mixture of coarsely ground cooked and
uncooked malt. The high proportion of
chaff and lack of yeast suggest that these
contents are spent grain, that is, the resi-
dues that are left after rinsing sugars, dex-
trins, and starch from processed malt. The
large quantities of starch remaining are
evidence of the relative inefficiency of the
process, but such spent grains may have
been re-used to make weaker beer. These
findings suggest that fermentation was ini-
tiated in the rinsed sugar- and starch-rich
liquid obtained after straining out the bulk
of cereal husk.

The use of microscopy to investigate
macro- and microstructure of desiccated
foods has led to new proposals for how
ancient Egyptians baked and brewed. The
proposals can be tested by experiments in
which ancient Egyptian food processing
tools and authentic modern cereals (9, 21)
are used to replicate the processes described.
The replicate foods are now being com-
pared to the ancient specimens by SEM.

The implications of this research extend
beyond ancient Egyptian methods of food
preparation. Because starch morphology is
stable over time in very dry conditions,
there is great potential to analyze prepara-
tion techniques of other ancient starch-
based foods from arid zones throughout the
world. Although these regions contain a
minority of the global archaeological
record, they may serve as a model for an-
cient food-processing methods in regions
where tools and ingredients were similar but
organic preservation is much poorer. Micro-
structural preservation in dry areas is prob-
ably not limited to starchy foods. The
unique record available from archaeological
sites in arid areas provides an important
opportunity to explore the development of
prepared foods and evolution of food-mak-
ing technologies.
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Volatiles from the 1994 Eruptions of Rabaul:
Understanding Large Caldera Systems

Kurt Roggensack,* Stanley N. Williams, Stephen J. Schaefer,t
Roderic A. Parnell Jr.

The 1994 eruption of Rabaul, in Papua New Guinea, involved a small plinian eruption at
Vulcan and a vulcanian eruption on the opposite side of the caldera at Tavurvur. Vulcan’s
ash leachates indicate seawater interaction that is consistent with earlier observations
of low sulfur dioxide emissions and the presence of ice crystals in the initial plinian
eruption cloud. In contrast, Tavurvur ash leachates indicate no seawater interaction, and
later sulfur dioxide emissions remained high despite low-level eruptive activity. Silicic
melt inclusions indicate that the andesitic melt contained about 2 weight percent water
and negligible carbon dioxide. Mafic melt inclusions in Tavurvur ash have water and
carbon dioxide contents that vary systematically over the course of the eruption. The
mafic melt inclusions suggest that a mafic dike intruded from below the silicic chamber
and provide further evidence that mafic intrusions drive caldera unrest.

Measurements of volatile elements are
critical to our understanding of magmatic
and volcanic processes because these ele-
ments influence magma evolution and drive
explosive eruptions. Large caldera systems,
such as Rabaul, in Papua New Guinea, are
an important class of volcanoes that are
capable of many styles of eruptive behavior.
The 1994 eruption of Rabaul, which fol-
lowed several decades of caldera unrest, pro-
vided a unique opportunity to learn more
about an active caldera’s magmatic system.
We measured SO, in the eruptive column
and H,O, CO,, §, and Cl in the eruptive
products of the 1994 eruption of Rabaul to
provide a temporal record of magmatic vol-
atile concentrations. This record defined
the short-lived dynamic processes of
Rabaul, which could not be directly ob-
served and are not preserved in the geologic
record.

The 1994 eruption involved two volca-
noes with different eruptive behavior on
opposite sides of the caldera. The initial
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eruption began at 6:06 a.m. on 19 Septem-
ber 1994 at Tavurvur and gradually gained
intensity over a period of 70 min. At 7:17
a.m., the activity shifted primarily to Vul-
can, where a new vent on the northern
flank produced an ~18- to 20-km-high
plinian eruption column and small pyro-
clastic flows for 70 min. Activity then shift-
ed back to Tavurvur and continued at a
much lower intensity, with discrete explo-
sions and an’eruption column that reached
heights of ~6 km. At the end of September,
a small lava flow was noticed in the crater
of Tavurvur (1). Vulcan produced light tan,
highly vesiculated pumice and ash (0.26
km?) (1) with minor scoria. Tavurvur ash
(0.04 km?) (1) is dark brown with common
scoria and dense glass chips.

