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17. GEOCHEMICAL INVESTIGATIONS OF VOLCANIC ASH LAYERS FROM LEG 119,
KERGUELEN PLATEAU !

Wolfgang Morche,? Hans-W. Hubberten,2 Werner U. Ehrmann,? and Jorg Keller?

ABSTRACT

Geochemical investigations were carried out on 19 discrete ash layers and on 42 dispersed ash accumulations in Oli-
gocene to Pleistocene sediments from Sites 736, 737, 745, and 746 of ODP Leg 119 (Kerguelen Plateau in the southern
Indian Ocean). The chemical data obtained from more than 500 single-grain glass analyses allow the characterization of
two dominant petrographic rock series. The first consists of transitional- to alkali-basalts, the second mainly of tra-
chytes with subordinated alkali-rhyolites and rhyolites. Chemical correlation with possible source areas indicates that
the tephra layers from the northern Kerguelen Plateau Sites 736 and 737 were probably erupted from the nearby Ker-
guelen Islands. The investigated ash layers clearly reflect the Oligocene to recent changes in the composition of the vol-
canic material recorded from the Kerguelen Islands. The dispersed ashes from Sites 745 and 746 in the Australian-Ant-
arctic Basin display almost the same range in chemical compositions as those from the north. Heard Island and other .
sources may have contributed to their formation, in addition to the Kerguelen Islands. Dispersed ash of calc-alkaline
composition is most probably derived from the South Sandwich island arc, indicating sea-ice rafting as an important

mechanism of transport.

INTRODUCTION

During Leg 119 of the Ocean Drilling Program (ODP) two
sites (736 and 737) on the northern Kerguelen Plateau, two sites
(738 and 744) on the southern Kerguelen Plateau, and two sites
(745 and 746) in the Australian-Antarctic Basin were drilled
(Barron, Larsen, et al., 1989; Fig. 1). The Kerguelen Plateau is
situated between 46° and 64°S in the southern Indian Ocean
and trends northwest-southeast for approximately 2500 km. It is
some 500 km wide and rises 2-4 km above the adjacent deep-sea
basins. The Kerguelen Plateau is the world’s largest submarine
plateau and can be subdivided into two distinct domains
(Schlich, 1975; Houtz et al., 1977), the northern Kerguelen Pla-
teau, or Kerguelen-Heard Plateau, located between 46° and 54°S,
and the southern Kerguelen Plateau.

For our study of volcanic ash geochemistry, Sites 736 and
737 from the northern Kerguelen Plateau and Sites 745 and 746
from the Australian-Antarctic Basin just east of the southern
Kerguelen Plateau were selected. At all of these sites, especially
from the northern ones, volcanic ash material was encountered.
It either was dispersed within the sediments or occurred as dis-
crete ash layers, and reflects the influence of numerous volcanic
eruptions through time. In contrast, Sites 738 and 744 on the
southern tip of the plateau did not yield any ash layers or larger
amounts of dispersed glass grains.

The purpose of this study was to determine the chemical
compositions of the ash layers and with these data discuss the
provenance of the volcanic material. Because of the prevailing
westerly winds and eastward-flowing ocean surface currents in
this region, source areas of tephras distributed by wind, ocean
currents, and ice rafting are to be sought to the west of the drill
sites. During the stratigraphic interval examined (Oligocene to
the present), subaerial volcanic activity in the vicinity of the
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drill sites is recorded from the Kerguelen Islands, Crozet Island,
and Heard Island (Girod and Nougier, 1972).

The magmas erupted on the Kerguelen Islands display a wide
compositional range (Fig. 2) characterized by two main rock se-
ries, an older tholeiitic to transitional basalt series that probably
formed since Eocene time, which was followed by alkali basalts
since Oligocene and a younger trachy-phonolitic series, which
started in late Oligocene (Nougier, 1972a, 1972b; Watkins et al.,
1974; Giret, 1983; Giret and Lameyre, 1983; Nougier et al.,
1983: Giret et al., 1987). The volcanic products of Heard Island
belong to both an alkali-basalt and a trachytic series, as on the
Kerguelen Islands, and are presumed to have formed at least
since late Miocene (Stephenson, 1972; Clarke et al., 1983). The
volecanic rocks of Crozet Island, in contrast, are of one basaltic
rock suite showing much less compositional variability (Cheval-
lier et al., 1983; Gunn et al., 1972).

MATERIAL

For this study of volcanic ash geochemistry a total of 19 dis-
crete ash layers from Holes 736A, 737A, 737B, and 745B were
investigated. In addition, 42 dispersed ash concentrations from
Holes 737B, 745B, and 746A were studied (Table 1).

Site 736 (49°24.12'S, 71°39.61'E; 629 m water depth) pene-
trated to a total depth of 371 m below seafloor (mbsf). The old-
est sediments recovered were late early Pliocene (Barron, Lar-
sen, et al., 1989). Volcanic ash and pumice accumulations are
restricted to the uppermost 50 m of Hole 736A and have a Qua-
ternary age. All 12 discrete layers recovered were available for
our investigations (Table 1 and Fig. 3). The samples from Cores
119-736A-6H and 119-736A-7TH, however, possibly may repre-
sent downfall material during coring.

We do not discuss here whether the ash and pumice layers are
true layers of air-fall ash, were ice-rafted to the site, or represent
so-called “disorganized turbidites,” as debated for the coarse-
grained basaltic debris by the shipboard scientific party (Bar-
ron, Larsen, et al., 1989).

Site 737 is situated about 100 km southeast of Site 736, at
50°13.67'S, 73°01.97'E, and was drilled in a water depth of
564 m. It penetrated to 715.5 mbsf and recovered, beneath a few
centimeters of Quaternary cover, lower Pliocene to middle Eo-
cene sediments which complement the stratigraphic sequence re-
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Figure 1. Location map of ODP Leg 119 drill sites in the southern Indian Ocean. Ash sam-
ples were investigated from Sites 736, 737, 745, and 746. Sites 738 and 744 were devoid of
volcanic ash. Bathymetry (in meters) is from GEBCO (Hayes and Vogel, 1981; Fisher et al.,
1982). The position of the Polar Front is according to Whitworth (1988), the sea-ice coverage

according to Dietrich and Ulrich (1968).

covered at Site 736 (Barron, Larsen, et al., 1989). We described
and sampled eight discrete ash layers from lower Pliocene to up-
per Oligocene sediments in Holes 737A and 737B (Table 1). The
upper and lower Oligocene sediments (Cores 119-737B-13R to
119-737B-27R and 119-737B-33R to 119-737B-38R) are charac-
terized by up to 10% dispersed volcanic glass (Barron, Larsen,
et al., 1989). Therefore, in addition to the discrete ash layers,
four samples of dispersed volcanic glass have been analyzed
from the lower Oligocene strata (Table 1 and Fig. 3).

Site 745 (59°35.71'S, 85°51.60'E; 4308 m water depth; 215
m penetration) and Site 746 (59°32.82'S, 85°51.78'E; 4070 m
water depth; 281 m penetration) together recovered a continu-
ous upper Miocene to Quaternary sedimentary sequence (Bar-
ron, Larsen, et al., 1989). Only two discrete ash layers were ob-
tained from Hole 745B, but glass shards were also recovered
from samples, that had been systematically collected (one per
core section; Ehrmann et al., this volume) for sedimentological
studies (Table 1 and Fig. 3).
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METHODS

All discrete ash layer samples were dried at 50°C. Carbonate
was removed by adding 10% hydrochloric acid. The carbonate-
free residue was rinsed with distilled water and dried. The sam-
ples were then sieved in order to obtain the grain size fractions.
Only the 63-125 pm and 125-250 um fractions were used for
further investigations. From the dispersed ashes the sand-sized
fraction (>63 um) of the carbonate-free and opal-free nonbio-
genic material was studied. For convenience AWI laboratory
numbers were used instead of full sample designation (Table 1).

The samples were first described using a petrographic micro-
scope. Special textural phenomena were then documented with
the help of a scanning electron microscope (SEM). The glass
shards were separated using a heavy liquid and a Frantz Isody-
namic magnetic separator, the magnetic field strength of which
was varied in order to obtain a concentrated glass fraction and
to get information on mineral contents. Polished grain mounts
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Figure 2. Schematic petrological map of the Kerguelen Islands, after Nougier (1972b). Compilation of age data from Giret et al. (1987):
age data (in Ma) in squares are related to plutons, those without squares to lava flows.

were prepared for microprobe analyses and petrographic investi-
gations. The geochemical analyses were performed with energy
dispersive KEVEX equipment (EDX) attached to an SEM at
Freiburg University. To avoid uncontrolled loss of Na,O, glass
particles were analyzed under a defocused electron beam of 10
by 10 pm size minimum (accelerating voltage 15 kV, beam cur-
rent approximately 5 nA, counting time 100 s). Matrix correc-
tions and calibration with mineral and glass standards from the
Smithsonian Institution (Jarosewich et al., 1980) were made. Se-
lected analyses of standards are given in Table 2 for comparison.

RESULTS

The most important results of our study were obtained from
the analyses of the discrete tephra layers from Holes 736A, 737A,
and 737B. The ash and pumice layers of Hole 736A are Quater-
nary. The ash layers recovered from Holes 737A and 737B are
early Oligocene to early Pliocene. Quaternary ashes could not
be recovered at this site, because sediments of this age were only
about 40 cm thick (Barron, Larsen, et al., 1989). No ash layers
were recovered from Sites 738 and 744 on the southern Ker-
guelen Plateau, nor did the nonbiogenic >63-um fraction of
the samples from these sites contain significant amounts of vol-
canic glass.

Petrography

Maximum and median grain size of ash layers at Site 736
(mostly > 125 um) is distinctly coarser than at Sites 737 and
745 (mostly < 125 um; Fig. 4) and thus indicates that Site 736 is
closer to the volcanic source, assuming similar modes of erup-

tion and deposition. Content of heavy minerals (as indicated for
example by content of ferromagnetics, Fig. 4) shows the same
pattern and stresses the proximal position of Site 736. Quater-
nary tephras at Site 736 show a remarkable rounding of the
clasts, thus indicating reworking of ash.

Most of the glass shards investigated are dark to pale brown
or colorless, although some samples show bimodal composition
with both the types. Glass textures range from dense, poorly ve-
sicular, blocky shards to highly vesicular particles with an elon-
gated, fibrous or platy bubble wall habit (Pl. 1.1 to 1.2). The
Quaternary tephras consist of fresh glass shards with almost no
alteration visible under the SEM. In contrast, the Oligocene
ashes from Hole 737B are heavily altered in part, and show
etching cavities on the grain surfaces and coating by secondary
minerals (Pl. 1.3, 1.4). Tiny mineral inclusions, such as Fe-Ti
oxides and pyroxenes, are common.

The mineral assemblages within the discrete ash layers (Table
3) are all thought to be phenocrysts (idiomorphic shape, ad-
hering glass, etc.). The compositional difference between the
glasses is also reflected in specific mineral assemblages. The
Quaternary tephras from Hole 736A, which are composed al-
most exclusively of trachytes, are characterized by the occur-
rence of Fe-Ti oxides, aegirine-augite, plagioclase, alkali feld-
spar, and apatite. The early Pliocene to Miocene tephras from
Hole 737A include the same mineralogy as at Hole 736A, com-
monly with additional contents of hedenbergite, biotite, and
augite. The oldest Site 737 tephras, which are of Oligocene age,
reveal alkali-basaltic to transitional basaltic composition and
lack alkali pyroxenes and alkali feldspars. Plagioclase, augite,
and, in two cases, olivine are the only phenocrysts.
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Table 1. List of samples taken from discrete tephra layers and samples containing
dispersed ash material. ODP sample numbers and corresponding AWI labora-

tory numbers are given.

