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ABSTRACT

Alteration minerals, assemblages, and tex-
tures were studied in a 175-m-thick volcanic
sequence found between 759.32 and 584.19 m
below seafloor within the 1285-m-long
ANDRILL (Antarctic Geological Drill-
ing project) McMurdo Ice Shelf core (MIS
AND-1B). Three main alteration zones were
identified through the application of differ-
ent analytical methods (optical and scanning
electron microscopy, electron microprobe,
and X-ray diffraction). Alteration zoning is
guided by the texture of the volcanic deposits,
which is in turn determined by the eruptive
style, transport mechanisms, and paleodepo-
sitional conditions. In particular, alteration
reflects the evolution of paleodepositional
conditions from submarine or shallow water
to subaerial due to the growth of a nearby
volcanic edifice. The general alteration
trend is also influenced by the contribution
of volcanogenic sediments derived from the
reworking of silica-rich pyroclasts from ear-
lier volcanic activity.

INTRODUCTION

The ANDRILL (Antarctic Geological Drill-
ing project) AND-1B core contains a well-pre-
served (>98% core recovery), high-resolution
late Neogene record of the nearshore glacima-
rine environment in Antarctica (Naish et al.,
2007, 2009). The marine core was drilled at a
water depth of 943 m beneath the McMurdo
Ice Shelf, in the Ross Embayment of Antarc-
tica (Fig. 1). The McMurdo Ice Shelf drill site
is located ~10 km east of Hut Point Peninsula,
in the subsidence moat created by the volcanic
Ross Island (Naish et al., 2007).

Recovered sediments have been interpreted
in terms of changing environmental condi-
tions since ca. 12 Ma (McKay et al., 2009;
Naish et al., 2009). The 1285-m core consists of

Geosphere; April 2013; v. 9; no. 2;

intercalated glacigenic, biogenic, and volcanic
deposits. Volcanic rocks form a significant com-
ponent of the core and compose ~70% of the
total clast count (Pompilio et al., 2007); they are
found both in glacigenic sediments and in thick,
discrete volcanic layers.

An ~175-m-thick and continuous volcanic
succession is between 584.19 and 759.32 m
below the seafloor (mbsf). This volcanic
lithostratigraphic unit (LSUY) is also character-
ized by the absence of diatomite and by a wide
range of siliciclastic sediments (Krissek et al.,
2007; Di Roberto et al., 2010). LSUS includes
different lithologies that were interpreted to
record the evolution of a volcanic complex from
submarine to shallow water and/or emergent
conditions with related glacio-volcanic gravity
flow processes (Krissek et al., 2007; Di Roberto
et al., 2010). These volcanic rocks show differ-
ent degrees of alteration that increase with depth
(Di Roberto et al., 2010).

Numerous studies (Schiffman et al., 2000;
Walton and Schiffman, 2003, and references
therein) and reviews (e.g., Honnorez, 1981;
Fisher and Schmincke, 1984; Singer and
Banin, 1990; Stroncik and Schmincke, 2002)
have explored in detail the alteration of vol-
canic rocks during low-temperature interaction
with aqueous fluids, focusing on the forma-
tion of alteration phases (mainly palagonite)
and on the compositional changes attending
the alteration processes. Because of its thermo-
dynamic instability, volcanic glass is highly
reactive and is therefore able to record relevant
changes in physical and chemical conditions
during syneruptive and posteruptive processes.
Alteration textures and mineral assemblages
that derive from glass modification can give
information on the environment of deposition
and successive modification due to deposit
burial and diagenesis. For example, the study
of low-temperature alteration of glass-bearing
volcanic deposits can provide information on
glass-fluid interaction and temperature, duration
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of interaction, fluid properties, and nature of
the primary material (Stroncik and Schmincke,
2002, and references therein). On this basis, we
focus here on the analysis of different altera-
tion minerals, assemblages, and textures in the
LSUS unit to understand the postdepositional
processes that affected the glass-bearing vol-
canic deposits. We thus also relate postdeposi-
tional processes to paleodepositional conditions
and style of eruptive activity.

LSUS STRATIGRAPHY AND
DEPOSITIONAL ENVIRONMENTS

LSUS includes a number of different litholo-
gies, i.e., hyaloclastites, tuffs and lapilli tuffs,
volcaniclastic diamictites, a submarine lava
flow, and volcanic glass shard-rich sandstones
to mudstones representing different eruptive
and volcano-sedimentary processes as well as
alteration environments (Krissek et al., 2007,
Di Roberto et al., 2010). A brief description
of the different lithologies is given in the fol-
lowing (for more details, see Di Roberto
et al., 2010).