Total ozone mapping spectrometer
(TOMS) measurements during the first day
of the eruption were unable to detect SO,
in Vulcan’s plinian column (2, 3). The low
SO, content of Vulcan’s plinian column
and abnormalities in the advanced very
high resolution radiometer images of the
plinian cloud were attributed to possible
seawater interaction and the presence of ice
crystals (2). On subsequent days, the
TOMS detected moderate SO, (30 to 80
kton; Fig. 1) in a low-altitude eruption
cloud near the caldera that most likely rep-
resented the output of Tavurvur. Addition-



al measurements of Tavurvur’s eruption
plume were made with an airborne correla-
tion spectrometer (COSPEC) beginning on
29 September, 10 days after the initial erup-
tion. The SO, flux of 26 * 5 kton/day
declined steadily to 4 * 1 kton/day over a
period of 8 days (Fig. 1). No SO, release
could be detected at Vulcan during this
time period and no plume was visible.
Ash leachate analyses provided an indi-
rect method of determining the volatile

composition of the eruption columns. Fresh
ash samples from Rabaul were collected
during the waning stages of the eruption.
The ash leachate data (Table 1 and Fig. 2)
show a correlation with stratigraphic posi-
tion and source vent. Early erupted plinian
ash from Vulcan was characterized by high
Cl and low SO,, Mg, and F content. These
elements are in seawater (4) proportions
(Cl >80, > Mg >>F) but at much lower
total abundance. Tavurvur ash, from higher
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Fig. 1. Sulfur dioxide emissions from the 1994 Rabaul eruption. Data were obtained by TOMS (solid
symbols) (3) from the low diffuse eruption cloud near the caldera. All other data were obtained by
COSPEC (open symbols) analysis of the Tavurvur plume. The inset shows the location of the Rabaul

caldera (17).

Table 1. Ash leachate data for the 19 September 1994 eruption of Rabaul. Sample preparation follows
that in (79). Leachate analysis was done by atomic absorption spectrophotometry (Mg and Ca) and ion
chromatography (F, Cl, and S), and measurements are in parts per million. Analytical error is =5%
except for samples D1 and F1, for which it is ~20%. Location of stratigraphic sections is as follows: C
is at Matalau (2.3 km northeast of Rabaul town), D is at the airport terminal (immediately south of Rabaul
town), and F is 2 km northwest of the Tavurvur crater. Depositional units correlate between the three
sections. Sections C and F were scaled to section D to account for variable section thickness.

Stratigraphic

Sample position (cm) Mg Ca F @] S
F1 42 5 220 25 469 397
D1 37 515 650 366 5232 684
D2 32 22 582 29 182 494
D3 27.5 8 57 0 93 109
D4 24.5 8 608 15 134 529
D5 22 11 594 6 125 519
D6 21 8 602 39 109 538
D7 19 12 598 3 92 542
D8 17 39 594 33 196 604
D9 165 28 602 13 205 575
F7 15 15 576 6 20 494
D10 14.5 47 657 11 148 602
D11* 13 34 310 0 182 340
D12* 8.5 52 111 0 280 177
D13* 2.5 98 162 0 1242 239
C9 0.5 72 590 0 360 624

*Ash from Vulcan; others are from Tavurvur.
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in the stratigraphic section, has higher con-
centrations of F, SO,, and Ca than does
Vulcan ash, and F and Ca concentrations
are substantially higher than in seawater.
Ash leachate S/Cl ratios vary over the
course of the eruption. Leachates of early
erupted Vulcan ash have a S/Cl ratio (0.19)
comparable to that of seawater (0.14). In
contrast, the majority of Tavurvur ash
leachates have high S/CI ratios (>2) (5).
Matrix glass (MG) and silicic melt inclu-
sions (MIs) in orthopyroxene and plagio- .
clase from Vulcan and Tavurvur vary over a
large compositional range in relation to
stratigraphic position (Table 2). The least
evolved Mls approach the most evolved
whole-rock compositions (59 to 63 weight
% SiO,) (6). The silicic MIs have ~2
weight % H,O (Table 3), high Cl content
[2900 to 3900 parts per million (ppm)], and .
variable S (=440 ppm).