Core,section, AWI- Age Core,section, AWI- Age
interval {cm) number interval (cm) number
119-736A- 119-745B-
Discrete layers Discrete layers
3H-1, 52-53 67A Quatermnary 12H-2, 100-101 85 | Pliocene
3H-1, 67-68 67B Quaternary 20H-5, 11-12 86A e. Pliocene
3H-1, 130-132 68 Quaternary
3H-2, 20-21 69 Quaternary Dispersed tephra
3H-2, 56-57 70  Quaternary
3H-2, 87-88 71 Quaternary 1H-3, 48-50 113-1 Quaternary
3H-3, 52-53 72  Quaternary 2H-3, 48-50 113-2 Quaternary
3H-3, 91-92 73 Quatemary 3H-2, 48-50 113-4 Quaternary
3H-4, 105-106 74  Quaternary 3H-5, 48-50 113-5 Quaternary
6H-1,16-17 75  Quaternary 4H-1, 50-52 114-1 Quaternary
6H-1, 42-43 76  Quatemnary 4H-5, 50-52 114-2 Quaternary
7H-1,12-13 77  Quaternary 7H-3, 48-50 114-5 Quaternary
8H-5, 48-50 115-2 Quaternary
8H-6, 48-50 115-3 Quaternary
119-737A- 9H-4, 48-50 115-5 Quaternary
9H-7, 48-50 116-1 Quaternary
Discrete layers 11H-2, 48-50 116-2 | Pliocene
11H-3, 48-50 116-3 | Pliocene
4H-5, 109-110 78-1 e. Pliocene 12H-2, 48-50 116-4 |. Pliocene
5H-5, 45-46 78-2 e. Pliocene 12H-4, 48-50 117-1 . Pliocene
6H-4, 110-111 79-1 e. Pliocene 12H-5, 48-50 116-5 |. Pliocene
9H-4, 74-75 79-2 e. Pliocene 13H-7, 48-50 117-2 |. Pliocene
25X-3,10-12 80 e. Pliocene 15H-3, 48-50 117-3 |. Pliocene
15H-6, 48-50 117-4 e. Pliocene
119-737B- 17H-1, 48-50 117-5 e. Pliocene
17H-2, 48-50 118-1 e. Pliocene
Discrete layers 19H-2, 40-42 118-3 e. Pliocene
19H-3, 40-42 146-1 e. Pliocene
5R-1, 127-128 81-1  m. Miocene 20H-1, 52-54 146-2 e. Pliocene
14R-5, 47-48 81-2 | Oligocene 22H-4, 48-50 148-3 |. Miocene
15R-4, 63-65 82 |. Oligocene 23H-3, 48-50 119-2 |. Miocene
23H-6, 48-50 119-3 |. Miocene
Dispersed tephra 24H-6, 48-50 147-2 |. Miocene
21R-1,119-120  83-1 e. Oligocene 119-T46A-
22R-6,114-115  83-2 e. Oligocene
23R-1, 25-26 84-1 e. Oligocene Dispersed tephra
23R-2, 1-2 84-2  e. Oligocene
4H-1, 48-50 111-1 |. Miocene
4H-2, 48-50 111-2 |. Miocene
4H-3, 48-50 111-3 |. Miocene
4H-6, 48-50 111-4 |. Miocene
5H-5, 48-50 112-1 |. Miocene
8H-2, 48-50 112-2 |. Miocene
10H-4, 48-50 112-3 |. Miocene
Geochemistry sample AWI 77), is from the Quaternary layers of Hole 736A.

The mean values of chemical data of about 500 analyses of
individual glass shards from the Leg 119 tephra samples are pre-
sented in Table 4. The complete data set is listed in the Appen-
dix.

The geochemistry of the discrete ash layers shows a large var-
iation in most of the major elements, not only between, but also
within different layers. Two distinctively different compositional
groups can be recognized in the plots of total alkalis vs. silica
(TAS diagrams, Fig. 5). The first group comprises all Quater-
nary ashes from Site 736, as well as the Miocene and early Plio-
cene ashes from Sites 737 and 745. Most of these ashes are of
trachytic composition (Le Bas et al., 1986), three of them show-
ing an additional (alkali-) rhyolitic glass population. Widespread
tephras of such composition are indicating strong explosive ac-
tivity during these time intervals. The second group mainly com-
prises the Oligocene tephras of Hole 737B and displays a transi-
tional- to alkali-basalt composition. The only other (basalt-an-
desitic to andesitic) tephra plotting within this group (Fig. 5,
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This ash layer includes a second glass population that is indis-
tinguishable from the other trachytic Quaternary ashes of Hole
736A. Probably the two types of ash are from two discrete con-
temporaneous eruptive events, which have to be ascribed to dif-
ferent source areas.

The dispersed ashes from Sites 745 and 746 show almost the
same geochemical trends as the total of the discrete ash layers
from the other holes (Fig. 6). In Holes 745B and 746A the same
compositional variability and the same two major groups (i.e.,
the transitional basalts to alkali basalts and the trachytic series)
occur. However, subdivision into two groups, which is clearly re-
lated to age in the case of the discrete ash layers, does not seem
to apply to the dispersed tephras. Basaltic shards, occurring al-
most exclusively in Oligocene sediments at the sites on the north-
ern Kerguelen-Heard Plateau, are distributed throughout the
late Miocene to Quaternary sediments of the southern sites. Ad-
ditionally there is an input of dispersed basanitic ash over the
whole time span recovered. Deposition of (alkali-) rhyolitic dis-
persed ash during late Miocene (AWI1 111, 112, 146) can be
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Figure 3. Schematic stratigraphic columns of ODP Sites 736, 737, 745, and 746. The position of the investigated discrete (solid line)
and dispersed (asterisk) tephras and their AWI laboratory numbers are shown.
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Table 2. Analytical results obtained by EDX at Freiburg University on Smithsonian Insti-
tution reference glass and mineral standards.”

USNM (%) SiOp TiOp AlpO3 FeO MnC MgO CaO KpO NazO
111240  Smithsonian (mean) 51.11 1.86 14,14 11.91 0.22 6.75 11.18 0.19 2.64
Basalt Freiburg (mean) 50.99 1.80 14.36 12.09 0.06 6.33 11.54 0.20 2.58
glass (SD) 013 0.08 022 0.10 011 0.13 0.04 0.03 0.14
113498 Smithsomian (mean) 51.68 4.12 1267 13.40 0.00 515 9.44 083 2.70
Basalt Freiburg (mean) 51.71 395 12.92 13.80 0.13 434 954 089 270
glass (SD) 0.17 006 0.17 0.21 0.08 0.14 0.09 0.03 0.10
113716 Smithsonian (mean) 51.84 131 1549 912 000 826 11.3%9 0.09 249
Basalt Freiburg (mean) 51.93 1.25 1562 9.34 0.03 7.46 11.60 0.08 2.51
glass (SD) 0.54 009 025 013 007 032 0.14 0.05 0.14
72854 Smithsonian (mean) 77.19 0.12 12.14 1.24 0.03 009 0.50 4.92 3.77
Rhyolite Freiburg (mean) 77.71 0.03 12.38 1.07 0.00 0.00 046 503 324
glass (SD) 0.23 007 005 006 0.00 000 0.05 0.03 0.08
137041 Smithsonian (mean) 43.86 0.03 3591 062 0.00 0.00 19.03 0.03 053
Anorthite Freiburg (mean) 4435 0.00 3571 032 0.00 000 1958 0.00 0.00

(SD) 011 0.00 018 005 0.00 0.00 0.13 0.00 0.00
133868 Smithsonian (mean) 66.92 000 2026 020 0.00 0.00 0.88 2.37 9.38
Anorthoclase Freiburg (mean) 67.55 0.00 20.27 010 0.00 000 060 254 8094

(SD) 0.25 000 011 011 0.00 000 0.06 0.20 0.12

# Mean of Freiburg analyses are based on 4-8 single analyses (SD = standard deviation). The given
reference analyses (numbers = USNM standards) are taken from Jarosewich et al. (1980).
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Figure 4. Results of grain size analysis and magnetic separating of tephra layers from Sites 736, 737, and 745.

correlated with the corresponding discrete tephra layer at Hole
737B (AWI 80), thus indicating strong explosive rhyolitic vol-
canism at this time.

At Site 745, furthermore, “exotic” glass shards of basalt-an-
desitic to andesitic composition occur during Quaternary to late
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Pliocene (AWI 113-2/4, 115-3, 117-2, see Table 5) similar to the
calc-alkaline Quaternary ash of Site 736 (AWI 77). All these
tephras represent an island-arc tholeiitic series that is character-
istic for the South Sandwich Islands about 6500 km to the west,
thus indicating extensive sea-ice rafting as an important trans-
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Table 3. Petrographic summary of the ash samples studied. Mineral determination by petrographic microscope and EDX-

analysis in part.?

Core, section, AWI-  Magnetite Olivine Augite Heden- Aegirine- Biotite Plagioclase Alkali- Apatite Glass
interval (cm) number bergite augite feldspar Compeosition
119-736A-

3H-1,52-53 B7A + + + + + T
3H-1.67-68 67B + + + + + T
3H-1,130-132 68 + + + + + T
3H-2.20-021 69 + + + + + T/AB
3H-2,56-57 70 + ++ + + + T
3H-2,87-88 71 + + + + + T
3H-3,52-53 72 - + E & T
3H-3,91-92 73 + + + + + T/IBTA
3H-4,105-106 74 + ++ + + + T
6H-1,16-17 75 + + + + + + T
6H-1,42-43 76 + + + -+ + + + + T
7H-1,12-13 77 + + + + + + + TIBTA/AND
119-737A-

4H-5,109-110 78-1 + + + + + + + T
5H-5,45-46 78-2 + + + + + + + T
6H-4,110-111 78-1 + + + + + + + + T
9H-4,74-75 79-2 + + + + + + + + T/AR
25X-3,10-12 80 + + + + + AR
119-737B-

5R-1,127-128 B1-1 + + + + + + T
14R-5,47-48 81-2 - + + AB/BAND
15R-4,63-65 82 + + + TB/BAND
21R-1,119-120 B3-1 + + + TB/BAND
22R-6,114-115 83-2 + + + AB
23R-1,25-26 B4-1 + + + ABIT
23R-2,1-2 B84-2 + + + AB
119-745B-

12H-2,100-101 85 + + + + + + T
20H-5,11-12 86-1 + + + + + + T

3 Abbreviations for glass compositions; AB = Alkali basalt, TB = Transitional basalt, BTA = Basaltic trachyandesite, BAND = Basaltic an-
desite, AND = Andesite, T = Trachyte, AR = (Alkali-) Rhyolite (Le Bas et al., 1986).

port mechanism for volcanic ash. In Hole 701A of ODP Leg
114 close to the South Sandwich Islands several tephra layers of
comparable composition have been found in Quaternary sedi-
ments (Hubberten et al., in press; Table 5).

