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14. NEOGENE TEPHROCHRONOLOGY FROM SITE 758 ON NORTHERN NINETYEAST RIDGE:

INDONESIAN ARC VOLCANISM OF THE PAST 5 MA'

J. Dehn,? J. W. Farrell,” and H.-U. Schmincke’

ABSTRACT

A tephrochronology of the past 5 Ma is constructed with ash layers recovered from Neogene sediments during drilling at ODP
Leg 121 Site 758 on northern Ninetyeast Ridge. The several hundred tephra layers observed in the first 80 m of cores range in
thickness from a few millimeters to 34 cm. Seventeen tephra layers, at least 1 cm l!uck were sampled and analyzed for major
elements. Relative ages for the ash layers are estimated from the paleomagnetic and 8'%0 chronostratigraphy.

The ash layers comprise about 1.7% by volume of the sediments recovered in the first 72 m. The median grain size of the ashes
is about 75 pm, with a maximum of 150 pm. The ash consists of rhyolitic bubble junction and pumice glass shards. Blocky and platy
shards are in even proportion (10%—30%) and are dominated by bubble wall shards (70%—90%). The crystal content of the layers
is always less than 2%, with plagioclase and alkali feldspar present in nearly every layer. Biotite was observed only in the thickest
layers.

The major element compositions of glass and feidspar reﬂecl fractionation trends. Three groupings of ash layers suggest different
provenances with distinct magmatic systems. Dating by 50 and paleomagnetic reversals suggests major marine ash-layer-produc-
ing eruptions (marine tephra layers > 1 cm in thickness) occur roughly every approximately 414,000 yr. This value correlates well
with landbased studies and dates of Pleistocene Sumatran tuffs (average 375,000-yr eruptive interval). Residence times of the
magmatic systems defined by geochemical trends are 1.583, 2.524, and 1.399 Ma. The longest time interval starts with the least
differentiated magma.

The Sunda Arc, specifically Sumatra, is inferred to be the source region for the ashes. Four of the youngest five ash layers

recovered correlate in time and in major element chemistry to ashes observed on land at the Toba caldera.

INTRODUCTION

Purpose of this Study

The tephra layers recovered in the Pliocene to Holocene sedi-
ments of Ocean Drilling Program (ODP) Leg 121 Site 758 (Fig.
1) provide a unique record of explosive volcanism in the north-
eastern Indian Ocean. Several hundred discrete ash layers, rang-
ing from a few millimeters to 34 cm in thickness, were observed
in Holes 758A, 758B, and 758C drilled on northern Ninetyeast
Ridge (Peirce, Weissel, et al., 1989). The excellent core recovery
through the Pliocene (102%), large volume of ash (1.7% bulk
sediment), and freshness of the glass are ideal for a tephrochro-
nological study. This study focuses on the youngest of these
tephra layers (0.075 to 5.1 Ma).

Case studies in tephrochronology are especially useful for
determining the (1) source region of the ashes; (2) volcanic,
magmatic, and temporal evolution of the source regions; (3)
eruptive cycles; and (4) lithostratigraphic and chronostratigraphic
correlations in marine sedimentary sequences when numerically
dated (Bitschene and Schmincke, 1990). The aim of this case
study is to develop a tephrochronology for Site 758 using the
stratigraphy, ages, and chemical compositions of the major ash
layers. Analyses were performed on 29 samples taken from 17
major ash layers, labeled A through M, which had a thickness of
1 cm or more (Fig. 2).
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Regional Setting of Site 758

Site 758 isat 5°23.05'N, 90°21.67E, on the crest of Ninetyeast
Ridge between Deep Sea Drilling Project (DSDP) Sites 216 and
217 (Fig. 1). The water depth at Site 758 is 2924 m. At this
locality, Ninetyeast Ridge comprises several en echelon blocks.
Site 758, which is on the southeast side of one such block, lies at
least 1000 m above the Bengal Fan.

Site 758 is approximately 1000 km from the nearest volcani-
cally active region, Sumatra. Sumatra is the northernmost part of
the Sunda Arc and has at least one restive caldera. The most recent
eruption in this region was from the Toba caldera at approxi-
mately 75,000 yr (Ninkovich et al., 1979; Rose and Chesner,
1987, 1988). This caldera, one of the largest Quaternary calderas
on Earth (Smith and Bailey, 1968), is probably the source for
several of the tephra layers.