Lapilli Tuff and Tuff

The lapilli tuff and tuff lithologies comprise
centimeter to decimeter thick beds of massive
to crudely stratified hyaloclastite, tuff, and
lapilli tuff consisting of juvenile glassy frag-
ments (pumice, scoria, and glass shards) mixed
with minor amounts of loose crystals of feld-
spar and minor clinopyroxene, poorly vesicular
lava fragments, and lithics (reddish oxidized
lava clasts). Hyaloclastite, tuff, and lapilli tuff
are commonly grain supported and generally
characterized by an open frame texture. Sec-
ondary pores between grains are occupied by
calcite, zeolite, and minor clay minerals. The
vitric fragments preserve fragile structures (i.e.,
glass vesicle walls) and have not been signifi-
cantly reworked.
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Figure 1. Map of southern Victoria Land, Antarctica, showing the
location of the ANDRILL (Antarctic Geological Drilling project)
AND-2A Southern McMurdo Sound (SMS) core site and relevant
geological features of the Erebus Volcanic Province (redrawn from
Del Carlo et al., 2009). The map also shows outcrops of volcanic
rocks belonging to the McMurdo Volcanic Group and the relative
timing of activity according to K-Ar and “Ar-*Ar ages (Mercer,
1968; Kyle and Cole, 1974; Mayewski, 1975; Armstrong, 1978;
Kyle, 1981, 1990a, 1990b; Kyle and Muncy, 1989; Wright and Kyle,
1990a, 1990b; McKelvey et al., 1991; Wilch et al., 1993; Marchant
et al., 1996; Esser et al., 2004; Tauxe et al. 2004; Timms, 2006;
Cooper et al., 2007; Lewis et al., 2007; Wilch et al., 2008; Martin

et al., 2010). MIS (AND-1B)—McMurdo Ice Shelf core.

Volcanic Diamictite

Volcanic diamictites consist of gray to black,
dense to poorly vesicular clasts produced by
rapid quenching and fragmentation of sub-
marine lavas (autoclastic) admixed with vol-
canic clasts texturally similar to those forming
tuff and lapilli tuff (pyroclastic). Lava fragments
are characterized by a fine-grained pilotaxitic
groundmass with a few <2 mm phenocrysts of
feldspar and minor clinopyroxene (Di Roberto
et al., 2010). The diameters of clasts range from
a few hundred microns to several centimeters.

Volcanic diamictites vary from clast to matrix
supported. The matrix consists of silt-sized
material frequently altered to clay minerals. As
in tuff, vitric fragments show fragile structures
(i.e., glass vesicle walls) and have not been sig-
nificantly reworked.

Lava Flow
The lava flow is a fine-grained tephrite bear-
ing a few large (>1 mm) feldspar phenocrysts

set in a pilotaxitic groundmass with <250 pym
microcrystals of feldspar and clinopyroxene.
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Volcanic Clast—Rich Mudstones
to Sandstones

Volcanic clast-rich mudstones to sandstones
consist of turbiditic sandstones to siltstones,
interlaminated and interbedded (Krissek et al.,
2007; Di Roberto et al., 2010). Sediments are
a mixture of sand- to silt-sized volcanic and
nonvolcanic clasts with abundant fragments
of lava, scoria, pumice, and magmatic crystals
(feldspar and clinopyroxene) admixed with
granitoids, metasediments, and mudstone clasts.
Vitric fragments embedded in the volcanic-rich
mudstone and sandstone are often abraded and
rounded, thus testifying to major reworking.

The LSUS sequence was divided into two
main subunits, LSU5A and LSU5B, on the basis
of the nature, texture, and composition of sedi-
ments (Di Roberto et al., 2010).

The LSUSA extends between 688.92 and
759.32 mbsf and mainly consists of a mono-
thematic sequence of stacked volcanic-rich
mudstones to sandstones (volcanogenic mud-
stone to sandstone) deposited by turbidity cur-
rents and gravity flow processes. In Di Roberto
et al. (2010), it was suggested that the turbidity
currents were generated from a distal ground-
ing line and supplied fine sediment produced
by fluvial and glacial erosion of volcanic and
basement rocks; it was also suggested, alter-
natively, that the LSUSA sediments may have
originated from the mixing of fine-grained pri-
mary volcaniclastic deposits with nonvolcanic
detritus supplied by glacier tongues descending
from the Transantarctic Mountain front and by
grounding-line processes. This second environ-
mental interpretation seems to be supported by
the presence of pyroclastic deposits, namely pri-
mary tuff and lapilli tuff beds (likely deposited
by eruption-fed turbidity currents; White, 2000)
and resedimented syneruptive volcanogenic
deposits (volcanic diamictites) in the upper
portion of LSUSA (~15 m). These indicate
that the system was increasingly dominated by
materials directly derived from subaqueous vol-
canic activity close to the drill site (Di Roberto
et al., 2010).

The ~105-m-thick upper LSU5B subsequence
and the lower few meters of LSU4.4 extending
between 584.19 and 688.92 mbsf consist mainly
of interbedded pyroclastic deposits (hyalo-
clastite, tuff, and lapilli tuff) and resedimented
syneruptive volcanogenic deposits (volcanic
diamictite) and a ~3-m-thick subaqueous lava
flow dated as Late Miocene (6.48 Ma; Wilson
et al., 2012). Pyroclastic deposits and resedi-
mented syneruptive volcanogenic deposits are
punctuated by intervals of volcanogenic sedi-
mentary deposits (volcanic-rich sandstones to
siltstones) as much as several meters thick that
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are laminated to massive and frequently biotur-
bated. LSUSB was attributed to repeated cycles
of submarine to emergent explosive to effusive
volcanic activity, with occasional periods of qui-
escence lasting as long as 1 m.y. (Di Roberto
et al., 2010).

