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Stwi caldera, in the Vanuatu arc ( lanna island), is a rare volcan-
ic complex where both persistent eruptive activity ( Yasur volcano)
and rapid block resurgence (Yenkahe horst) can be investigated
simultaneously during a post-caldera stage. Here we provide new
constraints on the feeding system of this volcanic complex, based
on a detailed study of the petrology, geochemistry and volatile con-
tent of Yasur—Siwt bulk-rocks and melt inclusions, combined with
measurements of the chemical composition and mass fluxes of
Jasur volcanic gases. Major and trace element analyses of Yasur—
Stwi volcanic rocks, together with literature data for other volcanic
centers, point to a single magmatic series and possibly long-lived
Jeeding of Ianna volcanism by a homogeneous arc basalt.
Olivine-hosted melt inclusions show that the parental basaltic
magma, which produces basaltic-trachyandesites to trachyandesites
by ~50-70% crystal fractionation, s moderately enriched
in volatiles (~wt % H,0, 0-1wt % S and 0-055wt % Cl).
The basaltic-trachyandesite magma, emplaced at between 4-5km
depth —and  the surface, preserves a  ligh  temperature
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(1107 £15°C) and constant H,0 content (~wt % ) until very
shallow depths, where it degasses extensiely and crystallizes.
These conditions, maintained over the past 1400 years of Yasur ac-
livily, require early water loss during basalt differentiation, preva-
lent open-system degassing, and a vrelatively high heat flow
(~0° W ). Yasur volcano releases on average > 15-4 x 10° tonsd ™"
of Hy0 and 680 tonsd™" of SO, but moderate amounts of CO,
(840 tonsd™), HCl  (165tonsd™), and HE (25 tonsd™).
Combined with melt inclusion data, these gas outputs constrain
a bulk magma degassing rate of ~5x 10" m” ™", about a half
of which s due to degassing of the basaltic-trachyandesite.
We compute that 25 km’ of this magma have degassed without
erupting and have accumulated beneath Siwwi caldera over the
past 1000 years, which is one order of magnitude larger than the
accumulated volume uplift of the Yenkahe resurgent block. Hence,
basalt supply and gradual storage of unerupted degassed basaltic-
trachyandesite could easily account for (or contribute to) the
Tenkahe block resurgence.
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INTRODUCTION

Caldera collapse, produced by massive magma withdrawal
during explosive eruptions, corresponds to the culminating
stages in the evolution or eruptive cycles of volcanoes be-
neath which crustal magma reservoirs are able to develop.
Renewed magma recharge after such a stage leads to vol-
canic unrest, often associated with ground deformation of
the caldera floor in the form of ‘doming’ or uplift of faulted
blocks (resurgence). Such phenomena have long been
described at numerous caldera-bearing volcanoes, includ-
ing Long Valley in California, Valles caldera in New
Mexico, Phlegracan Fields, Pantelleria and Ischia in Italy,
Iwo-jima in Japan, and Tanna in Vanuatu (e.g. Dvorak &
Dzurizin, 1997; Molin et al., 2003). Caldera floor resurgence
and block uplift can be progressive or discontinuous (e.g.
Dvorak & Dzurizin, 1997), can have variable geometry de-
pending of the aspect ratio of the magma intrusions or res-
ervoirs (e.g. Acocella ez al., 2000), and can occur without
contemporaneous magma extrusion, implying complex re-
lationships between magma replenishment, pressurization
of aquifers and hydrothermal systems, as well as local
structures and tectonic movements (e.g. Marsh, 1984; Hill
et al., 1985). Therefore, improved understanding of these
phenomena and their relationships is of fundamental inter-
est for anticipating the eruptive pattern of such
caldera-bearing volcanoes and the associated risks.

One suitable site where such processes and relationships
can be investigated is Siwi caldera, in Tanna island, where
post-caldera eruptive activity (Yasur volcano) and block
resurgence have long developed together. Tanna island be-
longs to the southern segment of the 1200km long
Vanuatu volcanic arc, in the SW Pacific (Fig. la). This
oceanic island arc has been generated by eastward subduc-
tion of the Australian plate beneath the Pacific plate, with
associated back-arc extension of the North Fiji basin on
the Pacific side (Pelletier et al., 1998; Calmant ¢t al., 2003).
The plate convergence rate reaches 11-8cma™" at the lati-
tude of Tanna. The island stands 150 km east of the
Vanuatu trench and ~130 km above the Benioff zone, and
has been built through successive phases of volcanic activ-
ity and reef limestone growth. Pliocene—Pleistocene vol-
canic activity gave rise to the Green Hill and Tukosmeru
centers, mainly formed by basalts and andesites (Carney
& MacFarlane, 1979; Fig. 1b). A complex pyroclastic series,
the Old Tanna ignimbrite (OTI), tracks a major
caldera-forming event during this period (Robin et al.,
1994). Since the late Pleistocene, volcanic activity has been
concentrated in the SE part of Tanna (Fig. 1b). The most
important event was a caldera-forming eruption of moder-
ate volume (~1-2 km”) that produced the Siwi ignimbrite
(Carney & MacFarlane, 1979; Nairn et al., 1988; Robin

et al., 1994; Allen, 2005). This eruption is still undated
but is probably less than 20 kyr old (Nairn e/ al., 1988).
The Siwi pyroclastic sequence, well exposed as a
near-continuous 11km long outcrop along the eastern
coast, consists of subaerial pumice-rich pyroclastic flow de-
posits, separated by a variably welded lithic-rich spatter
agglomerate (Allen, 2003). Caldera collapse along the
Siwi ring fractures has been followed by a new unrest
cycle, with impressive uplift of the central caldera floor,
generating the so-called Yenkahe resurgent block (YRB),
and by renewed volcanic activity on that horst and along
the ring fractures (Carney & MacFarlane, 1979; Nairn
et al., 1988; Robin et al., 1994; Fig. lc).

The Yenkahe resurgent block is an ~6 km long by 3 km
wide ENE-WSW elongated horst, with an axial graben
that is affected by extensive normal block faulting and
widespread hydrothermal manifestations (Fig. lc).
Emerged coral reef terraces present on that structure
record its rapid uplift, at a time-averaged rate of
156 mma~" over the last 1000 years (Chen ef al., 1995).
Such rapid deformation, involving sharp episodes of
co-seismic uplift (e.g. 10-15m in 1878; Chen et al., 1995), is
two orders of magnitude larger than the ground uplift
(M6mma') along the NW coast of Tanna island since
the late Quaternary (Neef ez al., 2003). Therefore, it has a
volcanic origin, attributed to replenishment of a magma
reservoir, and raises concern about hazards from both fur-
ther major eruptions and possible landslides (Nairn ef al.,
1988; Chen et al., 1995). The Yenkahe resurgence ranks
amongst the fastest ground deformation observed in
caldera-bearing volcanic complexes worldwide: its rate
greatly exceeds, for example, the resurgence rates recorded
during the 1978-1999 unrest at Long Valley caldera
(0-04ma™’; Hill, 2006), and in the past 33 kyr at Ischia
(0-024ma™"; Gillot et al., 1982). It is comparable with
post-caldera uplift at only a few sites such as Iwo-jima vol-
cano in Japan (0-15-0-25 ma; Ukawa et al., 2006).

Renewed post-collapse volcanic activity in Siwi caldera
has included both effusive and explosive phases, with the
formation of pyroclastic cones (Ombus, Yasur). Since
about 1400 yr BB, the eruptive activity has been focused at
Yasur volcano, located on the western edge of the Yenkahe
horst, and rising 360m above sea level (Fig. Ic). The
growth of the Yasur cone itself probably began about 800
years ago, and has continued until now (Nairn et al., 1988).
Strombolian or Vulcanian explosive activity has long pre-
vailed at Yasur but has occasionally culminated in more
powerful (sub-Plinian) eruptions (Nairn et al., 1988). The
‘standard’ Yasur activity, first described by Captain Cook
in 1774 (Aubert de la Rie, 1960; Carney & Maclarlane,
1979), consists of recurrent explosions with an average
frequency of 1-3 per minute (e.g. Nabyl et al., 1997,
Bani & Lardy, 2007), which generate dense ash clouds
(Fig. 2a), and expel vesicular scoriae and decimeter- to
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Fig. 1. (a) Map showing the Vanuatu (previously New Hebrides) arc in the SW Pacific, the position of the 6000-7000 m deep Vanuatu Trench,
convergence rates (indicated by arrows in cm a), and the location of Tanna volcanic island, which is built up on a 1000 m deep plateau;
redrawn from Pelletier et al. (1998) and Calmant et al. (2003). (b) Schematic map of Tanna island with the locations of the main volcanic centers,
redrawn from Carney & MacFarlane (1979). (¢c) Map of southeastern Tanna showing the Yasur cone and Yenkahe resurgent block, bounded by
the Siwi caldera ring fracture; redrawn from Nairn et al. (1988) and Allen (2005). Diamonds indicate the sample sites of the Siwi ignimbrite se-
quence, and Yasur products of the early (>1400 to 800 yr BP sequence; S) and present-day activities.

meter-sized bombs that occasionally reach the volcano
flanks (Fig. 2b). Lava flow effusions are rare (Carney &
MacFarlane, 1979).

Until now, there have been few studies of the Yasur activ-
ity and its broader relationship with the evolution of the
Siwi caldera system. Here, we report new data from a sys-
tematic study of solid products and magmatic volatiles
from both the early and current Yasur eruptive activity,
and the Siwi ignimbrite sequence. Our objectives were to
() determine the magma feeding composition and differ-
entiation processes, (2) assess the abundances of dissolved
and exsolved volatiles, (3) quantify the magma volumes
sustaining the current Yasur activity and gas emissions,
and (4) elucidate the possible relationships between
magma supply and storage and the Yenkahe block resur-
gence. Rock sampling and gas measurements were per-
formed during a field campaign in October 2007 and
different approaches were combined to investigate the
magma petrology and geochemistry, dissolved volatiles in
melt inclusions and glassy matrices, and the present-day
crater gas emissions. Altogether, our results allow us to
propose a quantitative model for the magma feeding
system of the Siwi—Yasur caldera complex, and to discuss
its relationship with continuing Yenkahe block resurgence.

SAMPLES AND MEASUREMENTS

Solid volcanic products

Sample location and description

The early (>1400 to 800yr BP) Yasur volcanic products
were sampled from a >10 m thick sequence on the northern
bank of Siwi river, about 1km NNW from Yasur crater
(19-5161°S, 169-4470°E; Fig. 1c). This sequence was exposed
to the open air after catastrophic drainage of the former
Siwi water lake in 2000, which deeply eroded the Siwi riv-
erbed. It includes two unconformities ascribed to pauses
in volcanic activity. An analogous sequence had previously
been identified by Nairn et al. (1988) and correlated with a
more distal section (4km NNW from Yasur cone) where
the pauses have been dated at 1409 £80, and 804 £ 56
years BE, respectively (*C conventional ages). Correlation
between our samples and the stratigraphic logs provided
by Nairn e al. (1988) is shown in Fig. A in the Electronic
Appendix (available for downloading at http://www.pet-
rology.oxfordjournals.org). Deposits older than 1400 years
consist of ash beds containing fibrous lapilli lenses
(TAN 3), and scattered centimetre-sized scoriae (TAN 8).
Deposits between 1400 and 800 years BP are mainly
formed of alternating centimetres-thick fall layers made of
either fine to coarse ash or fibrous to equant scoria lapilli
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Fig. 2. (a) Ash-laden cloud at Yasur crater (21 October 2007). Gas
measurements were carried out during typical Yasur Strombolian ac-
tivity (1 explosion per minute), on the crater outer rim as indicated
by the arrow. (b) Bombs on Yasur flank; hammer for illustration of
the scale.

(TAN 4 and 5). The presence of accretionary lapilli and
vesiculated tuffs points to repeated involvement of external
fluids (groundwater or the hydrothermal system) in driv-
ing the explosive activity. The uppermost 60cm thick
layer, made up of equant scoria lapilli (TAN 6), is believed
to be equivalent to the sub-Plinian deposit described by
Nairn ef al. (1988). On the southern side of the Siwi river,
we sampled two additional scoria fall layers (TAN 20 and
21) that directly overlie a plagioclase-phyric lava flow
forming the riverbed (TAN 19; 19-5168°S, 169-4457°E).
These deposits should be related to the early Yasur activity.

