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ABSTRACT

The ANtarctic geological DRILLing Pro-
gram (ANDRILL) successfully recovered
1138.54 m of core from drill hole AND-2A in
the Ross Sea sediments (Antarctica). The core
is composed of terrigenous claystones, silt-
stones, sandstones, conglomerates, breccias,
and diamictites with abundant volcanic mate-
rial. We present sedimentological, morpho-
scopic, petrographic, and geochemical data on
pyroclasts recovered from core AND-2A that
provide insights on eruption styles, volcanic
sources, and environments of deposition. One
pyroclastic fall deposit, 12 resedimented vol-
caniclastic deposits and 14 volcanogenic sedi-
mentary deposits record a history of intense
explosive volcanic activity in southern Victoria
Land during the Early Miocene. Tephra were
ejected during Subplinian and Plinian erup-
tions fed by trachytic to rhyolitic magmas
and during Strombolian to Hawaiian erup-
tions fed by basaltic to mugearitic magmas
in submarine and/or subglacial to subaerial
environments. The long-lived Mount Morn-
ing eruptive center, located ~80 km south of
the drill site, was recognized as the probable
volcanic source for these products on the basis
of volcanological, geochemical, and age con-
straints. The study of tephra in the AND-2A
core provides important paleoenvironment
information by revealing that the deposition
of primary and moderately reworked tephra
occurred in a proglacial setting under gener-
ally open-water marine conditions.

INTRODUCTION

Over the past few decades significant insights
on paleoenvironmental conditions in southern

Victoria Land have come from archives of sedi-
ments recovered in cores drilled both onshore
and offshore (Barrett et al., 1998, 2000; Ham-
brey and Barrett, 1993; Fielding and Thomson,
1999; Naish et al., 2007; Harwood et al., 2008).
The ANtarctic geological DRILLing Program
(ANDRILL) successfully recovered sediments
and geophysical data from 1138.54 m of drill
core in the second AND-2A drill hole (southern
McMurdo Sound; Florindo et al., 2008). The
coring site is located in the Ross Sea, ~50 km
northwest of Hut Point Peninsula on Ross Island
(77°45.488’S; 165°16.613’E; Fig. 1).

The AND-2A core sampled an almost con-
tinuous (98% recovery) sequence of sediments
composed of lithologies including terrigenous
claystones, siltstones, sandstones, conglomer-
ates, breccias, and diamictites (Florindo et al.,
2008; Panter et al., 2008); 14 lithostratigraphic
units were identified on the basis of major
changes in lithology recognized during core
description (Fielding et al., 2011). Sediments
were interpreted to represent a wide and com-
plex spectrum of depositional environments and
dynamic fluctuations in the Antarctic ice sheet
recorded in numerous cycles of glacial advance
and retreat during the Early to Middle Miocene
(Fielding et al., 2011; Passchier et al., 2011).

Results from “Ar/Ar radiometric dat-
ing of primary to moderately reworked tephra
layers (Di Vincenzo et al., 2010) range in age
from Early Miocene to Pleistocene (ca. 20 to
ca. 0.08 Ma) and compose an expanded and
almost continuous section of Early to Middle
Miocene sediments (ca. 20—11.5 Ma) that has
not been previously recorded by drilling in this
region (Harwood et al., 2009).

We present sedimentological, morpho-
scopic, petrographic, and geochemical data
from tephra recovered in the AND-2A core.

We also focus on some of the sedimentologi-
cal aspects of the tephra in order to infer their
depositional history. The results provide con-
straints on volcanic sources, eruptions styles,
and depositional paleoenvironments.

EREBUS VOLCANIC PROVINCE

The Erebus volcanic province in southern
Victoria Land represents the largest area of
exposed late Cenozoic volcanic rocks and the
most complete record of alkaline volcanism in
Antarctica (Kyle and Cole, 1974; Kyle et al.,
1990; Di Vincenzo et al., 2010). The Erebus
volcanic province comprises several large vol-
canic centers built on the western flank of the
intracontinental West Antarctic rift system in
the McMurdo Sound region (Kyle et al., 1990)
that range in age from the Early Miocene
(ca. 19 Ma) to the present day (Fig. 1). Ross
Island is the largest volcanic complex in the
area and is formed by the active Mount Ere-
bus volcano, which is surrounded radially
by the Mount Terror, Mount Bird, and Hut
Point Peninsula eruptive centers. Mount Ere-
bus is composed mostly of basanite and pho-
nolite deposits (Kyle, 1977, 1981; Kyle et
al., 1992) that date to 1.3 Ma (basanite dike
from Cape Barne; Esser et al., 2004). Mounts
Bird and Terror are basanitic shield volcanoes
that were active from 4.6 to 3.8 Ma and 1.7—
1.3 Ma, respectively (Kyle et al., 1990; Kyle
and Muncy, 1989). Hut Point Peninsula is
Pleistocene in age (ca. 1.3 Ma), formed by
alkaline volcanism, and is dominated by basa-
nitic-hawaiitic cinder cones and a phonolite
dome (Observation Hill) (Kyle, 1981).

To the south of Ross Island, the Erebus vol-
canic province is represented by White Island,
a basanite to tephriphonolite shield volcano
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Figure 1. Map of southern Victoria Land, Antarctica, showing the location of AND-2A
Southern McMurdo Sound core site and relevant geological features of Erebus volcanic
province. Map also shows outcrops of volcanic rocks (in dark brown) belonging to the
McMurdo Volcanic Group with relative time span of activity according to K-Ar and
“Ar-*Ar ages (Mercer, 1968; Kyle and Cole, 1974; Mayewski, 1975; Armstrong, 1978;
Kyle, 1981, 1982; Kyle et al., 1990; Kyle and Muncy, 1989; Wilch et al., 1993, 2008;
Marchant et al., 1996; Esser et al., 2004; Tauxe et al., 2004; Timms, 2006; Cooper et al.,
2007; Lewis et al., 2007; Paulsen and Wilson, 2009; Martin et al., 2010). CRP—Cape
Roberts Project sites.
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that was active as early as 7.65 Ma (Coo-
per et al., 2007). Evidence for Late Miocene
(ca. 6.5 Ma) submarine to emergent volca-
nism was found in close proximity to White
Island (Di Roberto et al., 2010). Farther south,
Black Island, Minna Bluff, Mount Morning,
and Mount Discovery are all major eruptive
centers belonging to the Erebus volcanic prov-

ince. The Minna Bluff peninsula and Black
Island volcanic complexes are both composed
of alkaline volcanic products belonging to the
basanite-phonolite lineage and were active
between ca. 12 and 4 Ma (Fargo et al., 2008;
Wilch et al., 2011) and between 11.2 and
1.7 Ma (Timms, 2006), respectively. Mount
Morning is the oldest volcanic complex in the
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Erebus volcanic province and has been divided
into two phases of activity. Phase 1 (18.7—
11.4 Ma) is dominated by mildly alkaline,
mostly trachytic rocks, and phase II (6.13—
0.02 Ma) is composed of strongly alkaline
rocks belonging to the basanite-phonolite lin-
eage (Kyle and Muncy 1989; Wright-Grassham
1987; Kyle et al., 1990; Paulsen and Wilson,
2009; Martin, 2009; Martin et al., 2010).

