368 0.17 0.02 0.014 0.020 100.08 - - - 684 316

3600 C HUD202A-3 opx 53.84 031 0.64 18.01 122 2438 156 0.05 0.009 0.001 100.03 685 32 284 - -
HUD202A-1 cpx 51.60 0.66 1.78 9.29 0.74 14.48 20.23 046 0.009 0.001 99.25 423 425 152 - -

B HUD203A-1 opx 53.13 031 0.64 18.09 1.24 2394 150 0.02 0.004 0.003 98.87 68.1 3.1 289 - -

HUD203A-2 cpx 51.50 0.65 1.73 898 0.67 15.03 1996 040 0.007 0.003 98.94 437 41.7 146 - -

A HUD204A-1 opx 53.36 030 0.64 18.61 131 2387 150 0.09 0.005 0.004 99.70 67.5 3.1 295 - -

HUD204A-2 cpx 5229 0.51 145 940 0.77 1494 1990 048 0.030 0.002 99.76 433 414 153 - -

6700 B HUD212C-4 opx 53.50 040 099 1694 087 2525 1.81 0.04 0.004 0.014 99.83 70.0 3.6 264 - -
HUD212C-5 cpx 52.14 0.72 1.67 8.85 0.61 1552 19.74 043 0.016 0.008 99.71 448 409 143 - -

B HUD205B-4 opx 5399 036 0.69 1630 1.00 2559 175 0.06 0.004 0.003 99.74 71.1 3.5 254 - -

HUD205B-1 cpx 51.67 0.79 1.93 9.25 0.60 1529 19.76 045 0.008 0.004 99.76 44.1 410 150 - -

A HUDI187A-1 opx 53.61 045 089 1737 1.06 2465 175 0.07 0.002 0.008 99.86 69.1 35 273 - -

HUDI187A-2 cpx 51.82 0.77 1.80 9.14 0.60 1549 19.71 047 0.003 0.006 99.82 44.5 40.7 147 - -

cpx clinopyroxene, opx orthopyroxene,

ol olivine, En enstatite, Wo wollastonite, Fs ferrosilite, Fo forsterite, Fa fayalite

Table 5 Representative electron microprobe analyses of Fe—-Ti oxide pairs from the Holocene eruptions of Hudson volcano

Eruption Phase Unit Sample TiO, Al,O3 FeO MnO MgO Cr,03 Total Usp (mol%) IIm (mol%)
1991 1 HUD110-1 19.18 1.54 7194 058 0.75 0.09 94.07 439 -
HUD110-1 4947  0.10 4525 0.80 1.47 0.01 97.10 - 86.7
1991 2 D HUD210-2 15.63 274 7237 0.87 3.79 0.01 9542 441 -
D HUD210-2  45.05 0.39 45.21 0.86 4.95 0.01 96.47 - 83.1
C HUD207-1 15.68 2.79 7228  0.82 3.75 0.02 9534 445 -
C HUD207-1 4523 036 4523  0.82 5.26 0.01 96.91 - 82.7
B HUD208-2 1579  2.89 72.10  0.79 3.80 0.02 9540 452 -
B HUD208-2 4524 0.34 4525  0.88 4.73 0.01 96.45 - 83.0
A HUD209-2 15.65 279 7241  0.86 3.75 0.02 9549 443 -
A HUD209-2 4480 0.34 4523 093 5.28 0.01 96.59 - 82.0
3600 C HUD202-1 14.51 2.09 76.06 095 2.67 0.03 96.31  40.6 -
C HUD202-1 45.04 0.26 47.53 1.08 3.97 0.01 97.89 - 82.7
B HUD203-1 14.21 2.06 75.52 1.01 2.61 0.02 9544  40.1 -
B HUD203-1 4435 031 47.58 1.11 3.88 0.02 97.25 - 81.9
A HUD204-1 1430 2.02 76.01 0.98 2.65 0.03 96.00  40.0 -
A HUD204-1 4465 0.24 47.51 1.13 3.81 0.02 97.35 - 82.5
6700 B HUD205-3 14.88 291 73.71 0.81 3.66 0.05 96.03 420 -
B HUD205-3 4349  0.40 4739  0.70 4.82 0.01 96.82 - 79.5
B HUD212-2 15.60 247 7327 083 3.50 0.03 9571 438 -
B HUD212-2 4468 0.34 4587 0.83 4.81 0.01 96.55 - 82.3
A HUDI187-1 1473 293 72.71 0.72 3.99 0.05 95.13 415 -
A HUDI187-1 44.08 0.38 46.75 0.74 4.95 0.01 96.92 - 80.5

mol% mole percent, Usp ulvospinel, I/m ilmenite
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Sio,

(67-69 wt%). There are no systematic compositional
variations within the 3600 stratigraphy, and in general there
is considerable overlap of the melt inclusions and coexis-
ting matrix glasses (Fig. 7d; Table 7).

Melt inclusions from the 6700 eruption occupy a
broader compositional range than their coexisting matrix
glasses (63—67 wt% SiO,) (Fig. 7c; Table 7). There appear
to be two distinct populations within the 6700 melt inclu-
sion data that are linked to different stratigraphic units (not
shown). Unit A (sample HUD187; base of the stratigraphy)
melt inclusions encompass a narrow compositional range
(63-65 wt% SiO,) compared to the range occupied by Unit
B samples (HUD205 and HUD212; top of the stratigraphy)
(63-67 wt% SiO,).

Trace element data

Hudson magmas typically have elevated incompatible
elements (i.e., LILE, HFSE and REE) relative to other SVZ
calc-alkaline rocks (e.g., Gutiérrez et al. 2005). In general,
the incompatible trace element concentrations increase
with increasing SiO, content. An enrichment in select trace
elements (e.g., Zr) occurs within the 3600 and 6700 glasses
relative to the 1991 trachyandesite glasses (Fig. 8).
Chondrite-normalized rare-Earth element plots from all
eruptions have similar, LREE-enriched trends. The

Sio,

trachyandesite and trachydacite compositions have higher
concentrations of REE relative to the 1991 basalt (Fig. 9;
Supplementary Table S1) and the degree of LREE
enrichment increases in the more evolved compositions.
Negative Eu anomalies are present in all REE patterns and
represent varying degrees of plagioclase fractionation. The
anomaly is more pronounced in the evolved compositions
than in the 1991 basalt and reflects the greater crystallinity
seen in these samples (~25 vs. ~2%). The REE patterns
are similar to previously published work (e.g., Lopez-
Escobar et al. 1993; Gutiérrez et al. 2005).

The Hudson samples show an increase in La/Yb and a
decrease in Dy/Yb with increasing degree of differentiation
(Fig. 10), but no apparent trends in Ce/Yb versus Yb. These
particular trace element ratios have been identified as
potential indicators for the depth of differentiation (e.g.,
Feeley and Davidson 1994; Macpherson et al. 2006; David-
son et al. 2007). All samples show a Nb anomaly typical of
subduction zone environments (Wilson 1989) when plotted
on a Rock/MORB normalized ‘spider’ diagram.