As representative samples for the past 800 years of per-
sistent eruptive activity at Yasur cone itself, we collected
and analyzed both fibrous lapilli (TAN 14 and 15) de-
posited on the surface ~1-5km NW from the vent, along

the main ash dispersal axis, and proximal explosive prod-
ucts. The latter include a bomb (TAN 10, Fig. 2b), and
centimetre-sized highly vesicular scoriae (TAN 12) that
fell on the crater rim.

We also collected and analyzed pumices from the ignim-
brite deposits related to Siwi caldera collapse (hereafter
referred to as the Siwi sequence). Pumices from the upper
pyroclastic flow deposit (TAN 23; 19-5534°S, 169-4830°E),
intermediate spatter-rich agglomerate (TAN 24), and
lower  pyroclastic  deposits (TAN 25 19-5493°S,
169-4826°E) were sampled along the SE coast (Fig. lc).
This succession is equivalent to that described by
Allen (2005). Additional pumice samples were taken from
meter-scale pyroclastic flow deposits cropping along the
castern side of Port Resolution bay (TAN 9; 19-5267°S,
169-5040°E), and on the Siwi ring fracture (TAN 17 and
18; 19-4126°8S, 169-4842°E). These two latter superimposed
pyroclastic flows are attributed to late stages of the Siwi
ignimbrite eruption on the basis of the texture of their
junvenile components. Finally, we sampled another ~7 m
thick pyroclastic sequence along the Yenkahe horst south-
ern border at Port Resolution bay (TAN [; 19-5292°S,
169-4908°E), formed by coarse-grained pumice-rich lenses
interbedded with ash layers. This sequence, which has not
been previously described, overlies laminated black sands
with shell fragments. It was most probably emplaced in
shallow seawater inside the Siwi caldera and is considered
here as related to post-caldera activity, from volcanic
vents located on the Yenkahe horst, and preceding the
building of the Yasur cone.

Analytical procedures
Major and trace element analyses of Siwi and Yasur
bulk-rocks were carried out at the Centre de Recherches
Pétrographiques et Géochimiques (SARM) in Nancy
(Irance), by inductively coupled plasma optical emission
spectroscopy (ICP-OES) and inductively coupled plasma
mass spectrometry (ICP-MS), respectively (Carignan
et al., 2001). A second set of trace element data was
acquired on pairs of Yasur bulk scoria and mechanically
separated matrices using ICP-MS at Laboratoire Pierre
Stie (Saclay, France). Matrix fragments were handpicked
under the binocular, then aliquots of 50 mg of glass and
powdered host bulk-rocks were analyzed during the same
run. The former trace element dataset is reported in
Table 1, and the second one as Electronic Appendix 1.
Major elements of minerals, melt inclusions, and matrix
glasses were analyzed using a SX50 CAMECA electron
probe (Camparis, Jussieu, France). In glasses and minerals,
they were measured with a 10 nA defocused beam and a
30 nA focused beam, respectively, and a counting time
varying from 10 to 25s. The concentrations of S, Cl and P
were determined with a 30nA defocused beam and a
longer counting time (120-200s) on peak, and their accur-
acy was checked by analyzing reference glasses (basalts

1080

GTOZ ‘22 Yyore | uo 1s9nb Aq /B1o'seulnolpioyxo’ABojoed//:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

POST-CALDERA VOLCANISM AND RESURGENCE

METRICH et al.

(panunuoo)

Downloaded from http://petrology.oxfordjournals.org/ by guest on March 22, 2015

1081

820 0z-0 920 -0 050 630 €50 S0 -0 S0 0 €0 9€:0 6€-0 €r-0 €€0 -0 n
9E-L G-€ 969 691l z8l L-0C ¥-0C LLL L-LL cLl oL 0Ll 6-€L 144" 09l L1l €4l el
890 G0 L0 6:0 Ll ¢l Ll Ll 6:0 6:0 8:0 90 8:0 8:0 60 L0 60 OH
gl 80 9l 7€ 187 (44 Ly 6€ €€ 7€ 6C 4 LT 1-€ z€ Ve Sg-€ H
90 Ll g€ -G LG 29 9 -G [R] 1§ vy g€ Ly 144 6 8¢ 6 PO
0l L0 -l ol 9l 61 8l 9l 9l 9l a cl Pl €l ol cl Pl n3
6l Ll 8l LT 1-€ V€ € 1-€ LT LT €C 6l (A4 &4 LT 0-C LT 3
0-€ 0-¢ 0-€ 9v €q 8- 9:G 1§ 9y LY 6-€ ¢€ L€ (54 84 G-€ vy AQ
09L ey 6e0L 0v9 9EY 687 a8y r4c14 €€9 €99 LES 0zL 0sL LEY €99 cs 69 IS
14 LL oL 14 €9 09 19 €9 (514 67 ov €€ oy 144 *i4 e f44 ad
S 18 8 L 'Pq clL cl 9 €C 0C oL 0C 9C 6 vl (514 P9 10
8¢ 14 e 6l Gl 9l Ll 9l 6l 0C 8l gl 8l Gl 0C (¥4 Ll 0D
6€-0 LE-0 V€0 Pl 8l |4 |4 8l 9l 9l €l L-l €l Gl Gl (% Pl D
€4l 1-8 LLL 9-LE L0V -9y 09 e0v 6:LE 8¢ 6-0€ 174 0-1€ ¢ce L-GE 1-9¢ Ve L]
oce (1/4) LET 9 669 18L LLL 00L 6v9 699 3 8y 09 099 129 14 009 (wdd) eg
9 124 L€ 89 6L -8 1-8 LL 89 89 89 €9 -9 €L 89 9 €9 89 051+ 0%N
CC-66 08-00L 61-66 98-86 €186 G6-00L GZ-00L  CcC-66 7686 ¥1-66 Gl-66 09-86 €9-66 €0-00L #5-00L 8666 ¥7-00L  90-66 [ezoL
¥0-0 080 800 L-0— ¢0— L-0 0-0 ¢-0— L-0 0-0 8:0 0-0 ¢0— S0 60 ‘pru €0 Ll 101
o 910 6L-0 8v-0 990 99:0 990 290 0G0 0S:0 8y-0 8€-0 fa ] V50 V-0 L¥-0 &0 €50 S0°%d
120 280 280 ¥8-0 160 €60 €60 880 G680 ¥8-0 (80 §9-0 00 ¥6:0 [80 280 §8-0 §6-0 colL
9L 630 260 ¥6-C LL€ 68-€ €8-€ 19-€ 96-C ¥6-C 96-C 6€C €9-C 8e-€ €6C 19-C ¥9-C €L-e (e’
€€ €81 9T €8¢ al-v 6Cv 8Ty 80t [8-€ [8€ 18-€ [8-€ 68-€ §6-€ ¥8-€ L9€ 9-€ [9-€ 0O%N
66 -ClL 6€-0L L9 €LY (V&4 L9V L6 qz9 9€-9 299 €6:L JA A 099 399 60-L LEL g oed
L9-€ LLL LSV 68-C L0-C €0-C €0-C 4% €8¢ 98¢ S6-C €L-C 9e-C 89-C 00-€ €0v oL-¥ €9-C 0B
L1-0 (44l 120 9L-0 6L-0 6L-0 6L-0 8L-0 9L-0 9L-0 9l-0 L0 10 9l-0 9L-0 L1-0 L1-0 9l-0 OUN
ol 9g-¢cl 8h-lL 768 16-8 19-8 678 €88 06-8 268 00-6 0c-L 0L-L £9-8 68-8 676 86 Gv-6 €0%d
8/-8L 80-9L 19-61 Gcol Ly-Gl 6€-Gl ce-Gl Ge-GlL 9l-9l 0€-9l LE9L 6L LL-8L oL-Gl 191 0z-9l €8-Gl G8-Gl €0V
10-2S LG-Ly L0-6Y 0¢-99 G0-89 2¢-09 £8-69 6£-89 6€-99 6€-99 9¢-99 €9-¥9 G8-99 6989 ¥8-99 69-99 G99-99 €9-99 (% W) OIS

0]-seg seg seg 01 01 01 0] 0]  wl-seg r)l-seg wj-segq wn]-seg  n]-seg 0]  ©l-seg wl-seg nl-seg n]-seg
Z8NVL € NVL IGZNVL 6LNVL GZNVL #ZNVL € NVL 6NVL 8L NVL ZLNVL LNVL OLNVL ZLNVL 8NVL LZNVL 4d8-1/€L {9NVL €NVL :9|dwes

saolWng «S1onpoud *xoid «S1onpoud [e1sig

BNEZ0  BINZ/90 eNb-T ene aouanbas auquiubl IMIS nseA

G\Q@Tu\%&m\u\@ “.QQ.&N%Q&SQQ JUIULI]I 2IDL] pUD \S.\@SN -] 2]9v]


http://petrology.oxfordjournals.org/

NUMBER 6 JUNE 2011

LUME 52

Vi

JOURNAL OF PETROLOGY

‘9 NV.L 9|dwes ino 03 jusjeAinba ‘(ggeL) */e 10 ulleN Aq paquosap usodep |e} ueluljd-qns 8yl wody (g-1/€1) ajdwes

Downloaded from http://petrology.oxfordjournals.org/ by guest on March 22, 2015

"(L66L) e 19 @1ead woly sashjeue YIng ‘g8 ‘€6 ‘GL NV.LI

ided

"SWI J81eID pUEB S3UBl} OUBDJOA BY} UO 9BLI0DS pue squioq [ewixoid pue sysodap eloos [elsip 01 ‘AjpAoadsal ‘1ajal s1onpoid "xold pue |eisip INSeA,
"PAUIWIBIBP 10U “*PrU ‘HWI| UOIIO8I8P MO[aq °|'P g ‘uoiubl uo sso| ‘|07 ‘eusapueAyoeil
‘0] ‘eusepueAyoeii-onjeseq ‘v -seq ‘}jeseq ‘seg 'sloyio 8y} Joj 9 G> ‘eg pue M 40} %8> 4D pue 0) ‘s ‘yJH ‘el ‘Yl 10} 9 (Ql> 948 (O]) Senulensdun |eonAleuy

8€0 ce0 6€-0 ¥50 410] S50 950 160 630 eie0] 610 S0 950 50 250 ¥5-0 250 dA/AN
S-ev 6-€€ 1-9¢ 1-8€ ¥-8¢ LLE LLE 9-6€ L-8€ €8¢ 8-:8¢ 1844 0-l¥ L-8E L-8E 8:6€ C6E el/eq
80l 86 €0l €ll L:0L 6:0L L0l 9-0l L1l Ll L1l 80l 0-LL 9-0L Ll -0l L0l aN/el
Pl Ll Pl Ll Ll Ll Ll 8l Ll Ll 8l Ll Ll Ll 8l 9l 8l AaN/yL
1c i1 1z 174 €T 174 €2 €T 144 €T €T (174 144 [44 o4 €C € el/yL
oee €6C 99¢ 0S¢ 9€C LEC 9€C 6€C 474 414 LG¢ 8¢ 69C 374 474 8G¢C §e€C yl/eg
SC LT (4 6¢C 0-€ 0-€ 0-€ 6¢C 6C 0-€ 0-€ 0-€ 0-€ 0-€ 6¢C 8C 6C wgs/eq
4] 74 (514 €zl 9€lL LG 961 LEL jord} oL Lol 18 0L pLL oLl 06 9Ll iz
8l L'l Ll 8¢ (4 G€ V€ €€ 8 8¢ T 0c €T ST LT Lz 8¢ aA
8l 6CL 8Ll vLT L-0€ e L-¥€ €0¢ vl 0-8 (444 §-8l Lce 0-¥¢ 9-9¢ 8-0C 6-9C A
6v-0 [440] 0€-0 -l 891 18:1 8Ll 191 Sl Sl qcl 86-0 pl-l el e 201 -l n
820 (20 erAll] L0 S0 160 160 S0 L0 L0 -0 €0 €60 9€-0 6€0 LE0 0v-0 wy
£6-0 Lv-0 68-0 LSC 96-C 6C-€ LZ€ 6¢C 99-C 29¢C L1-C cLl [A%4 (0}584 ¥S-C 08-1 95 L
950 (20 90 LL0 680 960 §6-0 G980 6.0 8.0 590 €50 ¥9:0 990 SL-0 890 €L0 qL
500 €00 ¥0-0 L0 €10 ¥L-0 ¥L-0 €10 LL-0 [4%0] 0L-0 800 600 0L-0 oL-0 800 L0 el
0-€ Ll A 8G L-9 0L 69 1-9 89 8G LYy L€ LYy 8¥ 9G Ly A ws
(44 cl ST €g LG 99 9 LG g g 144 S€ 584 (44 -G V€ 6 id
9-g 9C 8 8l 6Ll 0-6l 98l 89l 0-Gl 6l 0-€l 6-0L 0-vL 9yl 0-Gl L-LL PGl qd
9-0L L9 L€l 0¥ ¥-9C 1-6C z6C 9-9C (474 (474 86l LSl 6L §-0C Lce 0-LL 91z PN
890 9¢-0 ¥9-0 gl Ll 6l 6l Ll Sl 9l cl 0l €l 4’ Pl Ll vl aN

0] -seq seq seq 0l 0l 0l 0l ©] ©l-seq nl-segq wn]-seq w©]-seg  x]|-seg 0] nl-segq w]-seg w©]l-segq 1]-seq
78 NVL €6 NVL IS/ NVL 6L NVL GSZNVL #ZNVL € NVL 6NVL 8LNVL /ZLNVL LNVL OLNVL 2ZLNVL 8NVL LZNVL 48-1/€L 49NVL €NVL :9|dweg

saolwng «s1onpoud "xo.d «S1onpoud [eisiq

BINEZ0 BINZ90 e\ ¥-C eAe’ 9ouanbas auquiubl IMIg InseA

panutguor) - 219v],

1082


http://petrology.oxfordjournals.org/

METRICH et al.