Previous Studies of Northeastern Indian Ocean Tephras

Most previous work has been performed on the youngest
eruption of the Toba Caldera (Ninkovich et al., 1979; Ninkovich,
1979; Rose and Chesner, 1987; Chesner, 1988). These studies are
primarily land based, though some authors have studied piston
cores containing marine tephra layers correlated to the eruptions
(Ninkovich et al., 1979; Ninkovich, 1979; Kennett, 1981). The
Toba ash, as it is called in the literature, has been discovered at
many localities in the northeastern Indian Ocean (Ninkovich et
al., 1979; Fig. 1). At least 800 km? of ash was erupted from Toba
(Rose and Chesner, 1987) and fell over a minimum area of 5 x
106 km?2, mostly over the Bay of Bengal (Ninkovich et al., 1979;
Fig. 1). The distribution of the ash may have reached as far as
3000 km (Williams and Royce, 1982). Because Site 758 lies
within this area, the recovery of the Toba ash and other tephra
layers was expected.

Older eruptions of the Toba caldera complex occurred at 0.84
(Diehl et al., 1987) and 1.20 Ma (Nishimuraet al., 1977). Chesner
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Figure 1. Site 758 and other locations in the northeastern Indian Ocean where the youngest tephra layer from the Toba caldera
(75,000 yr) was recovered. The thickness of the layers in centimeters accompanies each point (after Ninkovich et al., 1979;

Ninkovich, 1979).

(1988) studied the last four eruptions of the Toba caldera at 0.075,
0.450, 0.840, and 1.2 Ma. He described these layers as the young-
est Toba tuff (YTT), the middle Toba tuff (MTT), the oldest Toba
tuff (OTT), and the Haranggoal dacite tuff (HDT). These tuffs are
tentatively correlated to the Site 758 tephra layers as follows: YTT
to layer A, MTT to layer C, OTT to layer E, and HDT to layer F.
(A detailed description of the nomenclature follows.)

The drill cores previously recovered in the northeastern Indian
Ocean have not been suitable for the reconstruction of a continu-
ous tephrochronology. The sedimentary records of Sites 216 and
217 are marred by poor recovery and disturbance from rotary
drilling (von der Borch, Sclater, et al., 1974). Piston cores from
the Bay of Bengal, such as those recovered aboard the Vema and
the Conrad, provide continuous and undisturbed records, but
sample only the near-surface Pleistocene sediments (Ninkovich,
1979).

METHODS

Based upon shipboard observation, 29 samples representing
17 discrete ash layers were taken (Table 1). The grain size,
morphology, and crystal components of the ashes were studied in
smear slides and thin sections. Between 15 and 20 shards were
measured in each slide by calibrated ocular scales.

The major element compositions of the glass shards and min-
eral grains were determined using an ARL electron microprobe
with natural glass and mineral standards at the Department of
Mineral Sciences, Smithsonian Institution. Operating conditions
were 15-kV accelerating voltage, 10-ium beam spot, and 14-nA
beam current. Measured Na2O and K20 concentrations may be
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slightly lower (up to 1%) as a result of selective sodium and
potassium loss during the microprobe analysis.

DESCRIPTION OF THE TEPHRA LAYERS

Stratigraphy and Lithology

The ash layers were recovered in the nannofossil ooze of Unit
I at Site 758 (Peirce, Weissel, et al., 1989). This unit consists of
two subunits: IA is a nannofossil ooze with foraminifers and clay
and clayey nannofossil ooze with foraminifers from 0 to 25.2 m
below seafloor (mbsf), and IB is a nannofossil ooze with clay,
foraminifers, and micrite from 25.2 to 121.7 mbsf. The ash layers
are present in Pliocene (5.1 Ma) and younger sediments.

Many of the tephra layers are present in one hole, but not in
the neighboring one. All but one of the layers fall into the intervals
between cores, where as much as 2.7 m of sediments is not
recovered. This “under recovery” (Ruddiman et al., 1987) is a
product of the coring method and is surmounted by constructing
a composite stratigraphy. A detailed composite stratigraphy for
this section is presented by Farrell and Janecek (this volume). The
remaining tephra layer does not appear to correlate among the
holes. The unique layer B in Hole 758A could be the result of
reworking of the sediments by slumping, bottom currents, or
bioturbation (Bramlette and Bradley, 1942; Ruddimann and
Glover, 1982).

Macroscopic Description of the Ashes

Tephra layers with thicknesses of 1 cm or more are defined as
“major.” Seventeen such layers were identified in the first 5.1 Ma
(0-72 mbsf) of Site 758 and labeled A through M, with A the
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Figure 2. Tephrostratigraphic diagram of the upper Neogene tephras at Site 758. The samples are coded by layer (A-M), stratigraphic indicator (U = upper, L =
lower), and hole (A, B, or C). The minerals phases measured in each sample are represented by the circles. Quartz was present in every layer sampled; the other
mineral phases measured in the samples are APAT = apatite, AMPH = amphibolite, BIOT = biotite, SAN = sanidine, and PLAG = plagioclase. The thickness of
the layers is shown by the relative scale of the boxes; shading indicates layers dated by 8!80. Note that layer B is not present in Holes 758B and 758C.