METHODS

A total of 60 samples were collected between
575.65 and 759.32 mbsf for observation and
analysis (Table 1). All samples were observed
and described using an optical microscope.
Polished thin sections from 11 samples repre-
sentative of the main lithologies (Table 2) were
examined using a scanning electron microscope
at the Dipartimento di Scienze della Terra (Uni-
versita di Siena, Italy). A Philips XL30 instru-
ment operated at 20 kV and equipped with an
EDAX DX4 energy-dispersive system (EDS)
was used to complete the chemical analysis of
smectites. X-ray diffraction (XRD) analyses
were performed on 30 selected samples in order
to characterize the mineralogy of the clay frac-
tion; the average sample spacing was ~6 m. The
clay fraction was separated and analyzed follow-
ing standard procedures (Ehrmann et al., 1992;
Petschick et al., 1996). XRD measurements
were conducted with an automated Philips
PW1710 powder diffraction system using CuKo
radiation (40 kV, 40 mA). Each sample was ana-
lyzed between 2° and 40° 26, with a step size of
0.02° 20, in the air-dry state and after ethylene
glycol solvation. A slow scan between 23° and
25.5° 20 with a step size of 0.005° 26 was per-
formed on the glycolated samples to obtain a
better resolution of the chlorite-kaolinite twin
peaks. Diffractograms were processed using
the MacDiff software (Petschick, 2001; Frank-
furt University, Germany) to determine the
abundance of the main clay minerals (smectite,
illite, chlorite, and kaolinite) using the weight-
ing factors of Biscaye (1965). Clay mineral
percentage standard deviations were calculated
using the results of 10 diffractograms obtained
from 10 oriented mounts prepared from a single
sample. Standard deviations were illite +1%,
smectite +1%, chlorite +2.5%, and kaolinite
+2%. Major element glass composition and
mineral analyses were performed at the HPHT
(high pressure, high temperature) Laboratory
of Istituto Nazionale di Geofisica e Vulcanolo-
gia (Sezione di Roma, Italy) using a JEOL JXA
8200 microprobe equipped with 5 wavelength-
dispersive spectrometers and an EDS analytical
system. Between 20 and 30 spot analyses were
performed on each sampled volcanic fragment
and on each specimen of the sediment matrix or
cement. Operating conditions were 15 kV accel-
erating voltage, 5 nA beam current, 5 tm probe

diameter, and 10 s and 5 s acquisition time for
peak and background, respectively.

Nomenclature used herein to classify volcani-
clastic rocks and to describe alteration degree
refers to Houghton and Wilson (1989) and
McPhie et al. (1993), and Gifkins et al. (2005),
respectively.

RESULTS
Alteration Texture and Phases

Sediments at depths shallower than 584.61
mbsf are mostly constituted of light brown
sideromelane, tachylite, and vitric lava clasts
that are not altered (Fig. 2A). Calcite and rare
phillipsite occur as intergranular cement.

Between 584.61 and 591.85 mbsf sediments
are formed by vitric clasts with subtle altera-
tion (Fig. 2B). The sideromelane and tachylite
fragments are frequently fractured and, in some
cases, a layer of hydrated glass tens of microns
thick surrounds the external surface of the
grains (Figs. 3A, 3B). In addition, patchy trans-
formation of glass into palagonite and palago-
nite vesicle linings occur together with minor
smectite pore linings (Figs. 3A-3C). Phillipsite
(Fig. 2B) also occurs as white to pale pink
(plane-polarized transmitted light) fibroradial
to spherulitic masses filling volcanic vesicles
and secondary pores (fractures and dissolu-
tion pits) and mostly constitutes the sediment
cement. Minor analcime occurs as late infill-
ing of primary and secondary pores (Fig. 2B).
Calcite occasionally fills porosity created by
glass dissolution, vesicles, and pores (Figs. 2D
and 3C) or forms a part of intergranular matrix.
Above 591.85 mbsf volcanic textures of vitric
fragments, including external shape and original
vesicularity, are mostly preserved.

Sediments at depth >591.85 mbsf are weakly
to moderately altered. No fresh glass is pre-
served. The alteration mineral assemblage
consists of phillipsite, analcime, calcite, and
apatite in both primary and secondary pores,
and TiO, micronodules (Figs. 2C-2F, 3D, and
3E). Within hyaloclastite, tuffs, and volcanic
diamictites, alteration of vitric fragments com-
monly includes grain fracturing, glass dissolu-
tion along external grain surfaces, smectite grain
coating, smectite and palagonite vesicle lining,
complete conversion of volcanic glass into
palagonite, and replacement of volcanic glass
by analcime (Figs. 2C-2F and 3D-3F) or clay
minerals. In contrast, volcanic clast-rich sand-
stones and siltstones are constituted of variably
altered clasts embedded in a fine matrix of clay
minerals. Vitric clasts are often substituted by
analcime and calcite (Fig. 3F). Primary and sec-
ondary pores are filled by analcime, palagonite,
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and smectites, whereas palagonite may form a
fine outer rim. In all types of sediment at depths
>591.85 mbsf, calcite fills porosity created by
glass dissolution, vesicles, and pores (Fig. 3D)
or coexists with analcime and smectite in the
intergranular matrix. Pyrite crystals a few tens
of microns in size and pyrite aggregates were
identified on the outer edge of the lava flow,
around the quenched, glassy outer surface of
lava fragments and in vesicle fillings. In the
very first meters below the depth of 591.85 mbsf
most of the original volcanic textures are pre-
served; downcore most of the fragile volcanic
textures such as thin vesicle septa in pumice,
fibrous structures in fluidal clasts, and volcanic
vesicles are modified or destroyed by the altera-
tion process.

