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Abstract 
Volcan Sollipulli is a Quaternary stratovolcano situated at 38'50'S in the Southern 

Volcanic Zone of the Andes of Chile, about 25 km east of the volcanic front. The volcano is 
capped by a large (25 km2 approx. ) ice-filled caldera. Sollipulli is unusual in this region of 
predominantly basic to intermediate magmatism in that it has erupted a wide range of magmas 
from high-MgO (9%) basalt to rhyolite (74% Si02). The last major eruption, the Alpehue 
eruption, occurred at about 2,900 B. P, ejecting about 4.7 km3 (D. R. E) of homogeneous 
high-Si dacite pumice, forming an extensive plinian airfall deposit and ignimbrite. The 
caldera predates the Alpehue eruption and is believed to have formed by passive subsidence 
combined with erosion rather than by catastrophic collapse. Withdrawal of magma from 
beneath the centre of the structure and effusive eruption induced subsidence. 

Magma mixing, fractional crystallisation and crustal assimilation are important 
evolutionary mechanisms. Some mixed dacite lavas contain primitive basaltic magmatic 
inclusions with diktytaxitic textures indicative of rapid quenching. Strongly resorbed, 
reverse zoned sodic plagioclase of dacitic origin occurs in basic inclusions and high-Mg 
olivine occurs in dacites. Other sequences appear to have evolved predominantly by 
fractional crystallisation with some crustal assimilation. The amount of crustal assimilation 
increases with decreasing age in some cases. Older Sollipulli basic magmas have evolved as 
small batches predominantly at moderate to high pressure in the mid-lower crust whereas 
younger basic magmas have experienced protracted upper crustal histories in a large magma 
chamber, fractionating and assimilating crust to produce abundant high-Si dacite. 

Sollipulli magmas have an anhydrous mineralogy except for the occurrence of very 
minor amphibole in some mixed rocks. Magma temperatures range from about 11 80'C in 
basalts to about 900'C in dacites. The most primitive samples represent hot and relatively 
water-poor (<1-2% H20) high-Al basaltic magmas. Crystal-rich andesites and dacites 
record lower temperatures than crystal-poor equivalents. The cooler porphyritic magmas 
appear to have assimilated more crust than the hotter crystal-poor magmas. Most magmas 
have evolved at oxygen fugacities close to the NNO buffer curve. 

Large volcanic front centres in the region erupt magmas with lower incompatible 
element abundance and higher Ba/Nb than magmas erupted at minor monogenetic centres, and 
at stratovolcanoes to the east of the front, which have incompatible element signatures 
transitional towards back-arc alkaline magmas (e. g. high Nb, Ce/Y). Older Sollipulli 
magmas also have high Ce/Y and Nb similar to magmas at some monogenetic centres but 
have lower Ti and Y. Younger Sollipulli magmas have even lower Ti and Y. Sollipulli basic 
magmas are also characterised by higher Mg/Ni than all regional magmas. The simplest 
explanation is that the high Nb, Ce/Y magmas have assimilated enriched mantle lithosphere. 
The Ti, Y, Mg/Ni systematics suggest that the Sollipulli magmas are generated by higher 
degrees of melting of a similar MORB-source-type mantle than the regional magmas. In the 
case of the younger Sollipulli magmas, generation from mantle which was slightly depleted 
during the earlier phase is also possible but the older magmas show no evidence in their 
spinel compositions for derivation from refractory mantle. 
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CHAPTER I 
Introduction 

1.1 Aims of the research 
This thesis presents the results of a geological, petrological and geochernical 

study of Volcdn Sollipulli, a Quaternary volcano situated at 3 8'57'S, 71 *30'W in the 
southern Andes of Chile. 

Sollipulli is located in a remote rural area of Chile, close to the border with 
Argentina. The volcano is capped by a large ice-filled caldera, about 25 km2 in, 
diameter. The only previous work on the volcano was a recent investigation of the 
volcanology of distal fall deposits and outflow ignimbrite of the most recent major 
eruption, the Alpehu6 eruption (2,900 BP), by Jos6 Naranjo and co-workers of the 
Chilean Geological Survey, published in Naranjo et al. (1993). A large-scale 

preliminary geological map was produced by these workers, primarily using 
photogeological methods. The edifice and caldera had not been studied on the ground 
and no geochemical data existed, except for a small set of analyses of the Alpehu6 

eruption deposits and samples from a monogenetic satellite cone, Volcdn Chufqu6n. 
A primary reason for studying the volcano was that its geology was virtually 

unknown. Another goal was to constrain the timing and mechanism of caldera 
formation, initially believed to have formed during the ignimbrite-forming Alpehu6 

eruption. The main object has been an investigation of magmatic evolution at Sollipulli 
focusing on the petrology and geochernistry of the rocks exposed in the caldera. 

The remoteness of the volcano has limited the amount of fieldwork performed. 
Two field seasons were undertaken, in 1992 and 1993. In March 1992, the Alpehu6 
ignimbrite was examined and extensively sampled in proximal valleys and a one-day 
reconnaissance excursion was made to the summit of Sollipulli. In February-March 
1993, a Bristol University expedition was organised in conjunction with members of 
the Chilean Geological Survey, led by Dr. J. S. Gilbert. The aims of the expedition were 
to document the geology and to determine the caldera ice volume by geophysical means 
for volcanic hazards assessment, the results of which are reported in Gilbert et al. 
(1996). The main contribution of the author to the expedition was to develop a 
reconnaissance geology of the caldera wall and collect samples for the petrological and 
geochernical studies presented in this thesis. The northern edifice was also studied but 
the geology of the southern and eastern flanks remains poorly known. 

The source vent of the Alpehud eruption was located during the expedition. 
The vent is situated in the southern part of the caldera, fon-ning a large amphitheatre- 
like structure about 1.5 krn in diameter which cuts the caldera wall. An important 



conclusion from the expedition is that the caldera did not form during the Alpehu6 

eruption. Although the timing and mechanism of caldera formation are not fully 

constrained, it is now believed that the structure may have formed by constructional 
sub-glacial growth, passive subsidence and erosion rather than by catastrophic collapse 
during an explosive eruption (Gilbert et al., 1996). 

A preliminary stratigraphic framework for the caldera, geology has been 
defined, the stratigraphic units have been extensively sampled and a representative 
database of whole rock and mineral analyses has been obtained. The geochen-dcal data 
have provided important insights into intra- and sub-crustal magmatic processes at 
Sollipulli, with implications for regional magma genesis. 

Some previously unrecognised features have emerged, which distinguish 
Sollipulli from most other volcanoes in the region. A significant proportion of the 

erupted products are high-Si dacite lavas, in contrast to the typical basaltic to andesitic 
volcanism in this part of the Andes. Many of the basic rocks possess a distinctive Sr 
isotope and incompatible element signature, which by comparison with neighbouring 
volcanoes provides constraints on sources and processes in the sub-arc mantle. 
Sollipulli has erupted some of the most primitive non-cumulate basalts reported from 

the arc. The range of magma compositions, from basalt to rhyolite, provide an 
opportunity to study evolutionary processes at a single centre over most of the range 
previously reported from the arc. 

Chapters 2-4 describe the stratigraphy, petrology and whole-rock chemistry. 
Chapter 5 discusses intrinsic magmatic parameters. Chapter 6 presents quantitative 
petrogenetic models. Chapter 7 gives a regional comparison to provide a broader 

perspective on magmatism at Sollipulli and to constrain previous models for regional 
magma genesis. Chapter 8 gives a summary and a model for volcanic evolution. 

1.2 Regional geology 
This section presents a synopsis of contemporary Andean magmatism, 

focusing on the Southern Volcanic Zone where Sollipulli is situated. Nomenclature 

used for rock classification is given in Table 1.1. 