Tla%ble 1. Major ash layers and their maximum age range defined by paleomagnetic and
&'°0 dating, thickness, depth, and sample locations at Site 758.

i:l:::.:l:s!: Thickness Depth Core, section, interval (em)®
Layer (Ma) (cm) (mbsf) 758A 758B 758C
A (upper) 0.071-0.110 34 1.50-1.84 1H-2, § 1H-2, 14
A (mixed) 0.071-0.110 34 1.50-1,84 1H-1, 114
A (lower) 0.071-0.110 34 1.50-1.84 1H-2, 25 1H-2, 27
B (A7) 0.071-0.121 7 1.94-2.01 1H-2, 47
C 0.512-0.538 ] 7.12-7.35 2H-1, 114  1H-5, 119 1H-7, 1
D 0.731-0.750 13 10.80-10.93  2H-4, 38
d 0.756-0.760 2 11.25-11.27 2H-2, 25
E 0.774-0.780 5 11.62-11.67 2H-4, 115 2H-2, 61
F 1.273-1.294 5 19.82-19.87 3H-3, 125 DNE
G 1.596-1.653 13 24.00-24.13 DNE 3H-4, 69
H 2.238-2.265 5 31.20-31.25 4H-5,3 4H-3, 8
h 3.664-3.666 2 49.67-49.70 6H-2, 47
1 4.124-4.131 8 56.67-56.75 TH-2, 120 6H-7, 17
I 4.552-4.560 1 63.12-63.13 DNE
K 4.666-4.667 4 65.09-65.13 TH-6, 29
L 4.759-4.765 4 66.66-67.00 TH-CC, 14
M 5.062-5.063 2 71.61-71.63 8H-4, 111
1H-11H 1H-10H 1H
12X-46X
47R-T3R

A Tephra layers lost between cores are marked “do not exist” (DNE).
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youngest layer and M the oldest. Layers identified by peaks in the
magnetic susceptibility of the sediments (up to 113 x 1075 cgs)
are denoted by capital letters. The lowercase letters (d and h)
identify those ash layers visible in the cores, but not readily
identified by large susceptibility peaks. Because these two layers
are thin (2 cm) in comparison with the other layers, it is probable
that they fall between points of the susceptibility measurement.

The major tephra layers appear as gray to grayish brown layers
of varying thickness (Fig. 2). All the ash layers have sharp basal
contacts to the host sediment. The upper contacts are gradational
and show normal grading in size and density as well as tephra
concentration in the host sediment. The ashes are primarily com-
posed of glass shards, pumice fragments, and crystals. No lithic
clasts were observed in any of the layers.

The tephra layers are marine fallout ash layers formed by
explosive eruptions that dispersed the tephra, allowing it to accu-
mulate over a large area (to a distance of at least 2500 km). The
tephra was deposited on the ocean surface and then settled through
more than 2000 m of water. After deposition, reworking by
bottom currents and bioturbation of the ash layers diffused the
tephra within the host sediment. The combination of these frag-
mentation, transport, and reworking mechanisms leads to the
observed grading of the tephra. All of the layers exhibit weak
normal grading of particle density, grain size, and particle con-
centration in the host sediment (Fig. 3). Crystals are rare, com-
prising less than 1% of the ash volume with the exception of layers
B and d, each of which has approximately 2% crystals by volume.
Crystals, where present, are concentrated at the base of a layer.

The thicknesses of the ash layers are based on visual inspec-
tion, core photograph interpretation, and magnetic susceptibility.
The thicknesses of the major tephra layers vary widely to a
maximum of 34 cm for layer A and with an average thickness of
9 cm (Table 1). Individually the layers appear to be a minor
component, yet together they comprise up to 1.7% of the sedi-
ments recovered through the Pliocene. Thickness is the most
obvious difference between the tephra layers (Fig. 2). The thickest
layers, G, D, C, and A, represent two-thirds of the ash by volume.
The remaining layers, B, d, E,F, H, h, I, J, K, L, and M, have an
average thickness of only 4 cm.

Most of the layers correlate among the holes at Site 758, and
those that are not present in a hole usually fall into an interval lost
between cores. Layer B in Hole 758 A, however, does not correlate
to any tephra layer in Holes 758B and 758C. Furthermore, this
layer falls into an interval fully recovered in all three holes at Site
758. This tephra layer is atypical in other aspects as well. Layer
B is crystal rich (2%) and has a large grain size (1-2 mm) relative
to the other ashes. It occurs only 12 cm below layer A and has an
angular contact to the surrounding sediments (Fig. 3). Both the
upper and lower contacts to the nannofossil ooze are sharp.
Because it is so different from the other tephra layers and because
it lies so close to layer A, this layer is thought to be a basal part
of layer A, an ash pod, displaced downward in the core by
slumping or reworking by bottom currents. The size and thickness
of the pod (7 cm) seem to rule out bioturbation. The grain size and
high crystal concentration support the idea of a slump of denser
material in the surrounding ooze. There is no sign of such distur-
bance below layer A in Cores 121-758B-1H or 121-758C-1H,
which are in holes 100 m away. The latter core was severely
disturbed by drilling and evidence of such a slump could be
obscured.