North of Ross Island, Franklin and Beaufort
Islands represent remnants of alkaline volcanic
edifices, with ages that range from Quaternary
(90 + 66 ka; date from a seamount 10 km north
of Franklin Island) to Late Miocene (6.80 =
0.05 Ma) (Rilling et al., 2009). In addition to
the large volcanic edifices, the Erebus volcanic
province includes several small volcanic cen-
ters and fields (Kyle and Cole, 1974; Kyle et
al., 1990). Numerous volcanic ash deposits are
found within the hyperarid Dry Valleys region
of the Transantarctic Mountains, chiefly in the
Royal Society Range and the Wright and Tay-
lor Valleys. Most of these volcaniclastic depos-
its were reported to be Miocene to Pliocene in
age with “*Ar/*Ar ages ranging from ca. 15.15
to ca. 4.33 Ma (Kyle and Cole, 1974; Kyle et
al., 1990; Marchant et al., 1996; Lewis et al.,
2007). The Dailey Islands are ~10 km south
of the Southern McMurdo Sound drill site and
consist of heavily eroded remnants of basal-
tic cinder cones and lava deposits. Studies of
volcanic rocks from 2 of the 5 islands reveal
paleomagnetic normal polarities and radiomet-
ric ages of 0.78 + 0.04 Ma (Mankinen and Cox,
1988; Tauxe et al., 2004; Del Carlo et al., 2009).
Traces of the earliest activity within the Erebus
volcanic province come from volcaniclastic
detritus and tephra recovered in the CIROS-1
(Cenozoic Investigations in the Western Ross
Sea), MSSTS-1 (McMurdo Sound Sediment
and Tectonic Study), Cape Roberts Project,
and AND-2A drill cores, which extend the vol-
canic history of the province back to ca. 26 Ma
(Gamble et al., 1986; Barrett, 1987; MclIntosh,
1998, 2000; Acton et al., 2008; Di Vincenzo et
al., 2010).

VOLCANIC ROCKS IN AND-2A CORE
AND ANALYTICAL METHODS

Preliminary stratigraphic and petrologic data
on volcanic products in the AND-2A core were
reported in Fielding et al. (2008) and Panter et
al. (2008), and provide the foundation for this
study. The volcanic material in the AND-2A
core includes dispersed clasts of lava, scoria
fragments, and pumices, variably reworked
tephra layers, and one primary tephra. Of the
total clasts identified in 9 of the 14 lithostrati-
graphic units (LSU), >50% are volcanic in
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origin and LSU 1 (0-37 m below seafloor,
mbsf) represents the most volcanic-rich unit
within the core. The weakly reworked tephra
beds, lava breccias, and ripple cross-laminated
vitroclastic sands in LSU 1 are interpreted to
have been deposited in a shallow-marine envi-
ronment by Strombolian- and Hawaiian-type
volcanism from proximal volcanic sources
(Del Carlo et al., 2009).

For this study, 27 volcaniclastic beds were
identified and sampled from LSU 2 to LSU 14
(i.e., between 37.07 and 1138.54 mbsf; Fig. 2;
Table 1) and their sedimentological and vol-
canological characteristics are the basis for
the interpretations presented herein. Because
most of these samples are poorly lithified, they
were impregnated with epoxy resin and pre-
pared as standard polished thin sections for
petrography and electron microprobe analysis.
Observations of the sediments and sedimentary
rocks were made using a stereomicroscope in
order to detail sedimentologic structures and
qualitatively identify sediment components
and their relative abundance. This work led to
the selection of samples for scanning electron
microscopy and analysis by electron micro-
probe. Morphological and textural observations
of components were performed by means of
scanning electron microscopy (SEM) at Isti-
tuto Nazionale di Geofisica e Vulcanologia
(Sezione di Pisa) using a Zeiss EVO MA 10
equipped with an Oxford ISIS microanalysis
system. Major element glass composition and
mineral analyses of glass-bearing volcanic frag-
ments and alteration phases were performed at
the HPHT Laboratory of Istituto Nazionale di
Geofisica e Vulcanologia (Sezione di Roma)
using a JEOL JXA 8200 microprobe equipped
with 5 wavelength-dispersive spectrometers and
an energy-dispersive analyzer system. Instru-
mental conditions were accelerating voltage
15 kV, beam current 5 nA, probe diameter 5 wm,
and acquisition time 10 s and 5 s for peak and
background, respectively. Whenever possible, at
least 25 particles were analyzed in each sample.
Relative standard errors for each element are
reported in Supplemental Table 1'.

RESULTS

The sampled deposits have been grouped into
three types based on sedimentary features, the
nature and abundance of components (Figs. 3
and 4), and on the major element compositions

!Supplemental Table 1. Relative standard error.
If you are viewing the PDF of this paper or read-
ing it offline, please visit http://dx.doi.org/10.1130/
GES00754.S1 or the full-text article on www.gsapubs
.org to view Supplemental Table 1.
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of glassy fragments (Fig. 5; Table 2). They
are: (1) pyroclastic fall deposits (P), (2) resed-
imented volcaniclastic deposits (RV), and
(3) volcanogenic sedimentary deposits (V; ter-
minology after McPhie et al., 1993).

Pyroclastic Fall Deposit

A 6-cm-thick (between 640.13 and
640.19 mbsf) pyroclastic fall deposit was identi-
fied within LSU 9 (Panter et al., 2008; Di Vin-
cenzo et al., 2010). The lapilli tuff is massive to
faintly normally graded and contains a homoge-
neous distribution of pale green pumice fragments
(<3 mm in diameter) set in matrix formed by
angular glass shards that range in size from coarse
to very fine ash. The lapilli tuff is underlain and
overlain by volcanic-rich sandstones composed of
light brown fresh volcanic glass shards, pale green
to white altered glass shards, abundant lithic frag-
ments (commonly of metasandstones and schists
and less commonly of granite, dolerite, and mar-
ble) and loose crystals (mainly quartz and alkali
and plagioclase feldspars).