1.2.1 General introduction 

The Andes form a continuous mountain belt for over 4000 km along the 

western margin of South America, with four regions of active subduction-related 
volcanism (Fig. 1.1): the Northern (5'N-2'S), Central (16-28"S), Southern (31--46S) 

and Austral (49-55*S) Volcanic Zones (NVZ, CVZ, SVZ and AVZ), separated by 

extensive volcanically quiescent regions (e. g. Stem et al., 1984). A deep oceanic trench 
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runs parallel to the continental margin for most of its length. Geophysical evidence 
shows the existence of a Benioff zone beneath the continent, related to subduction of 
oceanic lithosphere (e. g. Barazangi and Isaacs, 1976). 

Rock name Si02 wt% 

Basalt <52 
Basaltic andesite 52-57 
Andesite 57-63 
Dacite 63-70 
Rhyolite >70 

Table M: Rock classification scheme. All nomenclature refers to analyses recalculated volatile free 
with all Fe as FeO, termed FeO* unless otherwise stated. The prefixes low and high-Si (andesite, dacite 
etc) are used through the thesis to loosely subdivide the above classes. 

The geological record of westem South America reveals a complex history of 
orogenic episodes and igneous intrusion from Paleozoic to Recent times (e. g. Pitcher, 
1984, Pankhurst, 1990). Three main orogenic episodes are defined in central Chile 
between 30-42'S (Parada, 1990): a pre-Andean orogeny in Upper Paleozoic times, a 
Triassic to Lower Jurassic Transitional orogeny and the Andean orogeny from the mid- 
Jurassic to the Holocene. The Andean phase is believed to be related to subduction 
along the length of South America (Pankhurst, 1990). Several discrete intrusive events 
within the Andean phase are recognised in the southern Andes, the most recent 
beginning in the Miocene (Rapela and Kay, 1988, Pankhurst, 1990). 

A correspondence between mega-scale features on the oceanic and continental 

plates has been emphasised by many workers (e. g. Barazangi and Isaacs, 1976, Herron, 

1981). Barazangi and Isaacs (1976) proposed that the Nazca plate is segmented into 

four discrete slabs with relatively constant dip within each segment but large variations 
between segments and demonstrated that the presence or absence of volcanism depends 

on slab-dip. In the volcanically active zones, slab-dip is greater (20-30') than in the 
intervening inactive regions (-10*). The active regions overlie areas of high seismic 

wave attenuation (low Q) in the upper mantle, whereas high Q zones exist beneath the 
inactive regions. Barazangi and Isaacs (1976) suggested that the absence of volcanism 
is related to the absence of asthenospheric mantle wedge in the high Q zones. It is now 
believed that the Nazca plate is flexured rather than segmented (Cahill and Isaacs, 

1992) but the association between shallow slab-dip and the absence of subduction- 
related volcanism still holds. 
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Figure I. I: Map of South America showing the four active 
volcanic zones ofthe Andes (modified after Wilson, 1989). 

The active volcanic zones have certain distinguishing features. Magmatism in 

the AVZ is unique in that all six centres are characterised exclusively by adakitic 

andesite-dacite volcanism according to Stern and Kilian (1996). Adakites are believed 

to be ultimately derived by slab-melting, related to slow subduction of very young 

oceanic lithosphere (e. g. Peacock et al., 1994). The SVZ, discussed in detail below, is 

characterised by a wide range of magma compositions from basalt to rhyolite. The 

CVZ overlies the most overthickened crust (up to about 70 km) at any contemporary 

ocean-continent convergent margin on Earth (Coira et al., 1993). Subduction-related 

magmatism in the CVZ is dominantly intermediate to silicic. Recent publications on 

regional volcanism in the NVZ appear to be sparse. According to Harmon et al., 
(1984), crustal thickness is about 40 krn and magmatism is predominantly basic to 

intermediate. 
In addition to subduction-related volcanism, extensive Cenozoic plateau 

basalts and small alkaline centres occur to the east of the volcanic front throughout 

much of the SVZ (Stern et al., 1986). Numerous small volcanic centres, erupting a 
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range of magma types from alkali basalt to shoshonite are described from different parts 
of the central Andes (e. g. Davidson and deSilva, 1995, Coira et al., 1992). 

Climate varies from hyper-arid tropical in the CVZ to hyper-humid temperate 
in the AVZ (Clapperton, 1994) so that erosion rate varies greatly along-arc. The trench 
is sediment-filled in the south, the volume of sediment decreasing northwards through 
the NSVZ and becoming sediment starved in northern Chile, corresponding to climatic 
variations on the continent (Thornburg and Kulm, 1987). This is also important in 

relation to preservation potential of volcaniclastic deposits. Hildreth et al., (1984) 

suggest that the volume of Quaternary silicic pyroclastic material erupted in the 

northern SVZ may be greatly underestimated due to high erosion rates. 

1.2.2 The Southern Volcanic Zone, general geology 

The SVZ forms a continuous active volcanic arc from 33-46*S, subdivided 
into three segments by Tormey et al., (1991): the Northern (NSVZ, 33-34'30'S), 
Transitional (TSVZ, 34030'-370S) and Southern (SSVZ, 37*-46*S) Southern Volcanic 
Zones (Fig. 1.2). Crustal thickness is about 55-60 km in the NSVZ, decreasing rapidly 
southwards through the TSVZ to about 30-35 km and remaining constant southwards 
in the SSVZ (Hildreth and Moorbath, 1988 and refs. therein). 

The oceanic crust decreases in age southwards from >35 Ma north of the 
Mocha Fracture Zone (MFZ) to about 25 Ma between the fracture zones to 18 Ma south 
of the VFZ (Fig. 1.2). Subduction rate of the Nazca Plate is high, at about 8-10 cm/a, 
and is constant along the length of the SVZ (Herron, 1981). Depth to the slab is about 
90-100 km along the volcanic front (Barazangi and Isaacs, 1976). Sediment supply to 
the trench is dominated by terrigenous material derived from Cenozoic to Mesozoic 
Andean rocks, with a very minor input of pelagic sediment from the Nazca Plate 
(Thornburg and Kulm, 1987, Hildreth and Moorbath, 1988). 

Several large-scale Nazca plate features coincide with segment boundaries defined 

onland (Fig. 1.2). The northerly termination of the SVZ at 33"S coincides with the 
intersection of the Juan Fernandez aseismic ridge with the trench and the southern 

termination at 46'S coincides with a triple junction, where an active spreading centre, 
the Chile Rise, has collided with the trench. The boundary between the TSVZ and 

SSVZ at 37'S coincides with the onland projection of the MFZ (Hildreth and 
Moorbath, 1988). The onland projection of the Valdivia Fracture Zone (VFZ) at about 

39'S, close to the location of Sollipulli (Fig. 1.2), also coincides with an important 

magmatic-tectonic boundary defined by Mufioz and Stem (1988,1989) and discussed 
below . Herron (1981) observed that the projection of the VFZ marks a sharp westerly 

jump in the range crest of the Andes at 39'S (precisely the latitude of Sollipulli). 
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Figure 1.2: Map ofthe Southern Volcanic Zone afterTonney et al. (1991) and Lopez- 
Escobar ct al. ( 1991 ) showing some major features on the Nazca and South American 
Platcs. The three se-ments, Northern, Transitional and Southern Southern Volcanic 
Zones defined in the text are shown. The map shows only some ofthe Quaternary 

stratovolcanoes discussed in the text (Chapter 7). Many volcanic centres in the SSVZ are 
located close to the Liquifie-01'qui Fault. Sollipulli is situated near 39'S where the range 
crest, which coincides with the Chile-Argentina border, jumps westward. Sollipulli is 

close to the onland projection ofthe Valdivia Fracture Zone (VFZ), a major transform on 
the Nazca plate. The age of the subducting lithosphere decrease, -, from 25 Ma to 18 Ma 

southwards across the VFZ, represented by dashed magnetic isochrons. The active Chile 
Rise which is being subducted at about 46'S is shown as a series ofbold lines. 