Layer D was also not observed in Hole 758B, though this
interval was recovered. Visual inspection of the cores shows an
ash layer, d, at the stratigraphic location where D would be
expected. Layer d is possibly a diffused or reworked tephra D.
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Figure 3. Core photograph of the Toba ash (layers A and B). Layer A has an
expanded, yet typical, morphology of the tephra layers, with a sharp basal
contact to the host sediment and a gradational upper contact. Where present,
crystals are concentrated at the base of each tephra layer, indicating a density
gradation. Layer B may be reworked from layer A.



Further evidence of the relationship between layers A and B and
layers D and d based on their chemical compositions is discussed
in greater detail below.

Microscopic Description of the Ashes

The ash layers are a concentrated, yet loose, aggregation of
glass shards, pumice, and crystals within organic sediments. The
glass shards have a median grain size of 75 + 25 pm, with a
maximum size of 150 pum. Bubble wall shard forms dominate
(70%-90%), followed by platy and blocky shards (10%—-30%
each) and crystals (typically <1%). The refractive index of the
glass is low (less than 1.54) indicating a silica content of 70% or
greater (Schmincke, 1981). No brown volcanic glass of basaltic
composition was observed in any sample. The glass is always
isotropic and does not appear altered. Fractures, hydration cracks,
or incrustation were not observed in smear slides or thin sections.
The glass is probably slightly hydrated through interaction with
seawater and/or interstitial water, but significant alteration has not
yet taken place.

Quartz and feldspars comprise the bulk of the crystals in the
tephra layers, followed by biotite, apatite, and amphibole. Quartz
is present in every tephra layer sampled. Plagioclase is common
in 30-60-um subhedral crystals displaying twinning but little or
no zoning. Alkali feldspars occur in layers A, D, d, G, h, I, and M
as larger, 40-80 pum, euhedral to subhedral crystals. Only the
crystal-rich layers B, d, G, and I contain iron-bearing minerals,
chiefly biotite and minor amphibole.

The grain sizes of the tephra (50-150 pum) suggest that the
transport distance was approximately 1000 km (Fisher, 1964;
Walker, 1971). This supports the conclusion that the tephras came
from nearest volcanically active region, Sumatra.

GEOCHEMISTRY OF THE TEPHRA LAYERS

Major element concentrations were determined for single glass
shards and mineral grains using an electron microprobe. Volcanic
glass of different morphology was analyzed in every sample, and
plagioclase and potassium feldspars were analyzed wherever pre-
sent, as well as other crystal phases.

Geochemistry of the Glass Shards

The analyzed volcanic glasses are isotropic and appear fresh
with major oxide sums ranging between 90% and 97%. Three
general morphological categories of shards were chosen for ana-
lysis: platy, bubble wall, and blocky. These three forms were
measured in each sample, but no significant change in major oxide
composition was seen as a function of shard morphology. An
average of 10 shards was analyzed per thin section, with a mini-
mum of one thin section per sampled layer (Table 2). Layer J was
not sampled for chemical analysis because it was identified as a
“major” layer only after onshore analysis of shipboard records.
All the glasses are classified as high-silica rhyolites with SiO2
concentrations of 72% to nearly 79% and MgO concentrations of
less than 1%.

Plots of major oxide sums subtracted from 100 give rough
estimates of the percentage of water in the glasses. The inferred
water contents are a result of hydration during subaqueous altera-
tion and not of the original volatile content in the magma. The
inferred water contents show a slight drop from 6% to 5% at 35
mbsf. The break in the water contents roughly corresponds with
the break between Subunits IA and IB (Pierce, Weissel, et al.,
1989) and thus the clay and carbonate content in the surrounding
sediments. This relation suggests that the preservation of the
glasses, and thus the change in the water content, is partially
influenced by the host sediment and interstitial water.
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Variation diagrams of FeO, Ca0, Al203, and K20 vs. SiO2
(Fig. 4) all show a distinct grouping by ash layer. Layer L stands
out in every plot as the least evolved, with concentrations of
2.43%-2.65% FeO and 72.25%—73.28% Si03. Layer A, inferred
to be the Toba ash from the 75,000-yr eruption of the Toba caldera
in Sumatra, is the most evolved layer, with concentrations of
76.65%-78.89% SiO2 and 0.72%-1.03% FeO. Layers A and B
have similar compositions of major oxides, supporting the con-
clusion that layer B is a displaced pod of layer A. Layers D and d
are also chemically indistinguishable. Coupled with their stratig-
raphic correlation, the chemistry of these two layers suggests that
they could be the same layer in each hole.