The contact with the underlying sediment is
sharp, whereas the upper contact is gradational
(Fig. 3A). Pale green pumices are moderately to
highly vesicular (Houghton and Wilson, 1989)
with a frothy morphology. Vesicles range in shape
from spherical to elongated and are sometimes
deformed (collapsed) or highly coalesced. Pum-
ices are mostly aphyric with rare K-feldspar phe-
nocrysts (<2 mm) occasionally occurring with
strongly colored green clinopyroxene (<1 mm;
optically determined aegirine or aegirine-
augite). Angular glass shards are usually blocky,
vesicle free to poorly vesicular with vesicles
ranging in shape from spherical to oblate (col-
lapsed). A continuous spectrum of vesicularity
exists between vesicle-free glass shards and
highly vesicular pumice. Glass fragments form-
ing the fine-grained part of the deposit (very
fine ash) are variably vesicular (analogous to
those described above) and range in shape from
y-shaped to cuspate and blocky (Fig. 4A).

Most of the analyzed glass shards and pum-
ice fragments are subtly to weakly altered with
thin (<3 wm) transparent rims of leached glass
at the surface of the grains and along fractures
and vesicles (Fig. 4E). Well-developed perva-
sive perlitic fractures occur chiefly in dense,

<
<

Figure 2. Stratigraphic summary of the
AND-2A core with lithologies plotted against
depth. Studied samples are also reported.
Abbreviations: vf—very fine; f—fine; m—
medium; c—coarse; vc—very coarse; g—
granule; p—pebble; c—cobble; b—boulder.
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angular glass fragments (Fig. 4F). The deposit
is cemented by calcite and clay minerals.

Resedimented Volcaniclastic Deposits

We identified 12 resedimented volcani-
clastic deposits (defined in accordance with
McPhie et al., 1993) between 621.24 and 1093
mbsf (LSU 9-13; Table 1). Two groups were
distinguished within these deposits: (1) resedi-
mented pumice- and scoria-rich sandstone to
lapillistone (9 layers; Fig. 3B), and (2) resedi-
mented, strongly laminated, ash-rich mudstone
to sandstone (3 layers; Fig. 3C). Resedimented
pumice- and scoria-rich sandstone to lapillis-
tone compose grain-supported, <2 cm beds and
lenses of pale green and clear, highly vesicular
pumice mixed with scoria clasts made up of
variably vesicular (from dense to pumiceous),
light to dark yellow sideromelane and tachy-

s L
Strengly laminated; ashzrich =
.mudstone’to sandstoness

Di Roberto et al.

lite fragments (Fig. 4B). Clasts occur in a
fine sand matrix, which is cross-laminated to
parallel-laminated at scales of millimeters to
centimeters. The matrix is composed of glass
fragments with the same range of composi-
tion as the clasts, with crystals of K-feldspar,
plagioclase, quartz, and lithic fragments
(metasandstones and schists, and less com-
monly granite, dolerite, and marble; Fig. 4B).
Pumice and scoria fragments are in some cases
abraded and subrounded. Deposits have sharp
and planar contacts with the underlying sedi-
ments, whereas upper contacts are gradational
to diffuse; fragments with elongated shapes are
commonly imbricated parallel to sand laminae
or oriented along the lee side of ripple cross-
laminations. Pumice are similar in vesicularity,
alteration degree (subtle to weak), and texture
to those observed in the pyroclastic fallout
deposit at 640.13-640.19 mbsf (Fig. 4A); they

fich'sandstone kg
=ito. lapillistone

are mostly aphyric with minor K-feldspar phe-
nocrysts (<2 mm), and rarely accompanied by
(<1 mm) strongly colored green clinopyroxene
(optically determined aegirine or aegirine-
augite). A second population of pumice and
glass shards, with textures similar to those
previously described but made of clear glass,
was identified in 5 samples at 831.68, 953.28,
954.05, 1027.27, and 1093 mbsf, and rarely
within sediments at shallower depths. Scoria
clasts and light to dark yellow sideromelane and
tachylite fragments are pumiceous to blocky
to y-shaped (Figs. 3B and 4B). The scoria is
weakly porphyritic with microphenocrysts
of plagioclase, rare strongly colored green
clinopyroxene, and minor olivine, apatite, and
magnetite set in a hypocrystalline groundmass.
Glass is pristine to subtly altered with rims of
palagonite to smectite a few micrometers thick
that line clasts or vesicles walls.

Figure 3. Core (left columns) and thin section optical microscope images (right columns) representative of
the four main volcaniclastic sediment types identified in the AND-2A core. Abbreviations: dg—dense glass;
If—lava fragment; p—pumice; san—sanidine; sd—sideromelane. (A) Pyroclastic fall deposit (640.13 m
below seafloor, mbsf). (B) Resedimented pumice- and scoria-rich sandstone to lapillistone (709.13 mbsf).
(C) Resedimented, strongly laminated, ash-rich mudstone to sandstone (636.23 mbsf). (D) Shard-rich
mudstones and sandstones (712.04 mbsf).
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Figure 4. Scanning electron microscope back-
scattered images representative of the four
main volcaniclastic sediment types identified
in AND-2A core. Abbreviations: dg—dense
glass, p—pumice, bio—bioclast, lf—lava
fragment, qz—quartz, san—sanidine, sd—
sideromelane. (A) Pyroclastic fall deposit.
(B) Resedimented pumice- and scoria-rich
sandstone to lapillistone. (C) Resedimented,
strongly laminated, ash-rich mudstone to
sandstone. (D) Shard-rich mudstones and
sandstones. (E) Rims of leached glass occur-
ring at the surface of the grains along frac-
tures and vesicles (red arrows). (F) Pervasive
perlitic fractures occurring chiefly in glass
shards and in the least vesicular fragments
(red arrows).