Physiographically, the region between 33-42'S of Chile is divided 
longitudinally into two mountain ranges separated by the Central Valley. The western 
range, the Cordillera de la Costa consists mainly of Paleozoic metamorphic and 
plutonic rocks, intruded by Mesozoic granitoids with a cover of Mesozoic and 
Cenozoic volcanics and sediments (Hildreth and Moorbath, 1988, Cingolani et al., 

6 



199 1, and refs. therein). The Central Valley is bounded by normal faults and is 
interpreted as a Cenozoic extensional structure (e. g. Levi and Aguirre, 1981). 

Quaternary stratovolcanoes are located in the eastern range, the Cordillera de 
los Andes. The exposed basement consists mainly of Mesozoic to Cenozoic 

sedimentary and igneous rocks. Paleozoic rocks are believed to occur at depth, 

predominantly in the NSVZ (Hildreth and Moorbath, 1988). The Northern Patagonian 
Batholith dominates the arc basement throughout much of the SSVZ and is believed to 

represent the roots of the Cretaceous to late Tertiary arc (Cingolani et al., 199 1). The 
Northern Patagonian Massif is a major morphological feature to the east of the arc 
between about 39-44"S. It is composed of late Pre-Cambrian to Paleozoic 

metamorphic basement, with Paleozoic to Mesozoic granitoids and volcanics and a 
cover of Cretaceous to Recent plateau basalts and alkaline volcanic centres (Cingolani 

et al., 1991). 
In the NSVZ, the volcanic front coincides with the crest of the Andean 

Cordillera but diverges SSW away from the range crest further south. Basal and 
summit elevations of stratovolcanoes are typically 4000 and 6000 m respectively in the 
NSVZ, decreasing to about 1000 and 3000 m respectively at the southern end of the 
TSVZ and the northern part of the SSVZ. Basal elevations are at sea-level at 42'S. 

There is no evidence of compressional tectonics south of 34*30'S (TSVZ and 
SSVZ) since the Miocene (Jordan et al., 1983). The region between 38-39"S, in which 
Sollipulli is located (Fig. 1.3) is believed to be undergoing strong extension (Mufloz 

and Stem, 1988,1989). A major change in orientation and a westerly migration of the 

volcanic front between 38-390S occurred during the mid-Pleistocene (Fig. 1.3). The 
late Pliocene-early Pleistocene volcanic front had a NNW orientation, similar to 

regional basement structures in the North Patagonian Massif (Cingolani et al., 1991). 
At the latitude of Sollipulli, the volcanic front shifted westwards by about 100 km. The 

westward shift of the volcanic front appears to broadly coincide with initiation of 
magmatism about 25 km to the west of Sollipulli. The locus of magmatism migrated 
eastwards during the early Pleistocene, forming a linear mountain range, Nevados de 

Sollipulli (Naranjo et al., 1993). Activity at Sollipulli volcano is believed to have 
begun in the mid-Pleistocene (Naranjo et al., 1993). 

The ultimate causes of the tectonic changes in the region around 38-39*S 
during the late Tertiary to early Quaternary are poorly understood. Besides the 

observations of Mufioz and Stem (1988,1989), there appears to be no literature on the 

causes of the westerly migration of the volcanic front. Given the near-constant depth of 
the volcanic front to the slab along the SVZ, it is probable that the shift in the position 
of the volcanic front is related to changes in the dip of the subducting slab, possibly by 

roll-back or break-up of the slab. 
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Figure 1.3: Sketch map of the region from 38-391S after Mufioz and Stern (1989) showing 
locations of the late Pliocene to early Quaternary volcanic front centres now situated up to 
100 km behind the contemporary volcanic front. Mufloz and Stem (1989) have suggested 
that the arc is undergoing active extension between 38-391S. Late Plicocene to recent 
alkali basalt outcrops are also shown as patterned areas. Basalts from the Laguna Blanca 
alkaline centre directly east of Sollipulli are discussed in Chapter 7. 

The Liquifie-Ofqui Fault (LOF) is a major structural feature of the SSVZ 

(Figs. 1.2,1.3), coinciding with the location of many volcanic front stratovolcanoes and 

numerous basic monogenetic centres for about 800 km along the arc (Lopez-Escobar et 

al., 1991 and refs. therein). There is minimal lateral offset across the fault but long- 

term dextral motion is evidenced by kinematic indicators, paleornagnetics and fault- 

plane solutions (Murdie et al., 1993 and refs. therein). The LOF is believed to be 

related to extension in the slab at the triple junction at 46'S (Murdie et al., 1993) 

inducing dextral transtension in the continental plate. Sollipulli is situated about 20 km 

east of the LOF (Fig. 1.3). 
Regional arc volcanism is associated with deep faults which are believed to be 

strongly coupled with the subducting plate (Murdie et al., 1993). Volcanism became 

focused along the LOF during the late Pliocene to early Quaternary in the region 
between 38-39'S. Activity at the latitude of Sollipulli began close to the fault, but 

migrated eastwards during the early to middle Quaternary. The proximity and 
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orientation of the Valdivia Fracture Zone (Fig. 1.2) suggest that there may be a 
connection to volcanism at Sollipulli. As observed by Herron (198 1), the westward 
jump in the range crest at 39"S may be connected with the VFZ. The easterly migration 
of the locus of volcanism at the latitude of Sollipulli may reflect coupling between the 
upper and lower plates. Although no major east-west trending faults are inferred on 
regional geological maps, it is possible that the linear eastward migration of volcanism 
reflects the presence of a deep lithospheric fracture over the VFZ, transverse to the 
LOF, which has controlled the location of volcanism at the latitude of Sollipulli. 
Alternatively, there may be a connection between magmatism at the latitude of 
Sollipulli and whatever process, presumably in the Nazca plate, caused the westward 
migration of the volcanic front in the late Pliocene. 

1.2.3 Magmatism in the Southern Volcanic Zone 

This section outlines some important aspects of regional magmatism. A 
detailed discussion of along-arc variations in magma chemistry in the SVZ is beyond 

the scope of this work. Aspects of regional magmatism which are particularly relevant 
to this work are discussed in detail in Chapter 7. 

In the NSVZ, magmatism is mainly intermediate to silicic and basalts are not 
erupted on the volcanic front (Hildreth and Moorbath, 1988). Many centres in the 
TSVZ erupt a wide range of magma compositions from basalt or basaltic andesite to 

rhyolite (Hildreth and Moorbath, 1988, Ferguson et al., 1992, Tonney et al., 1995, 
Murphy, 1995). The SSVZ is characterised by a predominance of basic to intermediate 

magmas although silicic magmas are also erupted (Hickey-Vargas et al., 1989, Gerlach 

et al., 1988, this thesis). Because of the hostile terrain and remoteness of volcanoes in 

the southern part of the SSVZ (south of about 42*S), studies are still preliminary in 

nature (Lopez-Escobar et al., 1993). 
Two-pyroxene ± amphibole andesite-dacite magmas are the most common 

magma types in the NSVZ. In the TSVZ, mineral assemblages are typically anhydrous. 
Olivine, Cr-spinel, plagioclase, clinopyroxene assemblages are common in basic rocks 
with orthopyroxene and titanomagnetite replacing olivine and spinel in intermediate 

magmas. Amphibole-bearing andesites-dacites are erupted but are less common than in 

the NSVZ. Mineral assemblages in the SSVZ are generally similar to those in the 
TSVZ although fayalitic olivine-bearing rhyolites are described from Puyehue volcano 
(Gerlach et al., 1988). Amphibole is very rare and is generally inferred to be 

xenocrystic (Lopez-Escobar et al., 1995). 
Hildreth and Moorbath (1988) present a detailed study of along-arc variations 

in magma chemistry in the NSVZ and TSVZ. Important geochemical differences 

include northward increases in 87Sr/86Sr, L&M and alkali metal contents at a given 
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Si02. Hildreth and Moorbath (1988) suggest that geochernical variations are 
predominantly controlled by intra-crustal processes and use the acronym "MASH" 
(melting, assinfilation, storage and homogenisation) to denote a process whereby 
mantle-derived magmas undergo extensive modification in the lower crust. In this 

model, baseline magma compositions at individual centres are determined by MASH 

processes in the lower crust. Subsequent modification during ascent occurs by 
fractional crystallisation or AFC (assimilation and fractional crystallisation). Regional 

variations in age and isotopic composition of the lower crust are important. The 

presence or absence of crustal garnet which depends on crustal thickness is believed to 

control La/Yb systematics. The thicker crust in the NSVZ favours more extensive 
interaction between magma and country rock because basement temperatures are likely 

to be higher in the lower crust and because of the longer crustal column which must be 

traversed by ascending magmas. 
Although the MASH model can explain many features of magmatism in the 

NSVZ, Tormey et al. (199 1) argue that along-arc differences in primary magma 
compositions rather than lower crustal MASH processes determine baseline magma 
compositions in the TSVZ and SSVZ. Tormey et al. (1991) suggest that degree of 
mantle melting is important, controlled by thickness of the mantle wedge and/or slab 
flux. 