DISCUSSION

Tephras at Sites 736 and 737 may be partly or entirely derived
from the volcanoes of the Kerguelen Islands, 70 km and 150 km
upwind from the two sites, respectively. Although the ash layers
occurring in the sediments of both sites belong to different
geologic ages, and therefore cannot be directly compared, the
greater distance of Site 737 from the eruption center may be re-
flected in the smaller grain size of the volcanic material and mi-
nor content of heavy minerals (Fig. 4). Grain size distribution
and low mineral content of the two discrete layers at Site 745
(ca. 1000 km downwind from the Kerguelen Islands) emphasize
their more distal position.

The geochemical variations of the two ash groups encoun-
tered in the sediments of Sites 736, 737, and 745 show that both
represent an almost complete compositional suite. When the
composition of the analyzed glass shards is plotted together
with published analyses of rocks from the Kerguelen Islands
(Nougier, 1970) on a TAS diagram (Fig. 7), there is almost com-
plete overlap. This is another indicator that the tephras proba-
bly derived from the Kerguelen Islands.

The subdivision of the tephras in an Oligocene basaltic group
and a younger trachytic group should also be reflected in the
eruptive sequence of the Kerguelen Islands (Fig. 8), if this is the
eruption center. On the Kerguelen Islands, volcanic activity in
late Oligocene to early Miocene time is dominated by the erup-

tion of products of transitional- to alkali-basalt composition
with subordinated eruptions of evolved magma (Nougier, 1972a;
Watkins et al., 1974; Giret, 1983; Giret et al., 1987). This coin-
cides well with the ash compositions found in the Oligocene sec-
tion of Hole 737B (AWI 81-2 to 84-2).

The Miocene, Pliocene, and Quaternary tephras of Sites 736,
737, and 745 belong predominantly to the trachytic series. As
volcanic rocks displaying trachytic composition have erupted at
the Kerguelen Islands during the Miocene to Quaternary time
span (Nougier, 1972a, 1972b; Watkins et al. 1974; Giret et al.,
1987), we suggest that the Kerguelen Islands also can be re-
garded as the source of the younger ashes found at these sites.

Other possible sources of the tephras could be Heard Island,
about 450 km southeast of the Kerguelen Islands, and Crozet
Island in the northwest. Heard Island shows many similarities
with Kerguelen in terms of the composition of the magmatic
rock series (Stephenson, 1972; Clarke et al., 1983). According to
the position of Heard Island downwind of the Sites 736 and
737, it can be regarded as a source area only for tephras at Sites
745 and 746. The volcanoes of Crozet Island are Quaternary al-
kali-basalt (Gunn et al., 1972; Chevallier et al., 1983) and there-
fore cannot be related to the Oligocene basaltic or Quaternary
trachytic tephras found.

It is therefore concluded that almost all of the discrete tephra
layers studied at these sites were erupted from the Kerguelen Is-
lands. A preliminary and schematic geochronological synopsis,
comparing the tephra layers with the rock series of the Ker-
guelen Islands, is shown in Figure 8.

The provenance of the dispersed ash material from Sites 745
and 746 is much more difficult to define. These ashes show in
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Table 4. Mean values of chemical data from the ash layers studied. For ash layers
which contain different populations of glass shards, these are indicated as (A), (B,)
and (C), respectively.”

AWI- P205 Si0Oz TiOz AlpO3 FeO MnO MgO CaD KpO Nag0 Ci
number (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Hole 736A, discrete ash layers

67-A Mean 0.00 64.62 0.32 16.62 458 0.05 0.00 1.26 547 6.83 0.23
n=11 SD 000 190 0.13 154 069 0.09 0.00 040 046 049 009
67-B Mean 0.00 6472 0.36 16.72 436 0.03 000 117 561 680 022
n=15 SD 0.00 201 013 1.76 056 0.07 0.00 0.40 063 0860 0.13
68 Mean 0.00 62.26 0.35 18.30 468 0.00 0.00 193 593 639 0.16
n=14 SD 000 194 014 113 0.75 0.00 0.00 054 0.37 046 0.05
BI(A) n=1 0.78 51.20 3.17 1565 B.01 0.00 611 945 1.64 399 000
69(B) Mean 0.00 6532 0.39 17.30 3.54 000 0.00 1.18 576 639 0.13
n=4 SD 0.00 076 0.22 058 0.21 0.00 0.00 046 092 1.16 0.10
70 Mean 0.00 63.24 0.20 1865 332 0.00 0.00 145 531 762 022
n=12 SD 0.00 156 0.11 111 075 0.00 0.00 039 048 075 009
71 Mean 0.00 61.10 0.21 18.21 562 002 000 2.26 594 651 013
n=9 SD 0.00 0.74 0.09 0.37 085 0.05 000 0.15 0.17 0.35 0.04
Te Mean 0.00 64.89 0.34 1686 443 000 000 117 592 622 017
n=10 =10 0.00 133 016 090 038 000 000 0.25 041 023 005
73 Mean 0.00 63.53 033 17.35 479 003 010 1.75 537 651 0.24
n=12 SD 0.00 1.82 0.26 140 143 0.06 0.33 1.3% 157 1.02 0.08
74 Mean 000 66.55 0.52 16.03 3.82 0.02 0.00 080 558 6.50 0.18
n=8 SD 0.00 067 022 0.75 052 006 0.00 020 040 045 0.11
75 Mean 0.00 6637 043 1595 399 0.01 000 089 566 649 022
n=10 SO 000 136 008 085 103 004 0.00 026 033 035 007
76 Mean 0.00 65.20 0.47 1643 427 0.03 0.00 111 586 6.42 020
n=10 SO 000 177 019 123 071 007 0.00 030 061 078 0.11
77(A) n=1 070 5254 2.89 1438 1239 0.30 2.80 7.60 2.07 422 0.10
77(B) Mean 0.00 57.48 1.09 1544 1069 009 291 B74 050 298 0.08
n=7 SD 0.00 297 015 112 206 009 1.29 1.11 010 057 0.07
77(C) Mean 0.00 65.40 0.49 16.25 444 004 0.00 1.02 576 647 013
n=5 SD 0.00 1.57 0.11 111 087 008 0.00 048 057 071 0.11
Hole 737A, discrete ash layers

78-1 Mean 0.00 66.10 0.48 1485 529 008 0.00 0.88 537 6.74 0.22
n=11 SD 000 091 015 135 064 009 000 039 067 090 0.10
78-2 Mean 0.00 6685 0.41 1436 528 0.14 000 064 513 6.89 030
n=10 sSD 0.00 0.31 0.06 033 0.14 008 0.00 006 017 0.23 005
79-1 Mean 0.00 6459 036 1627 533 003 000 138 572 6.14 0.18
n=6 SD 000 024 006 020 0.17 0.07 0.00 0.07 0.13 0.21 0.04
79-2 Mean 0.00 67.69 055 1460 492 005 000 1.00 553 551 0.16
n=12 sD 000 173 0.19 105 030 009 0.00 0.41 0.18 044 0.08
80 Mean 0.00 73.36 0.14 13.08 264 000 000 0.38 513 491 035
n=9 SD 000 062 0.08 0.32 0.17 0.00 000 0.06 0.19 030 0.03
Hole 737B, discrete ash layers

81-1 Mean 0.00 66.77 0.55 16.24 522 003 000 1.16 4.72 511 0.20
n=10 SD 0.00 1.18 0.13 1.28 068 006 0.00 031 045 095 0.14
81-2 Mean 0.00 5252 3.62 13.75 13.66 0.19 3.47 B.89 122 268 0.00
n=7 sD 0.00 1.18 0.15 0.70 0.73 0.03 0.27 048 033 029 0.00
82 Mean 000 52.33 3.56 13.52 13.88 0.10 3.80 B8.94 1.15 2.71 0.02
n=17 SD 000 033 010 0.17 028 0.09 0.12 0.26 009 0.17 0.06
Hole 737A, dispersed ash

83-1 Mean 0.00 51.50 3.43 13.85 13.20 0.48 438 9.72 048 297 0.00
n=7 SD 000 275 044 102 150 0.16 0.46 099 010 043 0.00
83-2 Mean 0.00 50.30 3.64 1494 1286 051 3.71 9.23 123 358 0.01
n=9 SD 0.00 0.41 0.25 045 074 021 059 084 044 035 002
84-1(A) Mean 0.14 47.81 3.30 1532 1547 0.62 352 8.86 0.48 443 0.05
n=4 SD 0.28 181 059 086 153 006 120 1.16 0.09 068 0.06
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Table 4 (continued).

AWI- P205 SiOz TiOz AlzO3 FeO MnO MgO CaO Kz0 NagO Cl

number (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
84-1(B) Mean 0.00 61.84 0.83 17.01 546 0.00 0.00 181 746 556 0.04
n=2

84-2 Mean 0.12 48B.78 3.26 1546 1261 0.19 4.71 1071 1.01 3.15 0.1
n=10 sSD 0.26 202 053 088 158 016 1.21 095 0.40 039 0.03
Hole 745B, discrete ash Iayers

85 Mean 0.00 6264 079 1699 557 0.08 000 1.75 636 575 0.06
n=14 sD 0.00 1.25 0.19 061 024 0.10 0.00 0.31 035 0.27 005
86-1 Mean 0.00 64.48 0.64 1585 530 0.11 000 1.11 601 635 015
n=11 SD 0.00 0.60 0.04 0.69 044 011 0.00 015 041 043 0.04

Hole 745B and 746A, dispersed ash

11141 Mean 0.11 46.42 3.07 15.70 12.04 0.27 557 1209 1.29 3.42 0.03
n=4

111-2(A) Mean 0.34 4599 287 17.19 1091 025 482 1108 185 461 010

n=4

111-2(B) 0.00 5461 152 1844 889 0.22 1.12 481 357 6.67 0.14
111-3(A) Mean 0.27 46.54 3.22 16.05 1068 0.27 481 1190200 418 011
n=2

111-3 1.19 50.30 267 16.24 1090023 274 696 249 6.05 022
111-3 019 5795 136 19.15 7.08 0.15 000 359 469 574 0.11
111-3 0.00 63.34 0.54 13.70 8.12 0.24 0.00 099 482 803 0.22

111-4  Mean 0.00 74.29 0.21 13.23 205 000 0.00 051 508 436 029
n=2

112-1(A) Mean 0.00 4868 1.76 1712 1114 0.23 6.05 10.25 083 391 005

?73-1131 Mean 0.00 61.07 066 1282 10.31 0.38 000 115 461 859 035
?T;J[C] Mean 0.00 74.47 019 1198 283 0.10 000 025 498 488 0.33
:;22-204) Mean 0.00 4583 3.10 1612 1155030 590 1281 1.21 3.16 0.04
:T"I;Q%ZIB} 0.00 69.74 0.29 14.06 3.76 0.16 0.00 0.56 557 551 0.36

112-2(C) Mean 0.00 75.25 0.14 11.57 2.79 0.00 0.00 024 479 478 045
n=3

112-3(A) Mean 0.43 4662 3.32 1611 11.81 0.25 503 10.851.39 419 0.01
n=5 SD 010 026 007 020 009006 007 003005 021 0.03