Pre-eruptive intensive parameters

Hudson volcano has been one of the most active centers in
southern South America during the Holocene, yet little is
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Table 6 Averaged matrix glass compositions from the major Holocene eruptions of Hudson volcano as measured by electron microprobe

Eruption 1991

Phase P1 P2

Unit - A B

Sample HUD110 HUD110 HUD110 HUD110 HUD209 HUD209 HUD208 HUD208
Glass trans trans trans tachy trans trans trans trans

SiO, 52.55 (0.15) 52.52 (0.23)  51.68 (0.19)  52.27 (0.32)  62.76 (0.30) 64.10 (1.01)  62.23 (0.35)  63.06 (0.46)
TiO, 2.58 (0.03) 2.22 (0.08) 2.33 (0.03) 2.23 (0.16) 1.22 (0.07) 1.09 (0.04) 1.21 (0.09) 1.20 (0.09)
AlLO; 13.93 (0.14) 15.79 (0.20) 15.47 (0.25) 15.18 (0.58) 16.10 (0.18) 16.33 (0.03) 16.18 (0.20) 16.20 (0.05)
FeO 12.16 (0.37) 10.72 (0.15)  11.33 (0.12) 10.88 (0.68) 4.69 (0.19) 4.59 (0.55) 4.94 (0.16) 4.99 (0.10)
MnO 0.23 (0.08) 0.20 (0.07) 0.17 (0.01) 0.13 (0.03) 0.18 (0.05) 0.21 (0.06) 0.18 (0.07) 0.18 (0.05)
MgO 3.99 (0.08) 4.28 (0.12) 4.46 (0.10) 4.39 (0.44) 1.52 (0.02) 1.41 (0.20) 1.58 (0.07) 1.45 (0.06)
CaO 7.72 (0.09) 8.20 (0.15) 8.41 (0.17) 8.27 (0.64) 3.24 (0.08) 2.91 (0.28) 3.32 (0.17) 3.22 (0.26)
Na,O 4.24 (0.16) 4.28 (0.23) 3.93 (0.07) 4.12 (0.14) 6.70 (0.27) 6.68 (0.22) 6.64 (0.16) 6.74 (0.26)
K,0 1.45 (0.06) 1.23 (0.08) 1.30 (0.01) 1.22 (0.22) 2.57 (0.13) 2.68 (0.06) 2.40 (0.06) 2.62 (0.06)
P,0s 0.88 (0.05) 0.70 (0.07) 0.93 (0.01) 0.78 (0.04) 0.35 (0.04) 0.35 (0.04) 0.36 (0.06) 0.39 (0.02)
Total 99.72 (0.38) 100.15 (0.16)  99.07 (0.01)  99.47 (0.93)  99.33 (0.32) 100.01 (0.33)  99.04 (0.52)  99.67 (0.13)
n 6 5 3 3 8 3 5 3

Eruption 1991 3600 6700

Phase P2 - -

Unit C D A B C B A

Sample HUD207 HUD210 HUD210 HUD202 HUD203 HUD204 HUD212 HUD187
Glass trans trans tachy trans trans trans trans trans

SiO, 61.59 (0.96)  62.42 (0.47)  60.84 (0.39)  67.93 (0.38)  67.23 (0.39)  68.49 (0.30) 64.24 (0.43)  63.10 (0.77)
TiO, 1.31 (0.07) 1.27 (0.06) 1.47 (0.02) 0.60 (0.08) 0.63 (0.06) 0.68 (0.02) 1.21 (0.04) 1.35 (0.08)
AlLO; 16.01 (0.08) 15.97 (0.13) 15.75 (0.21) 15.14 (0.16) 15.11 (0.21) 15.34 (0.08) 15.29 (0.22) 15.69 (0.18)
FeO 5.49 (0.49) 5.23 (0.08) 6.18 (0.48) 3.05 (0.23) 3.00 (0.28) 3.05 (0.11) 4.41 (0.19) 4.98 (0.01)
MnO 0.23 (0.05) 0.15 (0.05) 0.22 (0.03) 0.14 (0.03) 0.14 (0.03) 0.11 (0.04) 0.16 (0.05) 0.22 (0.07)
MgO 1.93 (0.24) 1.64 (0.15) 2.15 (0.10) 0.64 (0.03) 0.62 (0.02) 0.64 (0.04) 1.20 (0.02) 1.59 (0.02)
CaO 3.85 (0.54) 3.41 (041) 4.50 (0.21) 1.63 (0.08) 1.55 (0.05) 1.67 (0.02) 2.72 (0.06) 3.07 (0.08)
Na,O 6.31 (0.45) 6.16 (0.23) 6.15 (0.08) 6.30 (0.30) 6.44 (0.26) 6.49 (0.12) 6.60 (0.19) 6.34 (0.34)
K,O 2.35 (0.11) 2.99 (0.38) 2.18 (0.15) 3.48 (0.06) 3.43 (0.11) 3.48 (0.10) 2.84 (0.02) 2.65 (0.06)
P,0s 0.43 (0.03) 0.42 (0.09) 0.58 (0.04) 0.11 (0.04) 0.10 (0.02) 0.12 (0.04) 0.26 (0.02) 0.38 (0.03)
Total 99.13 (0.35)  99.25 (0.41)  99.44 (0.30)  99.01 (0.60)  98.24 (0.72) 100.07 (0.52)  98.94 (0.54)  99.39 (0.76)
n 6 4 4 4 6 5 3 4

One standard deviation shown in parentheses

n number of analyses, trans translucent, tachy tachylite

known about the magmatic system beneath the volcano. = Temperatures

Kratzmann et al. (2009) recently defined the pre-eruption
P/T storage conditions of the trachyandesite magma from
the 1991 eruption at approximately 50-100 megapascals
(MPa; ~1.5-3 km) and 972 + 26°C. Mineral geother-
mometry, volatile component analysis, and comparisons
with analog high pressure experiments are used to make
similar estimates of storage conditions for the other major
Holocene eruptions in order to assess the longer term
nature of the magmatic system at Hudson.

@ Springer

Fe-Ti oxide geothermometry (e.g., Andersen and Lindsley
1988) was used to estimate temperatures of equilibration
and oxygen fugacities in all three eruptions using the
QUILF program (Andersen et al. 1993) (Table 8). Only
oxide pairs from the initial phase of the 1991 eruption
failed the Bacon and Hirschmann (1988) Mg/Mn equili-
brium test, and may reflect phenocryst-melt disequilibrium.
Pre-eruptive cooling and degassing of the 1991 basalt is
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Fig. 7 Representative major element variation diagrams of melt
inclusions (crossed squares) from the Holocene explosive eruptions at
Hudson volcano. Matrix glass (symbols as per Fig. 2) plotted for
comparison. Additional major element data are available in Table 7.
Number of analyses in parentheses: a 1991 basalt, melt inclusions
(mi) = 22, matrix glass (gl) = 36; b 1991 trachyandesite, mi (29), gl
(54); ¢ 6700, mi (20), gl (41); d 3600, mi (21), gl (15). All data
normalized to 100 prior to plotting

supported by the emplacement as a lava flow and the
numerous microlites identified in many of the pyroclasts
(e.g., Taddeucci et al. 2004).