AFC processes are believed to be important at many centres throughout the 
SVZ although isotopic evidence in the form of increasing 87Sr/86Sr with fractionation is 

often absent (Hildreth and Moorbath, 1988, McMillan et al., 1989, Ferguson et al., 
1992). However incompatible element ratios such as Rb/K and Rb/Zr are often used as 
indicators of crustal contributions (e. g. Davidson et al., 1987). 

As well as along-arc variations, there are some important local across-arc 
variations in magma chemistry. Hickey-Vargas et al. (1986,1989) noted that basic 

magmas at volcanic front centres in the region around 39'S are characterised by lower 

abundances of many incompatible elements than magmas erupted from stratovolcanoes 
situated to the east of the front and from many monogenetic minor volcanic centres 
both close to and east of the volcanic front. The volcanic front magmas, termed low 

abundance magmas, have a stronger subduction signature (e. g. higher Ba/Nb) than the 

other group, termed high abundance magmas (Hickey et al., 1986). Mufioz and Stem 

(1988,1989) show that late Pliocene to early Quaternary volcanic front magmas in the 

region between 38-39"S, now up to 100 krn behind the volcanic front, show strong 
similarities to the high abundance magmas of Hickey-Vargas et al. (1986,1989). 

Mufloz and Stem (1988,1989) and Stem et al. (1990) defined two types of 
alkaline volcanic rocks. Alkaline volcanics erupted within the former location of the 

volcanic arc, termed "Transitional basalts" have geochernical characteristics which are 
similar in some respects (relatively high Rb, K and Ba to Nb ratios) to the subalkaline 
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are volcanics. Alkaline volcanics erupted east of the former volcanic arc, termed 
"Cratonic basalts", are isotopically distinct and have typical intra-plate trace element 
characteristics. Stem and co-workers suggest that the source region of the Transitional 

alkali basalts has been fluxed by slab-derived fluids and/or small-degree melts 
imparting a subduction-type signature. 

Magmatism in the region between 38-40*S therefore appears to tap a range of 
sources. Quaternary volcanic front centres erupt subalkaline magmas with a strong 
subduction signature whereas alkali basalts located to the east of the late Tertiary 

volcanic front show no influence of subduction. Between these extremes, some 
alkaline volcanics carry a subduction signature and some subalkaline volcanics have 
incompatible element signatures transitional towards intra-plate magmas, while 
retaining a strong subduction signature. 

Early petrogenetic processes and the role of the continental crust in magma 
genesis are discussed again with reference to magmatism at Sollipulli in Chapter 7. 
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CHAPTER 2 

Field relations and stratigraphy 
2.1 Introduction 

Sollipulli Volcano is built on a basement of Lower Jurassic to Upper Tertiary 
granitoids and sediments (Fig. 2.1). It occupies an area of about 250 km2 with a 
volume of about 85 km3' capped by a caldera approximately 25 km2 in area, at an 

elevation of about 2000-2250 m. 
The volcano is situated about 25 km east of the volcanic front (Fig. 1.3). 

Crustal thickness beneath Sollipulli is probably similar to that at the volcanic front (30- 
35 km). A trans-Andean gravity survey just to the north of Sollipulli (Diez Rodriguez 

and Introcoso, 1986) shows a slight across-arc increase in crustal thickness (-5 km) to 
the east over a distance of 70 km. 

Volcanism was initiated about 25 km west of the volcano during the Upper 
Pliocene to Lower Pleistocene (Naranjo et al., 1993). Since then, there has been an 
eastward migration of the locus of volcanism. The products of the earlier phase of 
volcanism, shown as a single unit on Figure 2.1, form an east-west trending mountain 
range known as Nevados de Sollipulli. Source vents of the earlier phases of activity in 
Nevados de Sollipulli are concealed beneath the later products. The Liquifie-Ofqui 

mega-fault (Chapter 1) trends approximately north-south through this area, west of 
Sollipulli. 

Activity at Sollipulli volcano is believed to have begun in the Upper 
Pleistocene, although the older rocks have not been radiometrically dated. A major 
dacitic plinian event, the Alpehu6 eruption, occurred at about 2,900 BP (Naranjo et al., 
1993), producing an extensive airfall deposit and associated ignimbrite. The central 
part of the volcano has been dormant since then, although fumarolic activity continues. 
A monogenetic scoria cone, Volcdn Chufqu6n, was formed on the north-western flank 

about 700 BP (Naranjo et al., 1993). 
Figure 2.2 is a topographic map of the caldera and upper edifice, showing 

locality numbers referred to in the text. Figure 2.3 is a reconnaissance geological 
sketch map of the caldera and surrounding edifice, showing units defined here. The 

geology of much of the caldera wall has been sampled as far as the Alpehu6 vent in the 

south. Because detailed mapping was not undertaken, Figure 2.3 is representational 
and is not intended as an accurate geological map. The extent of the main stratigraphic 
units within the caldera is well-constrained but the map does not attempt to portray 
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horizontal contacts on the caldera wall nor accurately depict the distribution of 
pyroclastic deposits. In some cases exact boundaries are not known due to ice or snow- 
covered exposure gaps. 
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Figure 2.2: Topographic map of Sollipulli Caldera and upper edifice, showing locality numbers 
referred to in the text. Elevations are in metres. 

The caldera. is sub-elliptical (Fig. 2.3), divided into two sections by a young 
lava flow which drapes the northern caldera wall (Plate 2.2). The main eastern part of 

the caldera is ice-filled, with two large glacial outflows, the Chufquen and Alpehue 

outflows. The western part of the caldera is partially ice-filled and is cut by a steep- 

sided gorge leading to the Alpehue Valley at its north-western end. The Alpehu6 vent, 
is a major feature in the southern part of the caldera which may be considered as a small 

nested caldera within the main structure (Plates 2.3-2.4). It is about 1.5 km in 
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diameter, with steep walls and is floored by ice, up to 150 m below the level of ice in 

the main caldera. 
Because of the remote location of Sollipulli, the flanks of the edifice have been 

studied only in the north-west. Below about 1600 m, exposure is poor due to dense 

vegetation and soil cover. Within the caldera, exposure along the northern wall is often 
obscured by snowbanks. The eastern and southern walls have better exposure within 
the caldera but marginal lakes and steep-sided scree slopes often prevent direct access 
to outcrops, particularly on the southern wall. The south-westem and far western parts 
of the caldera were not investigated in this study. A second expedition-scale effort, 
based on the southern flanks, would be necessary to work in the south-western caldera, 
which is separated from the northern side by the main glacial outflow leading to the 
AlpehuC gorge. The far western caldera is part of the older Nevados de Sollipulli 

sequence. 