112-3(B) Mean 0.00 71,54 0.34 961 634 032 000 027 451 630 080

n=2
1131 0.53 45.20 4.01 1578 13.27 0.27 3.65 1053199 4.69 008
113-2(A) 0.17 50.37 3.79 1453 1296 0.29 3.65 10.53 129 3.71 0.00

113-2(B) Mean 0.00 5554 1.21 1544 1158 0.26 3.81 878 050 275 012
n=5 SD 000 078 030 104 125003 043 030 0.11 036 006

113-2(C) Mean 0.01 60,48 1.02 1660 745 0.18 113 386 4.05 508 0.13
n=3

113-4(A) Mean 0.00 55.27 1.33 16.19 10.71 0.19 368 850 065 3.39 0.09
n=3
113-4(B) Mean 0.00 66.30 0,31 1639 363 0.00 000 0.64 559 683 0.34
n=2

113-5 Mean 0.00 64.73 0.42 16.75 439 0.12 000 1.26 576 641 0.16

n=3

114-1 Mean 0.00 66.97 0.58 1542 362 0.27 000 056 598 635 026
:?:1 0.00 74.47 0.22 12.42 285 0.00 000 0.29 466 482 027
114-2(A) Mean 0.78 45.74 3.48 17.41 11.750.28 3.67 9.32 238 492 014
31-4:—2(8) Mean 0.00 64.75 0.54 1639 4.11 027 0.00 0.84 632 651 0.30

114-5 Mean 0.47 49.33 2.64 1577 12.83 0.24 379 838 192 4.50 0.07
n=4

115-2 Mean 0.00 64.13 0.49 1568 572 027 000 1.03 526 7.24 0.18
n=8 SD 0.00 050 0.13 053 0.28 006 0.00 0.29 040 063 0.06

4.29 0.06

115-3(A) Mean 0.52 45.80 3.52 16.28 76
70 071 0.05

n=8 SD  0.41 134 033 181

=
- f
ey
oo
oo
omn
e

1.43
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Table 4 (continued).

AWI- P205 SiO2 TiOz Al203 FeO MnO MgO Ca0 K20 Nag0 Cl

number (%) (%) (%) (%) (%) (%) (%) (%R (%) (%) (%)

115-3(B) Mean 0.00 5746 1.37 1559 10.21 0.22 2.71 788 0.79 367 0N
n=3

115-5 Mean 0.75 4565 3.63 1577 1227 0.21 4.33 1062199 470 0.1
n=5 SD 0.39 197 028 1.0 087 0.02 0.32 1.03 0.51 0.86 0.07
117-1  Mean 0.83 43.29 4.08 16.52 13,07 0.26 4.08 11.50 2.05 4.22 0.09
n=5 SD 012 081 021 085 081007 037 034015 047 006
117-2 Mean 0.00 57.34 1.44 1453 11.36 0.27 3.32 7.76 076 3.14 0.08
n=3

117-3  Mean 0.85 45.15 3.27 1682 11.11 0.27 4.05 11.052.32 498 017
n=11 SO 032 190 065 084 0360.06 061 166 0.23 0.47 0.04
117-4(A) Mean 0.B2 46.98 3.65 1641 1153 034 3.35 9.15 251 520 009
n=2

117-4(B) Mean 0.00 63.75 0.44 1712 460 013 0.00 1.12 58% 671 0.24
n=3

117-5(A) Mean 0.61 48.46 2.76 18.30 10.04 0..20 265 B56 244 580 0.19
n=6 SD 0.24 125 0.21 059 0360.10 050 1.31 0.64 0.89 0.07
117-5(B) 0.00 67.42 063 16.07 3.36 0.22 000 050 638 528 0.15
118-1 Mean 0.41 4574 3.84 1681 1192 0.24 441 1053 1.94 408 0.07
n=3

118-3 Mean 0.00 48.83 2.08 16.51 11.29 0.17 577 10.46 0.80 3.88 0.05
n=3

118-4 Mean 0.52 4554 306 17.13 11.93 0.31 3.98 1065 2.14 4.64 0.10
n=3

118-5 Mean 0.23 4986 1.90 1890 956 021 3.94 B62 199 473 0.08
n=2

119-2 Mean 0.00 47.40 221 1666 1155 0.21 6.44 1032096 4.17 0.03
n=7 SD 0.00 049 0.14 014 033 005 0.10 013 0.06 0.23 0.04
119-3(A) 102 4670 3.89 1470 1488 025 400 919 1.28 410 0.00
118-3(B) Mean 0.00 67.79 0.51 1456 490 024 000 145 526 514 0.15
n=3

118-3(C) 000 77.70 118 662 0.00 0.00 0.00 398 220 833 0.00
116-1 Mean 0.81 47.71 3.65 1543 13.63 0.29 3.65 8.37 1.88 4.44 0.09
n=2

116-2 0.00 64.40 0.77 16.14 515 017 000 1.46 606 584 0.00
116-3(A) 0.23 45.16 3.24 17.07 10.94 0.25 542 11.98 1.60 4.12 0.00
116-3(B) Mean 0.00 63.12 0.71 16.74 542 0.22 000 159 593 6.16 0.1
n=3

116-4(A) Mean 0.36 4570 286 17.21 1216 0.19 660 1039 0.94 3.62 0.00
n=2

116-4(B) Mean 0.00 64.33 0.80 1588 541 0.26 0.00 152 585 586 008
n=6 SD 0.00 229 030 1.25 0.22 0.08 0.00 0.60 0.47 044 0.08
116-5 0.00 5544 131 1702 9.05 018 3.39 815 1.04 422 0.20
116-5 0.00 61.74 117 17.37 578 027 000 221 614 531 0.00
146-1 Mean 0.46 47.38 3.01 17.21 1060 0.24 3.97 9.93 215 4.94 0.10
n=11 SD 0.23 270 061 082 1.06 005 1.06 2.01 075 0.74 0.08
146-2 Mean 0.00 67.73 0.43 1484 446 018 000 080 545 592 0.19
n=4 SD  0.00 030 0.09 0.12 010 0.04 0.00 0.04 0.07 0.24 0.02
146-3(A) 0.29 47.07 2.99 16.19 12.80 0.31 545 10.18 0.97 3.53 0.03
n=2

146-3(B) Mean 0.00 61.89 0.68 12.87 9.97 033 0.00 1.40 473 7.85 0.25
n=10 SD 0.00 0.24 0.04 1.72 1.26 0.04 0.00 0.37 0.31 1.06 0.08
147-2(A) Mean 0.11 49.72 2.87 1596 1235 0.28 3.74 9.09 1.70 4.12 0.04
n=8 SD 024 242 054 038 057 004 065 088 0.29 023 0.05
147-2(B) 0.00 75.67 0.20 1132 310 0.00 0.00 0.27 480 4.44 0.21
A s

n” = number of individual glass shards analysed from a single ash layer; “SD” = stan-

dard deviation.
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total the same two petrographic groups as defined for discrete
tephra layers at Sites 736, 737, and 745, that is the basaltic
and the trachytic to (alkali-) rhyolitic groups. In contrast to the
northern Kerguelen Plateau sites, both groups span the interval
from late Miocene to Quaternary virtually without any system-
atic variation of chemistry with time. The overall chemical simi-
larity with the magmatic rocks from the Kerguelen Islands ar-
gues for a provenance from that area, probably as subaerially
transported material. Since volcanic activity of Heard Island
can be regarded as contemporaneously and very similar in geo-
chemical evolution to the Kerguelen Islands it represents an im-
portant source especially for the basaltic and basanitic tephras.
On the other hand, the seismic reflection profiles at the sites in-
dicate a remarkable degree of redistribution of sediment by bot-
tom currents. The possible influence of other sources for the
tephra, such as volcanic structures on the Kerguelen Plateau
now eroded or subsided (e.g., Frohlich and Wicquart, 1989) has
to be considered.

Transport of additional tephra to the site of deposition by ice
rafting is also possible, since the sites are situated in an area
characterized by a high frequency of drifting icebergs (Barron,
Larsen, et al., 1989). Indeed, ice-rafted material has been identi-
fied throughout the sedimentary sequence recovered at Sites 745
and 746. However, all of the detrital ice-rafted material is con-
sidered to be derived from icebergs originating from the Antarc-
tic continent (Ehrmann et al., this volume). On the other hand,
sea-ice rafting also has been an important transport process for
the volcanic ashes, because the sites are situated far south of the
mean winter sea-ice edge (Fig. 1). Examples for such transport
are the “exotic” calc-alkaline tephras occurring, for which the
South Sandwich island arc as source area is suggested.

Si0, (%)

Figure 5. Total alkali vs. silica (TAS) diagram for the discrete tephra layers from Sites 736, 737, 745, and dispersed ash from Site 737. The alkali to
tholeiitic basalt separation line is after Macdonald and Katsura (1964).
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Figure 6. Total alkali vs. silica (TAS) diagram for the dispersed ashes from Sites 745 and 746. Compositions of discrete tephra layers from Figure 5 are

indicated in black for comparison.
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Table 5. Average composition of all Leg 119 calc-alkaline tephras (low-K-series) in compari-
son to South Sandwich Islands volcanic rocks and Quaternary Leg 114 tephra 701A-1H-4.

Si0, TiO, ALO; FeO MnO MgO CaO0 K,0 Nay,O

(%) (%) (%) (7o) (%) (M) (%) (%) (%)
Leg 119 Mean 56.87 1.12 1540 1096 0.20 325 849 058 3.03
N = 24 SD 290 0.21 098 1.40 0.1 1.46 128 0.18 0.54
S. Sandwich Is.*  Mean 55.50 1.00 16.13 1096 0.19 3.85 870 0.55 3.00
N = 15 SD 295 0.28 137  1.48 003 137 153 026 0.44
Leg 114% Mean 56.64 1.09 1556 11.17 025 3.41 827 036 3.20
N =15 SD 079 010 041 062 009 043 025 006 032

2 Data from Baker (1978).

Data from Hubberten et al. (in press).

16 ]
157
14-_
13

K,0+Na,0 (%)

Si0, (%)

Figure 7. Comparison of tephra geochemistry with whole-rock geochemistry from the Kerguelen Islands (Kerguelen data from Nougier, 1970).

o Whole rock analyses

Analyses of glass
shards (this work)

Kerguelen (literature)
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AB Age (Ma)
(not to scale)
=
‘7754 Quaternary
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Figure 8. Schematic geochronological synopsis of discrete tephra layers from Leg 119 compared
with dated rock series from the Kerguelen Islands (age determinations from Nougier, 1972a; Giret
et al., 1987).
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APPENDIX

Major element analyses of all glass samples. Data set is normalized
to 100% volatile-free with the exception for chlorine. Values of *0.00”
are “below detection limit.” Original sums vary in the range between
93% and 98% approximately, depending on volatile content and bub-
ble-free surface measured.