Chemical trends are visible for CaO, FeO, and Al203 vs. SiO2.
Increasing silica concentrations correlate with lower CaO, FeO,
and Al203 concentrations. These trends are expected, but do not
correlate directly with depth, and thus the age, of the tephra layer.
Layers L and E, although significantly different from the other
layers in composition, lie along the trends formed by the other
tephras. FeO content increases slightly with very high SiO2 con-
tents in analyses from layers H and A (increasing from 0.6% to
0.8% FeO with SiO2 of 78%-79%). The K20 vs. SiO2 diagram
shows groupings by tephra layer, but no clear trend. A trend in
this data could be obscured as a result of the large scatter in values
of K20. This scatter is probably caused by inaccuracies in meas-
urement due to sodium and potassium evaporation during the
microprobe analysis or a gain in potassium through low-tempera-
ture alteration.

Though no empirical correlation between age and chemical
composition is seen, several of the ashes are clearly related. A
diagram of CaO vs. FeO (Fig. 5) displays three trends, one which
links layers A, B, C, D, d, E, and F (Group 1), one relating H, K,
and L (Group 2), and one relating I and M (Group 3). These same
groupings are less clear, though present, for Al203 vs. FeO. CaO
vs. Al203 shows an inverted, yet similar, relationship between
these layers. These groupings of layers, though different in their
element concentrations, all have similar element ratios. Since Zr
and Nb cannot be measured by microprobe, Ca and Fe are used to
determine cogenetic trends in the ash layers. The correlation of
these ash layer groupings could be supported by similar trends in
MgO vs. FeO, but the MgO concentrations are too small to clearly
distinguish the relationships of the tephra layers.

In order to examine the change in the major oxides with age,
plots were made of major oxides and major oxide ratios vs. depth
(Fig. 6). Depth is plotted rather than age because different meth-
ods were used to date the tephras and the measured ages vary by
up to 0.04 Ma between methods. A more detailed discussion of
the age of the tephra layers follows.

Certain oxides, such as Al203, show considerable scatter
within a single tephra layer. Others, such as FeO, Ca0O, and SiO2,
are very well restrained within each layer. No general trend is
visible for the entire suite of layers; only smaller trends or group-
ings among three or four consecutive or near consecutive layers
can be seen.

Al203 and CaO vs. depth display similar relationships with the
exception of layer H, which is depleted in CaO relative to the other
layers. The diagram of FeO vs. depth displays several groupings,
from the less evolved magmas of layers L and E to the more
evolved magmas of layers K and H and layers D, C, and A,
respectively. Silica has similar trends, suggesting that the ashes
in each group become more silicic with time.

Ratios of the major oxides vs. depth also show groupings of
tephra layers with similar element ratios. CaO/FeO vs. depth best
displays the three groupings. Within each group there is a de-
crease in the mafic character of the magmas with respect to time.
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Table 2. Percentage composition of major oxides from microprobe measurements of glass shards from Site 758.

Sample 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, T758A-1H-2, 758A-1H-2, T758A-1H-2, 758A-1H-2,
25 ¢cm 25 cm 25 cm 25 cm 25 cm 25 cm 25 cm 25 cm 25 cm 25 cm 25 cm 25 cm 25cm 25 ¢cm
Layer A A A A A A A A A A A A A A
Shard morphology ? Platy Platy Bubble wall Blocky Bubble wall Blocky Blocky Platy Blocky Bubble wall  Bubble wall  Bubble wall  Bubble wall
5i0, 75.02 74.53 72.93 72.30 74.39 73.63 74.87 73.63 74.59 73.73 74.61 71.81 74.29 74.12
AlyO4 12.19 12.07 12.15 11.87 12.09 12.11 11.85 12.19 11.80 12.06 11.89 12.04 12.16 1.9
FeO 0.83 0.73 0.80 0.76 0.79 0.79 0.79 0.83 0.74 0.85 0.76 0.74 0.81 0.80
MgO 0.09 0.03 0.08 0.05 0.08 0.05 0.06 0.05 0.05 0.06 0.04 0.03 0.05 0.04
CaO 0.91 0.69 0.81 0.78 0.82 0.79 0.79 0.84 0.67 0.76 0.64 0.66 0.75 0.78
K,0 4.65 4.80 4.94 4.84 5.05 4.R8 4.94 4.86 4.88 4.81 4.92 5.05 5.00 4.87
Na,0 1.28 3.10 2.88 2.90 2.87 2.78 2.712 3.04 3.14 2.83 330 3.06 3.14 2.97
TiO, 0.10 0.08 0.05 0.07 0.07 0.08 0.08 0.07 0.06 0.05 0.08 0.06 0.07 0.09
P505 0.03 0.00 0.02 0.01 0.02 0.01 0.02 0.04 0.02 0.03 0.02 0.01 0.02 0.02
Total 95.10 96.03 94.66 93.58 96.18 95.12 96.12 95.55 95.95 95.18 96.26 95.46 96.29 95.60
H,0 4.90 397 5.34 6.42 3.82 4.88 3.88 4.45 4.05 4.82 3.74 4.54 7 4.40