AIVI8IR23 and Vg2, pantellerite KEI2). Fluorine was
determined by coupling two TAP crystals, in a scanning
mode, with 10kV voltage, 60 nA beam current, 15pm
beam size, and 500s counting time. Analyses were cali-
brated against reference glasses containing from 950 to
4250 ppm F (Spilliaert et al., 2006). The relative errors are
<10% for S and Cl, and 10% for F. The detection limits
are 80 ppm for S and ClI, and 170 ppm for I.

Some glassy matrices and minerals were also analyzed
and mapped with a Philips XL30 scanning electron
microscope equipped with an EDAX DX 4 system (Dpt
Scienze dellalerra, Pisa, Italy).

Dissolved HyO contents were determined with micro-
Raman spectroscopy, using a Renishaw inVia instrument
(Saclay, France). The spectrometer is fitted to a Leica
microscope with a 100x objective to excite and collect the
signal from a very small area (about 1 um in diameter).
Analyses were performed at the sample surface in confocal
mode. The excitation source was a green diode laser
(532 nm) filtered to deliver a low power (¢. 7mW) on the
sample during short counting times (<1005s). Selected ana-
lytical conditions minimize scatter from the embedding
medium and prevent sample heating and oxidation. The
intensity of the HyOp band (3580 cm™) and its scaling
with respect to the band for the silicate network
(980 cm ™) were determined with external analytical
procedures (Mercier et al., 2009). Calibration was made
against a set of basaltic and andesitic glass standards
(Mercier et al., 2010). One to three analyses were per-
formed, prior to any other measurements to avoid Hy,O
loss, for each melt inclusion and then averaged. Errors
propagated on the external calibration procedures range
between 6 and 10%.

Finally, dissolved carbon concentrations were deter-
mined with the Saclay nuclear microprobe (France), using
the “C(d, p)"”C nuclear reaction (Métrich & Wallace,
2008). Analyses were made in scanning mode, with a
5um beam. Areas in melt inclusions previously analyzed
for S, Cl, I' with a high electron beam current were
avoided. The integrated charge varied from 2 to 15 pGC,
implying a corresponding minimum detection limit of
60—70 ppm of CO,. Carbon concentrations were calibrated
against a scapolite standard (6800 ppm C) and a water-
bearing Etna basaltic glass (EtIl-l) containing
30030 ppm C (Spilliaert et al., 2006). The latter glass
concentration is reproduced with 10% precision.

The temperatures of melt entrapment were determined
from optical thermometry measurements on melt inclu-
sions hosted in olivine and plagioclase in the Yasur prod-
ucts. Experiments were carried out under a Leitz heating
stage purged with Ar—1% Hy gas flow. Temperatures were
measured with a Pt—PtggRhyg thermocouple (£10°Cl), and
calibrated against the melting points of Ag (961-8°C) and
Au (1063-8°C). It is known that the homogenization

POST-CALDERA VOLCANISM AND RESURGENCE

temperature (7y,om) of olivine-hosted melt inclusions—
when the shrinkage bubble vanishes—increases with time
because of olivine crystal deformation (Massare et al.,
2002). Actually, the temperature (7}4y,) measured on
melt inclusions hosted in TAN 6 olivines is 10-50°C higher
when several (1-9) heating—cooling cycles have been com-
pleted on a single crystal. A heating rate of 18:5°C min "
was thus chosen to minimize this effect. Experiments were
also carried out with a slower heating rate (6°Cmin”")
from 1050°C to T}, to verify that no kinetic effects may
have affected our measurements. A total of 30 heating ex-
periments were conducted on double-faced polished crys-
tals whose inclusions were preserved enclosed.

Yasur crater gas emissions

Chemical composition of emitted gases

The chemical composition of Yasur gas emissions was
determined from n situ analysis and sampling of the vol-
canic plume at the crater rim, ~150 m downwind of vent
A (Fig. 2a). This vent was the most vigorously active (one
explosion every minute, on average) and the main source
of degassing during our two series of measurements, on 21
and 29-30 October 2007.

The plume concentrations in water vapor, CO, and SO,
were measured continuously with MultiGas instruments
(Shinohara, 2005; Aiuppa et al., 2007, 2008; Shinohara
et al., 2011), which combine different gas sensors in a
home-made box (INGV-type used on 21 October and
GSJ-type used on 29-30 October). Volcanic gases were
pumped at an average flow rate of 0-61min~" and ana-
lyzed with these systems. An LI-840 closed-path NDIR
spectrometer measured both COy (range 0-3000 ppmv;
accuracy £15%), and HoO (range 0-80 ppt; accur-
acy £15%). SOy was measured with different electro-
chemical sensors (3ST/F-Cod TD2D-1A and KTS-512P,
respectively) that have similar performances in concentra-
tion range, noise level and response (Shinohara et al.,
2011). The signals from all sensors were recorded and
stored every 2s (INGV-type) and 1s (GSJ-type) on a
data-logger.

MultiGas sensing on 21 October 2007 provided ~4500
measurements of each gas species during 135 min of volcan-
ic activity. The data for COy and HyO were post-processed
by subtracting the concentrations in ambient air from the
bulk recorded signals. Air background concentrations
were constrained by fitting a polynomial function to the
subset of COy and H,O data for which SOy concentration
is zero (given that SOy—a typical component of magmatic
gas emissions—is absent in standard atmosphere). The
resulting air concentrations were fairly constant for CO,
(384-387 ppm) but more variable for H,O (19-440—
21-020 ppm). Similar data handling was applied to the
29-30 October datasets; however, these were affected by
higher and more randomly changing background H,O.
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During this second survey, Hy and HyS could additionally
be determined with the sensor configuration described
by Shinohara et al. (2011).

Filter pack sampling of the volcanic gas was carried out in
tandem with MultiGas sensing to measure time-averaged
SOy, HCI and HF concentrations. Sampling was performed
for 45-60 min, by pumping the volcanic plume at an aver-
age flow rate of 51 min~" through alkali-impregnated filters
(e.g. Aiuppa et al., 2005). Six filter series were collected on
21 October and seven on 29-30 October. In the laboratory;,
the filters were leached with bi-distilled water and HoO»,
to elute S, CI and F. The leachates were then analyzed by
ion chromatography for SO?~ and C1~ and by ion selective
electrode for F~ (Aiuppa et al., 2005).

SO, emission rate

The SOy emission rate from Yasur was determined by
differential absorption UV spectroscopy (DOAS), during
repeated traverses under the volcanic plume with a
four-wheel-drive vehicle. The UV spectrometer (Ocean
Optics USB2000, Serial No. 2196) spanned a 280-400 nm
spectral range, with a resolution of 0-5nm (full width at
half-maximum). It was coupled by a fiber optic bundle to
a telescope fixed outside the vehicle and pointed to zenith.
Exposure time for single spectra was 200ms, and we
co-added eight spectra to enhance the signal-to-noise
ratio. The position of each UV spectrum was obtained
from the log of a continuously recording global positioning
system (GPS) unit. SOy column amounts were retrieved
following standard DOAS spectral procedures (e.g. Galle
et al., 2003; Bani & Lardy, 2007). The best-fitting window
for SOy retrieval (307-7-335-1nm) was constrained from
near random fit residual structure with minimal standard
deviation. The SO, reference spectrum was obtained by
convolving a high-resolution SOy spectrum with our in-
strument line shape, and then removing the low-frequency
component using the Ocean Optics WinDOAS software.
The observed SOy column amounts were then projected
onto the plane perpendicular to the plume transport direc-
tion, and the SOy emission rate for each traverse was ob-
tained by scaling the integrated column amounts across
this plane with the plume speed. Plume speeds were direct-
ly obtained from simultaneous wind speed measurements
on top of Yasur volcano, using a hand-held anemometer
(:I:O'lms_l). The overall error on each SOy flux series
(given in Electronic Appendix 2) includes errors on the
wind speed and DOAS spectral analysis (Galle et al., 2003).

MINERALOGY AND MAGMA
GEOCHEMISTRY

Bulk-rocks and matrices

Juvenile products from the early (<1400 years) and
present-day Yasur activity show a limited compositional

range, with SiOy between 54-5 and 56-:8 wt % (Table 1).
In the Total Alkali—Silica (TAS) diagram, they plot in the
field of basaltic-trachyandesite, except one sample (TAN
8), which has a pure trachyandesitic composition (586 wt
% SiOy; Table 1). Yasur bulk-rocks also display restricted
variations in trace elements (Figs 3 and 4), even though
distal and proximal explosive products differ in texture
and crystal content.

The Yasur distal products contain a few per cent of
plagioclase, clinopyroxene and olivine phenocrysts,
embedded in highly vesicular glassy matrices with tra-
chyandesitic composition (SiOg from 565 to 585 wt %;
Table 2). Systematic analyses (88) of plagioclase crystals in
the TAN 6 sample show that most of them are normally
zoned, from Angg to Ansz. Rare crystals were found to
have a more calcic core (Angy to Ang;). Clinopyroxene
(Woup4-40 Fsios-15.3) and olivine (Fo75.0-79.7 in the cores to
Fo75-70.6 in the rims) display limited compositional vari-
ations. Olivine also occurs as inclusions in clinopyroxene
and plagioclase Angg g0, together with Fe—Ti oxides (Usp
16% ). We attempted to precisely quantify the crystal con-
tent of these scoria lapilli by analyzing the trace element
content of five pairs of the bulk clasts and their mechanic-
ally separated matrices (TAN 4, 5, 14, 15 and 20), represen-
tative of the past 1400 years of eruptive activity
(Electronic Appendix 1). These selected samples are all
similar in their incompatible element concentrations (i.e.
U, Th, Nb, La, Ce), normalized trace element patterns
(Fig. 4), large ion lithophile element (LILE) enrichment,
and negative Nb anomaly (Nb/Nb* =026 in bulk clasts
and 0-31 in matrices, where Nb* refers to the normal
mid-ocean ridge basalt (N-MORB) value of 3:507 ppm;
Hofmann, 1988). This homogeneity indicates a nearly con-
stant extent of crystallization over time. Using the equation
for equilibrium crystallization [C;=C,of/(Di+ F(1 —Dy)],
with €,y and C; being the average thorium concentrations
in the bulk clasts (21 ppm) and matrices (2:5 ppm), Dz the
Th bulk partition coefficient (D™""*/™! ~0-1) and F the
proportion of residual melt, we find that the Yasur distal
scoriae contain 10% of crystals at most. This proportion
agrees with the difference in KyO content between the
bulk samples and their matrices (e.g. TAN 6 and 2l
Tables 1 and 2), indicating that K,O is also a reliable
tracer of magma differentiation.