AWI- P205 SiO2 TiOz2 Al203 FeO MnO MgO CaO K20 Naz0
number (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

67-1 0.00 60.81 0.35 18.33 573 0.00 0.00 207 6.49 6.09
67-1 0.00 61.71 038 1870 4.47 000 000 1.71 6.17 6.69
67-1 0.00 6283 0.18 1957 3.14 0.00 0.00 1.71 551 6.91
67-1 0.00 65.18 048 16,14 495 0.00 0.00 1.00 545 6.58
67-1 0.00 65.19 038 1548 542 0.21 0.00 1.31 526 6.52
67-1 0.00 6569 0.00 1479 4.80 0.00 000 129 511 7.89
67-1 0.00 6579 0.38 1570 4.75 0.18 000 0.88 504 6.98
67-1 0.00 65.80 0.36 1594 4.32 0.00 000 082 516 7.33
67-1 0.00 65.83 040 16.38 4.12 0.00 0.00 1.02 545 6.61
67-1 0.00 6595 030 1637 4.25 0.00 0.00 1.01 547 6.45
67-1 0.00 66.09 033 1539 4.48 0.17 0.00 109 506 7.08

67-2 000 6052 036 18.17 497 0.00 0.00 138 662 7.74
67-2 000 6220 024 1879 4.15 0.00 000 157 6.36 6.58
67-2 0,00 62.37 033 19.18 3.68 0.00 0.00 198 672 5.59
67-2 0.00 63.13 0.14 18.94 4.00 0.00 0.00 1.51 597 6.22
67-2 0.00 63.52 069 17.79 4.01 0.00 0.00 166 580 6.47
67-2 0.00 6443 049 1717 422 0.00 000 132 583 6.40
67-2 0.00 6462 046 17.30 394 0.00 0.00 1.09 580 6.62
67-2 0.00 6545 0.48 16.44 436 0.00 0.00 1.08 558 6.42
67-2 0.00 6549 031 1651 4.20 0.00 0.00 1.07 543 6.81
67-2 0.00 65.85 037 16.24 436 0.00 0.00 1.06 542 6.42
67-2 0.00 66.07 0.28 16.85 3.42 0.00 0.00 0.84 522 717
67-2 000 66.14 036 1459 499 0.19 000 0.87 4.87 7.62
67-2 000 66.48 032 1431 530 0.17 000 0.66 501 7.34
67-2 000 66.78 0.26 1522 4.45 0.00 0.00 0.73 498 7.29
67-2 000 67.76 030 13.34 530 0.16 000 0.5 4860 7.35

68 0.00 60.32 070 18.52 6.13 0.00 000 262 621 541
68 0.00 60.58 0.61 18.39 585 0.00 0.00 258 6.18 574
68 0.00 60.60 030 20.15 468 000 000 241 582 592
68 0.00 60.68 042 1857 542 000 000 226 6.14 6.31
68 0.00 61.52 029 1845 497 000 000 1.83 6.20 6.61
68 0.00 61.65 0.26 1867 468 0.00 0.00 1.99 6.03 6.59
68 0.00 61.66 0.22 19.02 436 000 000 206 588 6.64
68 0.00 61.82 0.24 1859 4.57 0.00 0.00 1.78 630 6.57
68 0.00 6185 031 1883 4.60 0.00 0.00 194 591 641
68 0.00 6185 0.25 18.82 4.10 0.00 0.00 211 632 637
68 0.00 6213 0.28 19.03 3.81 0.00 0.00 215 6.07 6.35
68 0.00 65.11 0.29 16.20 4.95 000 000 152 524 6.45
68 0.00 6593 038 1656 3.72 0.00 0.00 0.80 549 6.91
68 0.00 6596 032 16.37 3.73 0.00 0.00 098 523 7.18

69 0.78 51.20 3.17 15.65 8.01 000 611 9.45 164 399
69 0.00 6423 0.72 1814 3.25 0.00 000 1.87 7.14 4865
69 0.00 6539 026 17.17 3.73 0.00 0.00 096 540 6.92
69 0.00 6568 0.32 16.88 3.67 0.00 000 1.01 523 6.96
69 0.00 6597 0.25 16.99 3.51 0.00 000 088 529 7.01

70 0.00 61.22 0.15 1898 4.12 0.00 000 143 561 8.30
70 0.00 61.28 0.30 18.92 420 0.00 000 189 523 8.02
70 0.00 6255 0.28 19.50 2.84 0.00 000 1.74 501 7.80
70 0.00 6256 0.15 19.18 3.06 000 000 130 520 825
70 0.00 6266 0.21 1846 4.36 0.00 0.00 1.94 633 594
70 0.00 62.70 0.18 18.75 3.25 000 000 1.28 521 8.26
70 0.00 6293 022 19.09 3.19 000 000 1.78 579 6.86
70 0.00 63.04 000 19.13 269 000 000 1.27 548 809
70 0.00 £3.05 0.00 20.59 1.76 0.00 0.00 1.89 438 B8.19
70 0.00 6541 035 17.18 3.66 000 0.00 097 510 7.09
70 0.00 6562 0.25 17.41 286 0.00 0.00 0.87 506 7.74
70 0.00 65.86 0.28 16.56 3.83 0.00 0.00 098 534 690

71 0.00 60.17 0.31 17.75 6.82 0.14 000 249 573 6.45
71 0.00 6043 0.26 17.82 6.35 0.00 000 217 6.17 6.66
71 0.00 60.68 0.28 18.04 5.83 0.00 000 230 581 687
71 0.00 60.85 0.16 18.04 6.08 0.00 000 230 6.07 6.40

71 0.00 60.96 0.20 18.11 596 0.00 000 239 596 624
71 0.00 61.32 025 1869 4.68 000 0.00 194 580 7.7
71 0.00 61.36 0.22 18.07 562 000 0.00 225 6.14 6.23
71 0.00 61.42 022 1856 5.15 000 000 221 577 6.55

71 0.00 6271 0.00 1877 4.09 0.00 0.00 231 6.03 6.03

000000000 000000000000

e Rl 1 Bl b Bl W B B et
POARANOAO@DO~OMWO

O
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Appendix (continued).

AWI-  P20s5 SiO2 TiOz Al203 FeO MnO MgO CaO K20 Nap0O Ci

number (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

72 0.00 62.18 000 1821 503 0.00 000 1.65 679 595 0.19
72 0.00 6276 0.13 18.66 4.01 0.00 0.00 157 620 6.45 022
72 0.00 6502 056 16.61 491 000 000 094 579 6.06 0.11
72 0.00 6504 047 16.74 431 0.00 000 1.13 584 6.23 0.13
72 0.00 6516 042 1696 3.99 0.00 0.00 1.18 619 595 0.15
72 0.00 6549 039 16.37 4.41 000 000 1.08 572 6.43 0.11
72 0.00 6550 036 16.69 4.14 0.00 000 1.13 592 6.13 0.13
72 0.00 6562 042 16.48 433 0.00 000 1.09 582 6.05 020
72 0.00 6578 037 16.00 489 0.00 000 090 532 656 0.18
72 0.00 66.30 0.27 1590 429 0.00 000 1.03 555 640 027
73 0.45 5395 257 17.09 B850 000 1.95 663 453 417 0.17
73 0.00 61.20 0.20 1822 578 000 000 1.83 650 6.10 0.12
73 000 6190 0.14 1841 472 000 000 170 626 661 025
73 0.00 6222 0.12 1840 4.13 0.14 000 1.25 583 7.53 0.36
73 0.00 6235 0.00 1896 399 0.00 000 1.13 516 8.11 0.29
73 0.00 6253 0.28 1845 4.07 000 000 168 610 6.63 0.26
73 0.00 6272 0.28 1847 415 0.00 000 181 592 640 025
73 0.00 6513 038 1658 435 0.00 000 1.13 562 6.61 0.20
73 0.00 6534 054 1669 382 0.00 000 099 6.16 6.29 0.18
73 0.00 66.06 031 16.28 4.21 000 0.00 1.12 565 6.21 0.16
73 0.00 66.35 034 1530 4.69 0.00 000 080 506 7.12 0.35
74 0.00 6576 044 1669 4.03 0.00 0.00 094 575 624 0.17
74 0.00 6599 065 1659 3.89 0.00 0.00 1.09 585 585 0.00
74 0.00 66.02 101 16.13 355 0.00 000 074 559 6.69 0.27

74 0.00 66.17 040 1589 450 0.00 000 093 551 B.50
74 0.00 66.72 049 1680 3.07 0.00 0.00 0.74 6.12 597
74 0.00 66.99 041 16.29 3.19 0.00 0.00 060 566 6.63
74 0.00 67.15 0.41 1515 395 0.16 000 092 513 6.92

2o
o= o
Ow=o

74 0.00 6762 036 1470 4.42 0.00 0.00 047 491 717 036
75 0.00 6439 035 16.20 509 0.00 0.00 1.07 557 7.17 0.16
75 0.00 6551 041 1575 497 000 000 1.05 536 6.75 0.19
75 0.00 6552 037 15.84 490 0.00 000 1.29 547 6.43 0.19
75 0.00 6564 058 1725 281 0.14 0.00 090 625 625 0.17
75 0.00 6564 042 1645 426 000 0.00 096 559 648 0.20
75 0.00 66.10 0.35 1480 535 0.00 0.00 1.06 521 6£.82 0.32
75 0.00 66.87 053 16,65 280 0.00 000 0.68 594 633 019
75 0.00 66.95 045 1667 293 000 0.00 088 6.08 590 0.14
75 0.00 €8.43 0.43 1500 3.41 000 000 0.57 554 6.29 033
75 0.00 68.66 0.42 1486 3.36 0.00 000 043 554 646 0.28
76 0.00 61.30 0.19 1841 430 000 0.00 120 6.19 B.13 0.28
76 0.00 6434 054 1809 298 0.00 000 1.59 7.20 517 0.08
76 0.00 6481 052 16.46 4.83 0.00 000 131 571 623 0.13
76 0.00 6496 0.87 17.49 327 0.00 0.00 1.17 654 563 0.07
76 0.00 6513 052 16.03 483 0.00 000 123 561 650 0.15
76 0.00 65.37 044 1573 505 0.00 000 1.13 543 6.62 0.23
76 0.00 6542 039 1636 4.49 0.00 000 117 5865 635 017
76 0.00 65.83 053 1565 4.82 0.13 000 1.07 563 6.17 0.18
76 0.00 66.49 0.22 1563 441 0.00 000 077 513 691 043
76 0.00 68.35 0.52 1443 375 0.21 000 047 548 6.47 0.32

77 0.70 5254 289 1438 1239 0.30 280 7.60 207 422 0.10
77 0.00 5424 090 1562 11.07 0.00 508 10.78 0.38 1.93 0.00
77 0.00 5579 094 1494 1227 0.00 3.76 890 060 280 0.00
77 0.00 5590 1.06 17.66 9.72 0.18 240 899 054 343 0.12
77 0.00 56.14 1.20 1472 1252 0.00 340 880 036 276 0.09
77 0.00 56.97 1.23 1465 1214 0.18 276 808 063 3.16 0.19
77 0.00 6166 129 1598 6.64 0.14 158 850 0.47 3.68 0.06
77 0.00 61.67 1.00 14.48 1048 0.15 138 7.12 053 3.07 0.12
77 0.00 63.80 065 17.54 412 0.00 000 1.72 673 537 006
77 0.00 6401 043 16.27 6553 0.18 0.00 127 551 670 0.11
77 0.00 6515 0.36 16.07 476 0.00 000 0.84 548 7.11 0.22
77 0.00 66.85 045 16.82 3.19 0.00 0.00 076 575 6.18 0.00
77 0.00 67.20 0.56 1454 462 0.00 000 051 532 6.99 0.27

78-1 0.00 6392 0.88 17.10 425 0.00 000 1.72 669 538 0.06
78-1 0.00 65.64 059 1581 4.76 0.00 0.00 095 554 660 0.12
78-1 0.00 6566 049 1590 477 0.00 0.00 138 604 563 0.12
78-1 0.00 6579 0.43 1520 546 0.19 000 0.83 503 6.87 0.21
78-1 0.00 6583 046 16.35 442 0.17 0.00 1.15 6.19 530 0.13
78-1 0.00 66.32 039 1450 555 0.00 0.00 067 494 745 0.19
78-1 0.00 66.33 041 1457 544 000 0.00 059 499 7.39 026
78-1 0.00 66.42 0.31 14.32 551 0.00 0.00 0.77 538 693 030
78-1 0.00 66.92 049 1326 596 0.18 0.00 0.54 477 7.56 0.32
7841 0.00 67.08 0.44 13.06 6.06 0.18 0.00 051 468 767 0.32
78-1 0.00 67.20 0.43 1326 597 0.14 000 053 479 731 037
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Appendix (continued).