Mineralogical and Chemical Composition

Glasses that occur in samples shallower than
591.85 mbsf have homogeneous basanitic com-
position (Table 2; Fig. 4) and are unaltered (total
oxides >97 wt%).

Between 584.61 and 591.85 mbsf, sidero-
melane is slightly altered and transformed into
palagonite (Table 2). Palagonitized glass has
low total oxides (<95 wt%) and is generally
depleted in all major elements (Table 2; Fig. 4)
with respect to average unaltered glass (Fig. 4),
whereas it is enriched in TiO, MgO, and total
iron (FeO remains unchanged).

At depths >591.85 mbsf, the volcanic glass
underwent major alteration involving signifi-
cant chemical and physical changes (Table 2;
Fig. 4). The composition of palagonite formed
from basanitic glass within hyaloclastite, tuff,
and volcanic diamictites is almost constant,
with only minor variation (Table 2; Fig. 4).
Compositions plotted in Mg/(Mg + Fe) and
Al/(Al + Si) versus Na + K + Ca diagrams
(cations were calculated on the basis of 22
oxygen equivalents) show that the chemical
changes involved in the palagonitization of
fresh basanitic glass are a depletion in Na + K +
Ca, a decrease in the Al/(Al + Si) ratio, and an
increase in the Mg/(Mg + Fe) ratio (circles and
diamonds in Fig. 5). Volcanic glass found within
volcanic-rich sandstones at 611.35, 716.23, and
747.09 mbsf is generally less altered compared
to altered sideromelane in hyaloclastite, tuff,
and volcanic diamictites. The glasses found
within volcanic-rich sandstones have relatively
high total oxides (~90 wt%), are more silica
rich, and have an almost constant trachytic to
rhyolitic composition (Table 2; Fig. 4). In the
Mg/(Mg + Fe) and Al/(Al + Si) versus Na+ K +
Ca diagrams (squares in Fig. 5), the composition
of glass found within volcanic-rich sandstones
display fairly constant Na + K + Ca values
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TABLE 2. AVERAGE COMPOSITION OF GLASS AND PALAGONITE

Unaltered glass

579.25 Al (bas)

584.61 Hyalo (bas)

591.85 LT (palag)

Sample avg. (n = 63) Variance avg. (n=10) Variance avg. (n=10) Variance avg. (n = 26) Variance
SiO, 43.88 0.94 43.65 1.37 43.30 0.16 38.26 27.59
TiO, 3.75 0.15 3.29 0.34 4.25 0.00 4.39 2.94
Al,O4 15.71 0.74 15.74 0.34 15.79 0.01 11.23 10.72
FeO 11.06 0.44 10.42 0.94 10.69 0.37 11.90 17.35
MnO 0.22 0.00 0.24 0.00 0.26 0.01 0.21 0.01
MgO 4.39 0.73 3.77 0.32 4.40 0.17 8.80 23.56
CaO 10.28 1.69 9.55 1.96 10.23 0.18 5.45 4.66
Na,O 4.74 0.39 4.00 0.88 1.94 0.21 0.98 1.71
K,O 2.31 0.20 2.32 0.16 1.90 0.00 0.76 1.24
P,Os 1.31 0.17 1.1 0.01 1.99 0.00 1.06 0.52
Totals 97.65 0.30 94.08 4.19 94.76 1.13 83.03 121.97
600.05 T (palag) 602.8 LT (palag) 611.35 VRS (trach) 652.81 VD (palag)
Sample avg. (n = 15) Variance avg. (n = 15) Variance avg. (n=15) Variance avg. (n=10) Variance
SiO, 30.32 46.78 29.75 27.60 63.85 7.56 35.80 7.28
TiO, 7.08 15.63 5.71 12.11 0.44 0.00 0.48 0.03
Al,O4 5.79 12.11 5.65 2.74 14.20 5.73 6.35 0.45
FeO 1.77 26.72 12.25 14.33 1.17 0.02 19.41 4.87
MnO 0.22 0.02 0.19 0.01 0.07 0.00 0.35 0.00
MgO 6.17 4.55 8.23 7.09 0.46 0.00 10.29 0.46
Ca0 8.01 7.20 9.30 9.88 3.52 1.59 1.96 0.27
Na,O 2.06 5.43 0.78 0.02 4.10 12.32 2.21 0.04
K,O 0.44 0.05 0.19 0.01 1.43 0.49 0.61 0.01
P,Os 1.04 1.66 1.44 0.84 0.16 0.01 0.04 0.00
Totals 72.91 68.30 73.49 126.95 89.40 0.00 77.50 40.18
658.03 VD (palag) 662.65 LT (palag) 702.19 LT (palag) 711.02 LT (palag)
Sample avg. (n=10) Variance avg. (n = 16) Variance avg. (n = 20) Variance avg. (n = 20) Variance
SiO, 27.96 20.80 24.94 7.18 23.04 1.71 25.53 16.49
TiO, 6.31 13.83 8.90 5.84 9.84 47.83 8.99 5.99
AlL,O,4 5.91 2.31 4.37 0.34 4.20 4.45 4.50 0.55
FeO 15.59 21.53 7.47 0.98 7.46 26.98 8.02 2.73
MnO 0.46 0.03 0.16 0.00 0.21 0.14 0.16 0.00
MgO 6.49 6.91 5.93 3.02 3.27 4.41 6.37 2.61
CaO 10.39 20.20 10.67 6.40 10.87 29.55 10.75 7.68
Na,O 0.99 0.07 0.75 0.08 0.52 0.01 0.59 0.03
KO 0.54 0.05 0.08 0.00 0.42 0.00 0.12 0.00
P,Os 1.60 1.77 0.92 0.87 0.95 2.87 1.31 2.21
Totals 76.25 5.11 64.19 21.25 60.79 150.92 66.32 73.16
716.23 VRS (trach) 747.09 VRS (trach)
Sample avg. (n = 15) Variance avg. (n = 15) Variance
SiO, 65.86 2.40 67.24 9.53
TiO, 0.20 0.24 0.30 0.49
Al,O4 14.16 2.08 14.04 1.24
FeO 0.20 0.02 0.41 1.17
MnO 0.03 0.00 0.02 0.00
MgO 0.04 0.00 0.14 0.20
CaO 2.94 0.41 4.02 2.55
Na,O 4.01 0.68 3.02 0.37
K,O 1.05 1.76 1.00 0.06
P,Os 0.00 0.00 0.06 0.04
Totals 88.48 8.29 90.26 1.35