Fe-Ti oxide geothermometry indicates pre-eruptive
temperatures for the 6700 eruption ranged from 966 to
979°C (£25) with an average of 972 £ 25°C (from 9 oxide
pairs). The 3600 temperature range, 934 to 950°C (average
942 + 24°C), was obtained from analyses of 15 Fe-Ti

Table 7 Compositions of individual melt inclusions from the major
Holocene eruptions of Hudson volcano as measured by electron
microprobe

Eruption 1991

Phase P1 P2

Unit - - - - A A B B
Sample  110-3 110-3 110-2 110-2 209 209 208a 208a
Inclusion #3 #4 #3 #1 #3 #2 #5 #l1
SiO, 57.06 53.62 52.05 51.81 61.20 61.89 61.90 63.21
TiO, 191 213 2,09 211 115 1.17 1.00 0.99
Al,O4 1690 1649 1589 1596 1540 16.09 15.76 16.09
FeO 875 10.06 10.80 1047 577 4.60 544 433
MnO 0.16 024 0.18 020 022 0.16 021 0.19
MgO 336 379 400 401 145 143 133 132
CaO 6.99 743 820 8.16 3.11 296 3.04 278
Na,O 2.82 367 301 295 6.10 597 6.12 643
K,0 097 095 1.16 123 203 270 259 281
P,0s 1.03 1.03 0.82 081 000 034 034 028
Total 99.94 99.40 98.20 97.70 96.44 97.31 97.74 98.44
CO, b.dI° b.dl® - - - - - b.d.l
H,0* 0.1° 03 - - - - - 2.7
H,0" 0.06 060 180 230 356 269 226 1.56
Eruption 1991 3600 6700

Phase P2 - -

Unit C D D A B C B B
Sample 207b 210a 210B 204a 203 202 212 205
Inclusion #2c  #2 #3 #1 #1 #l1 #1 #l1
SiO, 62.76 61.35 62.67 67.33 66.44 6620 65.62 65.85
TiO, 128 1.09 1.06 071 0.82 0.87 108 1.13
Al,O3 16.33 1640 16.16 15.35 15.09 15.10 15.63 15.80
FeO 5.08 452 450 289 3.12 328 415 397
MnO 023 0.18 0.17 023 0.10 0.14 0.15 0.13
MgO 1.57 134 131 067 075 082 096 1.01
CaO 330 2.60 287 163 1.69 176 242 235
Na,O 630 635 645 597 597 6.08 6.15 575
K,O 2.64 293 278 345 345 342 302 3.4
P,05 041 030 029 0.12 0.11 0.14 026 0.29
Total 99.90 97.06 98.27 98.26 97.54 97.81 99.44 99.41
CO, b.dl bdl bdl bdl bdl bdl bdl badl
H,0* 1.5 2.5 2.9 1.7 2.5 2.2 0.6 0.6
H,0" 0.10 294 173 261 296 194 211 1.87

CO, was consistently beyond detection limits in melt inclusions
analyzed

b.d.l beyond detection limits
* H,0 as measured by FTIR
® H,0 by WBD method

¢ Measured on other samples

@ Springer
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oxide pairs. The 1991 trachyandesite temperature range,
970 to 976°C (average 972 £ 26°C; obtained from 17
oxide pairs), is similar to the results obtained for the 6700
eruption. Overall, the estimated temperatures for the
evolved magmas occupy a relatively narrow range (934 to
979°C). As the 1991 basaltic samples failed the Mg/Mn
equilibrium test, we have used the olivine geothermometers
of Roeder and Emslie (1970) and Putirka et al. (2007) to
tentatively constrain the temperature range to between
1014-1050°C and 1180-1190°C, respectively.

Oxygen fugacities have been calculated for the three
Holocene eruptions being investigated and are typically
one log unit above the NNO buffer (Table 8). Oxygen
fugacities of magma from the 6700 eruption range from
—10.33 to —10.02 (£0.15), and 3600 from —10.85 to

@ Springer

—10.54 (£0.16). The 1991 oxygen fugacities range from
—10.42 to —10.29 (£0.17) for the trachyandesite, and from
—11.21 to —10.94 (£0.2) for the basalt.

Volatile content and storage pressures

Water contents in melt inclusions range from 1.8 to
5.3 wt% (Table 8). Both the water by difference method
[100-analytical totals (e.g., Anderson 1973; Devine et al.
1995)] and FTIR spectrometry (e.g., Mandeville et al.
2002) were employed, with no apparent correlation
between WBD and FTIR values. Given the better precision
and accuracy of FTIR compared with WBD (e.g., Devine
et al. 1995) we have chosen to use the former in subsequent
pressure estimates. Magmatic pressures (assuming water-
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Fig. 9 Chondrite-normalized REE plot for matrix glasses from all
three major eruptions. An overall LREE-enriched trend and negative
Eu anomaly are visible in all eruptions. The larger Eu anomalies in
the older eruptions (3600 and 6700) are due to increases in the degree
of plagioclase fractionation (see Table 2)

saturated conditions) were estimated by combining the
temperature and FTIR-determined H,O data with the
empirical method for estimating water solubility of Moore
et al. (1998). The melt inclusions represent either shallow
level trapping of volatile-saturated magma, or deeper level
entrapment of volatile under-saturated magma. The calcu-
lated pressure ranges are likely to be minimum values
based on the evidence for degassing prior to eruption and
the assumption of water-saturated conditions. The inferred
depths range from 0.2 to 2.7 km (Table 8) and suggest that
the relatively evolved magmas produced over the last
~7000 years at Hudson volcano were staged at relatively
shallow levels in the crust prior to eruption.

CO, concentrations are consistently lower than detec-
tion limits (Table 7) in all melt inclusions analyzed. Given
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Fig. 10 a La/Yb versus SiO,. b Dy/YDb versus SiO,. The Hudson data
(this study) mirror the trends seen in other arc settings. Expected
garnet and amphibole fraction trends shown in inserts from Davidson
et al. (2007). Ijen and Aniakchak data fields from Davidson et al.
(2007). SiO, data normalized to 100 prior to plotting

that CO, can degas almost to completion before H,O starts
to degas [open system degassing (e.g., Dixon and Stolper
1995)] the lack of detectable concentrations indicates a
significant level of degassing prior to eruption for all
events. The eruption of lava during the initial stage of the
1991 eruption also suggests shallow pre-eruptive degassing
of basaltic magma. Further evidence for pre-eruptive
degassing of the basaltic melt exists in the widespread
microlite development in many of the tephra fragments
(e.g., Taddeucci et al. 2004).

Experimental constraints on magma storage

Experimental studies by Luhr (1990) and Moore and Car-
michael (1998) have placed important constraints on phase
assemblages and melt compositions in crustal magma
storage regions of andesitic composition. Tighter con-
straints on the location of the Holocene magma chambers
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Table 8 Pre-eruptive conditions for the Holocene eruptions of Hudson volcano

Eruption Phase Unit Sample T (°C) Error LogfO, Error H,O (weight H,0 (weight H,O sol H,O H,O
percent) WBD  percent) FTIR* ave km® sol -l sol +1¢
1991 P1 HUDI110-1 9426 270 —-1094 020 - - - - -
HUDI110-2 9275 273 —11.21 021 2.1 0.3 (2) 0.05 0.02 0.09
HUDI10-3 7960 69.0 —1563 095 - - - - -
Average 9275 271 —11.21 021 2.1 0.3 0.05 0.02 0.09
1991 P2 D HUD210 9735 257 —1030 0.16 42 32 () 2.1 1.6 2.7
C HUD207 9713 255 —1033 0.16 2.6 1.8 (3) 1.2 0.2 2.1
B HUD208 969.8 265 —1042 0.18 25 1.9 (2) 1.4 0.9 2.0
A HUD209 975.7 257 —1029 0.16 4.1 0.8 (1) 1.1 0.5 1.7
Average 9725 258 —1033 0.16 3.3 1.9 1.5 0.8 2.1
3600 C HUD202 9430 240 —1068 0.16 3.0 2.1 (2) 1.3 1.1 14
B HUD203 9436 236 —1063 0.16 - 25 &) 1.6 1.3 2.0
A HUD204 9395 240 —-1072 0.16 29 2.5@3) 1.6 1.4 1.8
Average 9420 239 —-10.68 0.16 2.6 24 1.5 1.3 1.7
6700 B HUD212 971.0 25 —10.32 0.16 22 1.7 (1) 1.3 1.2 14
B HUD205 9726 249 —-1022 0.15 - 0.8 (1) 1.1 1.0 1.2
A HUD187 9720 240 —-10.17 0.14 3.0 - - - -
Average 9726 249 —1022 0.15 2.6 1.2 1.2 1.1 1.3