Yasur proximal products prevalently contain plagioclase
(Angy.4—55) phenocrysts, reaching 5 mm in size, which co-
exist with rare olivine (Fog;), clinopyroxene (Wosg.g-39.6,
Fsi7.8-16.6) and Fe—Ti oxide (Usp 26-27%). Consequently,
their matrices, when preserved glassy in vesicular scoria
clasts (as verified by SEM imaging), are depleted in
Al O35 (148wt %; Table 2). From the average K,O con-
tents of the matrix glasses (37wt %) and bulk-rocks
(2:5wt %), we infer an average crystal content of ~32%
in these samples.
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Table 2: Representative compositions of glassy matrices of Yasur and Siwi sequence products

Sample N SiO, TiO, AlLO3 FeOyp MNO MgO CaO  Na,O K,0 P,0s S Cl F H,O Total S/CI CI/F

Yasur D-products*

TAN 6 av.f 15 5654 088 1564 850 016 3-15
(42) (4 (13) (27) (4)  (18)
TAN 4 T6/3-1% 4 5798 102 1560 838 016 279
TAN 4 T6/3-2 6 5849 097 1549 833 020 279
TAN 4 T3/3-1 6 5737 097 1544 822 019 264
TAN 21 av. 19 5774 101 1515 815 018 270
(13) (& (16) (14 (2) (2)

Yasur P-products*
TAN 12 av. 14 5919 09 1479 858 016 213
(39 @ 17y (@21 (4)  (28)
Siwi igimbrite sequence
TAN 1 vesiculated clasts 20 5827 091 1549 774 019 233
(22) (1) (100 (1) (4) (4)
TAN 17 vesiculated clasts 4 57-30 093 1543 803 016 232
TAN 23 obsidian clasts 8 6028 08 1560 716 013 179
TAN 23 vesiculated clasts 10 60-18 085 15563 722 018 173
TAN 23 dense clasts 10 6052 087 1540 700 018 168
Allen (2005) 610 09 159 66 018 18
TAN 23, glasses surrounding crystals
TAN 23-1 (Fosg)8 4 6094 081 1500 730 015 160
TAN 23-12 (Fos;) 4 6177 084 1478 756 030 149
TAN 23-2 (Foy) 4 5837 092 1533 760 020 227
TAN 23-11 (Foz,) 4 5701 091 1521 807 027 253

615 383 28 0562 0016 0083 n.d. nd 9839 02

7 en a7 a1 M (6)

564 387 269 058 0023 008 0034 02 9904 03 25
552 387 260 057 0022 0093 0043 03 9933 02 21
568 387 292 058 0013 008 0031 03 9829 01 29
565 411 332 061 0018 0080 n.d. nd. 9861 02

(7) (4) @ M @ (1

533 368 370 068 0006 0046 0036 016 9943 01 13

(17) (3) 6 (1) b.d.l. (2) (10) (1)

496 412 357 061 0033 0110 n.d. nd. 9833 03

(14) (6) @4 M @ (5)

516 429 357 060 0033 0107 n.d. nd. 9792 03
413 433 373 066 0031 0064 n.d. 04 9913
414 426 39 066 0026 0062 n.d. nd 9878
400 433 390 065 0026 0060 n.d. nd 9863
42 36 41 06 98-85

38 430 409 071 0027 0070 n.d. 11 99-95 04
357 409 417 065 0030 0078 nd. 12 10055 04
512 419 357 061 0038 0104 nd. 10 9930 04
492 443 345 062 0028 0111 nd. nd. 9754 03

*D and P-products refer to distal and proximal scoriae, respectively.
TAveraged analysis performed in several fragments, with standard deviation values in parentheses (i.e. 42 for 56-54 +

0-42).

iTraverses between bubbles in different vesiculated pumice clasts.

8The composition of the olivine is indicated in parentheses.

N, number of analysis per fragment; b.d.l., below detection limit; n.d., not deternined.

Pumices from the Siwi ignimbrite sequence display a
wider range in major and trace element compositions
(Table 1). The least evolved samples (TAN 17, 18, 1), with
basaltic trachyandesitic compositions (SiO9 <56 wt %,
KyO=295wt %), closely resemble Yasur products in
terms of both major and trace elements (Iig. 3). Their
matrices are slightly more evolved (3-4wt % of KyO,
Table 2). Although a complete database for the mineral
chemistry of these pumices is not available, the olivine
crystals (Fozs o) analyzed in samples TAN 17 and TAN 1
are either similar to or slightly more Fe-rich than olivines
in the Yasur distal products.

The most evolved Siwi samples (SiOo=60wt %,
KyO =3-6-3-8 wt %), with the highest concentrations in in-
compatible elements (Fig. 3), are trachyandesitic pumices
(TAN 23, 24, 25, and 9). Their matrix glasses and obsidian

shards, extensively analyzed in the crystal-poor sample TAN
23, have a very homogeneous composition (Table 2) equiva-
lent to that of the host bulk pumice, as previously reported
by Robinetal. (1994) and Allen (2005). The equilibrium para-
genesis is made of Na-rich plagioclase (Ans4) associated
with Fe-rich olivine (Fos;) and clinopyroxene (Wosg.g,
Fso15). Each of these minerals includes Fe—Ti oxide
(usp <30% ), Cu-rich sulfide and fluorapatite micro-crystals
that occasionally themselves contain melt inclusions.
However, we also discovered in these samples some homoge-
neous or slightly normally zoned olivine crystals that are no-
ticeably richer in Mg (from Fozy 70 to Fo7;_gg). The glassy
envelope coating these crystals, when preserved, is also less
evolved than the bulk matrix ('Table 2). Therefore, these oliv-
ines are antecrysts that were mechanically entrained during
the ascent and eruption of the Siwi trachyandesite.
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Altogether, the major and trace element compositions of
the Yasur and Siwi bulk-rocks demonstrate that they
belong to a single magmatic series, with different degrees
of differentiation. This is especially clear from the positive
correlations, passing through zero, between incompatible
element pairs (Fig. 3), which define a continuous differenti-
ation trend from the products emplaced during the Yasur
explosive activity to the pumices of the Siwi sequence. In
contrast, there is an overall decrease of Co (Fig. 3).
Long-lived feeding of Tanna volcanism by the same mag-
matic series is further verified from published data for the
Old Tanna ignimbrite (OTI; Robin et al., 1994) and three
basalts (Peate e al., 1997) dated at 2-4, 0-67 and 0-23 Ma
(Carney & MacFarlane, 1979), which define the least differ-
entiated end-members. In all these samples the correlations
between incompatible element pairs are excellent, within
the error limits, considering that analyses were performed
with different analytical methods and in different labora-
tories. The regression lines obtained for various element
pairs, such as Ba—"Th, Rb—Nb and Nb—Th but also Th—
Hf, Ta—Th, La—Th, La—Sm and Nb—Y, have high correl-
ation coefficients (Iig. 3; Table 1).

Melt inclusion geochemistry and

dissolved volatiles

Yasur distal and proximal products

As representative of Yasur scoria from distal deposits, oliv-
ines were systematically hand-picked from 5 fallout layers
(TAN 4, 5, 6, 20, 21), with a focus on TAN 6, a sample
from the scoria lapilli layer attributed to a violent
(sub-Plinian) event. Crystals are commonly elongated in
the [l100] direction, and display hourglass (skeletal)
morphologies that are delineated by small-sized melt inclu-
sions (<50 um) and Fe—T1 oxides (Fig. 5a). From experi-
mental work (Faure & Schiano, 2005) we infer that these
skeletal textures track the first stage of olivine crystalliza-
tion. Larger sealed inclusions (>100 pm), which constitute
the most abundant population, and opened glass embay-
ments were trapped during subsequent olivine growth
(Fig. 5a). The sealed inclusions are perfectly glassy, with
no or only a small shrinkage bubble, which indicates effi-
cient cooling upon magma emplacement. Altogether,
melts entrapped in Yasur olivines fall in the compositional
domain of the bulk-rocks (Fig. 5b and c¢) and, therefore,
are representative of the carrier magma. The large sealed
inclusions and embayments have a very homogencous
composition (KoO =2-9-3-1wt %; Table 3) and contain
uniform amounts of HyO (on average 107wt %; 20/
VN=0:05 with N=41), S (280-350 ppm), Cl (890-920)
and I (330-370 ppm). Their S/Cl and Cl/F (wt) ratios
average 0-34 and 0-42, respectively. Their COy content
varies from 117 to 232 ppm. However, some smaller melt
inclusions depart from this chemically homogeneous
population in being richer in MgO and poorer in K,O

POST-CALDERA VOLCANISM AND RESURGENCE

(=2:7wt %; Fig. 5c). They also display higher S (980—
680 ppm) and CI (880-1420 ppm) contents (S/CI ratio up
to 1-0; Fig. 6), whereas their H,O concentrations (0-8—
13wt %) are comparable (Fig. 7).

To complement our melt inclusion study, we systematic-
ally analyzed dissolved volatiles in the glassy matrices of
the same samples. These glasses are compositionally analo-
gous to the large melt inclusions and glass embayments
(Fig. 5). They also preserved comparable amounts of S, Cl
and F (Tables 2 and 3), implying their efficient quenching
and minor or negligible loss of these volatiles during fast
(explosive) magma extrusion. In particular, repeated
measurements along 0-5mm long profiles (Il traverses,
~55 analyses) in vesiculated matrix glasses of sample
TAN 4 reveal remarkably constant concentrations of S
(130 £60 ppm), Cl (870 £60 ppm), and F (373 £50 ppm),
within the error limit (1o). In contrast, HyO 1is largely
degassed relative to the melt inclusions and embayments
(~0-3 wt % against 10-12 wt %; Fig. 7). This differing be-
havior of water with respect to sulfur and halogens is con-
sistent with the much higher diffusivity of water in
high-temperature melt (Freda et al., 2003), even during
fast magma extrusion.

In proximal scoriae, melt inclusions in olivine (Fog;) and
plagioclase (Ansg g9) represent the most evolved trachyan-
desite terms of the Yasur series, as do their matrix glasses
(Fig. 5b and ¢). There is no significant difference between
melt inclusions trapped in either olivine or plagioclase,
which points to their negligible evolution after entrapment.
All of them are enriched in SiOy (~59wt %) and K,O
(3-7-4-1wt %), strongly impoverished in HoO (0-3-0-4 wt
%; Fig. 7) and S (<90 ppm), and contain no more detect-
able COg. Their Cl contents (440-590 ppm) and S/CI
ratios (0-1-0-2) are half of those in the distal scoria lapilli
(Fig. 6), whereas their F/Cl ratio (0-8-10) is twice as high
(Table 3). All these features demonstrate extensive degas-
sing of the melt ponding in shallow conduits, during
which chlorine is more efficiently released than fluorine.
Significant water loss from the inclusions upon magma em-
placement is unlikely as the host matrix of these proximal
vesicular scoriae is glassy. Instead, these are still more im-
poverished in HyO (0-2wt %), S (<80 ppm, the detection
limit), Cl1 (460 ppm), and partly in I (360 ppm), thereby
strongly supporting a pure degassing process.

Systematic optical thermometry measurements on melt
inclusions in the Yasur samples reveal a homogeneous tem-
perature of melt entrapment, irrespective of their mineral
paragenesis. In distal scoria lapilli (TAN 6), the homogen-
ization temperatures of melt inclusions vary from 1123 to
1093°C in olivine (average 1108 +8°C; 11 measurements),
and from 1119 to 1104°C (average 1106 &£ 6°C; six measure-
ments) in plagioclase. In crater rim scoriae (TAN 12),
plagioclase-hosted inclusions homogenize at a very similar
mean temperature of 1107 £5°C (13 measurements).
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Fig. 5. (a) Transmitted light photomicrograph illustrating the textures of olivines and melt inclusions typical of the Yasur scoria lapilli in distal

deposits (TAN 6). Small-sized inclusions delineate, with Fe—Ti oxides,

the skeletal texture of the olivine as indicated by the arrow. Large

sealed inclusions (MI) and glassy embayments connected with their surroundings (Emb) are indicated. (b, ¢) Variations of MgO (b) and
Py0O5 (c) as a function of KoO (wt %) in melt inclusions and glassy matrices of Yasur, and Siwi sequence samples. In addition we have plotted
data for Tanna early basalts and basaltic andesites, with their age indicated in italics (data from Peate ¢t al., 1997). D- and P-scoriae stand for
distal and proximal scoria products, respectively, which were specifically selected for melt inclusion studies because of their rapid cooling upon

emplacement.