Note: avg.—average; Al—ash lenses; Hyalo—hyaloclastite; LT—lapilli tuff; T—tuff; VD—uvolcanic diamictite; VRS—volcanic clast-rich sandstone; bas—basanite;
palag—palagonite; trach—trachyte. Variance is calculated according the algorithm nxx2- (£x?)/n?, where nis the number of the performed analyses and x is the obtained

value; variance is a measure of the chemical heterogeneity of different samples (Stroncik and Schmincke, 2001).

and Al/(Al + Si) ratios, but wide ranges in the
Mg/(Mg + Fe) ratios.

Three main types of clay minerals, smectite,
illite, and chlorite, were observed in the LSUS
sequence. The most abundant clay mineral in the
LSUS is smectite, the content of which ranges
between 24% and 100%; the mean value is 91%
(Fig. 6). The highest smectite contents (100%)
are observed in lapilli tuff and tuff samples.

The smectite in the shallower LSUS5 ana-
lyzed sample, at 591.85 mbsf, has the highest
Mg content (Fig. 7). At depths >591.85 mbsf,
smectites found in volcanic clasts and vesicles
within hyaloclastites, tuffs and lapilli tuffs,
volcaniclastic diamictites, and volcanic-rich

mudstones to sandstones have compositions
differing only for the Mg/(Mg + Fe) ratio,
and all are saponite (Fig. 7). In contrast, the
finer grained smectites constituting the inter-
granular matrix of volcanic clast-rich mud-
stones to sandstones are richer in Al and trend
toward the high-Al smectites defined by the
montmorillonite-beidellite field in Figure 7.
The illite content in the LSUS ranges between
0% and 54% (mean value 7%). The amounts
of smectite and illite are inversely correlated
(R? =-0.98). The chlorite content ranges from
0% to 22% (mean value 3%; Fig. 6). The ash
lens sample with unaltered glass from 575.65
mbsf has the highest illite and chlorite contents,
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55% and 22%, respectively. Relatively high
illite and chlorite contents can also be found
in samples of volcanic clast-rich mudstones to
sandstones within LSU5B, between 608.75 and
620.38 mbsf, and in LSUSA at 715.05, 745.12,
and 748.97 mbsf. Figure 6 shows the downcore
variation in clay minerals abundance.