Note: The inferred percent Hy0 is determined by the sum of the oxides subtracted from 100. 7 = the shard form does not fall into the three categories.

Sample 758A-1H-2,  758A-1H-2, 758A-1H-2, 758A-1H-2, T758A-1H-2, 758A-1H-2, T758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, T758A-1H-2, 758A-1H-2, 758A-1H-2,
25 cm 25 cm 25 cm 25 cm 25 cm 25 em 25 em 25 cm 25 em 25 em 5 cm 5em 5cm Sem
Layer A A A A A A A A A A A A A A
Shard morphology Blocky Bubble wall ~ Bubble wall Platy Platy Blocky Platy Bubble wall Blocky Blocky Blocky ? Blocky Blocky
5i0, 74.31 74.01 74.79 75.50 74.43 75.11 74.53 74.13 74.78 74.30 71.98 73.40 74,83 74.70
Al,O4 12.05 12,10 12.17 11.96 12.13 11.84 11.90 12,18 12.31 11.87 11.96 11.74 11,75 11,93
FeO 0.80 0.79 0.78 0.77 0.88 0.76 0.78 0.83 0.88 0.77 0.92 0.78 0.69 0.81
MgO 0.04 0.05 0.06 0.03 0.08 0.04 0.03 0.08 0.06 0.06 0.08 0.02 0.03 0.04
CaO 0.74 0.83 0.75 0.76 0.79 0.69 0.70 0.78 0.89 0.67 0.91 0.65 0.69 0.83
K,0 4.78 4.89 5.02 5.07 4.99 4.87 4.91 4.81 4.87 4,95 4.76 5.25 5.08 5.02
NayO 3.15 310 2.69 3.03 2.8 3.15 2.92 3.04 3.4 3.18 2.56 2.93 2.7 2.85
TiO, 0.07 0.09 0.07 0.07 0.08 0.05 0.07 0.08 0.07 0.08 0.12 0.07 0.06 0.10
P,05 0.01 0.02 0.01 0.02 0.02 0.04 0.02 0.03 0.03 0.04 0.02 0.01 0.00 0.03
Total 95.95 95.88 96.34 97.21 96.23 96.55 95.86 95.96 97.03 95.92 93.31 94.85 95.84 96.31
H,;0 4.05 4.12 3.66 2.719 L] 3.45 4.14 4.04 2.97 4.08 6.69 5.15 4.16 3.69
Sample 758A-1H-2,  758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, 758A-1H-2, T758A-1H-2, 758A-2H-1, 758A-2H-1, 758A-2H-1, 758A-2H-1,
5¢cm 47 cm 47 em 47 cm 47 em 47 cm 47 cm 47 cm 47 cm 47 cm 114 cm 114 cm 114 em 114 cm
Layer A B B B B B B B B B C c ol C
Shard morphology T Bubble wall  Bubble wall  Bubble wall  Bubble wall Blocky Blocky Platy Bubble wall Blocky Bubble wall Blocky Platy Platy
Si0, 74.68 74.22 70.20 7231 72.45 T4.84 73.19 73.01 T1.36 71.50 72.40 73.40 72.08 72.24
Aly0y 11.65 11.77 11.29 12.01 11.69 11.95 11.99 11.82 11.58 12.05 11.39 11.75 11.69 11.64
FeO 0.75 0.89 0.93 0.86 0.85 0.86 0.84 0.85 0.79 0.92 0.95 0.94 0.94 0.94
MgO 0.03 0.02 0.05 0.01 0.02 0.01 0.02 0.04 0.04 0.04 0.03 0.01 0.01 0.00
CaO 0.89 0.79 0.65 0.79 0.72 0.70 0.75 0.83 0.64 0.96 0.77 0.63 0.58 0.48
K,0 5.23 4.93 4.73 4.79 4.63 5.16 4.85 4.80 4.68 4.69 4.81 5.04 4.57 4.66
Na,O 2.46 2.78 3.10 2.92 3.32 3.30 341 3.26 321 2.88 2.81 3.18 3.19 3.58
TiO, 0.09 0.05 0.05 0.08 0.09 0.06 0.06 0.09 0.07 0.09 0.09 0.04 0.05 0.03
P04 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.00 0.01 0.00 0.01
Total 95.79 95.45 91.01 93.77 93.78 96.88 95.11 94.70 92.39 93.15 93.25 95.00 93.11 93.58