Stwr sequence

Pumices of the Siwi sequence provide an interesting series
of melt inclusions (Table 4). In basaltic-trachyandesites
(samples TAN 1 and 17), melt inclusions hosted in olivine
(Fo74-69) are compositionally equivalent to or slightly

more evolved than those in the Yasur distal samples
(KoO =2-9-3-4wt %; P,O5/KyO=0-18; Fig. 5b and c).
Their S/CI ratios (~0-2-0-9; Fig. 6), and contents of H,O
(I1-14wt %; Fig. 7) and CO, (<100 to 374 ppm) are also
comparable.
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Error bars

0 1 2 3 4 5
K,O (Wt%)

Fig. 6. Variations of the S/CI (wt ratio) vs KoO (wt %) in melt inclu-
sions, embayments and glassy matrices of Yasur and Siwi sequence
products. Symbols as in Fig. 5.

In the trachyandesite (TAN 23), melt inclusions trapped
in Fe-rich olivines, plagioclase, clinopyroxene and apatite
display the most evolved compositions (Fig. 5b and c).
They are even more evolved than the surrounding
matrix, which indicates local melt evolution during crys-
tallization of the four mineral phases (P,Os5 depletion
being due to apatite formation). These inclusions contain
~180 ppm of CO,y and 11wt % of HyO on average
(Fig. 7). They are partially degassed with respect to S
(220-360 ppm) and CI (690-840 ppm), but to about a
same extent as the embedding matrix glasses (Table 2).
The same observation applies to the less evolved and
less degassed matrix glasses of the Siwi basaltic-
trachyandesites, whose S and CI contents do not differ
much from those in the melt inclusions.

Most importantly, we find that the few Mg-rich (Foz;-g0)
olivine antecrysts present in the Siwi trachyandesite have
entrapped melt inclusions with a basaltic composition,
comparable with that of the bulk Tanna basalts (Fig. 5b
and c). These inclusions are the richest in CaO (up to
10 wt %; GaOJ/Al,O35 up to 0-59) and the poorest in PoOs
and K,O (PyO5/K,0 =0-18; Fig. 5¢), once corrected for
the limited effect of post-entrapment crystallization of
their host (Table 4). They represent the least evolved melt
of the Yasur—Siwi magmatic series, and thus provide
unique information on the volatile content of the parental
basaltic magma of Tanna volcanism. These scarce basaltic
inclusions contain between 1 and 2wt % of HyO (Fig. 7),
1000 ppm of S (without any immiscible sulfide globules),
and 550 ppm of Cl (S/C1=18%0-2; Fig. 6). Their CO,
content ranges from 573 to 130 ppm, without co-varying

N
1
¢ ¢

| Error bars

H,O (wt%)
Lo
o
<&
. <

0.0 0.5 1.0
P,05 (Wt%)

Fig. 7. Variations of HyO (wt %) as a function of P,O5 (wt %) in
melt inclusions, embayments and glassy matrices of Yasur and Siwi
products. Symbols as in Fig. 5.

with HoO. However, they also contain bubbles into which
carbon dioxide could have migrated upon cooling after en-
trapment. Consequently, their dissolved CO» content may
represent a lower limit for the amount of that species at
the time of melt entrapment.

YASUR VOLCANIC GAS
EMISSIONS

Gas composition

Figure 8 shows the temporal variations of SO, and
air-corrected CO, and H,O concentrations in Yasur vol-
canic gas emissions, as recorded on 21 October 2007. In
the first ~22 min enhanced plume condensation prevented
H,5O retrieval. The observed variations are due to both
the pulsed explosive activity and variable air dilution of
the volcanic plume during the interval of measurement.
Looking at the relative behavior of the volatile species,
however, reveals a very coherent pattern for COy and
SOy. The best-fit regression line in a scatter plot of COq
vs SO, concentrations (Fig. 9a) constrains a mean COy/
SOy molar ratio of 16404 (Table 5), with minor and
short-lived temporary fluctuations (from <15 to >3). A
comparable COy/SOy mean ratio (1-8-2; Table 5) was mea-
sured on 29-30 October, and had previously been reported
(~2:0) from Fourier transfor infrared (FTIR) remote sen-
sing in 2005 (Oppenheimer ef al., 2006). This parameter
thus appears to be rather steady in Yasur volcanic gas
emissions. In fact, Oppenheimer et al. (2006) reported no
difference in COy/SO, ratio during quiescent and explo-
sive degassing in 2005, in sharp contrast to observations
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Fig. 8. (a) Time record of CO,, SO, and H,O concentrations (in ppm) in the Yasur plume on 21 October 2007. For CO, and H,O, we report
in-plume concentrations after subtraction of background air contents (384-387 ppm and 19440-21020 ppm for CO, and HyO, respectively).
(b) Time record of COy/SO, and HyO/SO, molar ratios in the Yasur plume. Open squares, high-rate record of COy/SO, ratios, calculated by
taking the point-to-point ratio of CO, and SO, concentrations reported in (a) (the ratios were calculated for all the couples of MultiGas meas-
urements for which SO concentration was above the threshold value of 2 ppm); black filled squares, mean CO4/SOs ratios calculated from sub-
sets of COy and SOy concentrations acquired within the same time intervals used above for HyO/SO, ratios (ratios calculated as described
above for HyO/SOy); diamonds, mean HoO/SO, ratios calculated from subsets of HyO and SO, concentrations acquired within specific time
intervals. These time windows (indicated by the vertical grey bars) were selected as those showing the highest HyO air-corrected concentrations
and peak SO, concentrations >5 ppm. The mean H,O/SO, ratios were calculated by drawing, for each time window, a SO, vs H,O scatter dia-
gram, and calculating the corresponding ratio from the slope of the best-fit regression line.

during analogous activity at Stromboli volcano, in Italy
(Burton et al., 2007).

The relative behavior of HoO vs SO, is much more vari-
able (Fig. 9b and c), owing to the inherent complexity in

resolving volcanic HyO from the high and changing air
humidity background on top of Yasur. The volcanic H,O/
SO, molar ratio was thus assessed by considering only the
time windows during which highest SO, and air-corrected
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Fig. 9. (a) Scatter diagram of MultiGas-sensed SOy and CO, con-
centrations (in ppm), including the entire dataset of Fig. 8a. The
mean plume COo/SO, ratio of 16 is derived from the slope of the
best-fit regression line (see Shinohara et al., 2008; Aiuppa et al., 2007,
for more details). (b) Scatter diagram of MultiGas-sensed SO, and
H,O concentrations (in ppm), drawn from data acquired within the
selected time intervals indicated as grey bars in Fig. 8. (¢) Scatter dia-
gram of SO, concentrations (in ppm) against the plume HyO/SO,
ratios. The diagram shows that as plume density (and therefore
SOy concentration) increases the spread of observed HyO/SO, ratios
becomes narrower. The HyO/SO, ratio range of 50-90 (on average
70) is therefore accepted as the most representative of Yasur gas
emissions.

HyO concentrations were recorded on 21 October (grey
vertical bars in Fig. 8). Although it varied widely even
during these intervals (from 40 to 120; Fig. 9b), the H,O/
SO, ratio was more restricted (from 50 to 90) when
the volcanic plume was more concentrated (>5 ppm SOy;
Fig. 9¢). Although the lower values may be more represen-
tative (given the plume dilution factor of order 10°-10°),
we considered here the mean volcanic HyO/SOy molar
ratio of 70 £20. Measurements on 29-30 October gave
higher and even more variable ratios (120460 and
160 £60, respectively; Table 5), which, as mentioned
above, were affected by a higher and more erratic moisture
air background. It should be noted that HoO could not be
determined with FTIR remote sensing at Yasur in 2005
(Oppenheimer et al., 2006) and so our results are the first
for this volcano.

POST-CALDERA VOLCANISM AND RESURGENCE

Chemical analysis of filter pack samples demonstrates
reasonable stability of the volcanic HCI/SO, (0-33—0-53)
and HEF/SOy (0-:095-0-12) molar ratios during our 21 and
29-30 October surveys (Table 5 and Fig. 10). It should be
noted that these ratios characterize the time-integrated
emission during both passive and explosive magma degas-
sing. This prevented us from detecting the sharp SOo/HCI
peak increases (up to 30) during single explosions that
were measured with remote FTIR sensing at Yasur in
2005 (Oppenheimer et al., 2006), and in 2008 (Allard
et al., in preparation). However, the average SOo/HCI
molar ratio of 2:4£0-4 derived from our measurements
does not differ much from the mean SO/HCI molar ratio
(~2:0) for purely passive degassing reported by
Oppenheimer et al. (2006), which means that passive gas
emissions supply a prevalent fraction of the overall Yasur
gas budget.

Combining our results from both MultiGas and
filter-pack measurements, and normalizing to 100%, we
derive the mean composition for Yasur volcanic gases re-
ported in Table 5. As verified from MultiGas sensing on
29-30 October, the contribution of other gas species such
as HoS and H, is minor (HyS/SO9<0-01 and Hyf
SO, <0-1). Yasur gas emissions thus appear to be highly hy-
drous (~98mol % HyO) and oxidized (SOo/HsS ratio
>100); these are typical features for magmatic gas emis-
sions from arc volcanoes worldwide (e.g. Symonds et al.,
1994). Their COy content is relatively modest and their
HCI/HF molar ratio (~4) ranks among the lowest ratios
measured at arc volcanoes (19-160; Aiuppa, 2009).

Gas fluxes
The SOy column amounts measured during our DOAS
traverses beneath the Yasur volcanic plume occasionally
displayed up to three peaks, tracking gas emission from
the three active vents in the crater. The mean SO, fluxes
determined on 20-21 and 29-30 October 2007 are 940
and 620 tons per day (tons d '), respectively (Electronic
Appendix 2). Their average (690 %330 tons d ') is identi-
cal to the time-averaged SO, flux of 6804380 tons d ™'
constrained by repeated measurements at Yasur in 2004—
2009 (Bani & Lardy, 2007; Bani et al., in preparation).
Therefore, our gas results in October 2007 are representa-
tive for the standard eruptive activity of the volcano.
Combining the chemical composition of the volcanic gas
with the measured SO, fluxes, we directly derive the emis-
sion rate of the other volatile species (Table 5). The daily
mean fluxes (tons d_l) are in the range of 13-4 x 10° for
H,0, 840 for CO,, 165 for HCI and 23 for HF. The total
gas flux, quantified here for the first time, averages
~15 x 10’ tonsd™". According to these results, Yasur vol-
cano ranks among typical arc emitters: it contributes
¢. 17-19% of global volcanic emissions of HoO (~8 x
10° tons d 7 Wallace, 2005), and SOy (~3-6 x 10* tonsd ™%
Andres & Kasgnoc, 1998), ~0-3-2:4% of global CO,

1093

GTOZ ‘22 Yyore | uo 1s9nb Aq /B1o'seulnolpioyxo’ABojoed//:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 52 NUMBER 6 JUNE 2011

Table 5: Chemical compositions and mass fluxes of Yasur crater gas emissions

Date: 10/21/2007 10/29/2007 10/30/2007 Mean ratios Jan. 2005*
H,0/S0, 50-90 120 + 60 160 + 60 70+20 n.d.
CO,/S0, 1-6+0-4 1-8+05 2:0+05 1-8+0-2 20
HCI/SO, 0-33+0:08 0-563+0-10 0-44+0-06 0-43+0-10 05
HF/S0, 0-12+0-035 0-095 +0-031 0-12+0014 0-11+0-01 n.d.
HCI/HF 28 56 37 40+14 n.d.

Recalculated compositions and gas flux estimates

mol % Mg d~’ mol % Mg d~’ mol % Mean fluxesT Mg d~’
H,0 97 13220-23790 97 20900 98 13390 -
CO, 18 1030 15 770 12 840 1330
SO, 11 940 0-8 620 06 680 970
HCI 0-38 177 0-43 187 0-27 164 276
HF 014 35 0-08 18 0-07 23 -
Total 15097

*S/Cl ratio during quiescent degassing, difference between passive and explosive not resolved for CO, (CO,/SO0,;

Oppenheimer et al., 2006).

TMean fluxes are the 2007 mean gas fluxes (H,0, CO,, HCI, HF) calculated for a time-averaged SO, flux of 680tonsd~"

(Bani & Lardy, 2007).

-

| cIs 049,ﬁ EC‘)

-
-
,/

04| &=~ C|/§ =0.33 (a)

o B
02 ,Cio’”‘lj
011 o "FIS =0.12 (p)
05 15 25

SO, (ppm)

Fig. 10. Scatter diagrams of (a) HCI vs SO, and (b) HF vs SO,
in-plume concentrations, derived from filter-pack measurements.
These data should be viewed as time-integrated plume concentrations
over the filter-pack sampling intervals (ranging from 45 to 60 min).
Circles, 21 October samples; squares, 29-30 October samples.
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emissions (0-4-3-5 x 10° tons d ™% Arthur, 2000), ~14% of
HCI (~12 x 10* tonsd % Pyle & Mather, 2009), and 0-5%
of HF (~5 x 10° tons d_lg Pyle & Mather, 2009). However,
its volatile source strength is an order of magnitude lower

than that of nearby Ambrym volcano, in the central
Vanuatu arc (Allard et al., 2009; Bani et al., 2009).