DISCUSSION
Alteration Zones
The presence of fresh volcanic glass, mineral

assemblages, and alteration textures are used
to identify three main alteration zones within
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Figure 2. Optical microscope images (plane-polarized light) of representative alteration textures in the analyzed samples. (A) Fresh,
vesicular volcanic glass fragments in ash lenses at 575.65 m below seafloor (mbsf) containing abundant plagioclase microlites immersed in
a fine-grained matrix of clay minerals (smectite + illite + chlorite). (B) Analcime (An) and phillipsite filling secondary pores in lapilli tuff
at 591.85 mbsf; the first zeolite to form is fibrous phillipsite (Phy), followed by analcime. (C) Glass shards within a primary tuff at 600.05
mbsf completely transformed into palagonite (orange glass) and smectite (Sm, dark brown areas) to the point that the original vesicles
and grain morphologies are almost obliterated. Grains are cemented by analcime. (D) Volcanic diamictite at 622.22 mbsf; grain fractur-
ing occurred along the outer surface together with minor glass dissolution (presence of TiO, micronodules); brown to pale green pore-
lining smectite formed in volcanic vesicles and replaced olivine (Ol) crystals. Volcanic glass is completely transformed into palagonite and
smectite. Calcite (Ca) and analcime fills vesicles and secondary pores. (E) Tachylitic glass in lapilli tuff at 602.80 mbsf completely trans-
formed into palagonite (Pal); vesicles are filled by analcime. (F) Volcanic glass within volcanic-rich sandstone at 716.23 mbsf; fragments
are completely replaced by analcime; predissolution textures such as palagonite and smectite vesicle linings or microlites are preserved.
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Figure 3. Scanning electron microscope backscattered electron images representative of the main alteration textures and mineral assem-
blages identified in LSU5 (mbsf—meters below seafloor). (A) Highly fractured outer rim of a vesicular glass shard altered to palagonite;
note the alignments of TiO, micronodules on the outer and inner surfaces. Vesicles are filled by smectite (Sm). Shards are cemented
by analcime (An). (B) Plagioclase (P1), clinopyroxenes (Cpx), and spinels (Sp) embedded in a glassy matrix with variable degrees of
alteration. The darker area is unaltered glass; the brighter area is palagonitized glass (Pal). The large vesicle consists of saponite (Sm).
(C) Vesicles in the altered glass consisting of smectitic flakes (Sm), palagonite, and occasionally calcite (Ca) in the core. TiO, micro-
nodules are also present. (D) Vesicles have an outer amorphous rim of palagonite (Pal), an inner portion containing smectitic flakes (Sm,
saponite) and often calcite in the core. Apatite (Ap) may also grow in the external portion of vesicles. (E) Image of a diamictite consisting
of altered volcanic glass and crystal-rich lava fragments. The matrix is composed of analcime. (F) A basaltic clast embedded in a fine
detrital matrix consisting of pyroxene, plagioclase, volcanic clasts of various sizes, glass shards (now zeolitized), and fine-grained clay
minerals. The large clast in the center consists of spinel (bright white), plagioclase (light gray) and analcime (darker gray).
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the studied volcanic sequence. With increasing
depth they are: (1) nonaltered (~575-584 mbsf),
(2) incipiently to mostly altered (~584-591
mbsf), and (3) fully altered (>591 mbsf). The
main textural and mineralogical features of the
three alteration zones are summarized in Table 3.

Relationship Between Alteration Zoning
and Volcanic Processes

Several factors influence the alteration of vol-
canic glass, including its chemical composition,
the nature of source materials (i.e., glass versus
crystalline), the presence of circulating fluids
and their composition, pH, pressure, tempera-
ture, and/or the porosity of sediments (Stroncik
and Schmincke, 2002; Gifkins et al., 2005).
Diagenetic alteration of volcanic sequences
commonly reflects progressive variation in
mineral assemblage due to changes in pore
water chemistry, temperature, and pressure with
depth of burial (Gifkins et al., 2005), and tends
to produce smooth transitions instead of sharp
boundaries in alteration intensity. In contrast,
the lithology may change abruptly due to rapid
variations in the depositional environment or,
in a volcanic area, to rapid changes in the erup-
tive style. Primary and secondary porosities are
related to lithology and therefore the variation of
these parameters may also be abrupt.

We conclude that the sharp change in altera-
tion intensity observed at ~591 mbsf is unlikely
to be the result of gradual changes in physi-
cal parameters during burial and diagenesis of
glass-rich volcanic sediments, but is more likely
a consequence of the style of eruption and envi-
ronment of deposition and the resulting texture
of the primary volcanic deposits. In addition,
according to downhole measurements of heat
flow and considering the hydrologic character-
istics of the AND-1B core (Morin et al., 2010),
there is no evidence of a significant postdepo-
sitional circulation of hydrothermal fluids that
could have produced local variations in the min-
eral alteration assemblage, microtextures, and
chemical compositions.

It was suggested (in Di Roberto et al., 2010)
that LSUSB was emplaced during the growth
of a volcanic edifice or complex erupting in a
transitional environment under submarine to
very shallow and/or emergent conditions. The
presence of a series of hiatuses between 615.50
and 635.00 mbsf, thought to account for ~1 m.y.,
and geochronologic data suggest that the LSU5B
sequence was deposited over a time span of
~1 m.y. (Wilson et al., 2012); nevertheless, facies
architecture suggests that it is more likely that
LSUS5B was deposited very rapidly by intense
submarine volcanic activity accompanied by
short periods of quiescence. Recent analogs,
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Figure 4. Downcore variations in the composition of volcanic glass or palagonite within
studied samples (mbsf—meters below seafloor). All points on this graph are average com-
positions of all glass or palagonite measured at each depth (data from Table 2). For SiO, the
+10 standard deviation bar is reported to highlight the variability of palagonite composition
within each single sample. The average composition of unaltered glass (AUG) is highlighted
in gray. Al—ash lenses; Hyalo—hyaloclastite; LT—lapilli tuff; T—tuff; VD—volcanic
diamictite; VRS—volcanic clast-rich sandstone.