Hy;0 4.21 4.55 8.99 6.23 6.22 3.z 4.89 5.30 7.61 6.85 6.75 5.00 6.89 6.42
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Sample 758A-2H-1,  758BA-2H-1, 758A-2H-1, 758A-2H-1,  758A-2H-1,  758A-2H-1, 758A-2H-1, 758A-2H-1, 758A-2H-4, 758A-2H-4, 758A-2H-4, T758A-2H-4, T758A-2H-4, T758A-2H-4,
114 cm 114 cm 114 cm 114 cm 114 em 114 cm 114 cm 114 cm B em 38 cm 38 cm 38 em 38 cm 38 cm
Layer C C C ol o C C C D D D D D D
Shard morphology Blocky Blocky Platy Platy Bubble wall  Bubble wall Blocky Bubble wall  Bubble wall  Bubble wall Blocky Blocky Platy Blocky
5i0, 72.39 71.93 72.87 72.34 72.83 71.36 72.26 72.75 73.06 73.21 73.52 73.39 73.97 74.43
AlyO, 11.53 11.55 11.74 11.45 11.58 11.52 11.41 11.81 11.72 11.78 11.90 11.76 11.94 11.66
FeO 0.96 0.92 0.90 0.95 0.93 0.95 0.93 0.91 0.80 0.87 0.82 0.81 0.88 0.78
MgO 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.03 0.02 0.02 0.01 0.03 0.01
CaO 0.55 0.65 0.49 0.53 0.54 0.65 0.82 0.64 0.74 0.79 0.80 0.74 0.77 0.75
K0 5.04 4.89 4.59 4.65 4.49 4.88 4.65 4.99 5.10 5.01 4.93 4.88 5.05 4.81
NayO 3.03 312 3.58 3.32 3.35 3.05 3.03 3.06 2.87 2.76 3.06 2.95 2.67 3.04
TiO, 0.04 0.07 0.05 0.03 0.06 0.06 0.09 0.07 0.06 0.07 0.08 0.06 0.07 0.05
Py0g 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.00 0.01
Total 93.54 93.14 94.25 93.28 93.78 92.49 93.21 94.26 94.39 94.51 95.13 94.61 95.38 95.54
H,0 6.46 6.86 5.75 6.72 6.22 7.51 6.79 5.74 5.61 5.49 4.87 5.39 4.62 4.46
Sample 758A-2H-4, 758A-2H-4, T758A-2H-4, 758A-2H-4, T758A-2H-4, T58A-2H-4, 758A-2H-4, 758A-2H-4, 758A-2H-4, 758A-2H-4, 758A-2H-4, T58A-2H-4, T758A-2H-4, T758A-2H-4,
18 cm 38 cm 38 cm 38 cm 38 cm 3B em 38 ¢cm 115 cm 115 cm 115 ecm 115 cm 115 em 115 cm 115 em
Layer D D D D D D D E E E E E B B
Shard morphology Platy Platy Bubble wall  Bubble wall Blocky Bubble wall Blocky Bubble wall Platy Bubble wall Blocky Bubble wall Blocky Platy
Si0, 73.88 74.04 73.76 73.62 74.09 73.33 76.05 72.26 71.85 71.42 72.27 70.33 72.01 71.13
AlOy 11.69 11.58 11.82 11.84 11.57 11.67 11.92 12.27 12.38 12.53 12.37 12.85 12.42 12.34
FeO 0.84 0.84 0.79 0.80 0.86 0.82 0.87 1.15 1.10 1.15 1.16 1.22 1.15 1.10
MgO 0.01 0.01 0.01 0.03 0.00 0.03 0.06 0.11 0.09 0.09 0.14 0.15 0.11 0.11
Ca0O 0.79 0.67 0.67 0.78 0.69 0.74 0.78 0.82 0.84 0.85 0.84 0.97 0.90 0.83
K,0 4.98 5.01 5.29 5.02 4.74 4.84 4.50 3.90 1.96 3.98 3.90 3.83 4.01 4.18
Na,0 2.83 2.98 2.80 3.10 3.21 2.83 0.92 3.88 3.69 3.84 3.68 3.94 3.50 3.89
TiO, 0.07 0.08 0.08 0.05 0.05 0.06 0.11 0.12 0.14 0.14 0.14 0.18 0.14 0.11
P,05 0.01 0.02 0.00 0.00 0.01 0.02 0.00 0.03 0.01 0.01 0.04 0.03 0.03 0.03