Figure 5. Total alkali versus silica diagrams
from LeMaitre (1989) for unaltered AND-
2A glass compositions (blue diamonds). For
comparison between composition of glasses
in AND-2A and Erebus volcanic province
products (red dashed curve; Armienti et al.,
1998, and references therein), glass compo-
sition of fragment recovered in CRP1 (Cape
Roberts Project), CRP2/2A (Armienti et al.,
1998, 2001), volcanic products of the phase
I activity of Mount Morning (Martin et al.,
2010), and Mount Morning volcanic rocks
(Muncy, 1979; Wright-Grassham, 1987;
Martin et al., 2010) are also reported.
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TABLE 2. CHEMICAL COMPOSITIONS OF ANALYZED VOLCANIC GLASS

640.13-19

1348

1093-03

1027.27-30

49.81

953.28-30  953.56-58

831.66-68

44.90

709.19-21

42.63

709.17-19
42.49

709.14-16

636.23-26
43.86 42.86

636.20-22

42.96

621.24-22

43.80

Sample
Sife)

66.24

66.56

41.29
4.34
11.73
15.90
0.25
9.87
11.51
2.95
1.22

66.83

59.42

48.58

51.48
2.56
15.88
8.76
0.25

3.1

6.

48.19

46.11

50.99

46.38

51.50
3.01
15.35
10.34
0.27
3.36
7.04
5.04
2.67
1.09
99.66

2

0.04
18.55
0.87
0.05
0.03
0.13
7.56
6.00
0.01
99.67

0.19
18.09

0.10
30.84

0.08
18.17

0.05
24.24

4.00
15.93
10.02

3.68
13.73
11.45

5.52
13.19

5.21
13.51

3.27
15.67
10.82

0.23

3.84

7.62

4.53

2.36

1.42
97.95

5.07
14.55
12.91

4.27
15.09
12.33

0.24

5.13

9.87

4.07

1.70

0.99

99.79

2.67
15.78
10.09

0.15

3.31

6.81

4.86

2.61

1.18

98.45

4.27
14.83
12.85

3.24
16.24

10.15

3.80
14.86
11.92

4.16
15.25
12.49

TiO,
ALO,

0.61
0.01
0.03
0.33
7.59
5.47
bdl
98.88

0.60
bdl
0.12

14.91

31

0.

0.23
bdl
bdl

6.19

8.06

0.36
bdl

98.86

13.97
0.28
5.68

11.65
3.38
1.12
1.65

99.06
4.51

12.89

FeO,,
MnO
MgO
CaO

bdl
0.71
0.44
8.25
4.82
0.02
99.65
13.08

Note: Values shown are the highest and lowest SiO, contents with a given sample. Chemical compositions of samples at 627.46-48 and 954.05-08 (m below seafloor) were not reported because they are entirely formed

by altered glass shards. bdl—below detection limit.

0.26
5.86
11.78

0.32
4.01
8.73
4.22
2.21
1.39
98.32

0.24
5.59

11.15

0.23
5.62
11.26

0.18
5.54
10.89

0.21
4.81
10.23
4.36
2.08

1.19

98.87

0.19
5.38
10.93

0.14
5.61
10.87

29

2.84
0.14
0.01
99.38

3.77
1.76
0.77
99.06

5.35
2.64

1.1

98.16

3.47
1.14

1.63
98.12

3.43
1.10
1.61

98.65

3.83
1.35
1.38
99.00

3.49
1.25
1.56
96.32

3.82
1.35
1.50
98.99

Na,0
K,0

bdl
99.20
4.16

PZOS
Total

13.05 13.56

2.98

5.53 8.42

6.43

17 7.71 4.74 6.44 5.18 7.47 5.77 4.53 6.90 4.61 7.99
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Resedimented, strongly laminated, ash-rich
mudstone to sandstone consist of parallel lami-
nated, rhythmic couplets of grain-supported
fine sandstone to siltstone grading upward to
mudstone. Couplets range in thickness from
<1 mm to a few millimeters. Individual couplets
have sharp lower and upper contacts whereas
internal contacts between the volcaniclastic silt,
sand, and clay facies range from gradational to
sharp (Figs. 3C and 4C). Volcaniclastic silt and
fine sand laminae are composed of pale green,
highly vesicular pumice fragments mixed with
dense to pumiceous, light brown sideromelane
and tachylite fragments. Fragments are pristine
and preserve thin vesicle glass walls and frag-
ile structures. Minor amounts of loose crystals
(<1 mm) of K-feldspar, plagioclase, quartz,
and lithics (commonly mafic lava fragments,
granite dolerite, and rarely schists) are present.
Lapilli-sized pumice fragments and sedimen-
tary intraclasts (siltstone) are observed to load
underlying clay laminae and to be draped by
laminae at the top.

Volcanogenic Sedimentary Deposits

Volcanogenic sedimentary deposits, i.e.,
shard-rich mudstones and sandstones (McPhie
et al., 1993), were identified at several depths
(LSU 2-13; Table 1). This type of deposit
includes intervals of <2 mm, variably vesicular
scoria and pale green and clear pumice set in
sand- to silt-sized volcanic-rich matrix. Abun-
dant lithic fragments (Figs. 3D and 4D) of
most commonly volcanic rocks are recorded;
they are mainly represented by variably vesic-
ular lava with feldspar and <2 mm, strongly
colored green clinopyroxene (optically deter-
mined aegirine or aegirine-augite) set in an
intergranular to felted groundmass. Crystals
of quartz, K-feldspar, and biotite are present.
Palagonitized glass shards and vesicular frag-
ments were found in some samples. Rare, holo-
crystalline intrusive rocks are found that consist
mainly of granitoids (quartz + feldspar =+ biotite
+ hornblende) with hypidiomorphic to allot-
riomorphic and moderately deformed textures.
Rare metamorphic lithic fragments consisted of
schist, gneiss, quartzite, and low-grade metased-
iments. Bioclasts are common and include fora-
minifera, shell fragments, spicules, diatoms, and
bryozoans (Fig. 4D). Regardless of their origin
(volcanic, metamorphic, or biologic), fragments
within vitric siltstone and sandstone are usu-
ally subrounded to well rounded. Lithologies
of lithic fragments are similar to those of clasts
described for the same interval (for more detail
descriptions of their characteristics and infer-
ences on their provenance, see Panter et al.,
2008; Talarico et al., 2011).
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Below 953.28 mbsf, the majority of glass
fragments forming the volcanogenic sedimen-
tary deposits are moderately to strongly altered.
Most of the original textures have been modified
or destroyed and volcanic glass is usually dis-
solved and replaced clay minerals, zeolites, and
carbonates. In some samples pseudo-fiamme
clasts are common and are interpreted to have
formed from burial compaction of lapilli-sized
pumice clasts. Diffuse authigenic pyrite is
found together with framboidal agglomerates
of microscopic (<1 um) isometric crystals of
greigite (Fe,S,).