such as Surtsey (Iceland), Capelinhos (Faial
Island, Azores, Portugal), and the ongoing erup-
tion of El Hierro (Canary Islands, Spain), dem-
onstrate that submarine eruptions can construct
edifices of as much as several hundred meters in
a very short time (a few weeks to less than a few
years; Thorarinsson et al., 1964; Machado et al.,
1962; Meletlidis et al., 2012) and produce struc-
tures similar to those observed in LSUSB.
Assuming that the LSUSB deposits were
emplaced over a short time period and that they
were altered under generally homogeneous
physical and chemical conditions (pH, tem-
perature, composition of circulating fluids), the
observed variations in the style of alteration is
likely associated to a change in volcanism. Glass
fragments above and below ~591 mbsf were
emitted in different environments and possibly
cooled under different thermal regimes. Glass-
bearing pyroclasts in sediments at depths >~591
mbsf may have been emitted at high tempera-
ture directly in a water-rich environment, during
the submarine stage of an eruption. In contrast,
pyroclasts in sediments <~591 mbsf may repre-
sent the final shallow-water to emergent stage
of an eruption (Di Roberto et al., 2010). At high
temperatures volcanic glass alters readily in the
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presence of abundant alkaline fluids (seawater),
whereas the rate of alteration decreases sig-
nificantly under dry conditions (Gifkins et al.,
2005, and references therein). Our hypothesis
is confirmed by the results of ongoing stud-
ies on sediments from the second AND-2A
core site (Southern McMurdo Sound Project),
where, for similar thermal borehole properties
(Schroder et al., 2011), a large proportion of the
basanitic glass considered to have been emitted
in a subaerial environment is completely fresh
(Di Roberto et al., 2012; Nyland, 2011; Nyland
et al.,, 2012), even in the presence of alkaline
fluids (Panter et al., 2008).

The composition of palagonite below ~591
mbsf is almost homogeneous (Table 2; Fig. 4)
and does not follow a regular pattern with
increasing depth as it would be expected for a
burial process; this feature testifies to the absence
of significant diagenetic alteration. Small varia-
tions in the composition of palagonite, such as
those observed in volcanic diamictite at 652.82
mbsf (Table 2; Fig. 4), are comparable with the
variability observed within single samples (see
lo standard deviation; Fig. 4). These variations
can be likely related to primary volcanic textures
of the deposit, resulting from different emplace-
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Figure 5. Compositions of pore-lining and glass-replacing palago-
nite in the Na + Ca + K versus Al/(Al + Si) and in Mg/(Mg + Fe)
versus Al/(Al + Si) diagrams (cations were calculated on the basis of
22 oxygen equivalents). Red cross—average unaltered glass (AUG;
error at 16); circles—composition of altered volcanic glass within
ash lenses (Al), tuff (T), lapilli tuff (LT), and hyaloclastite (Hyalo);
diamonds—composition of altered volcanic glass within volcanic
diamictites (VD); squares—composition of altered volcanic glass
within volcanic-rich sandstone (VRS). Numbers in key represent the
depth of samples in meters below seafloor (mbsf).

ment dynamics and consequent changing of the
physical condition during the reactions with
formational fluids (e.g., reduced porosity and/or
permeability).

Relationship Between Alteration and
Source Material

There appears to be a close relationship
between the alteration style and mineral assem-
blage and the composition of the volcanic glass

forming pyroclastic deposits, volcanogenic
sedimentary deposits, and resedimented syn-
eruptive volcaniclastic deposits. Geochemi-
cal data indicate that vitric fragments forming
volcanogenic sandstones contain glass that is
more silica-rich and have trachytic to rhyolitic
compositions. This would explain the differ-
ent style of alteration with respect to basanitic
glasses forming hyaloclastite, tuff, and volcanic
diamictites. It is well known that the primary
composition of volcanic glass can influence the

Geosphere, April 2013

alteration style and mineralogy, and that silica-
rich glass usually alters less rapidly than more
mafic glasses (Hawkins, 1981; Whetten and
Hawkins, 1970; Fisher and Schmincke, 1984;
Friedman and Long, 1984; Petit et al., 1990;
Wolff-Boenisch et al., 2004).

Pyroclastic deposits and extensive volcanic
outcrops from the Erebus Volcanic Province
likely were present near the drill site at the time
of LSUS deposition (Fig. 1); these included
alkali volcanic deposits originating from White
Island, Black Island, and Minna Bluff, and the
more silica-saturated to silica-oversaturated
trachytic-alkaline products from the Mount
Morning volcanic complex (Kyle, 1990a,
1990b; Cooper et al., 2007; Martin et al., 2010).
It is reasonable that trachytic to rhyolitic glasses
were eroded from these on-land pyroclastic
deposits and then transported and deposited
by fluvial, marine, or glacial processes. The
silica-rich glass was fresh and subsequently
altered during burial or during subaerial expo-
sure to weathering agents. The detrital nature
of trachytic to rhyolitic glass fragments seems
to be confirmed by the high degree of mixing
between these fragments and nonvolcanic clasts
and basement rocks and by the evidence of
intense reworking of volcanic clasts within vol-
canogenic sedimentary deposits (Krissek et al.,
2007; Di Roberto et al., 2010). The abundant
detrital component of volcanic clast-rich sand-
stone rocks is also evidenced by the high illite
and chlorite content of the clay fraction. Illite,
chlorite, and montmorillonitic smectite derived
from the physical alteration of basement rocks
in the Transantarctic Mountains (Ehrmann
et al., 1992). The smectite chemical characteris-
tics proved that newly formed smectites altering
volcanic phases inherited the composition of the
parent material, mainly the Mg/(Mg + Fe) ratio,
whereas detrital smectites deposited together
with fine-grained sediments in volcanic clast—
rich sandstone have higher Al content because
they are derived from the physical degradation
of source rocks on land (Ehrmann et al., 2005;
Giorgetti et al., 2007). Variations of smectite
composition and clay mineral assemblage in the
alteration zones are not correlated with depth,
but they do depend on lithologies and primary
glass nature.