DISCUSSION

Long-term feeding of Tanna volcanism by
the same arc basalt

We show here that the Yasur—Siwi magmas belong to the
same magmatic evolution series as both the Old Tanna
Ignimbrite (OTI; Robin et al., 1994) and Tanna basalts
erupted as long as 24 Myr ago (Carney & Maclarlane,
1979; Peate et al., 1997). This conclusion, deduced from
both major and trace elements (Fig. 3) in the bulk-rocks, is
also verified by the composition of melt inclusions: these
cover a complete range from basalt—comparable with
bulk Tanna basalts—to the most evolved trachyandesite
erupted during the Siwi ignimbrite eruption (Fig. 5b and
c¢). Hence, we propose that a geochemically homogeneous
basaltic magma could have supplied Tanna volcanism for
~2 Myr.

Furthermore, our study demonstrates that basaltic-
trachyandesites erupted during the last 1400 years of
volcanic activity in the Siwi caldera have maintained a
constant bulk composition, in agreement with previous ob-
servations by Nairn et al. (1988). Such a constancy points
to steady conditions of magma supply and differentiation
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during this time interval. We did not find any textural or
mineralogical evidence of basalt input and mixing with
more evolved trachyandesitic magmas in the Yasur—Siwi
products (Figs 3 and 5). This conclusion is also supported
by the S and CI behavior, as discussed below. Robin et al.
(1994) made the same observation for the OTI and Siwi
deposits. Therefore, crystal fractionation is the dominant
process controlling basalt differentiation towards the com-
positions of the Yasur and Siwi magmas, even though
mixing between cogenetic melts that have differentiated
along the same liquid line of descent cannot be totally
excluded. Based on their average bulk Th (19 ppm) and
Nb (I1ppm) contents, we compute that Yasur
basaltic-trachyandesites derive from a basaltic parent
magma (Th=0-9 ppm, Nb=0:6 ppm) by ~50% crystal
fractionation (removal). The generation of the most
evolved trachyandesitic magma (Th=3-3 ppm) extruded
during the Siwi ignimbrite eruption (TAN 23 and 24), re-
quires a higher extent (>70%) of differentiation.

The Yasur—Siwi magma series displays high U/Nb
(1 £0°1) and Th/Ta (23 £1) ratios typical for a subduction
context, and La/Yb ratios (57 £0-3) that are similar to
those for island arc basalts in the southern Vanuatu arc
(Monzier et al., 1997). Following Peate et al. (1997), their
overall enrichment in Ba and K, together with their low
Zr/Yb (43£2) and Nb/Yb (0-53 £0-02) ratios, points to
the contribution of slab-derived fluids to a depleted
MORB-mantle source. The high Th/Nb ratio (17) could
be compatible with the involvement of a sediment-derived
component (Johnson & Plank, 1999; Elliott, 2003), as also
inferred for other Vanuatu lavas (Peate et al, 1997).
Alternatively, these trace element ratios could be con-
trolled by the stability of accessory phases in the subduct-
ing slab (Skora & Blundy, 2010). Sediments subducted
beneath Tanna, which derive from the North Loyalty
Basin, are prevalently composed of andesitic-dacitic
volcano-clastic debris associated with silt—sandstone and
conglomerate horizons, ash units rich in nanofossils, radio-
laria and clays (e.g. Peate et al., 1997). Such sediments can
be expected to contribute a small amount of volatiles to
the mantle wedge upon subduction, in agreement with
our finding of modest volatile enrichment of the Tanna par-
ental basalts.

According to our data for the most primitive melt inclu-
sions in Mg-rich olivines, the parental basalt of the Siwi—
Yasur magma series is moderately hydrous (I-2wt %
H,0), weakly enriched in sulfur (~0-1wt %), and rather
poor in Cl (~0:055wt %). In fact, it falls within the
domain for Cl-poor arc magmas whose genesis requires
the contribution of <5wt % slab-derived equivalent NaCl
to a MORB-mantle source (Wallace, 2005). The low CI
content of this basalt is also consistent with the low HCI/
HF molar ratio (2:8-5:6) of Yasur gas emissions compared
with other arc volcanic gases (19-160; Aiuppa, 2009).

POST-CALDERA VOLCANISM AND RESURGENCE

Moreover, Yasur melts, with an average Cl/H,O wt ratio
<0-05, are far from being saturated with a hydrous saline
liquid (Webster et al., 1999). Finally, the relatively low
COy/SOy ratio of Yasur arc volcanic gases, the modest
CO, emission rate (~840tonsd™" on average) and the
rather low dissolved CO, content of local thermal waters
(Gauthier et al., in preparation), all concur to suggest a
moderate enrichment of the parental basalt in carbon
dioxide.

Depths and conditions of magma
differentiation

The depths and conditions of magma differentiation be-
neath Siwi caldera were assessed from both our melt inclu-
sion data and MELTS calculations (Ghiorso & Sack,
1995). Assuming volatile saturation, the dissolved CO,
and H-O contents of olivine-hosted melt inclusions in the
Yasur—Siwi lavas allow us to estimate the total fluid pres-
sures (Pcoo + Proo) and, hence, the lithostatic depth at
the time of entrapment of the various liquids (Electronic
Appendix 3). For these calculations we used the solubility
model of Papale et al. (2006), taking account of the fact
that COy solubility data are still poorly documented for
basaltic-trachyandesite compositions. Melt temperatures
were derived from MELTS computations and from our
thermometry measurements. Finally, redox conditions
close to the nickel-nickel oxide (NNO) buffer were found
to best fit with the composition and mineralogy of the
Yasur—Siwi magmas (see below) and, hence, were used in
our calculations.

Parental basall

For the basalt, accurate pressure estimates are hampered
by the scarcity of our data for the basaltic melt inclusions
and their variability in both COy (from 574 to 103 ppm)
and HyO (from 1 to 2 wt %). Moreover, the measured dis-
solved CO, contents may represent lower limits, as men-
tioned above. For the most COg-rich inclusion, with 1wt
% Hy0, we infer a minimal entrapment pressure of
155 MPa (Fig. 11, and Electronic Appendix 3), correspond-
ing to ~6 km lithostatic depth for a mean host-rock density
of 2700kgm . Alternatively, one can place an upper
limit on the initial CO, content and saturation pressure of
the basalt from its pre-eruptive S content of 01wt %
and the COy/SO, ratio of Yasur gas emissions (1-6-2-0;
Table 5). From these parameters we compute a total (dis-
solved and exsolved) amount of ~0-22-0-27 wt % COy in
the basaltic system, which, if originally dissolved together
with 1-2wt % HyO, would imply volatile saturation at
~290-330 MPa or ~11-12km lithostatic depth under
NNO redox conditions. It should be noted that such an
amount is rather modest when compared with that of bas-
altic arc melts stored at crustal depths, which typically con-
tain 02 to <0-5wt % of dissolved COy but also coexist
with an exsolved COq-rich gas phase (e.g. Wallace, 2003).

1095

GTOZ ‘22 Yyore | uo 1s9nb Aq /B1o'seulnolpioyxo’ABojoed//:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 52 NUMBER 6 JUNE 2011

600
| ?‘ @ YasurMi
g @ Basaltic Ml

Y
o
o
1
| =~a
o
(e
=
T
QO

N
o
o
L L
!
i
]
]
[}
i
]
]
]
]
[
]

CO, (ppm)
®

0 '?.llllfll-lillll-illl:_
0.0 05 10 15 20 25
H,O (wt%)

Fig. 11. Pressure-related variation of COy and HyO in olivine-hosted
melt inclusions (MI) of Yasur distal scoria lapilli and in two basaltic
melt inclusions. The arrow indicates the mean composition of
the melt inclusions in scoriae emplaced on the crater rim representa-
tive of the degassed and crystallized magma stored in the upper
parts of the conduit.

This is again consistent with the idea of minor carbon
recycling beneath the southern Vanuatu arc.

MELTS calculations must be considered with caution as
they do not include the effect of COy on the stability field
of the mineral phases (Ghiorso & Sack, 1995). However,
water exerts the main influence on the crystallization path
of magmas that are weakly or moderately enriched in
carbon dioxide, such as inferred here for the Tanna basalt.
Our MELTS computations, performed at between 1150
and 1090°C and fO, buffered at NNO, show that this
basalt, chemically represented by melt inclusions in olivine
Fo_gy (TAN 23-18 and 26; Table 4), cannot differentiate
into Yasur-type basaltic-trachyandesite if it initially con-
tains more than ~lwt % of water. For 2wt % HyO, as
measured in the TAN 23-18 inclusion, both isobaric crystal
fractionation at 300 MPa and polybaric melt differenti-
ation from 300 to 200 MPa fail to reproduce the Yasur
magma composition and mineral paragenesis. At 1100—
1090°C, the basalt would crystallize for only 20%, with
clinopyroxene being prevalent, whereas plagioclase starts
crystallizing at low temperature (<1090°C). As a result,
AlyOg drastically increases (up to 19wt %) whereas CaO
decreases in the melt, which is opposite to what is observed
in the natural samples (Tables 1 and 2). For a higher initial
HyO amount, the basalt crystallization rate is lower or
even negligible. These conclusions remain valid under
redox conditions more oxidizing than NNO. Instead, with
0-8-1wt % of dissolved HyO the basalt is able to crystal-
lize extensively (45-30%), forming plagioclase (Any gg),
olivine (Fo75-7)), clinopyroxene, and a little spinel in the
1110-1080°C. range, which does correspond to the

paragenesis of the poorly crystallized Yasur basaltic-
trachyandesite (sample TAN 6). Therefore, the basalt
feeding the Yasur—Siwi system must be weakly hydrous to
differentiate into basaltic-trachyandesite. Depending on its
actual dissolved CO, content, we infer that this basalt
could be emplaced between about 11km and ~6 km depth
beneath the Siwi caldera, before differentiating into
basaltic-trachyandesite.

Yasur—Siwi basaltic-trachyandesites

Our dataset for dissolved COy and H,O in olivine-hosted
melt inclusions and glass embayments in the Yasur
basaltic-trachyandesite is much larger. It indicates polyba-
ric melt entrapment in olivine at total (Paog + Praso) pres-
sures ranging from about 130 MPa to <50 MPa (Fig. 11;
Electronic Appendix 3). A similar pressure range, from
~110 to <50 MPa, is inferred for the few analogous inclu-
sions from the Siwi sequence (TAN 1 and 17; Electronic
Appendix 3). We thus infer that basaltic-trachyandesite,
having on average 10% crystals and ~10-13wt % of
dissolved HoO, is emplaced and degasses at between
~4-5km and <~1-8km depth beneath Siwi caldera. This
magma is directly erupted only during the vigorous explo-
sive activity, which produces the distal fallout deposits.
Otherwise, during ‘standard’ Yasur explosive activity the
magma experiences an additional late stage of degassing
and crystallization, probably at shallow depth, as demon-
strated by the high crystal (32%) and low bulk HyO con-
tents (0-2-0-3wt %) of the proximal scoriae. MELTS
calculations do reproduce the crystallization extent and
mineral paragenesis of these water-poor ejecta, within a
temperature range of 1090-1100°C, under NNO redox
conditions and a total pressure of <50 to 10 MPa (<18 to
0-37km depth). Plagioclase (Ansg_53) is the prevalent
phenocryst phase (~27-30%), coexisting with ~1-15%
olivine (Fo7), 1:6-2%, spinel, and a negligible fraction of
clinopyroxene, as actually observed in these scoriae.
Under more oxidizing conditions (NNO > +0-5), we find
that the olivine either disappears or is significantly richer
in MgO (Fo ~74) than measured in our representative
TAN 12 sample.

In summary, distal and proximal scoriae from Yasur
share comparable bulk-rock compositions and crystalliza-
tion temperatures, but differ in their crystal and volatile
contents, and in their glassy matrix compositions. These
samples provide a clear illustration of the prevalent role of
water exsolution, at nearly constant temperature, in pro-
moting shallow crystallization. Crystal-rich degassed
magma, expelled as bombs and vesicular scoriae during
typical Strombolian (or Vulcanian) activity, is actually
stored at shallow depths in the upper Yasur volcanic
conduits.