Temperature and oxygen fugacities measured by electron microprobe. The pressures of saturation (expressed as depth in km) are based on FTIR-

based water data and have been estimated from the emprical method of Moore et al. (1998)

sol solubility, std dev standard deviation, —/¢ minus 1 std dev, +/¢ plus 1 std dev

4 Parentheses contain number of melt inclusions analyzed
" Based on FTIR data

beneath Hudson volcano can be achieved by comparing
experimental work on closely related compositions with
the pre-eruptive storage conditions defined in this study.
The dominant magma composition for the Holocene
explosive eruptions at Hudson volcano is trachyandesite.
Potential analogs for the 6700 and 1991 trachyandesite
storage conditions include experiments conducted on
samples from El Chichén (Luhr 1990), Mt Pelée (Martel
et al. 1999) and the Mexican Volcanic Belt (Moore and
Carmichael 1998). Possible analogs for the 3600 trac-
hydacite composition include more evolved magmas from
Mount St. Helens (Rutherford et al. 1985), Mt Pinatubo
(Scaillet and Evans 1999), Santorini (Cottrell et al. 1999),
and Volcan San Pedro (Costa et al. 2004).

Phase boundaries for the major mineral phases as
defined by experimental work on andesite and trachy-
andesite compositions (under water-saturated conditions)
are shown in Fig. 11a. The temperatures of both the 6700
and the 1991 trachyandesite are well constrained at 972°C
(£25 and =426, respectively). At this temperature the
observed mineral assemblage is closely matched by the
experimental work of Moore and Carmichael (1998) at
pressures up to 200 MPa. The extent of crystallization of
the 6700 samples (i.e., 8.5-11.0 vol.%) is similar to the
experimentally derived values of Moore and Carmichael
(1998) over a relatively large pressure range (up to
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180 MPa). The observed mineral assemblage is best mat-
ched under 100 MPa and this shallower depth is supported
by the narrower depth range (1.0-1.4 km) inferred from
melt inclusion data (Table 8). The 1991 trachyandesite
crystallinity (9.0-12.0 vol.%) is comparable to the experi-
mental work of Moore and Carmichael (1998) within the
pressure range of 120-180 MPa. The lack of amphibole in
the natural samples is an important constraint that suggests
magma storage at relatively high temperatures and is sup-
ported by the experimental work in which amphibole was
never found as a stable phase above 970°C irrespective of
pressure (Fig. 11). A combination of comparisons to
experimental work and petrologic results constrains the
trachyandesite pre-eruptive storage conditions to pressures
less than 180 MPa, at ~972°C (£ 25), and 1-3 wt% H,O
in the melt.

When compared to experimental work on the San Pedro
dacite (at 950°C, 2.5-4.0 wt% H,O0 in the melt and pla-
gioclase An values; Costa et al. 2004), the Pinatubo dacite
(at 950°C, 2.5-3.2 wt% H,0O, the observed mineral
assemblage and plagioclase An values; Scaillet and Evans
1999), and the Mt St. Helens dacite (~ 1-4 wt% H,O and
the observed mineral assemblage; Rutherford et al. 1985),
the pre-eruptive storage of the 3600 trachydacite can be
constrained to <200 MPa pressure. The extent of crystal-
lization of the San Pedro (23-50%; Costa et al. 2004) and
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Fig. 11 Experimentally determined pressure-temperature phase dia-
gram. a Andesitic compositions from El Chichén (Luhr 1990), the
Mexican Volcanic Belt (Moore and Carmichael 1998), and Mt Pelée
(Martel et al. 1999). Gray shaded area shows the range of P/T
conditions inferred for the 1991 and 6700 trachyandesites based on
geothermometry and volatile content estimates. Filled circles and
corresponding numbers are experimentally derived crystallinity and
H,O in melt (in italics) in weight percent from Moore and Carmichael
(1998). Modified from Kratzmann et al. (2009). b Compositions from
San Pedro (Costa et al. 2004), Santorini (Cottrell et al. 1999), and Mt.
St. Helens (Rutherford et al. 1985). Gray shaded area shows the
range of P/T conditions inferred for the 3600 trachydacite. Filled
circles (Costa et al. 2004) and open circles (Rutherford et al. 1985)
and corresponding numbers are experimentally derived crystallinity
and H,O in melt (in italics) in weight percent. amph amphibole, aug
augite, cpx clinopyroxene, opx orthopyroxene, pl plagioclase, gl glass

Mt St. Helens (16-37%, calculated from Rutherford et al.
1985) experiments encompasses the 3600 values (Table 2).
At lower temperatures and higher water contents or higher
pressures, hornblende is present in the phenocryst assem-
blage in the experiments (e.g., Rutherford et al. 1985;
Scaillet and Evans 1999; Costa et al. 2004). Overall, the
comparisons to experimental work can constrain the

trachydacite pre-eruptive storage conditions to <200 MPa
(Fig. 11b), at approximately 942°C (£24) and log fO,
—10.68 (£0.16), with 2-3 wt% H,0 in the melt.

Discussion

The SVZ is one of the few places along the Andean margin
of South America where basaltic end members are included
in suites of volcanic rocks from individual centers. It
therefore provides an important location to assess the petro-
genetic relationships of a potential co-genetic series that
span typical calc-alkaline ranges. Hudson volcano, which
lies near the tectonic border of the SVZ, may also provide
further insights into magmatic processes that occur in
association with complex subduction configurations, such
as a down-going ocean ridge. Because there is a complete
spectrum of magma compositions at Hudson, we hypo-
thesize that the voluminous trachyandesites and trachyda-
cites involved in the highly explosive eruptions during the
Holocene are most likely derived from more mafic source
magmas by fractional crystallization, coupled with magma
mixing. We will use major and trace elements to assess a
number of petrogenetic questions including: (1) is there a
co-genetic relationship between the explosively erupted
magmas (trachyandesite and trachydacite) and mafic lavas
at Hudson that can satisfy both major and trace element
patterns, and (2) at what depths do important differentiation
processes take place beneath the volcano.