In addition to minerals typical of high-K
andesite (plagioclase, clinopyroxene, or-
thopyroxene, Fe-Ti oxides, and apatite),
the 1994 ash contains a basalt—basaltic an-
desite mineral assemblage. Olivine, plagio-
clase, and clinopyroxene aggregates in Ta-
vurvur ash and olivine and plagioclase phe-
nocrysts in Vulcan ash have been suggested
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Fig. 2. Ash leachate data from the 1994 eruption
of Rabaul. The dashed line shows the depositional
break between Vulcan ash below (triangles) and
Tavurvur ash above (circles) (seawater S is 2712
ppm and Cl is 19353 ppm) (4).
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H,0 (weight%)

Fig. 3. CO,-H,O contents of mafic Mis (solid
squares). Lines are fluid-saturation isobars (50 to
400 MPa) (78).
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to represent xenocrysts because of their min-
eral compositions (6). The olivine crystals,
which are particularly common in Tavurvur
ash, are euhedral and lack reaction rims. Our

the elliptical ring as a fracture zone and, on
the basis of uplift and microgravity change,
suggested that magma was at a high level
(~2 km) within the ring. This geometry

requires lateral magma flow across the frac-
ture zone to feed the conduits of Vulcan
and Tavurvur (10). Although mafic magma
may laterally traverse the crust in some

analyses of Tavurvur olivine Mls reveal a
genetic association with the 1994 eruption.
The composition of the olivine Mls ranges
from a basalt to a basaltic andesite (48.4 to
53.5 weight % SiO,), which is similar to
that of other deposits from the complex
(7, 8). Early erupted ash contains the most
evolved olivine Mls, whereas later erupted

ash has less evolved Mls (lower MgO and

Table 3. Analytical data for melt inclusions from the Rabaul caldera. Host composition was measured
within 10 wm of the Ml or rim. Ml volatiles were determined by infrared spectroscopy with the use of
published extinction coefficients (20). The detection limit for CO, in mafic and silicic Mls is 50 to 100
ppm, depending on spectra quality, with relative precision varying from 15% at moderate abundance
(~250 ppm) to 10% at higher levels (>400 ppm). Water uncertainty is <10% relative. Abbreviations: M,
mafic Ml hosted by olivine; S, silicic Ml hosted by orthopyroxene; b.d.l., below detection limit; and ND,
not determined. Numbers in parentheses indicate percent analytical error.

higher K,0). Volatile elements in olivine

Host composition

MlIs also correlate with stratigraphy, with M T Mg#) Stratigraphic H,O CO,

, ype osition (cm) (weight %) (ppm)
early erupted more evolved MIs having Near M . P gnt % PP
lower volatile contents than later erupted ear m
less evolved MIs (Table 3 and Fig. 3). F1-1 M 85.6 ND 40 38 960 (6)

The compositional similarity of bulk ash,  F1-2a M ND ND 40 3.7 290 (14)
MG, and Mls from Vulcan and Tavurvur F3-1 M 84.2 83.7 35 3.4 b.d.l.
suggests derivation from a single magma F3-2 M 85.8 ND 35 3.5 510(10)
chamber (6) (Table 2). The sequential F4—3a* M 84.6 84.6 30 3.5 b.d.l.