2.2 Stratigraphy 

Five stratigraphic units are defined in the caldera (Fig. 2.3). Table 2.1 lists 

abbreviations used for the units and Table 2.2 outlines the stratigraphic sequence. 
A parallel caldera stratigraphy is defined, as the relative ages of the oldest 

units, the NW unit (Unidad del Norte-Oeste) and the AT unit (Unidad Aleta del 

Tibur6n), are unknown, due to an exposure gap and snow cover in the north (Table 

2.2). The CC unit (Unidad Circundado de la Caldera) outcrops on three sides of the 

caldera. In the east and north-east, the CC unit overlies the AT unit but the contact 
between the CC and NW units in the north is obscured by the younger CO lava. ' 
However, the NW unit is believed to be older, as the lavas are heavily glaciated in 

comparison to the CC lavas. The CO unit lavas overlie both the NW and CC units on 

the northern caldera, wall. The AP unit postdates all other caldera units. 
An absolute age is known only for the AP unit, carbon dated at about 2,900 BP 

(Naranjo et al., 1993). The CO unit lavas are unglaciated except at glacial outflows, 

suggesting that eruption occurred after the last glaciation. This gives a maximum age 

of about 14,000 BP but glacial readvances may have occurred in the region up to about 
10,000 BP (Clapperton, 1993). The CC unit lavas in the south show evidence for a 

progression from sub-glacial to sub-aerial eruption. The lavas do not appear to have 

been glaciated suggesting that eruption may have occurred towards the end and after the 

last glaciation. The upper part of the unit in the south may be coeval with the CO unit 
but this is presently unconstrained. 

The stratigraphic subdivision is based on field criteria in most cases. In the 

case of the CC unit geochemistry has been used retrospectively for correlation. Basaltic 

andesite lavas of this unit, with very similar whole rock chemistry, outcrop at widely 

separated localities on three sides of the caldera. wall. Dacites of the CC unit have also 
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Figure 2.3: Ge(floLical sk'ctch map of Sollipulli Caldera. The gc[leral Present caldera wall 
extent of outcrop of- the major units and their age relationships are Glacial sediments 
represented. However, because the voicano has not been mapped in detail, 
tile extent of the units outside the caldera is unknown, particularly in the east 
and south. The NW unit forms the entire north-west flank and the caldera VC 
wall. The extent of the AT unit outside of(he caldera is poorly constrained. AP AT plagioclase megaeryst-bearing lavas were observed in the valley to the 
east of the NW ridge (locality 22) during a reconnaissance trip in the first 
field season but this area was snow-covered in 1993. AT volcaniclastics 
were also observed at the bottom ol'the Chut'(lu6n valley. The CC unit 
outcrops along extensive parts of (lie caldera wall from locality 3 to locality Fq= 

AT 17 and forms the walls of the Alpchu6 vent. The extent ofthe CC unit was NWý 

recognised retrospectively from geochernistry. Judging from tile hummocky F*--ý- Nevados de 
topography in the south-western caldera as viewed from the north, tile CC Soilipulli 
domes may also occur in this region. 
The CO unit drapes the caldera wall as represented oil the map, overlying and obscuring the contact between the 
NW and CC unit. The AP pyroclastics drape the CC unit in the south and the NW unit in the north. The outcrops 
have not been mapped and are shown on the map for representational purposes only. AP deposit,.; also overlie the 
CO unit within [lie caldera, shown reprew. ntationally on tile map. Numerous outcrops ofAl' material also occur 
infilling topography in the NW unit oil the north-western flank-, not represented oil the map. AP deposits are 
absent in tile eastern caldera. The two main outcrops oftlic VC deposits are also shown. Thcse deposits are likely 
to have been rernobilised by ice movement although a primary air-fall deposits may occur at locality 8. 
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been correlated geochernically and distinguished from volumetrically minor dacite 
lavas of the AT unit. Differences between the stratigraphy presented here and that of 
Gilbert et al. (1996), are discussed in Section 2.2.7. 

Stratigraphic Unit Abbreviation 

VoIcAn Chufqu6n deposit VC 

Unidad Pirocldstica de Alpehu6 AP 
(Alpehu6 Pyroclastic Unit) 

Unidad de la Caldera Occidental Co 
(Western Caldera Unit) 

Unidad Circundante de la Caldera cc 
(Circurn-Caldera Unit) 

Unidad Aleta del Tiburbn AT 
(Shark Fin Unit) 

Unidad del Norte-Oeste NW 
(North-West Unit) 

Table 2.1: Abbreviations for the stratigraphic units defined here for Sollipulli 
caldera. The VC deposit, erupted from a parasitic scoria cone, is not a caldera 
stratigraphic unit but is included for completeness. 

An important difference between the interpretation of Naranjo et al. (1993) and 
that presented here and by Gilbert et al. (1996), is in the definition of the caldera. 
Naranjo et al. (1993) believed the caldera to be comprised of two nested calderas, the 

main sub-circular eastern section being considered to have formed by collapse, 

subsequent to formation of the western section. In the interpretation of Naranjo et al. 
(1993), the CO unit (Unidad de la Caldera Occidental) was considered to be part of a 

ring-faulted caldera margin (Fig. 2.3). The caldera as defined here is a single sub- 

elliptical structure (Figs. 2.2-2.3). Field examination of the CO unit clearly shows that 

the lavas are post-caldera, forming a constructional feature across the caldera and 
draping the northern wall (Section 2.2.4). 

2.2.1. Unidad del Norte-Oeste (NW unit) 

This is the oldest unit in the north-western caldera, forming the caldera, wall 
from just west of the peak at locality 3 to the most westerly accessible limit at locality 

19, although often obscured by the younger CO and AP units (Plate 2.2). It also forms 

an extensive part of the north-western edifice (Fig. 2.3). It outcrops at about 1600 m on 
the northern slopes but its downslope extent is unknown because of poor exposure. 
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The unit consists of a heavily glaciated series of basic inclusion-bearing, high- 
Si dacite lava flows. The inclusions mostly have high-Mg basaltic compositions. Field, 
petrographic and geochemical observations provide unequivocal evidence for 
interaction between compositionally contrasting magmas (Chapters 3-4). There is no 
preserved evidence of associated pyroclastic activity. 

North-western caldera. North-eastern to 
southern caldera 

Unit Rock type_ 
_ 

Deposit Rock type Deposit 

VC basaltic andesite unconsolidated 
700 BP remobilised 

scona 

AP high-Si dacite pumice fall as in NW welded to 
2,900 BP with very minor non-welded 

basaltic andesite ignimbrite and 
and rhvolite pumice falls 

CO andesite to lava flows 
probably post- low-Si dacite 
glacial 
<14,000 BP 

cc basaltic andesite lava flows basaltic andesite lava flows and 
may be late-glacial to high-Si dacite domes 
to post-glacial 
(<14000 BP) 

AT basalt to voicaniclastics, 
basaltic andesite, lava flows and 
minor high-Si dykes 
dacite 

NW mixed high-Si lava flows 
dacite with basic 
inclusions, 
minor andesite 

I to low-Si dacite I 

Table 2.2: Outline of caldera stratigraphy. 'An exposure gap prevents direct determination of 
the relative ages of the NW and AT units. The CO unit overlies CC lavas on the northern wall 
but the possibility that some lavas of the CC unit in the south may be coeval with the CO unit 
cannot be ruled out. The VC unit is not a true caldera unit as it was erupted from a parasitic 
cone on the north-eastern slope but the unconsolidated mostly remobilised scoria fall deposits 
occur in the north-eastern caldera. 

The lavas form a thick terraced stack of northward dipping thin (10-20 m) 
flows (Plate 2.5) of large aerial extent. Individual flows can be traced for more than 2 
km downslope. The base of the sequence is not exposed but there is a minimum 
vertical thickness of 150-200 m, covering an area of at least 10 km2, giving a minimum 
volume of about 2 km3. The main part of the sequence appears to have been erupted 
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sub-aerially, as the flows have autobrecciated bases and lack evidence for interaction 

with ice. However part of the unit, erupted on the flank and cross-cutting the main 
stack, shows evidence of contact with ice during eruption (see below). 

Individual flow units are defined by red oxidised basal autobreccias and/or 
rubbly tops (Plate 2.5). The lavas are generally moderately porphyritic (15-20% 

phenocrysts) and glassy, containing between about 1-30% by volume of basic 
inclusions. Flow-banding and flow-folding are common. Some flows have continuous 
light-coloured vesicular bands near the flow tops which grade into the lower parts of the 
flows. These are probably volatile-rich layers at flow tops. The sequence appears to 
have been erupted over a short time period as there is no evidence of erosion between 
different units. 