We start by characterizing potential parent magmas. Two
types of basalt have been defined along the SVZ, with type-
1 basalts having lower contents of LILE and HFSE relative
to type-2 (Lopez-Escobar et al. 1993). At Hudson volcano
an older, Upper Holocene to Late Pleistocene sequence
(type-1) with elevated K/Rb, Ba/La, Rb/Cs and lower La/
Yb, Rb/Sr and TiO, relative to the younger (Late Holocene
to Recent) type-2 basalts have been identified by Kilian
et al. (1993). The composition of type 2 basalts from both
Lépez-Escobar et al. (1993) and Kilian et al. (1993) are very
similar, displaying overlapping fields. The most recent
basalts erupted at Hudson in 1991 are similar to Pleistocene/
Holocene samples analyzed by Gutiérrez et al. (2005) and
overlap the type 2 basalts defined by Kilian et al. (1993).
Gutiérrez et al. (2005) have also defined the most primitive
magmas in the area surrounding Hudson volcano as those
from the coeval Rio Ibafiez monogenetic cone (15 km to the
southeast), whose compositions are similar to samples from
the Chile Ridge. The Rio Ibafiez compositions overlap both
type 1 and type 2 basalts defined by Lopez-Escobar et al.
(1993) and Kilian et al. (1993). The Rio Ibéfiez basalts plot
as the most primitive compositions along a potential liquid
line of descent defined by the Hudson samples analyzed in
this study, and may be genetically related to the Hudson
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basalts, making them a possible parental source. However,
major element modeling of the Rio Ibafiez compositions to
generate the 1991 basalts using an anhydrous mineral
assemblage (that included plagioclase, clinopyroxene,
orthopyroxene, olivine, magnetite, ilmenite, and apatite in
varying proportions) has so far proven unsatisfactory.
Gutiérrez et al. (2005) have suggested that the Rio Ibafiez
and more evolved Hudson basalts can be related to one
another through fractional crystallization of an anhydrous
mineral assemblage coupled with assimilation of upper
crustal material. However, the crustal composition used in
their model differs from the plutonic rocks of the Patago-
nian Batholith (e.g., Kilian and Behrmann 2003), which are
similar in composition to the millimeter scale silicic
inclusions found within the Rio Ibafiez samples (e.g., Gut-
iérrez et al. 2005). The batholiths are the likely assimilant
for any magma body rising beneath Hudson volcano.

Given the close temporal (~3 days apart), spatial
(~4 km apart), and possible genetic relationships between
the basaltic and trachyandesitic phases of the 1991 eruption
(e.g., Kratzmann et al. 2009), the 1991 basalts may be the
most likely parental magma type to the more evolved
compositions erupted during the 3600 and 6700 events.
The underlying assumption is that recharge at Hudson
volcano has involved a mafic composition similar to the
1991 basalt and that this composition has not changed
significantly during the Holocene.

Origin of the trachyandesite and trachydacite magmas
Major element modeling

Generation of the trachyandesite and trachydacite magmas
from a mafic parent similar in composition to the 1991

basalts was modeled by crystal fractionation using the
Igpet® least squares analysis program (Carr 2005).

The largest Holocene eruption of Hudson volcano pro-
duced >4 km® of trachyandesite magma during the 6700
event. Given the similarities in major elements between the
1991 and 6700 trachyandesites, the formation of the 6700
magma was modeled using the most primitive 1991 basalt
composition as the parent. Fractional crystallization of pla-
gioclase (~28%), clinopyroxene (~25%), orthopyroxene
(~2%), magnetite (~12%), ilmenite (~1%) and apatite
(~2%) yields a strong fit to the average 6700 trachyandesite
with a sum of squares of residuals (Zrz) of 0.026 (Table 9).
Variations in the trachyandesite melt compositions (from 63
to 65 wt% SiO;; Fig. 7c) are likely due to variable amounts
of mixing of the trachyandesite with more mafic melts. For
example, mixing between the basaltic parent [ ~6-12 vol.%
(49-53 wt% SiO;)] and the evolved trachyandesite [ ~ 94—
88 vol.% (64—65 wt% SiO,)] can reproduce the major ele-
ment trend of the 6700 glasses with a Zrz range of 0.080 to
0.114. This is supported by the occurrence of melt inclusion
compositions that are significantly more evolved than the
coexisting matrix glass (Fig. 7c) and zonation patterns in
plagioclase phenocrysts.

After approximately 3000 years of repose, the next
major explosive eruption of Hudson produced ~4 km?® of
trachydacite magma during the 3600 event. Unlike the
6700 trachyandesite, the trachydacite is very uniform in
composition. In addition, there is no significant difference
between melt inclusion compositions and the coexisting
matrix glasses (Fig. 7d), suggesting little evidence of
magma mixing. There are two potential origins for the
3600 trachydacite. Firstly, trachyandesite remaining in a
crustal reservoir following the 6700 eruption may have
continued to crystallize yielding the trachydacite. Frac-
tionation of plagioclase (~ 10%), clinopyroxene (~2%),
orthopyroxene (~2%), magnetite (~ 1%), ilmenite (~2%)
and apatite (~ 1%) can yield the trachydacite composition
with a Zrz of 0.025 (Table 9). Alternatively, the

Table 9 Summary of least squares modeling calculations for the Hudson samples using an anhydrous mineral assemblage

Parent 91-P1-tr.1 91-P1-tr.2 6700.tr.7 91-P1-tr.1 91-P1-tr2  91-Pl-tr.2 RI-128
Daughter 6700.tr.2 6700-ave 3600.tr.1 3600.tr.1 3600.tr.2 3600.tr.2 91-P1.tr.3
SiO, range 49.8-63.1 52.7-64.0 64.9-68.0  49.8-68.0 52.7-68.6 52.7-68.6 49.9-52.7
Zrz 0.026 0.065 0.025 0.065 0.088 0.020 0411
Percentage of phase removed

opx 1.6 0.1 14 3.0 2 1.6

cpx 25.6 18.9 1.9 26.4 19.4 19.0

pl 28.1 24.1 10.6 37.1 344 30.6 pl 334

mg 11.8 10.4 1.7 11.6 1.6 11.0 ol 13.0

il 0.7 0.3 0.7 1.9 104 1.0 gt 2.1

ap 1.9 1.6 0.3 2.2 2 2.0

Percentage total 69.7 55.4 16.6 82.2 69.8 65.2 Percentage total 48.5

S sum of squares of residuals, PI phase 1, tr transluscent glass, ave average composition, RI Rio Ibafiez, opx orthopyroxene, cpx clinopy-
roxene, pl plagioclase, mg magnetite, i/ ilmenite, ap apatite, ol olive, gt garnet
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trachydacite may have been derived from more extensive
crystallization of a new influx of basaltic parental melt.
Fractional crystallization of plagioclase (~34%), clino-
pyroxene (~20%), orthopyroxene (~2%), magnetite
(~2%), ilmenite (~10%) and apatite (~2%) from a
basaltic parental melt can also yield the 3600 trachydacite
composition with a Erz of 0.065 (Table 9). Both solutions
give excellent fits in terms of major elements and it is not
possible to discriminate between the two possible origins
based only on major element models.

The most recent eruption of Hudson in 1991 was the first
example of the simultaneous discharge of both basaltic and
trachyandesite magmas. It is possible, however, that the
3600 and 6700 events erupted in a similar fashion but the
products may have had a limited dispersal and have sub-
sequently been eroded or covered by more recent deposits.
Our 2005 field program was not able to gain access to
proximal outcrops around Hudson volcano and thus we
relied on samples of the more widespread 3600 and 6700
fallout deposits. Combined petrologic and geochemical
data indicates that the 1991 basalt and trachyandesite
magmas can be related through both fractional crystalli-
zation and magma mixing (Kratzmann et al. 2009). The
crystallizing assemblage consists of plagioclase, clinopy-
roxene, orthopyroxene, magnetite and apatite yielded Erz
values from 0.06 to 0.09.

The evolution of the major elements could be successfully
reproduced using multiple combinations of minerals, pre-
cipitating in varying proportions, from either an anhydrous
or a hydrous mineral assemblage (i.e., one that includes
amphibole). Discrimination between anhydrous and hydrous
phase assemblage becomes more apparent when trace ele-
ment trends are considered (see following section).