Chemistry of Volcanic Glass

We analyzed 600 glass fragments collected
from throughout the length of the core (Table
2; Supplemental Fig. 1?). The SiO, contents of
glass range from ~40 to ~73 wt% and have been
divided into two main compositional groups:
(1) light brown sideromelane and tachylite frag-
ments with SiO, concentrations <52 wt% and
(2) pale green to colorless glass fragments with
Si0, >63 wt%. The majority of glass fragments
within the second group are subtly to weakly
altered and have low total oxides (<97 wt%).

The effects of alteration on the chemistry of
volcanic glass is examined semiquantitatively
by plotting their compositions in the alteration
box plot (Large et al., 2001) shown in Figure
6. The diagram combines the alteration index
(AI) of Ishikawa et al. (1976) and the chlorite-
carbonate-pyrite index (CCPI) of Large et al.
(2001), and was originally used with whole-rock
compositional data in volcanic-hosted massive
sulfide deposits to discriminate hydrothermal
alteration mineral assemblages from diagenetic
assemblages. When used in combination with
other compositional data and detailed petro-
graphic and textural observations, the alteration
box plot gives an indication of alteration trends
and processes.

Most of the low silica (52-63 wt% SiO,),
light brown sideromelane and tachylite
fragments found within all sediment types
within the depth interval between 621.24 and
831.68 mbsf are pristine and plot within the

“Supplemental Figure 1. Total alkali versus silica
diagram (TAS; after LeMaitre, 1989) for analyzed
AND-2A glass fragments. In the diagram, all glass
compositions are plotted without any filtering for
compositions of altered fragments. Filled symbols:
fresh glass compositions; open symbols: altered
glass compositions. If you are viewing the PDF of
this paper or reading it offline, please visit http://
dx.doi.org/10.1130/GES00754.S2 or the full-text
article on www.gsapubs.org to view Supplemental
Figure 1.
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least-altered rocks fields of the alteration box
plot (light blue diamonds in Fig. 6). A few
compositions are marked by a decrease of the
CCPI values (depletion of FeO + MgO versus
Na,O + K,O; pink diamonds in Fig. 6) and
likely indicate incipient hydrothermal altera-
tion. Below 831.68 mbsf, the alteration of light
brown sideromelane and tachylite fragments
increases further downcore, with glass being
progressively replaced by zeolites and clay
minerals and glass shards destroyed by com-
paction and diagenetic processes.

Throughout the core, the majority of the
high silica (>63 wt% SiO,), pale green to
colorless glass fragments is subtly to weakly
altered. Above ~953 mbsf, the glasses show
homogeneous Al values ranging between ~40
and ~55, whereas values of CCPI vary more

broadly between ~35 and ~70 (red diamonds
in Fig. 6). This indicates a rough increase of
the CCPI values with respect to the relatively
least altered rocks (depletion of Na,O + K,O
versus FeO + MgO), which is typical of hydro-
thermal alteration in the chlorite-dominated
zone (Large et al., 2001). Below ~953 mbsf
to the bottom of the core, glass compositions
spread along the lower margin of the diagram
having low CCPI values (<20) and a wide
range of Al values (~15-80; purple diamonds
in Fig. 6).

Most of the pale green to colorless glass frag-
ments that were initially considered unaltered
(trachytic composition) plot across the lower
margin of the alteration box plot. Despite their
high total oxides (>97 wt%), they are interpreted
to be subtly altered based on the slight depletion

CCPI
100(FeO+MgO)/FeO+MgO+Na,0+K,0

100(MgO+K,0)/MgO+K,0+Ca0O+Na,0

Figure 6. AI-CCPI (alteration index—chlorite-carbonate-pyrite index) alteration box plot
diagram from Large et al. (2001) for analyzed AND-2A glass fragments. Data show dif-
ferent degrees and styles of alteration within studied samples. Colored rectangles identify
least altered boxes for unaltered rocks with <52 wt% SiO, (blue rectangle), 52-63 wt % SiO,
(green rectangle), 63—69 wt% SiO, (yellow rectangle), and >69 wt% SiO, (red rectangle).
Solid symbols represent the compositions of unaltered glass (low silica in blue and high silica
in navy blue) and altered glass (low silica in red and high silica in magenta), respectively,

within the same sample.
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in FeO + MgO and variable depletion in Na,O +
K,O + CaO (blue diamonds in Fig. 6).

The unaltered light brown sideromelane and
tachylite fragments range from basanite and
basalt and/or tephrite to mugearite and overlap
compositions of other basic volcanic rocks from
the Erebus volcanic province (Fig. 5).

It is noteworthy that the pyroclastic fall
deposit and resedimented volcaniclastic depos-
its have a narrow range of Al and CCPI values,
whereas the volcanogenic sedimentary depos-
its show a broader range of values for these
alteration indices. This could be attributed to
the origin of each deposit type. For example,
the pyroclastic fall deposit and resedimented
volcaniclastic deposits are considered to be
composed of fragments emitted from the same
source, transported together and deposited con-
temporaneously. Alternatively, the volcanogenic
sedimentary deposits may be a composite of
products from multiple volcanic sources, with
different transport and deposition dynamics,
and thus would should show greater variability
in their degree of alteration.

Factors influencing the alteration of volcanic
glass include the nature of the aluminosilicate
source material (e.g., glass versus crystalline
materials), the composition of original rock and
pore fluids, the pH, the temperature, and poros-
ity of sediments. None of these factors explains
why felsic glass shards dispersed within sedi-
ments are more altered than the coexisting
basaltic ones. Felsic glass is considered to alter
at a slower rate relative to mafic glass. The
alteration seems to be related to the glass vis-
cosity, which in turn is a function of the com-
position and in particular H,O and SiO, content
(Gifkins et al., 2005, and reference therein). A
possible explanation for why the basaltic glass
is better preserved may be related to differences
in the quenching (cooling) and hydration his-
tory of mafic versus felsic magmas (Marsaglia
and Tazaki, 1992). Felsic magmas erupted in a
water-rich environment (i.e., transitional or shal-
low water and subglacial) might have hydrated
and altered more quickly than basaltic glass
emitted in a water-free (subaerial) environment.