We also outline that the relatively high crystallization
temperature of the basaltic-trachyandesites, irrespective of
their mineral paragenesis and crystal amount, requires a
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steady and relatively high heat flow. Basalt crystallization
supplies a heat flow ®H = (C,AT + L), where C,, is the
melt heat capacity (1300-1484 J kg 'K™; Bohrson &
Spera, 2001), AT the temperature decrease, ¢ the fraction
of crystals, and L the latent heat of crystallization [(3-5—
4-2) x 10°J kg% Bohrson & Spera, 2001]. A AT of ~55°C
is assessed from the difference between the basalt liquidus
temperature, calculated from MELTS (1158-1164°C
for 1wt % dissolved HyO), and the measured tempera-
ture of basaltic-trachyandesite crystallization. We obtain a
crystallization-related heat release of ~2:3 x10°W kg_1
basalt, which could contribute to maintain the relatively
elevated temperature of the overlying HoO-poor basaltic-
trachyandesites.

Magma degassing processes and budget
Magma degassing processes

Our melt inclusion dataset allows us to characterize the
degassing behavior of the main volatile species (CO,,
H,O, S and Cl) during magma differentiation and decom-
pression in the above estimated pressure ranges beneath
Siwi caldera.

As shown by Fig. 1l, during decompression of the
basaltic-trachyandesite magma from about 130-110 MPa
to <50 MPa carbon dioxide sharply degasses, whereas
H,0O does not vary much from its initial value of ~1—
13wt % until very shallow depths. Such a pattern strongly
suggests open-system degassing conditions (e.g. Newman
et al., 2000). It would imply a COy-dominated (60-80 mol
%)) gas phase, whereas gas emissions are water-dominated.
Moreover, if the basaltic-trachyandesite actually derives
from ~50% crystal fractionation of a basalt containing
~0-8—1wt % H,O, it should be as twice as rich in water.

The trend depicted in Fig. 11 cannot be an artefact of
mixing, in constant proportions, between the basaltic-
trachyandesite and an HyO-poor component (such as
recycled degassed magma or, possibly, a residual melt of
Siwi ignimbrite). Indeed, a water-poor degassed compo-
nent should also be depleted in sulfur and partly in chlor-
ine and, while mixing, would affect the distribution of
these two species. This possibility is discounted by the vari-
ation of S and Cl in the olivine-hosted melt inclusions,
which clearly delineates true degassing trends (Fig. 12). As
also mentioned above, we have found no textural or min-
eralogical evidence of mixing between the low-H,O feed-
ing basalt and an HyO-enriched trachyandesite.

Furthermore, several observations exclude significant
H50O re-equilibration of the analyzed melt inclusions with
the carrier magma (e.g. Danyushevsky et al., 2002). This
process, driven by proton diffusion, can occur on short
time scales but is limited during rapid ascent of magma
from shallow depths (Johnson et al., 2010). This is typically
the case for the Yasur scoriaceous products, which experi-
enced high cooling rates: their matrices are perfectly

POST-CALDERA VOLCANISM AND RESURGENCE

glassy, the morphology of both their olivine crystals and
melt inclusions points to crystal nucleation induced by
fast decompression events, and, most importantly, their
opened glassy embayments in olivine have the same H,O
content as the sealed inclusions. All these features demon-
strate limited water diffusion during magma ascent and
emplacement. Accordingly, the HsO concentrations of
1-13 wt % measured in the olivine-hosted melt inclusions
in the Yasur distal scoria lapilli are considered representa-
tive for the basaltic-trachyandesite prior to its crystalliza-
tion and eruption.

Therefore, the lower than expected HyO content in
the basaltic-trachyandesite would imply water loss either
through the conduit walls or via its fluxing by deep
COg-rich gas bubbles derived from the underlying and
differentiating parental basalt. This process was recently
advocated to explain magma dehydration in both basaltic
(e.g. Spilliaert et al., 2006; Johnson et al., 2008; Collins
et al., 2009) and silicic (Blundy et al., 2010) systems.
Moreover, recent experiments involving re-equilibration
of HyO-bearing rhyolitic melts with a COy-rich gas phase
show that fluxing by even a small quantity of COy may
provoke temporal volatile under-saturation of the melt
and the release of large proportions of H,O (Yoshimura
& Nakamura, 2010). Although further data are needed to
confirm this interpretation, it remains likely that HyO ex-
solution and loss (possibly ~lwt %) exerts the dominant
control upon the genesis and crystallization path of the
basaltic-trachyandesitic magma beneath Siwi caldera. In
that context, we infer that the gas phase flowing through
this magma will be HyO-dominated (up to ~90mol %),
instead of COy-dominated, as actually observed in the sur-
face emissions.

Focusing on the variations in H,O, S and Cl during
magma differentiation and decompression, which are the
best documented, we identify a multi-stage degassing pro-
cess during which these three species behave differently
(Table 6). Magma differentiation is tracked by K,O, the
fraction of residual melt (f) being given by the KoO/
K,O ratio (where KyOy is the concentration of the melt
inclusions representative of the parental basalt). During
the first degassing stage, while the basalt evolves by crys-
tal fractionation towards the basaltic-trachyandesite
(f=0-46), ~40% of the total H,O and 63% of the total
sulfur become exsolved and lost (Fig 12a, Stage I in
Table 6). In contrast, Cl loss is negligible as the Cl/K,O
(0-046) remains unchanged (Fig. 12b). Chlorine exolution
is recorded by the large sealed melt inclusions in
the Yasur distal scoriae (Stage II inTable 6), and by the
basaltic-trachyandesitic melts (TAN 1 and 17) from the
Siwi ignimbrite sequence (Fig. 12). During this stage of con-
comitant Cl and S degassing, crystallization is almost neg-
ligible. Finally, the ultimate degassing stage (Stage III in
Table 6) 1is represented by the evolved (f=0-35)
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Fig. 12. Log-log diagrams of S (a) and CI (b) evolution vs KyO in Yasur and Siwi melt inclusions and glassy matrices. f, extent of melt evolu-
tion derived from the KyO/K,O ratio. Sulfur is exsolved during a first stage (Stage 1) of basalt differentiation, whereas Cl purely tracks the
degassing of the basaltic trachyandesite (Stages II and III). The star represents the bulk volatile content of shallow crystal-rich
basaltic-trachyandesite, corrected for the amount of crystals (32%), which demonstrates their marked depletion in Cl. Excluding these latter
samples, the variation of the melt inclusion S and CI contents in samples TAN 1 and TAN 17 (Siwi sequence) overlaps that measured in Yasur
samples. D- and P-scoria refer to scoriae from distal and proximal deposits, respectively.

trachyandesitic melt inclusions and matrix glasses of the
proximal ejecta, which are strongly depleted in both HyO
(<0-4wt %) and S (<80 ppm) and extensively impover-
ished in Cl (~560-460 ppm). Taking account of their
extent of crystallization (32%), these ejecta are twice as
degassed in chlorine as the magma that is erupted and
quenched during periods of more vigorous explosive activ-
ity. This difference cannot be ascribed to the limited vari-
ation of the [(Al+Na+ Ca+ Mg)/Si] mole ratio of the
melt inclusions (0-35 and 0-45 in proximal and distal

samples, respectively). Rather, it indicates a strong control
of diffusion kinetics on late-stage CI degassing, while gas
bubbles and/or slugs are flowing across the ponding and
crystallizing upper magma column, with chlorine being ef-
ficiently partitioned into the HyO-rich vapor (Webster
et al., 1999).

Simple mass-balance calculations show that, during this
multi-stage degassing process, the S/Cl molar ratio of the
equilibrium gas phase will vary noticeably, from an aver-
age of 59 when magma degasses in the ~100-50 MPa

1098

GTOZ ‘22 Yyore | uo 1s9nb Aq /B1o'seulnolpioyxo’ABojoed//:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

Table 6: Volatile element ratios in vapor phase deduced from

METRICH et al.

POST-CALDERA VOLCANISM AND RESURGENCE

melt inclusion data and degassing budget

Basalt Yasur basaltic trachyandesite

MI/Mtx: Ml Ml Ml Mtx*
Host (Fo mol %): 80-77 74 74
K200/K20 () 1 0-46 0-43 0-35
K20 (wt %) 13 28 30 37
H0 (wt %) 10 12 12 0-2
S (wt ppm) 990 780 330 60t
Cl (wt ppm) 553 1247 910 460
F (wt ppm) n.d. n.d. 350 360
CO, (wt ppm) 573 n.d. 230-120 n.d.

Step-by-step volatile loss

Stage | Stage Il Stage lll  Total budget
K200/K20 () 0-46 0-43 0-356
AH,0 (wt %) 0-45 06 11 0-94
H,0 loss fraction 0-45 05 09 0-94
AS (wt ppm) 628 847 735 969
S loss fraction 0-63 0-86 09 0-98
ACI (wt ppm) 0 159 899 391
Cl loss fraction 0 or negligible 0-29 072 071
Calculated molar ratios in vapor phase
S/Cl 00 59 09 27
H,0/S0, 13 10 26 17

Stage |: degassing recorded by MI, without CI loss, in
Yasur distal scoriae (f from 1 to 0-46). Stage Il: degassing
recorded by large sealed inclusion in distal scoriae (f from
1 to 0-43). Stage lll: shallow degassing of the Yasur
magma (f from 0-46 to 0-35).

*Glassy matrix of proximal vesicular scoriae.

tLower than the detection limit (80 ppm).

pressure interval to ~10 during the final (shallow) degas-
sing stage. Therefore, deeply derived gas slugs driving the
recurrent Yasur explosions should display high S/CI ratios,
as actually observed (Oppenheimer et al., 2006; Allard
et al., in preparation), whereas purely residual degassing of
the upper magma column should be characterized by a
low (<1) S/CI ratio. The time-averaged S/CI ratio of 2-4
we measured for both passive and explosive crater gas
emissions in October 2007 thus requires a mixed contribu-
tion of shallow (<I) and deeper-derived (>5-9) magmatic
gas. It should be noted that the steady S/CI ratio of ~2-0
for purely passive emissions, as measured in January 2005

Table 7: Volumes of degassing magmas

SO, flux (tons d) 680

AS (wt ppm) 969
Mass of degassed basaltic magma (kg s~') 41x10°
Volume of degassed basaltic magma (m® a™") 49 % 107
HCI flux (tons d™")* 165

ACI (ppm) 899
Mass of degassed basaltic-trachyandesite (kg s') 2:1x10°
Volume of degassed basaltic-trachyandesite (m* a=")} 2:6 x 107
Cumulative YRB uplift (m® a~") 2:8 x 10°
Vol. degassed magma/vol. YRB 9

*HCI flux (tons d”') normalized to the time-averaged SO,
flux of 680tonsd™".

+Of the degassed basaltic-trachyandesite magma 95% is
accumulated beneath the Yenkahe horst.

(Oppenheimer et al., 2006), also requires a two-component
gas mixture, but with enhanced contribution of the shal-
low gas phase. These observations further support a differ-
ential gas transfer (i.e. open-system degassing) across the
magma plumbing system, as already suggested by the
COyH,0 degassing pattern in Fig. 11.