Trace element modeling

Based on the results from the major element modeling,
select trace element abundances in the natural samples
(e.g., Rb, Ba, Th, Nb, Ta, La, Ce, Nd, Sm, Zr, Hf, Eu, Y,
Tm, Yb, Lu) have been used to verify and refine the geo-
chemical modeling. Calculations using the Rayleigh frac-
tionation equation C; = C,F*®~" were conducted to test
the predictions of the major element modeling, where C; is
the concentration of an element in the liquid, C, the con-
centration of an element in the original liquid, F is the
fraction of liquid remaining, and D is the bulk partition
coefficient. The bulk partition coefficients used in the
calculations are given in Supplementary Table S2.

Anhydrous mineral assemblage

Calculated fractionation curves are shown for Y, Hf, Zr,
Ce, La, and Dy/Yb for the removal of an anhydrous

mineral assemblage that includes clinopyroxene, ortho-
pyroxene, plagioclase, magnetite, ilmenite, and apatite in
varying proportions (Fig. 12). The results indicate that
crystal fractionation involving an anhydrous mineral
assemblage can successfully reproduce the concentrations
of Hf, Zr, and Th in the evolved compositions. Fraction-
ation via an anhydrous mineral assemblage can also
account for the variation of Ce, Dy/Yb, and La/Yb within
the 1991 basaltic andesite. However, on plots of Ce versus
Rb and Dy/YDb versus Rb (Fig. 12) it can be seen that the
calculated curve does not trend towards the higher con-
centrations of the evolved glasses. While the calculated
fractionation curve for La/Yb can reproduce the trend in
the data from the 1991 basaltic andesite to the 1991
trachyandesite (not shown), the anhydrous assemblage
cannot replicate the elevated concentrations of the 6700
and 3600 samples. In addition, the calculated fractionation
curve for Y diverges from the glass trend when using an
anhydrous mineral assemblage (Fig. 12).

Hydrous mineral assemblage

Despite the excellent fits to the major and select trace
element data (e.g., Hf, Zr, and Th) of the trachyandesites
and trachydacites, there are certain trace elements (e.g., La,
Dy, Y and Ce) whose trends are not well explained by
fractionation of the observed anhydrous mineral phases
present in the Hudson magmas (Fig. 12). The elevated
concentrations of these trace elements within the more
evolved trachyandesitic and trachydacitic compositions can
be successfully reproduced through the addition of between
2 and 10% amphibole to the fractionating mineral assem-
blage. This is clearly visible in the Y, Ce, and Dy/Yb
versus Rb plots (Fig. 12) where the calculated fractionation
curves shift dramatically in the direction of the more
evolved compositions.

Davidson et al. (2007) have recently suggested that the
ratios of La/Yb and Dy/YDb can be effectively used to infer
the signature of pressure-dependent phase assemblages,
such as garnet (deep) or amphibole (moderate/deep) dur-
ing crystallization of calc-alkaline arc suites, due to
characteristic differences in the mineral/melt partition
coefficients. In particular, a trend of decreasing Dy/Yb
ratio with increasing degree of differentiation indicates
amphibole fractionation within an arc suite. On such a
plot, the basalt to trachydacite Hudson suite exhibits a
decrease in Dy/Yb with increasing SiO, that is similar in
magnitude to other arc suites such as the Aleutian Islands
and volcanic centers from Java (Fig. 10). The combined
trends of Dy/Yb and La/Yb versus SiO, for the Hudson
compositions are therefore suggestive of amphibole crys-
tallization without any contribution from garnet. Using the
1991 basalt as a starting point, the modeling of certain
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trace elements, such as La, Dy, Y, and Ce is improved by
the addition of amphibole to the crystallizing assemblage
of the Hudson suite. Addition of 2-10% amphibole over
the entire range of fractionation can generate elevated
trace element concentrations similar to the 1991 trachy-
andesite, 3600 trachydacite, and 6700 trachyandesite
(Fig. 12).

An exception to the generally decreasing Dy/YDb ratio in
the Hudson suite are the compositions of the nearby Rio
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Ibafiez basalts. Compared to the 1991 basalts, the more
primitive Rio Ibafiez samples have lower values of Dy/Yb.
Geochemical modeling of the Rio Ibafiez basalt to Hudson
1991 basaltic andesite (this study) with garnet as a frac-
tionating phase results in elevated La/Yb and Dy/Yb ratios
(Figs. 10, 12). If the Rio Ibafiez compositions are parental
to 1991-type basalts this may indicate deep crustal frac-
tionation involving garnet (Fig. 12; e.g., Davidson et al.
2007).
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Deep versus shallow crustal differentiation
of trachyandesite and trachydacite

Both deep (lower crust) and shallow (upper crust) level
differentiation of magmas have been inferred for centers
along the Andean margin, including Hudson volcano. For
example, differentiation of mantle-derived basaltic mag-
mas at deep crustal levels (where garnet is stable) has been
inferred at Volcan Ollagiie [21°S; Andean Central Volca-
nic Zone (Feeley and Davidson 1994)]. Also, lower crustal
differentiation (~ 800 MPa) of basalts to basaltic andesites
has been proposed at Planchon volcano in the transitional
SVZ (34.5-37°S; e.g., Tormey et al. 1991), and for the
type-2 basalts defined by Lopez-Escobar et al. (1993). In
contrast, there is evidence of shallow level (<300 MPa)
differentiation of basalt to more evolved compositions (i.e.,
andesite to rhyolite) along the entire length of the SVZ
(e.g., Tormey et al. 1991; Lopez-Escobar et al. 1993;
Feeley and Davidson 1994), including Hudson volcano
(e.g., Gutiérrez et al. 2005).

No evidence is found for garnet fractionation in the
Hudson suite. For example, there is no systematic variation
in Ce/YDb versus Yb, whereas if garnet were a fractionating
phase a strongly decreasing trend would be expected (e.g.,
Feeley and Davidson 1994). Similarly, there is no HREE
depletion in the REE patterns of the Hudson samples
(Fig. 9), as would be expected if garnet was part of the
crystallizing assemblage. Tormey et al. (1991) proposed
deep crustal differentiation (e.g., ~800 MPa) of basalts
and basaltic andesites at Planchon volcano (transitional
SVZ) based on the trend of increasing Al,O; with
decreasing MgO. The depth of differentiation was further
constrained to between ~400 and 800 MPa by Tormey
et al. (1995) based on the mafic samples plotting between
the experimentally determined 200 and 800 MPa cotectics
(e.g., Sisson and Grove 1993; Gust and Perfit 1987,
respectively), when plotted on a olivine—clinopyroxene—
quartz ternary diagram (e.g., Grove et al. 1982). The mafic
samples from Hudson volcano also exhibit an Al,O0;-MgO
trend similar to that of Planchon volcano, but plot close to
the experimentally determined 200 MPa cotectic (e.g.,
Sisson and Grove 1993) when plotted on the ol-cpx-qtz
ternary diagram.

The fractionation of amphibole places some constraints
on the depth at which differentiation may have occurred.
Experimental determinations of the amphibole stability
curves in basaltic andesite compositions (e.g., Moore and
Carmichael 1998) suggest an inflection at about 200 MPa
where the slope decreases towards lower pressure
(Fig. 11). The change in orientation of this boundary is
sub-parallel to a simple decompression path and crossing
this stability curve would result in amphibole instability
(Davidson et al. 2007). Thus, amphibole fractionation is

likely to have occurred at depths of greater than 6 km. The
lack of a clear garnet signal in the trace element data
suggests that differentiation does not occur at deep levels,
but takes place somewhere between the depths of garnet
stability and amphibole stability. The initial staging point
for the differentiation of the parental mafic magmas may be
the lower crustal ‘hot zone’ model (~20 km) of Annen
et al. (2006), with the amphibole-rich cumulates contri-
buting to the amphibolite facies inferred to be at ~24 km
(e.g., Rudnick and Fountain 1995). Together these may
place some constraint on the lower limit of depth of dif-
ferentiation (i.e., ~700-800 MPa).