AWI-  P20s5 Si0O2 TiO2 Al203 FeO MnO MgO CaO0 K20 NagO Cl
number (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

78-2 0.00 66.21 035 1505 504 0.18 0.00 071 533 692 0.21
78-2 000 66.38 045 1478 531 0.18 0.00 073 540 6.46 0.31
78-2 0.00 66.84 050 1452 521 000 000 059 521 6.81 0.32
78-2 0.00 66.85 0.38 14.32 5.14 0.16 0.00 0.65 499 7.16 0.37
78-2 0.00 66.93 0.30 1429 527 023 0.00 067 501 703 026
78-2 0.00 67.03 0.39 14.15 537 0.16 000 064 503 691 0.33
78-2 000 67.03 048 1403 542 0.16 000 066 516 6.77 030
78-2 000 67.06 0.39 1410 549 0.00 0.00 057 490 7.16 0.34
78-2 0.00 67.08 041 1420 539 0.15 000 0.64 525 662 0.28
78-2 0.00 67.12 044 1419 521 017 000 054 501 7.07 025

79-1 0.00 6437 035 16.40 526 0.00 0.00 137 579 626 0.20
78-1 0.00 64.38 037 16.48 513 000 000 146 583 623 013
79-1 0.00 6453 045 16.04 554 0.16 000 133 553 6.19 0.25
79-1 0.00 64.59 0.38 16.31 5.30 0.00 0.00 1.33 579 6.11 0.20
79-1 0.00 64.61 026 16.01 554 000 000 1.32 577 6.32 0.17

79-1 0.00 65.04 036 16.42 523 000 000 147 559 573 017
79-2 0.00 6396 1.03 16.10 537 0.18 0.00 215 563 5.58 0.00
79-2 0.00 66.47 0.74 1549 4.80 000 0.00 1.20 547 574 0.08
79-2 000 6655 0.64 1554 464 000 000 1.06 582 565 0.09
79-2 0.00 67.16 057 1490 478 0.00 0.00 096 560 588 0.16
79-2 0.00 67.27 053 1441 4.97 024 0.00 098 555 583 023
79-2 0.00 67.69 0.49 1462 475 0.00 000 099 555 573 0.18
79-2 0.00 67.96 0.40 14.44 493 0.14 0.00 094 538 566 0.18
79-2 0.00 68.06 0.44 1447 487 0.00 000 0.83 572 545 0.15
79-2 0.00 68.11 047 1434 497 0.00 000 069 529 596 0.18
79-2 0.00 6883 043 1448 450 000 000 085 564 504 022
79-2 000 69.02 048 1468 483 000 000 086 549 445 0.19
79-2 0.00 71.19 035 11.77 558 000 0.00 048 521 513 0.29
80 0.00 7284 022 1322 272 0.00 000 049 501 510 040
80 0.00 7286 019 13.19 273 000 0.00 041 507 521 0.34
80 0.00 7296 0.14 13.37 251 0.00 000 041 513 518 0.31
80 0.00 7325 000 13.18 273 0.00 0.00 035 529 484 035
80 0.00 7326 020 13.13 284 0.00 000 0.34 512 476 034
80 0.00 7327 022 13.23 252 000 000 040 496 503 037
80 73.35 0.16 1297 277 000 000 038 495 504 038

73.54 000 13.15 266 000 0.00 0.37 509 4.81 0.36
7489 0.14 1228 230 000 0.00 027 557 424 032

o«
©
D009
coo
I=R=%=]

81-1 0.00 6508 076 17.22 449 000 000 146 558 529 0.12
81-1 0.00 6577 039 1447 569 0.00 0.00 078 5.08 7.50 032
81-1 0.00 66.05 040 16.14 551 0.00 000 1.07 499 566 0.18
81-1 0.00 66.23 063 17.45 4.10 0.00 000 145 497 508 0.10
81-1 0.00 6668 063 17.45 4.81 000 000 153 447 436 007
81-1 000 66.72 051 16.57 533 015 000 1.19 449 487 0.16
B1-1 0.00 66.79 0.71 17.55 4.85 0.00 0.00 142 410 4.49 0.08
81-1 0.00 67.13 056 1652 518 0.00 000 1.17 455 473 0.17
81-1 000 67.92 043 1456 6.02 015 000 073 478 495 046
81-1 0.00 69.28 047 1448 6.27 0.00 0.00 0.78 4.16 4.18 0.39

81-2 000 5023 368 1528 1274 020 328 958 1.90 312 000
81-2 000 5226 375 13.14 1452 0.16 353 878 1.33 254 000
81-2 000 5229 358 13.43 1474 020 360 8.82 1.09 225 0.00
B1-2 0.00 52.43 362 13.49 1369 021 370 889 1.14 282 0.00
81-2 000 5299 3.34 1370 13.23 0.19 382 945 0.83 245 0.00
81-2  0.00 53.55 3.77 13.55 13.58 0.15 3.05 8.44 1.08 283 0.00
81-2 000 5388 359 1368 13.12 022 3.33 826 1.19 273 0.00

82 0.00 51.56 365 13.26 1461 0.00 3.71 945 113 262 0.00
82 0.00 51.88 3.52 13.48 14.05 0.17 3.84 902 1.16 263 0.25
82 0.00 52.10 356 13.50 13.72 0.14 3.97 9.09 1.18 274 0.00
a2 0.00 5216 3.71 13.24 14.42 0.15 357 8.74 129 271 0.00

82 0.00 52.17 362 13.54 1369 0.18 377 899 1.18 286 0.00
82 0.00 5221 345 1345 13.73 0.16 3.88 885 1.36 2.92 0.00
82 0.00 5222 3.49 13.40 13.82 0.18 3.84 889 1.12 297 0.06
82 0.00 5227 359 13.88 13.78 0.00 367 893 1.01 287 0.00
82 0.00 5227 3.59 1357 13.73 0.00 391 886 1.05 3.02 0.00
82 0.00 5246 343 13.51 13.86 0.00 386 9.11 1.14 262 000
B2 0.00 52.48 368 13.50 1413 0.16 358 869 1.18 259 0.00
82 000 5252 3.45 1368 13.70 0.00 3.74 9.15 1.08 2.68 0.00
82 0.00 52.53 355 13.82 13.60 0.14 3.77 896 1.15 249 0.00
82 0.00 5254 365 13.31 13.81 0.18 3.71 9.08 1.16 256 0.00
82 0.00 5255 3.41 13.51 13.65 0.18 3.84 9.04 1.13 269 0.00
82 0.00 52.83 3.47 1353 13.79 0.00 3.82 889 106 261 0.00
82 0.00 5291 367 1368 13.82 0.00 4.04 821 1.22 245 0.00
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Appendix (continued).
P205 Si0O2

AWI-
number
83-1
83-1
83-1
83-1
83-1
83-1
83-1

83-2
83-2
83-2
83-2
83-2
83-2
83-2
83-2

B84-1
B84-1
B4-1
B84-1
84-1
84-1

84-2
84-2
84-2
84-2
84-2
84-2
84-2
84-2
84-2
84-2

85
85
85
85
85
85
85
85
85
85
85
85
85
85

86-1
86-1

(%)

000000 000000 OOCO0O0O00 0000000
coo coo
88888 58838888

CCOoOwWmo coocooWO; coocoocoo

coo~wwo ooooow

coo
oo 9
[=]le}e]

0.00

0.00
0.00
0.00
0.00
0.00
0.00

(%)
49.25
49.50
49.86
49.86
50.28
51.17
51.23

49.91
49.93
50.06
50.17
50.18
50.53
50.86
51.03

45.14
48.34
48.59
49.16
61.61
62.06

45.57
47.27
47.43
47.53
48.22
49.30
49.42
49.77
50.52

52.76

61.22
61.25
61.33
61.69
61.81
62.06
62.26
62.56
62.88
62.88
83.17
64.28
64.51
65.06

63.84
64.04
64.14
64.14
64.14
64.23
64.49
64.60
64.69
64.92
66.02

45.30
45.40
46.02
48.94

45.56
46.03
46.15
46.22
54.61

46.19
46.88
50.30
57.95
63.34

74.25
74.33

TiO2
(%)

3.82
3.76
3.38
3.78
3.04
2.70
4.01

3.75
3.58
3.46
3.74
4.14
3.43
3.80
3.36

3.87
3.66
an
2.55
0.82
0.85

3.58
3.35
2.89
3.26
2.9
4.12
3.49
3.44
3.46
212

1.07
0.97
0.86
0.97
0.95
0.85
0.88
0.83
0.72
0.84
0.439
0.60
0.49
0.57

0.69
0.65
0.65
0.59
0.71
0.65
0.67
0.61
0.66
0.57
0.60

3.03
3.01
2.88
3.34

317
2.86
2.67
278
1.52

3.34
3.10
2.67
1.36
0.54

0.27
0.15

KELLER

Al203
(%)

12.62
13.95
13.98
14.38
14.86
15.11
14.61

14.66
15.08
14.84
14.66
15.51
15.30
14.99
15.36

14.32
15.74
16.27
14.95
16.67
17.35

14.12
14.90
14.57
15.91
15.49
16.03
16.19
16.49
14.44
16.45

17.58
17.28
17.52
17.22
17.37
17.35
17.14
16.93
16.87
17.01
17.50
16.55
15.96
15.51