Magma degassing budget

As a whole, we compute a bulk loss of >94% for H,O and
S, and of 70% for Cl during magma degassing beneath
Siwi caldera (Table 6). Combined with the Yasur gas
fluxes, the degassed mass fraction of each volatile species
allows us to quantify the amounts of degassing magma
that sustain the current eruptive activity (Table 7). From
the pre-eruptive S content of the basalt and the
time-averaged SO, flux of 680 tonsd ™" representative for
the last 5 years of activity (Bani & Lardy, 2007), we infer
a bulk magma degassing rate of 41 x10°kgs™", or
~5x10’m*a”", for a mean density of 2650kgm™>.
Chlorine, which does not exsolve during basalt dif-
ferentiation, purely tracks degassing of the basaltic-
trachyandesite between about 5 and 4 km depth and the
surface. From its bulk loss (Table 6) and the mean
HCI emission rate (165 tonsd™"), we derive a degassing
rate of 21 x10°kgs™, or 2:6x10'm’a”", of basaltic-
trachyandesite. Hence, the degassing of nearly equivalent
amounts of basalt and basaltic-trachyandesite sustains the
overall volcanic gas output. Considering the uncertainties
involved in these calculations, we find a good agreement
between the proportion inferred from volatile species and
the rate (~50%) of basalt fractionation needed to generate
the basaltic-trachyandesite constrained from the major
and trace element data. This implies that, even though the
analyzed basalt is not a true primitive magma, one should
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not significantly underestimate its pre-eruptive sulfur con-
tent and, hence, the computed bulk magma degassing rate.
Because about 60% of the total sulfur and thus of the
SO, flux from Yasur derive from basalt degassing, a differ-
ential flow of S-bearing gas bubbles must occur through
the overlying basaltic-trachyandesite. This same conclusion
applies to deeper exsolved COy but also to HoO, 1wt %
of which may be exsolved during basalt differentiation. A
differential transfer of gas bubbles nucleated in the basalt
and already enriched in CO», HyO and SOy is indeed con-
sistent with the open-type degassing process suggested by
the P-related CO,~H,O concentrations in the Yasur prod-
ucts (Fig. 11). We note here that the HyO/SO5 molar ratio
inferred for bulk degassing of the basalt (~17; Table 6) is
much lower than the mean H,O/SOy ratio (70; range
50-90) measured in Yasur gas emissions. However, we
have seen that the latter are affected by a large uncertainty,
owing to correction for ambient air background.
Moreover, we do not know whether the emitted water
vapor is wholly magmatic in origin or may partly derive
from entrainment of external steam of meteoric orfand
hydrothermal origin into the shallow plumbing system of
Yasur. This latter possibility is compatible with the obser-
vation of magma—water interactions in the Yasur volcanic
deposits, with the presence of a widespread hydrothermal
system beneath the Yenkahe horst (Gauthier ez al., 2001, in
preparation), and with the heavy local rainfall recharge
and highly permeable nature of the Yasur volcanic cone.

Relationship between magma supply and
the Yenkahe block resurgence

Coral reef terraces on the Yenkahe resurgent block record a
sequence of uplifts with two sharp events dated at Ap 1002
and 1878 (Chen et al., 1995). The 10-15m uplift that
occurred in 1878 was consecutive with a local earthquake,
not felt 20 km away, and was not registered by coral reefs
standing a few hundred meters from the uplifted area, as
noted by Chen et al. (1995). Those workers thus concluded
that the Yenkahe resurgence was strictly confined within
the Siwi caldera and was probably due to magma emplace-
ment or movement at shallow depth. From the geometry
of the Yenkahe resurgent block and its average uplift
of 156cma™" during the last millenium (Chen et al.,
1995), we compute a cumulative volume uplift of
2:8 x10°m*a™", or 2:8 km® in 1000 years.

It is of interest to compare this cumulative deformation
with the magma degassing rates during the same interval.
1o maintain the steady eruptive activity of Yasur and the
great homogeneity of its products for 1000 years at least,
the magma degassing rates must correspond to supply
rates, and present-day average values can reasonably be
extrapolated to the past. A bulk influx of ~5 x 10" m*a™"
of basaltic magma, as deduced from the time-averaged
SO, flux and the S content of basaltic melt inclusions,
would correspond to a cumulative basaltic supply of

~50km” in 1000 years. Our data for chlorine degassing
show that about a half (~26km? of this supply should
have differentiated into the basaltic-trachyandesite that
has sustained the Yasur eruptive activity. The proportion
of this latter magma extruded in 1000 years is not easy to
assess, but can be roughly estimated from the volumes of
the Yasur volcanic cone and Yasur-related tephra deposits.
The Yasur cone, made of ash, coarse lapilli, bombs and
lava, has a base diameter of 15 km and a height of 210 m,
which, given its morphology, implies a volume of
<0-2km”. The Yasur deposits derive from the standard
eruptive activity plus occasional more powerful events,
about one every 20-30 years, whose explosivity index
(VEI) is at most three (Carney & MacFarlane, 1979). For
these stronger explosive events, we estimate a maximum
production of 0:3-0-4 km® of dense magma. For the stand-
ard activity, we use the emission rate of volcanic ash pro-
duced by Yasur explosions and transported downwind of
the crater, estimated as 5 x 10°kgd ™" from filter-pack sam-
pling of the particulate matter in October 2007 and the
SOy plume flux (Allard et al., in preparation). For an ash
particle density of between 1500 and 2000 kg m™>, the cor-
responding volume of dense erupted magma approximates
~0-4-0-6km” in 1000 years. The lava bomb production,
roughly estimated as 200m®d ™" (Gauthier et al., 2001),
would correspond to a minor dense output of 0-05km” in
1000 years, taking account of the high vesicularity of most
of these ejecta. As a whole, therefore, only about 1km?® of
magma may have been erupted from Yasur in that time
interval, which means that 95% (~25km?) of the supplied
(degassed) basaltic-trachyandesite should have accumu-
lated beneath the Siwi caldera complex. Such a high pro-
portion of unerupted to erupted magma is typical for
open-conduit basaltic volcanoes, such as Stromboli
(Allard et al., 2008).

We thus find that, in 1000 years, the volume of degassed
basaltic-trachyandesite accumulated beneath the Siwi cal-
dera is about 10 times larger than the cumulative deform-
ation of the Yenkahe block and, therefore, could easily
account for its resurgence. The storage of ~25km’ of
degassed and hence dense molten magma beneath the
55km long by 3km wide Yenkahe horst could have
formed an accreting sill-like body of 15 km height, crystal-
lizing on its margins and conductively heating the host
rocks and the overlying hydrothermal system. The low
magmatic CO, content of local thermal waters (Gauthier
et al., 2001, in preparation) and soil gas emanations
(Chaput et al., 2009; P. Allard et al., unpublished data,
2007), attributed to the extensive hydrothermal alteration
and sealing of volcanic rocks forming the Yenkahe block
(Chaput et al., 2009), would also be consistent with relative-
ly shallow emplacement of the roof of this degassed
magma body. The intrusive body, with almost zero erup-
tive potential, must be connected to the deeper feeding
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Fig. 13. Schematic representation, not to scale, of the magmatic plumbing system beneath Siwi caldera. Both gas and melt inclusion data lead

3

us to propose that ~25km” of degassed basaltic-trachyandesite may have accumulated beneath the Yasur—Siwi volcanic complex during the
last 1000 years, which is one order of magnitude larger than the accumulated deformation of the Yenkahe resurgent block over the same time
interval. (Note that these relative proportions are not respected in our illustration.)

system by some dyke-like pathways that allow gas bubbles
and batches of the undegassed basaltic-trachyandesite to
rise and sustain the Yasur eruptive activity. The Yasur vent
can thus be viewed as a pipe linked to the accreting
magma body, through which most of the gas supplied to
the system escapes separately (I'ig. 13). GPS measurements
made in 2002-2005 have revealed short-term episodes of
horizontal deformation and rapid inflation then deflation
of the Yenkahe horst, reaching an amplitude of 17 cm over
a few months and associated with a temporary increase
then a decrease in Yasur activity (Erre, 2005). Such rapid
and reversed deformations strongly suggest transient pres-
suring of the magma body owing to an enhanced influx
of magmatic gases, rather than a magma intrusion.
Temporal variations in magmatic gas influx from either
the underplating basalt or the basaltic-trachyandesite, or
both, could explain the observed oscillations in Yasur’s
eruptive regime (Erre, 2005) and SO, emission rate (Bani
& Lardy, 2007). The associated episodes of rapid inflation
and deflation of the Yenkahe horst detected with GPS, pos-
sibly amplified by the shallow hydrothermal system,

indicate an almost elastic reponse of the medium to these
short-term variations in gas supply.

In the long term, however, the accumulated uplift and
extension (graben) of the Yenkahe block, with episodes of
sharp co-seismic uplift, require magma accumulation
with occasional brittle fracturing of the caldera floor.
Rock fracturing and tensile failure in volcanic systems are
known to depend on several parameters, such as the
strength of the volcanic rocks, the deformation mode (elas-
tic or viscoelastic), and the mechanical response of the
magma reservoir to its pressurization (e.g. Simakin &
Ghassemi, 2010). It has to be stressed that the sudden
block faulting and large co-seismic uplift that affected the
eastern part of the Yenkahe block in 1878 (Chen e al.,
1995) was not accompanied or followed by a major change
in Yasur activity. Such a decoupling between violent
co-seismic uplift and volcanic activity negates a sudden
magma recharge as the trigger of that event. Rather,
it is compatible with a sudden mechanical release of accu-
mulated stress, facilitated by previous faulting of a weak-
ened structure. Hence, we propose that Yenkahe block
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resurgence in the past millennium could result from both
continuous and discontinuous (co-seismic) accommoda-
tion of the mechanical stress generated by the gradual stor-
age of degassed basaltic-trachyandesite magma, at a mean
rate of ~0-025 km®a™", beneath the Siwi caldera. We note
that a comparable magma and gas supply rate
(0-02 km®a™") was inferred to explain the resurgent dome
inflation (0-:04 ma™") in Long Valley caldera between 1978
and 1999 (Hill, 2006), despite the much larger dimensions
of that caldera. The respective influence of magma intru-
sion, gas supply and hydrothermal systems on ground de-
formation in calderas, however, remains strongly debated.
We emphasize that the Yasur—Siwi volcanic complex, with
its long-term and fast deformation of the caldera floor,
short-term  deflation—inflation phases most probably
caused by magmatic gas motion, and persistent eruptive
activity, is a most suitable site to address these questions
quantitatively.

CONCLUSIONS

We provide here new data on the petrology of the
Yasur—Siwi volcanic products, the first results on their
pre-eruptive volatile contents, and the first complete
budget for Yasur gas emissions. Together, the results allow
us to quantify the rates of magma and volatile supply to
this volcanic complex during a post-caldera stage and to
propose initially a structure of its plumbing system. We out-
line the following main observations and conclusions.

(I) The geochemistry of Yasur—Siwi bulk products and of
their melt inclusions, together with literature data for
associated basalts, strongly suggests the long-term
feeding of Tanna volcanism by a homogeneous arc
basaltic magma. This conclusion could be reinforced
by further study of the Tanna basalts themselves.

(2) Yasur basaltic-trachyandesites derive from ~50%
crystal fractionation of a parental basalt moderately
enriched in volatiles, and according to their dissolved
H,O and CO, contents, should be emplaced between
<5-4km depth and the surface. Their constant bulk
composition and mineralogy during the last 1400
years, as well as their high mean temperature
(1107 +15°C), imply a steady regime of crystallization.
Their early dehydration and prevalent open-system
degassing generate a gas phase gradually richer in
H,O, S and then Cl upon decompression.

(3) Yasur magmas erupted during normal and more
powerful explosive activity share a comparable bulk
composition and crystallization temperature, but
noticeably differ in their crystal contents, volatile
abundances and glassy matrix compositions. These
features indicate a prevalent role for water exsolution,
at nearly constant temperature, in promoting shallow
crystallization of the magma filling the upper Yasur

conduits, which is represented by light scoriae and
vesicular to dense bombs, rich in crystals, thrown out
on the upper volcanic cone.

4) Yasur volcano emits HyO-rich (97 mol %) magmatic
gas at an average rate of 13-4 x 10 tonsd™", which
makes it a typical arc emitter. The amount of
feeding basaltic magma needed to sustain this gas
output, computed from its initial S content and the
time-averaged SO, flux (680tonsd™"), averages
41 x10° kg s, nearly half of which is differentiated
into basaltic-trachyandesite. This implies the develop-
ment of a large deep magma reservoir able to accom-
modate the accumulated volume of basalt over the
last 1000 years. Basalt crystallization would supply
a heat flow of ~1MW to the overlying basaltic-
trachyandesite, thereby contributing to maintain the
relatively elevated temperature of this otherwise
HyO-poor magma.

(5) The time-averaged HCI flux of 165tonsd™" is
essentially supplied by the degassing of basaltic-
trachyandesite at a rate of 0-026km”a™", most
(>95%) of which remains unerupted. The respect-
ive amounts of degassing basalt and basaltic-
trachyandesite are in good agreement with independ-
ent estimates from petrological data.

(6) Over the last 1000 years, ~25km® of basaltic-
trachyandesite would have degassed without erupting
and, therefore, been stored in an accreting intrusive
body beneath Siwi caldera. This amount is one order
of magnitude larger than the accumulated deform-
ation of the Yenkahe resurgent block. We thus suggest
that ground deformation of the caldera floor could
result from both continuous and discontinuous
(co-seismic) mechanical relaxation of the stress
induced by this accumulation of unerupted degassed
magma.
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