Within the trace element data for the Hudson suite, there
is no evidence for garnet as a residual phase but the data do
suggest that amphibole may have played an important role
in the genesis of the Holocene magmatic suite (Figs. 11,
12). The paradox of this model is that amphibole is not
found as a phenocryst phase in any of the Hudson vol-
canics. Davidson et al. (2007) cite this relationship for
many arc suites, suggesting that amphibole crystallization
occurs at deeper levels in the crust with the amphibole
phenocrysts left behind as a restite before the magma
ascends and passes outside of the amphibole stability field
at lower pressures (<6 km). This may have been the case
for the Hudson magmas based on trace element trends (i.e.,
La/Yb and Dy/YDb versus SiO,). The trend of decreasing
Dy/Yb with increasing degree of differentiation in the
Hudson suite cannot be explained by shallow fractionation
without amphibole. Therefore, we suggest that modifica-
tion of the Hudson basaltic magmas occurs at upper-mid
crustal below 6 km (and potentially to lower crustal levels
~20-24 km). The crystallizing assemblage includes
amphibole, which is physically separated from the magma
in order to generate the Dy/Yb trend. Subsequent derivative
magmas rise to shallow levels prior to eruption and
undergo degassing, crystallization, and melt inclusion
entrapment. Additional evolution of the liquids may occur
as a result of these combined processes until eruptions tap
into the shallow reservoirs.

Model for magma differentiation

Major and trace element modeling suggests that the volu-
minous trachyandesite and trachydacite magmas erupted
explosively at Hudson volcano during the Holocene can be
derived from a basaltic parent with modification by mixing
during periodic recharge events. Although the modeling
suggests fractional crystallization alone can successfully
produce the range occupied by the more evolved plinian-
style eruptions, petrologic textures and melt inclusion data
suggest magma mixing also plays an important role in the
compositional diversity of evolved Hudson magmas and
therefore, must be included in any model[s] of magma
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formation. Here we present a model (in chronological
eruption order) for magma genesis at Hudson volcano that
includes crystal fractionation, recharge, and mixing to
produce the more evolved compositions.

The most primitive basaltic magmas are generated by
partial melting of a fluid-modified MORB-like source
(Gutiérrez et al. 2005). These melts, represented to some
extent by compositions erupted from monogenetic cones
surrounding Hudson (e.g., Rio Ibafiez and Murta), ascend,
fractionate and assimilate crustal material (Gutiérrez et al.
2005). Fractionation may have involved garnet at deep
levels (>45 km), as indicated by the higher Dy/Yb ratio of
the Hudson basalts relative to the Rio Ibafiez samples
(Figs. 10, 13). These processes result in the formation of
more evolved, hydrous basalts and basaltic andesites (50—
54 wt% SiO,) similar to those erupted in 1991. The trace
element modeling suggests a role for amphibole in the
further differentiation of the Hudson basalts and basaltic
andesites.

The generation of the voluminous trachyandesite
erupted during the 6700 yrs BP event can be effectively

conduit

4
further FC to trap 4
melt inclusions

1-3 km shallow
reservior

Crust

3
ascent of differ-

entiated magmas >

FC of a hydrous|
assemblage

that includes
amphibole

ascent of arc
. derived mafic
magmas

Mantle

Fig. 13 Model for the Holocene eruptions at Hudson volcano. / Slab
dewatering and primary melt generation. 2 Mantle-derived melts
ponding in the mid to lower crust (~6-24 km) where crystal
fractionation involving a hydrous mineral assemblage that includes
amphibole generates the more evolved compositions. 3 Derivative
melts, now carrying the geochemical signature of amphibole, ascend
and stall in the shallow crust where they undergo low-pressure
fractionation via an anhydrous mineral assemblage prior to eruption
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modeled by fractional crystallization of the evolved bas-
alts. A genetic relationship between the 1991-type basalts
and the trachyandesite is supported by the similarity in
strontium isotope ratios (Lopez-Escobar et al. 1993;
Naranjo and Stern 1998; Stern 2008). However, the dis-
tinctive trend of decreasing Dy/Yb ratio with increasing
differentiation in the suite strongly suggests a role for
amphibole fractionation (Fig. 10), even though this phase
is not present in the erupted magmas. The inflection in the
amphibole stability curve (~200 MPa; e.g., Moore and
Carmichael 1998) places some constraints on the depth at
which differentiation may have occurred (i.e., <6 km).
Amphibole fractionation may occur at any point below
6 km and extend to 20-24 km depth [e.g., ‘hot zone”
model (Annen et al. 2006); amphibolite facies (Rudnick
and Fountain 1995)], but not to depths where garnet is
stable (>45 km). Therefore, we suggest that the inferred
amphibole fractionation takes place at depths below 6 km
and potentially at depths to ~20-24 km. Modeled solu-
tions based on the fractionation of plagioclase, pyroxene,
amphibole and Fe-Ti oxides yields excellent fits to both
major and trace element patterns. The amphibole pheno-
crysts may have been physically separated and left behind
as restite in the lower crust before the ascending melt,
which now carries the signature of cryptic amphibole
fractionation (e.g., Davidson et al. 2007), passed out of
the amphibole stability field. We suggest that just prior to
the 6700 eruption, trachyandesite magma rose to rela-
tively shallow levels (<2 km) where a reduction of
pressure resulted in amphibole becoming unstable and
being replaced by an anhydrous assemblage of plagio-
clase, pyroxenes and Fe-Ti oxides. Pressure decrease may
have also triggered additional crystallization, accompa-
nied by melt inclusion entrapment (Blundy et al. 2006).
Volatile contents in the melt inclusions thus reflect the
rather shallow storage level just prior to eruption. Another
consequence of degassing is a potential increase in tem-
perature associated with the latent heat of crystallization,
estimated at ~3°C per percent crystallization (e.g.,
Blundy et al. 2006). Based on the maximum crystallinity
of the Hudson samples (Table 2), this would produce a
temperature increase on the order of ~80°C. Given the
speed at which Fe-Ti oxides can re-equilibrate (e.g.,
Venezky and Rutherford 1999) this may explain why the
Fe-Ti oxide temperatures of the 6700 trachyandesite are
higher than the upper limits of amphibole stability (e.g.,
Rutherford et al. 1985) at about 900°C (at <200 MPa;
Fig. 11b). The pre-eruptive storage of the 6700 trachy-
andesite occurred at depths between 1.0 and 1.4 km at
approximately 972 + 25°C and log fO, —10.24 £ 0.2,
under water-saturated conditions (based on estimates of
the volatile content in melt inclusions and mineral
geothermometry).
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An important observation about the 6700 trachyandesite
is the range of melt compositions (matrix glasses) and their
relationship to melt inclusions (Fig. 7c). The occurrence of
melt inclusions that are more evolved than the coexisting
matrix glasses suggests magma mixing. It is possible to
rule out host crystallization as the cause for the evolved
character of the melt inclusions based on simple trends of
major elements such as FeO and K,0O. Thus it is likely that
mixing of the trachyandesite with more mafic melts can
explain the compositional diversity of the melts and their
relationship to the melt inclusions. Modeling of the matrix
glass compositional spread by magma mixing of trachy-
andesite with evolved basalts yields very good fits to the
data. It is difficult, however, to specify at what point
mixing occurred. It may have taken place at deeper levels
during amphibole fractionation (~20-24 km) or just prior
to eruption when the trachyandesite had ascended to shal-
low levels (<2 km).