The inclusions are mostly elliptical to spherical, varying from about 25 cm in 
diameter down to the size of single olivine xenocrysts with glassy rinds. They have a 
porous texture giving a vesicular appearance. Large voids sometimes occur at the 

contact with the host dacite. Contacts are sharp and sometimes crenulated. Chilled 

margins, up to 1 cm in width, are common (Plate 2.6). Some inclusions have a single 
sharp edge, having been brecciated after initial formation (Plate 2.7). The inclusions 

are often undeformed and in some cases form augen-like textures, where flow-banding 
in the dacite has deformed around them, indicating that they had solidified and were 
rigid during flow (Plate 2.8). Deformed inclusions, flattened parallel to the flow- 
banding, are also observed. 

Samples were collected up through the sequence at locality 22. Although 
detailed quantitative measurements were not made, maximum and average inclusion 

size decrease from the base to the middle of the sequence. Lavas at the top contain few 
inclusions and approach the dacitic end-member composition (=68-69% Si02). No 

consistent upward variation in the size or proportion of inclusions has been observed in 

other parts of the sequence further west but lateral timing relationships are 
unconstrained. 

The flows are unusually thin for high-Si dacite lavas and individual flows can 
be traced for 2-3 km. They were probably erupted at high temperature due to influx of 

mafic magma before eruption, reheating and possibly transferring volatiles to the dacite 

(Chapters 3,5). A high effusion rate (Walker, 1973) may also have influenced the flow 

morphology. 
A small flank eruption, which cross-cuts the main lava stack, outcrops near 

locality 23. Two lava flows are recognised, as well as a massive volcaniclastic deposit. 

The lower flow is a crystal-poor low-Si dacite lava, without mafic inclusions. The 

upper flow is a mingled dacite, compositionally identical to the lavas of the main 

sequence. Both flows exhibit hackly columnar jointing, suggesting sub-glacial eruption 
(Plate 2.9). This type of jointing is frequently described from sub-glacial lavas (e. g. 
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Smellie et al., 1994, Skilling, 1994) and is common in other lavas at Sollipulli. The 
flows grade laterally into a structureless, matrix-supported volcaniclastic deposit, 

comprised of blocky and angular lava clasts in a coarse ash matrix. The matrix is 

probably hyaloclastite, formed by quench fragmentation of the lavas on interaction with 
ice. The jointing and poor development of flow banding distinguishes these lavas from 

the other flows of the NW unit. 

2.2.2. Unidad Aleta del Tiburon (AT unit) 

This is the oldest sequence in the eastern part of the caldera. The unit consists 
predominantly of basic volcaniclastics, lavas and dykes which form much of the caldera 
wall (Plate 2.10) between localities 5 to 14, except between localities 8 and 9. A 

glaciated high-Si dacite lava flow overlies basaltic andesites of this unit at locality 10, 
forming part of the ridge above locality 8. The lava is distinguished in the field from 

the younger CC dacites by its weathered and glaciated appearance and its light colour 
and in the laboratory by its geochernistry which suggests affinity with the basic AT 

rocks (Chapters 3-4). The dacite is volurnetrically minor but is important in 

petrogenetic interpretation. 
The extent of the AT unit on the flanks is uncertain (Fig. 2.3). AT lavas occur 

in the valley east of locality 22 and volcaniclastic breccias of this unit have been 

observed at the bottom of the Chufqu6n valley in the north-eastern part of the edifice 
about 2 km from the summit. The unit may form a large part of the eastern and 

northern slopes of the volcano but further fieldwork is required to establish its full 

extent. 
The unit forms a complex sequence of volcaniclastics, lavas and dykes, the 

base of which has not been observed. Bedding in the volcaniclastic deposits generally 
dips radially and sometimes steeply (> 30') out of the caldera. A very distinctive field 

characteristic is the presence of plagioclase megacrysts in many of the lavas and 
juvenile clasts (Plate 2.11). Lava flows (possibly sills in some cases) within the 

volcaniclastic sequence are usually less than a few metres thick. Dykes, some of which 

are composite, are common and can sometimes be traced to overlying lava flows. 

Detailed sedimentological study of the volcaniclastic deposits has not been 

performed so that emplacement mechanisms and inter-relationships between the 
different deposits cannot be confidently inferred. A precise internal stratigraphy cannot 
be presently defined within the unit, although there appears to be a general temporal 

progression from sub-glacial to sub-aerial activity. The terminology used here for 

volcaniclastic deposits follows Cas and Wright (1987) with bedding thickness 

terminology from Blatt et al. (1980). The following facies are recognised. 
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Facies 1. 
Description: Massive poorly sorted coarse monomict breccias occur at a low level in 

the exposed sequence. They consist of large block to lapillus-sized, vesicular to dense, 

fragments of lava, in an indurated matrix of palagonitised ash (Plate 2.12). Many clasts 

are rounded but angular clasts also occur. All clasts collected from this deposit are 

juvenile. In some cases lava pillows, with chilled margins, occur in the breccia and can 
be traced laterally into massive lava. The deposit is chaotic and shows no bedding or 

other depositional structures such as preferred alignment of clasts. It varies from 

matrix-supported to clast-supported to massive lava. The sequence is exposed at 
locality II and southwards along the caldera wall to locality 12. 

Interpretation: The deposit is believed to be a sub-aqueous or sub-glacial hyaloclastite 

breccia. Eruption under water causes pillow formation and thermal shattering produces 

the hyaloclastite matrix. The absence of bedding in the matrix suggests that it does not 

represent previously formed, unconsolidated volcaniclastic sediment. 

Facies 2. 

Description: Thickly bedded and massive, laterally extensive, poorly sorted 

volcaniclastic breccias occur at a higher level in the sequence. They consist of block to 

lapillus-sized, angular to sub-rounded, poorly sorted, juvenile vesicular and non- 

vesicular clasts in an indurated yellow palagonitic matrix, This deposit dips eastward 

out of the caldera. Inverse graded bases and lithic concentration pipes have been 

observed (J. S. Gilbert and M. V. Stasiuk, pers. comm. ). 

InteEpretationj A mass flow origin is likely although it is uncertain whether this is a 

primary pyroclastic scoria flow deposit or a reworked epiclastic deposit. Lithic 

concentration pipes can form where a flow is deposited on water, by elutriation of fine 

clasts by escaping steam, and do not necessarily indicate a direct pyroclastic origin (Cas 

and Wright, 1987, p. 193), although they suggest that the material was hot during 

emplacement. 

Facies 3. 
Description:, Thin to medium bedded planar and cross-stratified deposits, interbedded 

with thin to very thin (1-4 cm) planar ash layers, occur at a higher level in the sequence 

at locality 12 (Plate 2.13). The thicker beds are composed of poorly sorted, rounded to 

sub-angular lapilli, in an ash matrix. Coarser clasts are much finer grained than those in 

the Facies 1 and 2 deposits, typically less than 5-6 cm. Scour and fill structures, 

climbing ripples and low angle cross-lamination are observed in the thicker layers. The 

thin ash layers drape the small scale topography of the thicker layers. The extent of 

palagonitisation of the ash is generally less towards the top of the sequence. 
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InterpretatioM. These deposits are believed to be reworked volcaniclastic sediments, 
probably deposited sub-aqueously, the coarse layers being deposited during high energy 
conditions and the fine layers during more quiescent periods. 

Facies 4. 
Description: Several thin massive lava flows (1-2 m) occur intercalated with clastic 
layers of similar thickness (Plate 2.14). The latter consist of rounded, vesicular, 
oxidised scoria in an ash matrix, form part of the caldera wall at locality 6. 
Interpretation, This facies is interpreted as a series of aa. lava flows, the clastic layers 

representing basal breccias of the thin massive lavas. 