16.65
15.99
15.85
16.53
15.81
16.02
15.24
15.86
15.32
16.69
14.36

16.14
15.88
15.84
14.93

17.64
17.22
17.17
16.71
18.44

15.21
16.89
16.24
19.15
13.70

13.31
13.15

o
wn
=

MwosNoO
COWOW—=WO

7
2
4
9
5
7

oo haon aamancaon
A e o

by
oW b
ong

4.35
5.68

11.74
11.43
11.03
13.97

11.76
10.48
10.78
10.60

8.89

10.51
10.84
10.90
7.08
8.12

2.05
2.04

MnO
(%)
0.30
0.74
0.43
0.52
0.69
0.37
0.37

0.49
0.54
0.22
0.20
0.60
0.7¢9
0.81
0.48

0.71
0.58
0.61
0.60
0.00
0.00

0.35
0.21
0.00
0.32
0.23
0.23
0.15
0.00
0.45
0.00

0.00
0.21
0.00
0.18
0.16
0.00
0.18
0.14
0.00
0.00
0.00
0.00
0.00
0.21

0.00
0.00
0.18
0.00
0.18
0.25
0.23
0.00
0.15
0.00
0.21

0.26
0.31
017
0.32

0.35
0.24
0.20
0.22
0.22

0.26
0.28
0.23
0.15
0.24

0.00
0.00

MgO
(%)
4.91
4.20
5.23
4.09
4.60
4,53
3.95

3.84
3.78
418
3.34
3.12
3.36
2.92
4.02

5.06
3.44
3.48
2.1
0.00
0.00

6.21
5.51
577
5.43
5.80
4.52
2.85
3.09
4.11
3.77

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

6.21
6.25
6.19
3.63

4.46
4.94
4.96
4.90
1.12

5.66
3.95
274
0.00
0.00

0.00
0.00

Ca0o
(%)

10.45
10.00
10.57

9.77
10.52
10.34

7.60

9.22
9.98
9.55
B8.34
8.75
8.47
8.68
9.06

10.30
8.06
9.27
7.80
1.64
1.99

11.66
11.69
11.49
11.21
11.78
10.29

9.37
10.17

9.67

9.76

2.22
1.95
1.97
1.95
2.02
1.99
1.96
1.74
1.75
1.67
1.40
1.44
1.24
1.27

1.37
1.12
1.10
0.91
1.30
1.1
1.07
1.14
1.03
1.21
0.86

12.70
13.52
13.64

B.51

9.58
11.35
11.29
12,11

4.81

13.76
10.03
6.96
3.59
0.99

0.53
0.48

K20 Naz0

(%)

0.35
0.60
0.46
0.36
0.44
0.45
0.61

0.91
1.20
1.22
1.52
1.68
0.78
1.97
1.22

0.35
0.58
0.52
0.47
8.35
6.56

0.96
0.82
0.62
0.74
0.57
0.98
1.1
1.00
1.33

1.95

6.89
6.64
6.53
6.56
6.27
6.56
6.36
6.47
6.37
6.46
6.58
5.96
5.71
5.68

6.18
5.88
5.81
6.81
5.80
5.85
5.71
5.89
5.68
6.78
571

113
1.19
1.16
1.69

2.04
1.80
1.71
1.83
3.57

1.72
2.27
2.49
4.69
4.82

4.92
5.23

(%)

2.38
3.16
3.10
3.22
3.43
3.29
3.28

3.94
3.17
3.58
3.60
3.84
3.99
3.66
3.55

3.51
4.44
4.65
5.13
5.53
5.59

2.59
3.09
2.54
2.95
3.40
3.67
3.35
3.12
311

3.65

5.21
5.87
5.81
5.62
5.7
5.59
572
5.54
5.64
5.64
5.88
5.84
6.42
6.00

5.91
6.37
6.67
6.28
6.45
6.27
6.94
6.49
6.77
5.36
6.34

3.42
2.94
3.07
4.23

4.93
4.56
4,59
4.35
B6.67

3.35
5.01
6.05
5.74
8.03

4.36
4.35

Cl
(%)
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.00

0.09
0.00
0.00
0.12
0.00
0.07

0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.07
0.10
0.06
0.07
0.07
0.00
0.14
0.06
0.00
0.07
0.00
0.12
0.11

0.10
0.13
0.14
0.16
0.17
0.15
0.18
0.08
0.19
0.14
0.22

0.06
0.07
0.00
0.00

0.13
017
0.1
0.00
0.14

0.00
0.22
0.22
0.11
0.22

0.31
0.27
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Appendix (continued).

AW PpOs SiO2 TiO2 Al203 FeO MnO MgO CaO KzO NagO
number (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

112-1  0.00 4859 1.77 17.12 11.22 0.26 6.05 10.18 0.79 4.03
112-1  0.00 48.71 168 17.04 11.26 022 6.10 10.22 0.84 3.84
112-1  0.00 4874 1.82 17.21 1093 0.20 599 10.34 085 3.86
112-1  0.00 60.99 0.58 12.80 10.28 0.38 0.00 1.12 461 8.91
112-1 0.00 61.14 073 12.84 10.33 037 0.00 1.18 461 8.27
112-1 0.00 7431 0.18 1194 286 0.19 0.00 030 505 4.82
112-1 000 7463 0.19 1201 279 000 0.00 020 491 493

-2 0.00 45.17 3.08 16.30 11.85 0.27 6.14 12.86 1.12 3.21
112-2  0.00 46.49 3.11 1594 11.25 0.33 565 1275 1.30 3.10
112-2 0.00 69.74 029 1406 3.76 0.16 0.00 0.56 5.57 5.51
112-2 0.00 74.33 0.18 11.46 3.08 0.00 0.00 0.26 4.90 5.17
112-2  0.00 75.43 0.00 11.42 282 000 0.00 0.16 480 4.88
112-2 0,00 7598 023 11.83 246 0.00 0.00 0.30 467 4.30

112-3 0.52 46.33 3.35 16.01 11.80 0.24 5.05 10.84 1.37 4.49
112-3 046 4644 329 16.40 11.82 0.25 5.02 1081 137 4.16
112-3 050 46.64 3.24 16.20 11.66 029 5.04 1087 1.47 4.04
112-3  0.26 46.70 3.42 16.03 11.88 0.30 4.93 10.87 1.34 4.27
112-3 043 4701 330 1589 11.88 0.16 511 10.88 1.38 3.97
112-3 000 71.42 035 985 6.47 028 000 034 449 613
112-3 000 7166 032 936 6.21 035 000 019 452 646

113-1 053 4520 401 1578 13.27 0.27 365 1053 199 4.69
113-2 017 50.37 379 1453 1296 0.29 4.12 877 129 371

113-2 0.00 5443 166 1458 1266 0.29 409 874 049 2.86
113-2 0.00 55.04 0.88 17.04 966 029 427 906 035 3.33
113-2 0.00 5579 098 1587 11.01 026 3.94 898 044 259
113-2 0.00 56.11 1.31 14.55 1221 022 354 882 062 254
113-2 0.00 56.31 123 1515 1238 0.25 3.20 8.28 059 243

113-2 0.00 57.80 1.46 16.91 9.11 024 067 461 386 5.21
113-2 0.00 64.68 0.48 17.01 430 0.21 0.00 1.02 585 6.28
113-2 0.00 ©4.78 0.49 1721 456 0.00 0.00 1.03 585 592

113-4  0.00 55.10 1.10 16.03 12.25 0.19 3.40 869 0.59 2.64
113-4 0.00 5531 096 1555 11.26 0.18 4.29 9.05 053 2.73
113-4 0.00 5539 194 17.00 862 020 334 7.77 082 479

113-4 000 66.12 062 1682 2.87 000 000 075 6.17 6.42
113-4 0.00 66.48 000 1595 4.38 000 0.00 052 500 7.24
113-5 000 6447 056 17.25 3.90 0.00 0.00 155 6.14 6.00
113-5 0.00 6475 036 16.34 4.68 020 000 1.14 559 6.73
113-5 0.00 6496 035 1666 4.58 0.17 0.00 1.10 555 6.50
114-1 000 66.59 064 1596 3.30 0.24 0.00 0.66 590 6.46
114-1 000 66.78 059 16.04 3.25 025 000 055 598 6.34
114-1  0.00 67.06 050 1586 3.28 0.24 0.00 0.56 584 6.46
114-1 0.00 6746 059 13.80 466 033 0.00 048 6.19 6.13
114-1  0.00 7447 022 1242 285 000 0.00 0.29 466 4.82
114-2 079 4421 374 1695 1202 0.28 4.08 10.81 2.15 467
114-2  0.61 4441 422 16.17 1450 027 464 927 124 4.32
114-2 111 46.35 3.39 17.51 10.89 029 341 9.03 275 5.11
114-2 054 46.48 290 18.01 1099 0.26 3.28 8.96 3.03 5.20
114-2  0.86 47.23 317 18.42 10.33 0.29 295 8.54 275 5.30
114-2 0.00 61.19 0.46 19.12 3.75 0.00 0.00 1.14 6.53 7.56
114-2 0.00 68.31 0.61 13.65 4.46 0.54 0.00 053 6.10 545
114-5 0.00 47.08 2.36 1666 1190 0.23 654 1090 065 3.67
114-5 0.00 47.82 354 1536 1364 021 432 979 150 3.83
114-5 0.90 51.16 238 1555 13.04 027 214 6.41 276 5.24
114-5 0.98 51.48 229 1550 1275 0.23 217 6.41 278 5.26
115-2 0.00 63.07 074 16.46 565 026 0.00 167 6.16 591
115-2 0.00 63.90 060 1596 544 031 000 1.05 527 7.28
115-2 0.00 63.95 051 1563 574 0.27 0.00 1.09 540 7.26
115-2 0.00 6428 050 1555 563 025 000 098 503 7.59
115-2 0.00 6429 044 1571 566 036 000 090 507 7.38
115-2 0.00 6440 0.39 16.04 573 0.15 0.00 1.01 528 6.87
115-2 0.00 64.45 034 1465 6.37 0.30 0.00 068 491 8.02

115-2 0.00 6470 043 1547 553 027 000 0.83 497 758
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Appendix (continued).
P205 SiO2

AWI-
number

115-3
115-3
115-3
115-3
115-3
115-3
115-3
115-3
115-3
115-3
115-3
115-3

115-5
115-5
115-5
115-5
115-5

1161
11641

116-2

116-3
116-3
116-3
116-3

116-4
116-4
116-4
116-4
116-4
116-4
116-4
116-4

116-5
116-5

1171
11741
117-1
117-1
11741
117-1

117-2
117-2
117-2

117-3
117-3
117-3
117-3
117-3
117-3
117-3
117-3
117-3
117-3
117-3
117-3
117-3

117-4
117-4
117-4
117-4
117-4

117-5
117-5
117-5
117-5
117-5
117-5
117-5

(%)

0.00
0.00
0.97
0.21
0.91
0.88
0.42
0.77
0.00
0.00
0.00
0.37

1.01
0.96
1.10
0.51
0.18

0.76
0.86

0.00

0.23
0.00
0.00
0.00

0.37
0.35
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00

0.83
0.79
0.89
0.99
0.67
0.40

0.00
0.00
0.00

1.04
1.19
0.97
0.65
0.66
0.34
0.43
1.25
1.22
0.44
0.80
1.16
0.90

0.77
0.87
0.00
0.00
0.00

0.59
0.90
0.64
0.80
0.20
0.54
0.00

(%)

4422
44.69
44.95
45.26
45.74
45.99
47.58
47.93
54.86
58.45
59.06
54.30

42.52
45.43
45.74
46.84
47.71

47.76
47.66

64.40

4516
62.74
62.90
63.71

45.69
45.70
61.81
61.98
63.23
65.64
66.17
67.17

55.44
61.74

42,26
42,62
43.73
43.74
4412
52.58

51.68
58.44
61.91

4217
42.45
43.19
43.90
43.85
44.40
44.57
44 .82
44.83
45.65
46.87
47.87
48.32

43.80
50.15
61.24
62.29
67.72

47.41
47.62
47.78
48.15
49.12
50.70
67.42

TiO2
(%)