DISCUSSION
Eruptive Styles

The grain morphology, texture, and vesicu-
larity of pyroclasts are indicative of eruptive
style and the environment in which the erup-
tion occurred. Magmatic eruptions typically
produce variably vesicular particles with cus-
pate to frothy morphologies, determined by
viscosity, temperature, and volatile content
(Cashman et al., 2000; Morrissey et al., 2000;

1349


http://geosphere.gsapubs.org/

Downloaded from geosphere.gsapubs.org on May 16, 2015

Maria and Carey, 2002). Conversely, phreato-
magmatic eruptions produce dense to poorly
vesicular, often fine-grained (<100 pm) parti-
cles with a predominance of blocky morpholo-
gies (Cashman et al., 2000; Morrissey et al.,
2000; Maria and Carey, 2002). Primary volca-
nic particle morphology can then be affected
by posteruptive reworking. Volcanic particles
identified in the AND-2A core show a variety
of morphologies and range from vesicle free
to highly vesicular, suggesting that they were
formed from both magmatic and phreatomag-
matic eruptions under a range of conditions,
detailed in the following.

High-Silica Glass

The morphology and texture of highly vesic-
ular pumice within the pyroclastic fall deposit
and resedimented volcaniclastic deposits in the
AND-2A core are indicative of magmatic frag-
mentation processes. These products are emit-
ted during energetic Subplinian and Plinian
eruptions fed by silicic magmas. During these
eruptions large amounts of highly vesicular
pumice (60-93 vol%; Klug and Cashman, 1996;
Cashman et al., 2000) and fine ashes are pro-
duced and carried in eruptive columns as much
as several tens of kilometers high and dispersed
by winds distances to hundreds of kilometers
from the source (Carey and Bursik, 2000).

In contrast, dense to poorly vesicular, fine-
grained glass shards, with a predominance of
blocky morphologies and hydration cracks
and perlitic fracturing textures, suggest phre-
atomagmatic fragmentation processes (Heiken
and Wohletz, 1985, 1991; Houghton and Wil-
son, 1989). Phreatomagmatic eruptions may
occur in submarine and sublacustrine environ-
ments, or when magma comes into contact
with groundwater or wet sediment (Heiken and
Fisher, 2000). In glacimarine environments like
McMurdo Sound, the most likely water sources
for phreatomagmatic process are seawater and
ice (Smellie, 2000).

Despite strong differences in morphology
and vesicularity, the highly vesicular pumice
and dense to poorly vesicular glass fragments
have the same chemical composition (and
degree of alteration) and coexist within the
same layer, indicating that they may represent
different fragmentation processes (magmatic
versus phreatomagmatic) within a single erup-
tion. In addition, as described herein, there is a
continuum between end-member types covering
the entire spectrum of vesicularity within these
layers. This is consistent with a volcanic erup-
tion occurring in a transitional environment,
i.e., evolving from shallow-water or subglacial
conditions (strong magma-water interaction) to
a subaerial environment (no magma-water inter-
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action). Alternatively, multiple vents located in
subaerial and shallow subaqueous environ-
ments or a single vent undergoing rapid cycling
between dry Strombolian and wet phreatomag-
matic explosions during a single eruptive phase
(Panter and Winter, 2008) may be invoked.

Low-Silica Glass

Sideromelane and tachylite fragments are
frothy, blocky, y-shaped, or cuspate, and vary
from vesicle free to highly vesicular. Most of the
vesicular scorias observed are typical of weakly
to mildly explosive Strombolian- or Hawaiian-
style eruptions (Cashman et al., 2000). Strom-
bolian eruptions consist of rhythmic, usually
short-lived, mildly energetic explosions during
which magmatic volatiles are released and sig-
nificant amounts of ash- to bomb-sized materials
are ejected to heights of a few hundred meters
above a crater. Hawaiian style eruptions involve
lava flows together with lava fountains, typi-
cally tens to hundreds of meters in height. Typi-
cally lava fountains are fed by basaltic magmas
characterized by low viscosity, low volcanic gas
content, and high temperature. Lava fountains
eject pyroclasts ranging in size from millimeters
to ~1 m in diameter (Parfitt, 2004). Pyroclasts
formed during Strombolian- and Hawaiian-style
eruptions accumulate mainly as coarse, primary
fallout deposits within a few kilometers of the
vent. Only in the rare cases of strong magmatic
fragmentation, for example during violent
Strombolian or Plinian basaltic eruptions, can
pyroclasts be dispersed hundreds of kilometers
from the source.

As with high-silica glasses, the presence of
basaltic particles that are dense to poorly vesicu-
lar and fine-grained with blocky morphologies
in AND-2A pyroclastic fall and resedimented
volcaniclastic deposits may indicate phreato-
magmatic activity.

Volcanic Source

Major element compositions of glass frag-
ments combined with “Ar/*’Ar age data from
the pyroclastic fall deposit and resedimented
volcaniclastic deposits (see Table 1; age data
from Di Vincenzo et al. 2010) provide informa-
tion on the provenance of volcanic materials.
The ages of studied AND-2A samples vary from
ca. 20-17.11 Ma (Early Miocene), according to
“OAr/Ar age determinations of Di Vincenzo et
al. (2010). Volcanic activity of comparable age
occurred on the Malta Plateau in the Melbourne
volcanic province (Armienti et al., 1991; Miiller
et al.,, 1991) and in the Erebus volcanic prov-
ince at Mount Morning (Wright-Grassham,
1987; Kyle and Muncy, 1989; Kyle et al., 1990;
Martin et al., 2010). In the Melbourne volcanic
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province, Middle Eocene magmatic activity
is preserved in the form of multiple intrusions
dated as 47.5 and 38.6 Ma (Tonarini et al., 1997,
Rocchi et al., 2002). The oldest subaerial vol-
canic rocks that crop out at Malta Plateau and
Deception Plateau are dated as ca. 15 and 14 Ma
(Armienti and Baroni, 1999). Dikes at Malta
Plateau, possibly feeding lava flows, are dated
as between ca. 18.2 and 14.1 Ma (Schmidt-
Thomé et al., 1990). Although similar in compo-
sition and age, it is highly unlikely that Early to
Middle Miocene volcanism in northern Victoria
Land (Malta Plateau) is the source for AND-2A
deposits, simply because this activity occurred
more than 500 km north of the drill site and the
predominate wind and ice paleodirections are
inferred to have been in a northward direction in
McMurdo Sound area (Sandroni and Talarico,
2006; Talarico and Sandroni, 2011). It is more
likely that the volcanic source was to the south
of the drill site. The oldest Erebus volcanic prov-
ince rocks crop out at Mount Morning, where
“Ar/*Ar and K-Ar ages indicate that activity
occurred in two phases: the first one between
at least 18.7 and 11.4 Ma and the second one
between 6.13 and 0.02 Ma (Paulsen and Wilson,
2009; Martin, 2009; Martin et al., 2010). Evi-
dence of volcanic activity predating the onset
of documented Mount Morning volcanism was
found in volcaniclastic detritus and tephra beds
recovered in CIROS-1, MSSTS-1, and Cape
Roberts (CRP) drill cores. The dates on these
materials extend activity within the Erebus vol-
canic province back to ca. 26 Ma (Gamble et
al., 1986; Barrett, 1987; Mclntosh, 1998, 2000;
Acton et al., 2008; Di Vincenzo et al., 2010).
Volcanic activity older than ca. 19 Ma can be
ascribed to either a proto-Mount Morning vol-
cano buried under the present-day Mount Morn-
ing edifice, or to an unknown volcanic center,
which has been eroded away or buried (Martin
et al., 2010).