Facies 5. 
Description: Oxidised scoria beds of varying thickness also occur at several outcrops 
within the sequence. At some localities the scoria deposits are interbedded with fine 

planar bedded or massive ash deposits. Some examples of soft-sediment deformation 

occur with large flame and load structures and broken semi-coherent bedding. 
Interpretation: The scoria deposits are believed to be airfall deposits of strombolian type 
eruptions. The ash beds are similar to Facies 3 and may be reworked volcaniclastic 
sediment but could also be primary ash-falls. Sub-aqueous deposition is inferred from 
the soft-sediment deformation structures. 

The unit as a whole is believed to represent a sequence of sub-glacial to sub- 
aerial volcaniclastics and associated lava flows. The juvenile nature of all analysed 
clasts and the strong palagonitisation of the matrix suggests eruption through a standing 
body of water (c. f. Wohletz and Sheridan, 1983), probably a sub-glacial lake. Although 
the internal stratigraphy of the unit is not well understood, there appears to a be a 
general progression from non-explosive hyaloclastite formation through explosive 
hydromagmatic activity to effusive eruption of lava, suggesting a gradual diminishment 
in the influence of ice or water, related to shallowing and emergence. Similar 

sequences are described from other sub-glacial mafic volcanic centres, (e. g. Skilling, 
1994). The original extent of the AT unit is unknown but it is possible that it formed a 
large cone on the flanks of an older edifice, the northern part of which was formed by 

the NW unit lavas (Section 2.4). 

2.2.3 Unidad Circundado de la Caldera (CC unit) 

The CC unit was erupted on three sides of the caldera, forming extensive but 

discontinuous sections of the caldera wall. Geochemistry has been essential in 

retrospectively establishing the relationships between spatially unrelated lavas of this 

unit. Basaltic andesite lavas, erupted in the north, east and south are chemically very 
similar to each other (Chapter 4). The absence of plagioclase megacrysts in the basic 
CC rocks distinguishes them from the basic AT lavas in the field although this is not a 
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definitive feature, as some AT basic rocks do not contain megacrysts. The semi- 
annular distribution of this unit has important implications for volcanic evolution. 

The unit consists of lavas and very minor volcaniclastics, ranging in 

composition from basaltic andesite to high-Si dacite. Basaltic andesites are grey, 
poorly to moderately porphyritic lavas with olivine, plagioclase ± clinopyroxene. 
Andesites are typically highly porphyritic two-pyroxene lavas. Dacites are often 
aphanitic glassy lavas with spherulitic textures and flow-banding, but more porphyritic 
lavas also occur. Some dacites contain small forsteritic olivine-bearing basic 
inclusions. 

The lower parts of the southern and far south-eastern wall, between localities 
14 to 17, and the lower walls of the Alpehu6 Vent, are formed by dome lavas spanning 
the entire range of compositions within the unit (=53-69% Si02) overlain by thin lava 
flows (Plates 2.4,2.10,2.15-2.16). At locality 14 and between localities 16 and 17, the 
dome lavas are dacitic whereas between localities 15 and 16, they have basaltic andesite 
to andesite compositions. Maximum thickness of individual domes is about 30-40 m. 
Lateral extent is difficult to estimate due to talus cover but aspect ratios (height/width) 

are probably between 1: 2 and 1: 4. The domes are overlain in places by red oxidised 
scoria beds (Plate 2.16). The domes are sometimes oxidised but are generally grey to 
black with hackle or blocky columnar jointing. They sometimes have rubbly bases. 
Many of the dome rocks are crystal-poor and very fine-grained. The silicic rocks are 
glassy, often flow-banded and jointed. The more basic rocks have a very similar 
appearance but are not flow-banded. They can often be distinguished in the field by the 

presence of olivine, although some dacites contain olivine due to magma mixing 
(Chapter 3). The dark glassy appearance of the basic rocks is due to a thin surface skin 

around joint surfaces, beneath which they are light grey in colour. The dark exterior is 

probably due to downward percolation of water between joints, causing chilling along 
joint surfaces. 

The overlying lavas on the south wall are thin (generally <5-7 m), light to dark 

grey, massive basaltic andesite to andesite lavas. Some have basal breccias and rubbly 

carapaces. Individual flows are more laterally extensive on the caldera wall than the 
domes and can sometimes be traced for several hundred metres. Some lavas have 

flowed down the southern flanks. At locality 14, a vertical contact between the CC and 
AT units occurs, representing the most southerly outcrop in the caldera of the AT unit. 
Dome dacite lava can be traced laterally into a thin flow which overlies the AT 

volcaniclastics (Plate 2.15). 
At locality 12 and for some distance along the caldera. wall, CC andesite 

overlies the AT unit (Plate 2.10). These CC lavas have also flowed down the outer 
flanks. At the peak of locality 8, a dark CC andesite lava overlies the weathered AT 

dacite, discussed previously. 
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CC basaltic andesites to dacites form most of the inner caldera, wall between 
localities 7 and 9. A relatively thick (10-15 m approx. ), laterally extensive, massive 
grey basaltic andesite lava flow, compositionally identical to dome lava in the south, 
forms the lower part of the caldera wall between localities 7 and 8,. This is overlain for 

much of its extent by a high-Si dacite lava, with an autobrecciated base. The dacite is 

also compositionally very similar to dome dacite in the south. These lavas form the 
eastern slope of the glacial outflow towards Volcdn Chufqu6n and almost certainly 
form the western slope of the glacial outflow which was not examined in situ. 

At locality 6, basaltic andesite lavas of the CC unit overlie AT unit basaltic 

andesite lavas. These lavas are geochernically distinct from the underlying AT lavas 

and similar to CC lavas from the southern caldera. wall (Chapter 4). 
Between localities 3 and 4, a grey basaltic andesite lava outcrops, overlain by 

the CO unit. Two flow units are distinguished by a basal breccia. The upper flow is 

about 30 m. thick, and no internal flow boundaries were recognised. The base of the 
lower flow is not exposed. The lavas are predominantly massive but a poorly vesicular 
scoriaceous facies is locally present at the flow top, close to the concealed contact with 
the NW unit. These lavas are also chemically correlated with CC unit lavas in the south 
and east. 

The differences in morphology between the domes and overlying thinner lava 
flows in the south are interpreted here to be primarily a function of whether the lavas 

were erupted sub-glacially or sub-aerially. The fact that some of the most basic rocks 
sampled occur as domes and that very similar lavas occur as elongate flows in other 
parts of the caldera. suggests that the controlling factor on the morphology of the 
basaltic andesite domes was lateral confinement, most likely by ice. The columnar 
jointing on the domes suggests sub-glacial eruption (e. g. Smellie et al., 1994). 
Compositionally similar dacite lavas also occur in both morphologies. At locality 14, 
dome lava can be traced laterally into a thin lava flow. Where both morphologies occur 
at any given locality, the domes are always overlain by the thinner lava flows. 

2.2.4 Unidad Caldera Occidental (CO unit) 

The CO unit consists of at least two blocky lava flows of highly porphyritic 

andesite to low-Si dacite. The unit drapes the caldera. wall, which it must postdate, as 
the lavas have flowed both into and out of the caldera. 

The unit forms all of the peaks and the upper parts of the wall from localities 1 

to 4, overlying the NW unit at locality 2 (Plate 2.17) and the CC unit east of locality 3 

and at locality 4 with exposed sharp contacts. At locality 2, the unit consists of a low- 

Si dacite lava flow, which can be traced north-eastwards along the caldera wall and 
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down the outer slopes as well as south-westwards into the caldera. At locality 18, an 
andesite lava is exposed. The unit continues south of locality 18 for at least I km. 

The lavas are relatively young with many primary features preserved, showing 
evidence of glacial erosion only where breached by ice outflow. Flow tops are rubbly, 
with large blocks of massive and vesicular lava. Some of the massive dacite lava 
contains abundant irregularly shaped blebs of vesicular material, compositionally 
identical to the massive lava. They range in shape from sub-spherical to elongate 
sheared streaks and are presumably derived from the flow top and incorporated into the 
body of the lava during flow. The central parts of the flows are generally massive. 
Flow bases are rubbly and exhibit varying degrees of welding. Non-vesicular and 
vesicular clasts have been stretched, flattened and welded in a fine ash matrix, which is 

sometimes palagonitised. At locality 18, the andesite lava has sub-horizontal glacial 
striae where it has been breached by ice at a small glacial outlet (Plate 2.18). It exhibits 
small-scale hackle jointing in the flow interior, implying interaction with ice during 

eruption. Within the caldera where it dips steeply southwards, the lava appears to have 

preserved levees with a central drained channel (Plate 2.19). The lava was probably 
erupted on the north wall of the caldera. The evidence for interaction with ice suggests 
that the lava has melted the ice in its path as it flowed into the caldera. 