. 1 lved MG and MI F4-3b M 84.6 84.6 30 3.6 420 (10)
erLl[.Dt.lon Or less evo Ye : an . com- F4-4 M 85.4 ND 30 3.6 250 (20)
positions at Rabaul is consistent with the Fg.o M 82.3 74.8 20 3.6 130 (18)
tapping of a compositionally stratified mag-  F6-3 M 84.2 83.4 20 3.3 70 (40)
ma chamber. Minimum depth estimates F8-1 M 83.6 76.5 13 3.4 50 (70)
based on silicic MI volatile contents (1.5 F8-2 M 8159 81.8 13 2-2 50 (7?)
km) (9) are similar to estimates from earth- D120'2_T S N ND 85 2. b.dl
.. . D12B-4t S ND ND 8.5 2.3 b.d.l.

quake activity during unrest between 1983 D131+ S ND ND o5 55 bdl
and 1985. Hypocenters define a large ellip-  pq3-ot s ND ND o5 2.0 b.d.l.
tical ring centered on the Rabaul caldera, RB1-1at S ND ND ND 2.2 b.d.l.
dipping outward and extending beneath RB2-1af S ND ND ND 25 b.d.l.
Vulean and Tavurvur at 4 = 2 km depth *Compositionally identical MI within same crystal (F4-3a has probably leaked CO,).  tFrom Vulcan.  $From

(Fig. 4) (10). Mori et al. (10) interpreted

Table 2. Major element analyses of bulk rock, Mls, and MG from Rabaul.
All analyses were normalized to 100% on a volatile-free basis; total iron is
reported as FeO. Bulk rock analyses were determined by x-ray fluores-
cence on fused lithium tetraborate disks. The three bulk analyses are of
handpicked grain separates from Tavurvur ash (B, dense black glass
chips; G, gray, poorly vesiculated grains; V, black scoria). Ml and MG
analyses were determined by an electron microprobe with a 20-wm beam,

1400-year-old eruption; others are from Tavurvur.

15-keV accelerating voltage, and 10-nA beam current. Na was counted
first in the analysis cycle, and on-peak counting times were limited to 10 s
to minimize Naloss. The following percent standard deviations were based
on counting statistics: SiO, (1), TiO, (4), AlL,O4 (1.5), FeO (4), MnO (25),
MgO (5), CaO (2), Na,O (4), K,O (4), P,Og (25), SO (50), and CI (10).
Measurements shown are in weight % oxide. Abbreviations: ND, not de-
termined; S, silicic; and M, mafic.

Strati-
. Analy- -
Sample  Type S;i,fi'.ll‘n’ ses S0, TO, AL, FeO MO MgO CaO NaO KO PO, S0, o O
(cm) @l

F1-B Bulk 40 1 61.66 092 1599 6.03 0.17 2.52 5.59 4.45 234 038 ND ND 99.20
F1-G Bulk 40 1 6140 1.00 16.13 585 0.17 2.70 5.75 4.38 229 033 ND ND 99.58
F1-v Bulk 40 1 61.31 090 16.18 5.81 0.16 2.81 5.79 4.44 229 032 ND ND 100.08
F1 S Ml 40 3 67.02 080 1481 506 0.14 1.29 2.77 4.67 320 026 005 0.39 98.23
Fa SMI 30 3 65.36 0.83 1530 5.15 0.17 1.46 3.59 510 285 0.21 011 034 908.86
F6 S Ml 20 5 6459 086 1567 559 0.16 1.62 3.95 449 273 033 009 037 97.38
F8 S MI 13 4 65.16 086 1529 662 0.16 1.37 3.80 4.71 273 032 0.08 0.30 97.90
D12* SMI 8.5 8 66.93 0.81 1625 482 0.14 1.24 3.27 4.35 292 026 005 0.32 97.84
D13* SMI 2.5 2 68.03 0.82 1509 413 0.16 1.11 2.98 434 315 019 004 0.35 97.32
RBt S MI ND 3 68.73 0.74 1514 379 0.13 0.90 2.57 4.68 3.09 022 004 029 9717
F1 MG 40 4 67.87 080 1511 412 0.2 0.95 2.79 478 326 0.21 0.00 0.29 08.84
F4 MG 30 2 64.14 089 1545 591 0.17 1.71 4.23 4.49 276 027 003 026 100.15
F6 MG 20 2 63.87 084 16.18 560 0.15 1.49 4.59 436 2.61 0.31 0.00 0.25 99.73
F8 MG 13 5 65.74 084 15631 5616 0.16 1.45 3.68 4.49 287 029 004 0.30 99.05
D12* MG 8.5 13 65.562 0.78 16.15 468 0.13 1.23 3.94 4,58 277 021 0.05 0.30 99.40
D1-3* MG 2.5 2 6821 0.77 1515 386 0.07 0.99 2.77 4.71 322 026 0.00 029 08.28
RB¥ MG ND 4 68.07 0.76 1513 377 0.13 1.02 2.90 490 308 024 009 0.31 99.42
F1-2a M M 40 1 4854 099 1871 957 0.20 4.89 13.97 2.45 056 0.11 016 0.10 96.11
F8-2 M M 13 1 53.61 099 18.05 8.21 0.16 2.74 11.89 3.18 1.00 019 0410 0.1 96.63
*From Vulcan. 11400-year-old eruption; all other analyses are from Tavurvur,
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cases (11), the viscosity of Rabaul’s andesite
melt suggests that lateral magma flow from
‘a central region is unlikely. We speculate
that the magma erupted at Vulcan and
Tavurvur rose vertically to the volcanoes
from a large chamber below the seismic
annulus.