In Figures 5 and 7, major element com-
positions of glass fragments from the AND-
2A core are compared with those of Early to
Middle Miocene products sampled on land or
in drill cores and attributed to the Erebus vol-
canic province (Armienti et al., 1998, 2001;
Pompilio et al., 2001; Kyle, 1981; Smellie,
1998). Only a limited number of glass com-
positions are available for McMurdo volcanics
and the majority of data is from whole rocks.
Nevertheless, the available data indicate that
there is strong similarity between composi-
tions of glass fragments in AND-2A core and
some compositions of glass shards from volca-
niclastic detritus and tephra beds recovered in
CRP2/2A drill cores, which has already been
attributed to the activity of the Erebus volca-
nic province (Armienti et al., 1998 and 2001;
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Smellie, 1998) and most likely sourced from
Mount Morning. Discrepancies in the FeO,_
content between CRP2/2A drill core glasses
and AND-2A core glass may be caused by
minor alteration of the latter, as indicated by
the alteration box plot (Figs. 4 and 7).
According to Martin (2009) and Martin et
al. (2010), only 7% of Mount Morning phase
I products sampled are mafic, whereas the
remainder are felsic, specifically trachyte (79%)
and rhyolite (14%) in composition. Our work
and ongoing studies on sediments from differ-
ent depth intervals (Nyland, 2011; Nyland et
al., 2011) indicate that mafic glass is abundant
throughout the AND-2A core. The fresh mafic
glass have alkali basalt, basanite, tephrite, and
(less commonly) mugearite compositions (Fig.
5), overlapping those of McMurdo Volcanic
Group igneous products (Fig. 5; Kyle et al.,
1990; Armienti et al., 1998; Rocchi et al., 2002;
Nardini et al., 2009). At depths >600 mbsf the
SiO, content of glass increases with increasing
depth (Fig. 8). Unaltered basaltic compositions

occur prevalently above ~800 mbsf; below this
depth they are altered and replaced by clay min-
erals and zeolites. Glass compositions below
~840 mbsf show a shift toward higher SiO, con-
tents, the highest (~70 wt%) occurring near the
bottom of the core (Fig. 8).

Our results complement the findings of
Martin (2009) and Martin et al. (2010), con-
firming the bimodal compositions of Mount
Morning products. However, we found that
abundance of basaltic glass in the AND-2A
core to be much higher than the 7% esti-
mated for Mount Morning deposits. This
suggests that during the period correspond-
ing to phase I activity at Mount Morning,
volcanism fed by mafic magmas was much
more prevalent than previously documented
in surface deposits. This discrepancy may
be explained by the premise that present-
day exposures on Mount Morning may not be
representative of all of the material erupted. It
could well be that Miocene trachyte and rhyo-
lite deposits on Mount Morning, consisting

of remnants of domes and welded pyroclastic
flows, were more resistant to weathering and
erosion than basaltic scoria or even basaltic
lava flows.

On the basis of textural and geochemical
information we can infer eruption dynam-
ics and sources. Given that almost all studied
samples consist of particles produced by a
combination of subaerial and submarine and/
or subglacial magmatic and phreatomagmatic
explosive activity (i.e., highly vesicular pum-
ice, basaltic vesicular scoria, and vesicle-free
blocky fragments), we suggest three possible
scenarios: (1) a single volcanic complex, set in
a transitional environment (submarine and/or
subglacial to subaerial) erupting products with
bimodal composition (basaltic and trachytic-
rhyolitic); (2) two contemporaneously active
volcanic complexes, both set in a transitional
environment (submarine and/or subglacial to
subaerial) and fed separately by basaltic and
trachytic-rhyolitic magmas; (3) multiple con-
temporaneously active volcanic vents located
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Figure 7. Harker diagrams for unaltered AND-2A glass shards (blue diamonds). Glass compositions are compared with the compositions
of glass fragments recovered in CRP1 (Cape Roberts Project; black x symbols), CRP2/2a drill cores (black squares), and those attrib-
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Figure 8. SiO, versus sample depth dia-
gram, indicating a general correlation
between depth and the SiO, content of
glasses: altered rhyolitic-trachytic compo-
sitions occur prevalently above 709.19 m
below seafloor (mbsf), whereas sample at
831.68 mbsf marks the passage toward rhy-
olitic glass compositions occurring between
953.28 mbsf and base of core. Symbols as in
Figure 6.

in a range of environments (submarine and/or
subglacial to subaerial) and fed by basaltic and
trachytic-rhyolitic magmas.

Paleoenvironment Implications

Volcaniclastic deposits are an important
component of sedimentary successions and
are valuable paleoenvironmental indicators. In
marine and glacimarine environments, pyro-
clastic fall deposits may result from subaerial
volcanic activity and particle settling through
a water column or by direct transformation of
gas-supported pyroclastic flow into a water-
saturated gravity flow (Schneider et al., 2001).
Primary volcaniclastic deposits can also origi-
nate from submarine volcanic activity ranging
in styles from explosive to effusive (White,
2000). Resedimented volcaniclastic deposits
may result from reworking and resedimenta-
tion of pyroclasts previously erupted on land
(including supraglacial, englacial, and subgla-
cial debris) or on sea ice.

Volcanic detritus is persistent and abundant
throughout the AND-2A core, representing the
dominant clast type in 9 of the 14 lithostrati-
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graphic units (Panter et al., 2008). Apart from
LSU 1 (Del Carlo et al., 2009), volcanic mate-
rial within the uppermost half of the core (to
608.35 mbsf) consists mostly of lava, scoria,
and pumice clasts dispersed in coarse-grained
deposits (e.g., conglomerate, diamictite) and
reworked glass in sandstone, siltstone, and mud-
stone. The absence of pyroclastic fall deposits
and resedimented volcaniclastic deposits in the
upper part of the core may be explained by a
combination of (1) source, type, and intensity of
volcanic activity, (2) ice extent and environmen-
tal conditions within the McMurdo Sound at the
time of deposition, or (3) erosional processes.