CONCLUSIONS

A detailed investigation of alteration texture,
mineralogy, and geochemistry in the AND-1B
core volcanic succession revealed the pres-
ence of three separate zones characterized by
different degrees of alteration: (1) nonaltered,
(2) incipiently to mostly altered, and (3) fully
altered.



Geosphere, published online on 6 March 2013 as doi:10.1130/GES00812.1

Figure 6. Downcore variations in clay
mineral contents within studied samples
(mbsf—meters below seafloor). The abun-
dance of main clay minerals (smectite,
illite, chlorite, and Kkaolinite) was esti-
mated using the weighting factors of Bis-
caye (1965) on diffractograms. Clay min-
eral percentage standard deviations were
calculated using the results of 10 diffracto-
grams obtained from 10 oriented mounts
prepared from a single sample. Standard
deviations were illite +1%, smectite +1%,
chlorite +2.5%, and kaolinite +2%. Sam-
ples are reported in the summary strati-
graphic column of the LSU 4.4, LSUSA,
and LSUS5B. LT—lapilli tuff; T—tuff;
VRS—volcanic clast-rich sandstone;
VD—volcanic diamictite.
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TABLE 3. ALTERATION ZONES

Depth Environment of origin and deposition
(mbsf) mechanism Alteration Alteration minerals Alteration textures Glass
574-584 Mainly subaerial by pyroclastic None to None None Fresh
surge and/or fallout marginal
584-591 Subaerial to shallow-water by Incipient to Palagonite + Ti Grain fracturing, glass dissolution, partial glass conversion ~ Sparse fresh
pyroclastic fallout and/or pervasive oxides + smectite into palagonite. Palagonite + smectite pore linings.
subaqueous fall and eruption-fed + phillipsite + Phillipsite + calcite + analcime pore filling. Vitric
density currents analcime + calcite fragment original shape is mostly preserved.
>591 Submarine for subaqueous fall and/  Complete Palagonite + Ti Grain fracturing. Pervasive glass dissolution and complete  Completely
or eruption-fed density currents oxides + smectite + conversion into palagonite. Analcime + calcite + clay altered

(T and LT) or water-supported,
cohesionless debris flows (VD)

analcime + calcite
+ apatite

minerals fill porosity created by glass dissolution (to
complete grain replacement). Smectite grain coating,

smectite + palagonite pore lining. Vitric fragment original
shape is modified to completely destroyed.

Note: mbsf—meters below seafloor; T—tuff; LT—lapilli tuff; VD—volcanic diamictite.

Figure 7. Triangular diagram
showing the Al(VI)-Mg-Fe
cation distribution in smectites
from representative samples.
Note that pore-filling and
pore-lining smectites formed
by alteration of volcanic glass
within all types of sediments
are all saponite (trioctahedral
smectite) with variable Fe/Mg
ratios, whereas smectites in
the fine-grained matrix of vol-
canic clast-rich sandstones
trend toward montmorillonite-
beidellite (dioctahedral smec-
tites) field. Al—ash lenses;
Hyalo—hyaloclastite; LT—
lapilli tuff; T—tuff; VD—vol-
canic diamictite; VRS—vol-
canic clast-rich sandstone.
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AlVI

The lack of intense alteration of volcanic glass
at depths shallower than 591 mbsf is in agree-
ment with the results presented in Di Roberto
et al. (2010), according to which this part of the
sequence was formed by the explosive activity
of a subaerial volcano under mostly dry, open
atmosphere conditions. The sharp transition
between incipiently to mostly altered rocks
and fully altered rocks (~591 mbsf) cannot be
fully explained by postdepositional diagenetic
processes. It is likely due to the texture of the
primary volcanic deposits and to paleodeposi-
tional conditions, which are related to the erup-
tive style and the degree of fragmentation of the
erupted material. In contrast, the alteration zon-
ing of volcanic detritus in the underlying zone
(>591 mbsf) is coherent with a stage of sub-
aqueous growth of the volcanic edifice, during
which volcanic glass—rich materials interacted
with fluids (seawater or fresh water) at high tem-
peratures. This general alteration trend is further

Fe

complicated by the more silica-rich composition
of volcanic glass derived from the reworking of
pyroclasts from earlier volcanic activity.
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