3.73
3.34
3.46
3.17
347
3.17
416
3.67
1.47
1.38
1.25
1.96

3.51
3.73
3.35
4.06
3.50

3.69
3.60

0.77

3.24
0.96
0.41
0.76

2.82
2.90
1.15
1.15
0.88
0.58
0.56
0.50

1.31
117

4.20
4.36
3.80
4.03
4.01
1.81

0.79
2.38
1.16

3.15
5.87
2.70
3.12
3.00
2.86
3.1
4.37
4.46
237
3.85
2.86
2.83

4.01
3.28
0.26
0.58
0.47

2.84
2.73
2.85
2.60
3.06
2.47
0.63

Al203
(%)

16.35
16.85
18.36
13.73
18.03
17.86
14.40
14.62
14.24
15.63
16.89
17.59

14.84
16.62
16.73
14.56
16.09

15.19
15.67

16.14

17.07
16.93
17.29
16.01

17.21
17.20
17.22
17.10
16.52
15.38
14.83
14.20

17.02
17.37

15.68
15.82
17.14
16.34
17.64
18.41

15.05
14.14
14.39

15.06
14.41
17.24
18.23
16.76
16.89
17.79
16.61
16.39
17.61
15.74
17.57
17.31

16.82
16.00
18.82
18.33
14.21

18.27
19.44
17.97
18.34
17.89
17.87
16.07

FeO
(%)

14.00
12.87
10.38
11.06
10.01
10.53
14.56
13.37
11.34

9.92

9.36

8.69

12.55
11.60
11.58
13.66
11.94

13.75
13.50

5.15

10.94
5.46
4,95
5.86

12.25
12.06
5.74
5.47
5.54
5.34
5.22
5.15

9.05
5.78

13.67
14.09
12.36
13.02
12.22

9.41

12.32
11.34
10.43

11.24
12.82
11.52
11.68
10.95
10.60
11.00
10.92
10.82
10.80
11.81
11.12
11.38

11.21
11.85
4.36
4.26
5.17

10.25
9.76
10.05
9.67
9.85
10.64
3.36

MnO
(%)

0.27
0.24
0.25
017
0.18
0.25
0.27
0.26
0.23
0.42
0.00
0.28

0.24
0.19
0.20
0.20
0.21

0.32
0.25

0.17

0.25
0.21
0.25
0.19

0.22
0.16
0.29
0.27
0.17
0.28
0.37

oo
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MgO
(%)
5.39
6.34
3.76
7.36
4.07
3.61
3.64
3.96
4.40
213
1.59
1.54

437
3.87
4.17
4.71
4.51

3.73
3.56

0.00

5.42
0.00
0.00
0.00

6.54
6.66
0.00
0.00
0.00
0.00
0.00
0.00

3.39
0.00

4.38
4.57
3.75
3.87
3.83
1.65

6.29
2.68
0.98

4.75
5.12
3.77
3.67
4.33
5.12
413
4.06
4.11
3.88
415
3.28
2.94

4.25
2.44
0.00
0.00
0.00

2.78
1.97
2,92
2.48
3.41
2.33
0.00

11.94
11.38
11.45
11.03
11.70

5.78

10.60
6.44
6.23

13.69
11.97
11.81
10.59
12.58
12.64
11.52
10.65
10.64
10.97
10.13

8.30

8.59

11.55
6.75
1.33
1.56
0.46

8.16
7.7
9.31
8.25
10.78
7.12
0.50

K20 NazO

(%)

0.93
0.87
233
1.27
2.50
2.65
1.67
1.87
0.57
1.02
0.79
3.43

2.56
219
2.26
1.60
1.33

1.90
1.86

6.06

1.60
6.41
5.53
5.86

0.96
0.91
6.16
6.38
6.29
5.49
5.47
5.33

1.04
6.14

1.95
2.1
2.06
2.26
1.88
3.28

0.43
0.82
1.04

2.58
1.84
2.56
2.45
2.10
2.08
2.16
2.21
2.24
2.43
1.98
2.55
2.63

2.04
2.97
6.35
6.44
4.88

2.87
273
2.46
2.85
1.18
2.54
6.38

(%)
3.73
3.85

3.27
4.88
5.32
3.97
4.32
3.54
3.73
3.74
6.68

5.97
4.66
5.01
4.03
3.8

4.48
4.40

5.64
412

7147
5.98

3.50
3.73
5.38
5.47
5.60
6.10
6.12
6.49

4.69
3.92
4.66
4.22
3.59
6.36

2.43
3.53
3.46

5.76
3.98
5.76
5.19
5.17
4.54
495
4.71
4.85
5.10
4.24
4.92
4.73

514
5.25
7.18
6.39
6.57

6.32
6.62
5.89
6.39
4.22
5.37
5.28
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GEOCHEMICAL INVESTIGATIONS OF VOLCANIC ASH LAYERS

Appendix (continued).

AWI- P20s5 SiO2 TiO2 Alp03 FeO MnO MgO Ca0 K20 Naz20 CI
number (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

118-1 0.26 45.08 3.71 16.23 12.20 0.19 4.96 1204 154 3.72 0.06
118-1 0.47 4597 3.82 17.06 11.78 0.30 4,15 983 218 437 0.07
118-1 0.51 46.17 4.00 17.13 11.79 0.22 411 972 211 416 0.08

118-3 0.00 4740 2.18 16.48 11.63 027 597 10.82 1.00 3.98 0.07
118-3 0.00 49.49 204 16.67 10.77 0.25 589 1022 085 376 0.07
118-3 0.00 49.60 2.03 16.38 11.46 0.00 545 10.34 0.84 3.90 0.00

118-4 061 4425 3.31 17.19 11.88 030 432 1145 212 448 0.08
118-4 0.58 44.46 3.19 17.36 11.87 0.27 4.29 1162 2.07 4.18 0.11
118-4 0.38 47.92 267 16.83 12.04 036 3.34 887 222 526 0.10

48.48 1.72 17.22 1113 0.25 6.31 10.05 0.80 4.05
51.24 207 2057 7.99 017 157 7.18 3.17 5.41

ey
oo
-0
=]

0

6

.00 46.90 2.32 16.59 1153 0.23 6.42 10.41 1.00 4.59
.00 47.18 215 16.53 11.80 0.20 6.35 10.41 1.00 4.28
0.00 47.20 239 16.77 11.75 030 6.30 10.30 0.97 4.02
47.22 226 16.53 11.48 0.24 654 10.28 1.00 4.25
0.00 47.36 226 16.58 11.69 0.17 641 10.50 0.98 4.06
0.00 4749 215 16.69 11.75 0.15 6.56 10.10 0.82 4.08
0.00 48.43 196 16.92 10.84 020 647 10.22 097 3.89

3

e ngsrrdarderdio
~ocooooo

i
QWL omo COOCMO~O

v

-

1.02 46.70 3.89 1470 14.88 025 400 9.19 1.28 4.10
i1 0.00 66.64 063 1478 552 036 000 167 517 5.07
11 0.00 66.92 0.57 1482 5.18 0.23 000 154 521 530
119-3 0.00 69.73 0.33 1409 399 0.13 000 1.13 541 508
119-3 0.00 77.70 1.18 6.62 0.00 0.00 0.00 3.98 220 8.33
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146-1 0.51 4510 3.41 17.96 10.06 0.27 3.98 10.57 267 533 0.13
146-1 0.57 4547 339 17.97 9.57 0.16 4.14 10.70 271 519 0.12
146-1 0.52 4577 3.48 17.86 9.57 0.17 4.02 1058 281 5.12 0.09
146-1 0.63 46.09 3.31 18.24 9.44 0.18 3.62 10.18 280 536 0.17
146-1 0.19 46.30 292 16.51 11.33 0.31 516 11.69 1.27 4.24 0.08
146-1 0.00 46.50 296 16.33 11.08 0.25 547 1237 1.26 3.78 0.00
146-1 0.74 46.60 3.89 16.05 12.37 0.24 3.88 9.67 1.68 4.83 0.06
146-1 0.33 47.45 293 16.53 11.60 0.28 4.56 10.56 1.46 4.29 0.00
146-1 0.33 47.46 293 16.53 1161 0.28 456 1055 1.46 4.29 0.00
146-1 0.79 49.96 1.96 17.83 10.57 0.28 203 670 3.32 629 027
146-1 0.49 5448 192 1754 939 0.26 228 561 225 565 0.14

146-1 0.00 7553 0.00 12.02 237 000 000 032 527 422 028
146-2 0.00 67.74 033 14.73 449 016 000 085 540 6.13 0.17
146-2 0.00 67.31 054 1494 431 0.23 0.00 082 551 613 022
146-2 0.00 67.89 038 1496 452 0.18 0.00 0.75 537 576 0.19
146-2 0.00 68.00 047 1474 452 0.14 000 0.78 551 567 0.17
146-3 0.58 46.90 369 16.32 12.73 0.32 467 9.21 144 4.08 006
146-3 0.00 4723 229 16.07 13.08 0.31 6.24 11.16 049 298 0.00
146-3 0.00 61.62 0.69 11.95 1049 033 000 1.19 464 8.60 0.30
146-3 0.00 61.62 069 11.95 10.49 0.33 0.00 1.19 464 860 0.30
146-3 0.00 61.77 0.75 1212 1056 0.36 000 130 453 8.32 031
146-3 0.00 61.78 0.67 12.19 10.58 0.37 0.00 1.22 459 831 029
146-3 0.00 61.87 065 1213 1062 0.36 0.00 119 450 841 0.28
146-3 0.00 61.87 065 1213 1062 036 0.00 119 450 841 028
146-3 0.00 61.88 071 16.12 7.59 0.33 0.00 210 531 586 0.09
146-3 0.00 6226 0.70 11.82 10.79 0.23 0.00 1.28 457 8.08 027
146-3 0.00 62.36 059 12.19 10.33 0.32 0.00 1.22 468 8.02 030
147-2 0.69 4491 4.08 16.86 11.93 0.28 4.84 995 205 4.29 0.11
147-2 0.00 48.75 2.89 15.91 13.17 0.21 4.07 959 145 3.98 0.00
147-2 0.00 48.97 3.08 15.61 13.02 0.25 3.94 965 143 399 006
147-2  0.00 49.07 2.66 15.94 12.47 0.28 4.26 10.27 1.32 3.73 000
147-2 0.18 50.35 2.66 15.84 12.39 0.34 350 862 166 436 0.10
147-2  0.00 50.93 2.62 1592 12.39 0.28 3.36 8.61 1.71 4.19 000
147-2 0.00 5213 234 1584 1200 032 292 8.08 1.97 4.40 0.00
147-2 0.00 52.62 260 1578 11.42 0.31 3.05 7.98 202 4.01 008
147-2  0.00 75.67 020 11.32 3.10 000 000 0.27 480 4.44 021
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Plate 1. SEM images of glass shards, showing shard morphology and alteration of older ashes. Bar length is 0.1 mm. 1. Fragment of elongated bubble cavities (Site 736). 2. Highly vesicular

glass particle (Site 736). 3. Vesicular glass particle from an Oligocene tephra (Site 737). Glass alteration shown by vesicle filling with a secondary mineral. 4. Heavily altered blocky shaped glass
grain without vesicles (Site 737).
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