During the period between ca. 17.1 and
11.5 Ma, when sediments were being deposited
in the upper 600 m of the core (Di Vincenzo et
al., 2010), volcanic activity in southern Victo-
ria Land may have been less energetic (limited
areal dispersion of ejecta), thus resulting in
the lack of any discrete tephra beds at the cor-
ing site. Eruptions may have been prevalently
submarine or subglacial and characterized by a
limited dispersal of pyroclasts, as is typical for
these types of eruptions. However, this hypoth-
esis seems to be in contrast with the findings of
Martin et al. (2010) that showed the presence of
an intense and predominantly subaerial volca-
nic activity producing lava flows and pyroclastic
deposits at Gandalf Ridge (18.7+0.3 and 15.5 +
0.5 Ma), Pinnacle Valley (15.4 £ 0.1 and 13.0 =
0.3 Ma), and Mason Spur (129 +0.1 and 11.4 +
0.2 Ma) that are located ~80 km from the coring
site. In addition, this seems to be in conflict with
findings of Marchant et al. (1996) and Lewis et
al. (2007), who documented mafic to felsic ash
layers in the Dry Valleys that are dated between
11 and 15 Ma. An alternative explanation is that
the presence of thick ice sheets in the Ross Sea
embayment, with grounding lines located north
of the present-day positions, could have ham-
pered the direct delivery of wind-driven volca-
nic materials to the coring site (glacial paleoen-
vironmental conditions). Sedimentological and
isotopic studies of sedimentary records demon-
strate that changes in environmental conditions
occurred between ca. 17.1 and 11.5 Ma (Zachos
et al., 2008; Passchier et al., 2011), and these
were accompanied by strong ice sheet fluctua-
tions with multiple cycles of advance and retreat
that could possibly have allowed the deposi-
tion of pyroclastic fall deposits. Pyroclastic
fall deposits and resedimented volcaniclastic
deposits may have been eroded during the
deposition of massive, coarse-grained deposits
(diamictite and conglomerates) in subglacial to
proglacial environments.

Volcanic material within the bottom half of
the core, >600 mbsf, consists of dispersed lava
clasts, scoria fragments, pumice, one pyroclas-
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tic fall deposit, and at least 10 resedimented
volcaniclastic deposits. Components forming
the 6-cm-thick lapilli tuff at 640 mbsf, which
is dated as 17.4 Ma (Di Vincenzo et al., 2010),
were most likely transported in an eruptive ash
cloud and deposited directly through the water
column. This would only be possible if open
marine or partly open marine conditions pre-
vailed at the time (Fig. 9). Rounding and abra-
sion of dispersed pumice and scoria indicate that
they spent some time as floating rafts prior to
sinking, or transported on the seafloor prior to
deposition, or underwent weathering and resedi-
mentation prior to their final deposition (Fig. 9).
Limited mixing with fragments from nonvolca-
nic material and imbrication of clasts parallel to
sand laminae or oriented along the lee side of
ripple cross-laminations suggest deposition by
low-energy volcaniclastic bottom or turbidity
currents. Resedimented pumice- and scoria-
rich sandstone to lapillistone can be considered
indicators of open-water conditions with limited
sea ice, similar to the pyroclastic fall deposit at
~640 mbsf. Resedimented, strongly laminated,
ash-rich mudstone to sandstone found at ~636
and ~1027 mbsf are comparable with depos-
its generated by suspension settling from ice-
proximal, turbid, meltwater plumes (O Cofaigh
and Dowdeswell, 2001, and references therein)
observed in fjord environments, and more
rarely, in high-latitude open marine settings.
The absence of grain rounding, the preserva-
tion of fragile structures, and the low degree of
posteruptive sediment mixing with nonvolcanic
detritus all indicate that no significant reworking
has occurred. We suggest that these pyroclasts
were transported in eruptive columns, dispersed
by wind onto the ice (glaciers), and finally
released to the water column during repeated
melting events. We therefore conclude that
deposition of resedimented, strongly laminated,
ash-rich mudstone to sandstone occurred in a
proglacial setting with generally open marine
conditions. Similar depositional and dispersal
processes have long been suggested for modern
volcanogenic sediments in McMurdo Sound
(Bentley, 1979; Barrett et al., 1983; Macpher-
son, 1987; Atkins and Dunbar, 2009).

CONCLUSIONS

The sedimentological, morphoscopic, pet-
rological, and geochemical study of pyroclasts
recovered in AND-2A core has provided infor-
mation about their volcanic sources and erup-
tions styles and new insights into their envi-
ronment of deposition. One pyroclastic fall
deposit and several resedimented volcaniclas-
tic deposits recovered in AND-2A core record
an intense and recurrent history of volcanic
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and non-volcanic clasts
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Figure 9. Schematic model illustrating possible eruptive, transport, and depositional processes of pyroclastic fall deposit, resedimented
volcaniclastic deposits, and the volcanogenic sedimentary deposits. (A) Pyroclasts transported by a high eruptive column and finally
deposited as pyroclastic fall deposit directly through the water column in open-water conditions. (B) Pumice and scoria clasts windblown
over the ice and resedimented by suspension settling from ice-proximal turbid meltwater plumes or by low-energy volcaniclastic bottom
and/or turbidity currents (resedimented volcaniclastic deposits). (C) Volcanic detritus deposited by glacimarine processes (volcanogenic
sedimentary deposits).

activity in the southern Victoria Land region
during the Early Miocene. Two main explosive
eruptive styles and magma compositions were
recognized. Subplinian and Plinian eruptions
involved trachytic to rhyolitic magmas, while
Strombolian to Hawaiian eruptions were fed by
basaltic to mugearitic magmas. In both cases the

occurrence of vesicle-free, blocky fragments
indicates that hydromagmatic fragmentation
processes were caused by the interaction of
magmas with seawater and/or glacial meltwater
within a glacimarine environment. On the basis
of the available geochemical and chronological
data and using volcanological constraints, we
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infer that the proto-Mount Morning and Mount
Morning volcanoes located south of the drill site
are the most likely volcanic sources. The sedi-
mentological features of the volcanic units are
interpreted to indicate that they were deposited
in a proglacial setting with overall open-water
marine conditions.
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