Derivation of the 3600 trachydacite is also attributed
ultimately to fractional crystallization involving amphibole
because of the trend of decreasing Dy/Yb in this most
evolved endmember (Fig. 10b). This composition can be
attained by up to 70% fractionation of plagioclase,
pyroxene, amphibole, Fe-Ti oxides and apatite from a
basaltic parent or alternatively, by ~25% fractionation of
residual trachyandesite produced prior to the 6700 event.
The similarity of strontium isotope ratios of the 3600
trachydacite [ ~0.70445 (Naranjo and Stern 1998)] to the
6700 trachydacite [~0.70450 (Stern 2008)] supports a
genetic link for the latter process. We also suggest that the
3600 trachydacite rose to relatively shallow levels (<2 km)
prior to eruption and moved outside the stability field of
amphibole resulting in the presence of only an anhydrous
mineral assemblage (plagioclase, pyroxene, Fe—Ti oxides)
at the time of eruption. Degassing-induced melt inclusion
entrapment recorded the shallow level signature of the
storage region. The pre-eruptive storage of the 3600 trac-
hydacite occurred at depths between 1.1 and 2.0 km at
approximately 942°C (£24) and log fO, —10.68 (%0.2)
(assuming water-saturated conditions). Unlike the 6700
trachyandesite, the 3600 trachydacite shows a high degree
of similarity between melt inclusion compositions and
coexisting matrix glasses. This suggests that there was not
significant magma mixing in the main part of the 3600
storage region prior to eruption.

The most recent 1991 eruption was unique in that
magmas of contrasting composition (basalt and trachy-
andesite) were erupted only days apart, from different vents
within the summit caldera. Kratzmann et al. (2009) pro-
posed that the trachyandesite from the paroxysmal phase of
the eruption could be related to the early erupted basalts
through fractional crystallization and magma mixing.
Major element modeling produced excellent fits based on

the anhydrous assemblage of plagioclase, olivine, pyrox-
ene, Fe-Ti oxides, and apatite. However, addition of
amphibole to the crystallizing assemblage better explains
the decrease in Dy/Yb ratio that is present in the 1991 suite.
This also suggests that the latest eruptive products carry the
geochemical signature of cryptic amphibole crystallization.
As with the 6700 and 3600 events, the lack of amphibole in
the eruptive products is attributed to shallow pre-eruption
storage outside the amphibole stability field. Based on
estimates of volatile content in melt inclusions and mineral
geothermometry, and assuming water-saturated conditions,
pre-eruptive storage of the 1991 trachyandesite occurred at
pressures between 0.2 and 2.7 km depth, at approximately
972°C (£26) and log fO, —10.33 (£0.2).

Magma mixing, involving basalt and trachyandesite, is
also required to explain the systematic trend towards more
mafic melt compositions in the latter stages of the parox-
ysmal phase (Kratzmann et al. 2009). Withdrawal of
magma from deeper levels as the eruption progressed
tapped into areas where mafic magma had mixed with and
hybridized the dominant trachyandesite magma. The
intrusion of more mafic magma into the trachyandesite
storage region may have contributed to triggering of the
eruption sequence.

Conclusions

The Holocene explosive eruptions of Hudson volcano in
southern Chile have consistently discharged magmas of
similar composition (trachyandesite and trachydacite),
comparable anhydrous phenocryst assemblages (plagio-
clase, pyroxene, Fe-Ti oxides, tolivine), and pre-eruptive
temperatures (943-972°C) and oxygen fugacities. Geo-
chemical modeling suggests that the evolved magmas can
be derived from a basaltic parent primarily via fractional
crystallization. Pre-eruptive storage conditions for the
Holocene magmas have been estimated based on the vol-
atile contents in melt inclusions, mineral geothermometry,
and comparisons to analogous experimental work. The
pressures obtained from the analysis of melt inclusions all
suggest shallow levels of entrapment (<100 MPa; assum-
ing water saturation). Storage of the 6700 years BP
trachyandesite occurred at depths between 1.0 and 1.4 km
at approximately 972 + 25°C and log fO, —10.24 £ 0.2,
with up to ~2 wt% H,O in the melt. The 3600 years BP
trachydacite storage occurred at similar depths between 1.1
and 2.0 km but at a slightly lower temperature of 942°C
(£24) and log fO, —10.68 (£0.2), and approximately
2.5 wt% H,0. The most recent pre-eruptive storage of the
trachyandesite, erupted in 1991, occurred at depths ranging
from 0.2 to 2.7 km, a temperature of 972°C (£26), log fO,
—10.33 £+ 0.2, and 1-3 wt% H,O in the melt. However, an
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important role for amphibole in the differentiation of the
Hudson magmas is suggested in the trace element data
(specifically La/Yb and Dy/Yb ratio trends). An upper limit
for this differentiation is suggested by the sub-parallel
nature of the amphibole stability curve, and is likely to
have occurred at depths of greater than six kilometers. A
potential lower depth limit for the role of amphibole is
suggested by the depth of contact between the upper and
lower crust [ ~20 km (Annen et al. 2006)], and the esti-
mated depth to an amphibolite facies [ ~24 km (Rudnick
and Fountain 1995)].

During the Holocene activity at Hudson volcano,
mantle-derived magmas stalled between upper-mid and
lower crustal levels (~6-24 km) and differentiated to
more evolved compositions by crystal fractionation
involving a hydrous mineral assemblage (Fig. 13). This
resulted in the formation of slightly more evolved basaltic
magma similar in composition to the first phase of the
1991 eruption. Continued fractional crystallization at
depth generated the trachyandesitic and trachydacitic
compositions of the 6700 years BP, 3600 years BP, and
1991 eruptions. Amphibole phenocrysts may have been
retained in this differentiation zone as a restite. During
the 6700 years BP and 3600 years BP events, the evolved
magmas ascended from mid to lower crustal depths and
temporarily stalled in the shallow crust. At this point they
crossed out of the amphibole stability field and further
crystallization involved an anhydrous mineral assemblage.
This shallow level fractionation is suggested by the
pressures of entrapment obtained from the melt inclusion
data. Furthermore, this decompression crystallization may
have resulted in the heating of the magma body (e.g.,
Blundy et al. 2006) which shifted the temperature outside
the thermal stability field of amphibole (e.g., Rutherford
et al. 1985). The decrease in pressure, increase in tem-
perature, and resultant crossing of the amphibole stability
curve may explain the lack of phenocrystic amphibole in
the Hudson samples. The 1991 trachyandesite followed a
similar evolution, ascent, and crystallization path as the
previous eruptions. However, coincident to its shallow
emplacement, some of the parent basaltic magma also
ascended into the shallow crust prior to erupting. It mixed
with and hybridized the stalled trachyandesite before
erupting in the north-western corner of the caldera. The
1991 basalt was a potential trigger for the 1991 trachy-
andesitic eruption (e.g., Naranjo et al. 1993: Kratzmann
et al. 2009) and basaltic intrusions beneath Hudson may
have played a role in initiating the other large explosive
eruptions.
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