Given that Vulcan and Tavurvur tapped
the same magma chamber, their contrasting
eruptive style can be attributed to volatile
content and vent geometry. The silicic Mls
from Vulcan show that the melt had 2 to
2.3 weight % water at the time of entrap-
ment. Higher melt volatile contents are
possible if crystallization drove volatile en-
richment after MI entrapment, but the sim-
ilarity between MG and silicic MI compo-
sitions suggests that little crystallization oc-
curred after MI entrapment. More volatiles
may have been present as a separate gas
phase (12) and Vulcan, which erupted the
most evolved magma, based on MI and MG
compositions, probably tapped the volatile-
rich top of the chamber.

The emission of 26 kton/day of SO, at
Tavurvur 10 days after the plinian eruption
is one of the largest fluxes ever measured
during low-level eruptive activity (13). The
flux represents the passive degassing of either
a large volume of melt or a S-rich mafic melt.
Mafic melt that supplied the SO, may have
also been the source of the mafic crystal
assemblage. The close compositional-
stratigraphic relations of Mls indicate that
olivine crystallized from a single magma

Caldera
boundary

(| vulcan  Tavurvur |

- Mafic
dike(s?)
Fig. 4. Schematic cross section of the Rabaul
magmatic complex. Features such as volcanic
cones, dike width, and crystals have been exag-
gerated to show detail. A mafic dike carrying olivine
crystals is represented by a filled pattern. The out-
ward dipping fracture zone (dark stippled area) was
drawn approximately based on seismicity (70).

Old frozen part of chamber

batch and H,0-CO, variation resembles
that caused by decompression degassing
(Fig. 3). Crystallization of a fluid-saturated
melt during ascent (~2.5 to 7 km depth)
(I14) through a dike could account for
H,0-CO, variation in the Mls. Magma
ascent rates would have to be slow enough
to allow cooling and crystallization but
fast enough to offset crystal settling (10
cm/s to 1072 cm/s) (15).

The presence of mafic melt in large si-
licic systems is not unusual; however, at
Rabaul, the question remains as to how
olivine crystals became entrained in the
andesite erupted from Vulcan and Tavur-
vur. The crystals might be remnants of rapid
crystallization (16), but this requires a large
amount of crystallization (~50%), efficient
removal of the newly formed crystals, and
coincident retention of olivine, magnesian
clinopyroxene, and calcic plagioclase in the
erupting magma. Alternatively, mafic melt
entering the silicic magma chamber could
have melted a large quantity of dacite (the
composition of 1994 MG), but this model is
difficult to reconcile with bulk ash homo-
geneity (Table 2) and the compositional
similarity of silicic MIs and MG. Magma
mixing is one explanation for the olivine
MI relations although, with the exception
of minor transition metal (Ni and Sc)
variation, mixing features have not been
identified in the 1994 eruptive products
(6). Compositional agreement between si-
licic MI and MG compositions (Table 2)
suggests that either the amount of mixing
was very small or that mixing occurred
before silicic MI entrapment.
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