Total 95.10 95.23 95.22 95.24 95.22 94.34 95.21 94.54 94.06 94.01 94,54 93.50 94.27 93.72
H;0 4.90 4.77 4.78 4.76 4.78 5.66 4.79 5.46 5.94 5.99 5.46 6.50 573 6.28
Sample 758A-2H-4, 758A-2H-4, 758BA-2H-4, T58A-2H-4, 758A-3H-3, 758A-3H-3, T58A-3H-3,  758A-3H-3, 75BA-3H-3, 758A-3H-3, 758A-3H-3, 758A-3H-3, T58A-3H-3, T758A-4H-5,
115 em 115 em 115 em 115 em 125 em 125 cm 125 cm 125 em 125 em 125 em 125 cm 125 cm 125 cm 3em
Layer E E E E F F F F F F F F F H
Shard morphology ? Blocky Bubble wall  Bubble wall Platy Blocky Bubble wall Platy Blocky Platy Bubble wall Blocky Bubble wall  Bubble wall
Si0y 71.75 72.25 71.80 70.68 73.56 73.56 72,77 72.29 74.00 72.98 71.25 72.89 72.95 71.91
AlyOy 12.37 12.52 12.39 12.16 11.712 11.42 11.92 11.85 11.86 1.7 12.14 11.67 11.57 11.47
FeO 1.17 1.08 1.12 1.14 1.03 1.06 1.08 1.01 1.09 1.03 1.30 1.04 1.07 0.76
MgO 0.11 0.13 0.09 0.10 0.00 0.01 0.01 0.02 0.04 0.00 0.03 0.01 0.00 0.02
Ca0 0.87 0.87 0.84 0.86 0.83 0.84 0.72 0.84 1.07 0.82 0.99 0.76 0.73 0.48
K,0 4.09 3.85 4.02 3.87 4.73 4.79 4.60 4.65 4.16 4.69 5.04 4.62 4.74 4.38
Nay0O 3.77 3.09 3.90 3.79 2.93 2.80 3.16 2.87 2.49 2.86 2.90 3.18 3.01 1.53
TiO, 0.13 0.12 0.13 0.10 0.03 0.05 0.07 0.05 0.03 0.06 0.08 0.04 0.05 0.04
P04 0.04 0.02 0.02 0.02 0.01 0.03 0.02 0.02 0.00 0.00 0.02 0.00 0.03 0.02
Total 94.30 93.93 94,31 92.72 94.84 94.56 94,35 93.60 94.74 94.15 93.75 94,21 94.15 92.61
H,0 5.70 6.07 5.69 7.28 5.16 5.44 5.65 6.40 5.26 5.85 6.25 5.79 5.85 7.39
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Table 2 (continued).
Sample 758A-4H-5,  758A-4H-5, 758A-4H-5, 758A-4H-5, T758A-4H-5, T758A-d4H-5, 758A-4H-5, T758A-7TH-2, 758A.-TH-2, 758A-TH-2, T758A-7TH-2, 758A-TH-2, 758A-TH-2, 758B-1H-I,
Jem 3em 3em Jem Jem Jem 3em 120 em 120 cm 120 cm 120 cm 120 cm 120 ¢cm 114 cm
Layer H H H H H H H | | I | I 1 A
Shard morphology  Bubble wall Blocky Bubble wall  Bubble wall Blocky Blocky Bubble wall Blocky Bubble wall  Bubble wall  Bubble wall Platy Bubble wall Blocky
Si0, 71.66 72.90 72.713 73.89 72.33 71.69 72.76 74.24 74.95 73.90 72.49 72.56 72.88 75.22
A0y 11.30 11.68 11,85 11.75 11.55 11.60 11.34 12.01 12.06 11.84 11.86 11.69 12.32 11.92
FeO 0.67 0.7 0.74 0.74 0.74 0.73 0.73 0.58 0.63 0.59 0.67 0.61 0.90 0.74
MgO 0.03 0.02 0.02 0.01 0.03 0.02 0.04 0.02 0.04 0.02 0.03 0.03 0.13 0.04
Ca0 0.44 0.47 0.43 0.42 0.42 0.49 0.44 0.60 0.66 0.64 0.87 0.60 1.18 0.63
K,0 4.37 4.00 4.39 3.85 4.10 4.35 4.09 4.52 4.55 4.67 3.65 4.37 344 4.85
Nay0 2.83 3.56 3.50 3.51 2.94 317 3.60 2.98 3.1 3.06 3.57 2.84 3.32 3.19
TiO, 0.04 0.03 0.04 0.05 0.04 