The CO unit is the only unequivocal post-caldera lava, draping the northern 
caldera wall and flowing down the outer flank as well as into the caldera for at least 2 
km. A previous interpretation that it represents a western ring-faulted margin of the 

caldera (Naranjo et al., 1993) is considered untenable here. There is no evidence of it 
having been faulted in any direction, as it is continuous and well-preserved, with 
original flow morphology and has clearly flowed down into a pre-existing, probably 
ice-filled depression. 

2.2.5 Unidad Piroclastica de Alpehue (AP unit) 

This unit consists of proximal ignimbrite and pumice fall deposits of the 
Alpehu6 eruption (Plates 2.2-2.4,2.16), the most recent major eruption of the volcano 
which has been dated at 2900 BP (Naranjo et al., 1993). This section briefly describes 

the proximal deposits only. The outflow ignimbrite is discussed separately in Section 
2.3. 

The deposit overlies the NW unit on the north-western wall and the CC unit 
along much of the southern wall. It overlies the CO unit within the caldera south of 
locality 18 (J. S. 

' 
Gilbert and M. V. Stasiuk, pers. comm. ), but has not been observed 

overlying the CO lavas elsewhere. It does not occur on the northern wall east of 
locality 2, nor does it outcrop on the eastern wall. The deposit is thickest (up to about 
12 m) on the southern wall. On the north-western wall it drapes the NW unit and is 
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usually not more than 2-3 rn thick. The absence of the AP deposit in the north-eastern 
part of the caldera is presumably due to its not having been deposited. It is unlikely that 
erosional processes would have removed it completely from the eastern and north- 
eastern walls, while a thick deposit remains elsewhere at a similar elevation. 

The main constituent of both the proximal and distal. deposits is white to buff- 

coloured, highly vesicular, high-Si dacite pumice in a similar-coloured ash matrix. The 

proportion of pumice to matrix is variable, but the deposit is typically clast-supported. 
Vesicles in the pumice are rounded to very elongate, the latter giving a fibrous texture. 
Very minor amounts of dark basaltic andesite pumice, often banded with streaks of 
dacite pumice, occur as loose block to lapillus-sized clasts near the vent and on the 
northern caldera wall. Less vesicular crystal rich fragments, of probable juvenile 

origin, have a broad range in composition from basalt to dacite. A range of dense lithic 

clasts include juvenile dacite and rare rhyolite. Clasts of CC material are abundant, as 
this unit forms the vent wallrock. A single clast of palagonitic breccia was observed. A 

variety of plutonic fragments also occur, ranging from gabbroic to granitic 
compositions. Mingled granodiorites are abundant. Basic troctolitic cumulates and 
coarse granodiorite xenoliths also occur. A single large clast of quartz-bearing fluvial 

conglomerate was found in the deposit on the upper slopes of the edifice. 
On the vent walls, the deposits vary from unconsolidated to incipiently welded 

to densely welded. They are typically massive, although thin to medium bedded 
deposits also occur. The incipiently welded deposits (Plate 2.20) are massive and 
composed of flattened fiamme in a fine ash matrix. Poorly sorted layers, composed of 
fine ash with pumice bombs and lapilli, are interbedded with thin, relatively fines-poor, 

crystal-rich layers. The deposits have not been examined in detail so that interpretation 

of their modes of deposition is uncertain. 
On the northern caldera wall and outer slope, coarse, massive, unconsolidated 

deposits occur. They are usually not more than a few metres thick and generally 
thinner, draping the small-scale topography and sometimes thickening in depressions, 

although the present distribution on the slopes is partly due to remobilisation, as the 
deposit is unconsolidated. The deposits are clast-supported, very coarse and poorly 
sorted, with a relatively low proportion of fine ash compared to the outflow ignimbrite. 
Fragmented lithic clasts, which can be matched with nearby fragments, have been 

observed. The predominance of coarse material, typical of near-vent air-fall deposits, 

as well as evidence of impact fragmentation of some clasts, suggest an air-fall origin. 

2.2.6 Volcan Chufquen (VC deposit) 

This is the youngest deposit in the caldera, carbon-dated at 700 BP (Naranjo et 

al., 1993). It consists of unconsolidated scoria fall deposits from Volcdn Chufqu6n, a 
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monogenetic scoria cone about 1 krn from the summit on the upper north-east flank 
(Fig 2.3). The scoria occurs on and within the ice at localities 5,8 and between 9 and 
11 and has generally been remobilised. At locality 8 the deposit occurs on the caldera 
wall and may be in situ. Highly vesicular basaltic andesite scoria, mostly less than 3 

cm in diameter, forms the bulk of the deposit although some slightly larger clasts (-5-6 

cm max. ) occur. Faint traces of bedding are discernible at locality 8. The deposit is 
interpreted as an air-fall of a strombolian type eruption. 

2.2.7 Previous stratigraphic definitions 

The only previous work on Sollipulli was a volcanological study of the distal 
Alpehue deposits by Jos6 Naranjo, Hugo Moreno and co-workers, reported in Naranjo 

et al., (1993). These workers produced a large-scale preliminary geological map of 
Sollipulli. However, the caldera stratigraphy defined therein was based on 

geomorphology, using aerial photography, as the caldera sequence was not examined in 

situ. There is no simple correspondence between the stratigraphy of Naranjo et al. 
(1993) and that defined here, as the units are defined on different scales and by different 

criteria. Naranjo et al. (1993) defined two mega-units which cover the caldera and 
flanks of the volcano. These units partly correspond to the NW and AT units as defined 

here but also include parts of the CC and CO units. The stratigraphy presented here, 

although based primarily on field relations, is supported by petrology and 

geochemistry. It should not be extrapolated to the southern and eastern flanks of the 

edifice, which have not been sampled. 
The stratigraphy presented here differs slightly from that of Gilbert et al. 

(1996) but there is a simple correspondence between the different definitions. The CC 

unit defined here is split into two units, the South and Peak units, by Gilbert et al. 
(1996), defined solely on field criteria. This subdivision is based on the morphology of 

the lavas in the southern part of the caldera, the South Unit corresponding to the domes 

along the southern caldera wall and the Peak Unit corresponding mainly to the 

overlying thin lava flows. The occurrence of lavas in the north-eastern and northern 

caldera, compositionally very similar to the dome lavas, was not recognised in Gilbert 

et al. (1996). These lavas are believed here to be cogenetic with the dome lavas and 
hence are defined as a single unit. The thin lava flows overlying the domes in the south 

are also believed here to be cogenetic with the domes, the flow morphology being 

determined by whether eruption was sub-glacial or sub-aerial. The interpretation that 

compositionally very similar CC unit lavas have been erupted around a large section of 

the perimeter of the caldera is important in understanding caldera formation and 

magmatic evolution (Chapters 3-6). 
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A second difference in the stratigraphy is in the definition of the CO unit here. 
This lava was included in the Peaks Unit of Gilbert et al. (1996). It is distinguished 
here solely on the basis of field criteria although there is also an important geochernical 
foundation for separation (Chapters 4,6). The primary reason for making a distinction 
is that the CO unit unequivocally postdates caldera formation, as the lavas have flowed 
down into the caldera for a distance of at least 2 km as well as down the northern flank. 
Although some of the Peak Unit lavas drape the caldera wall in the south, they have not 
been observed to flow for any distance into the caldera and therefore do not 
unequivocally postdate caldera formation. 

The modified stratigraphy used here does not affect the conclusions of Gilbert 
et al. (1996) about caldera formation, with which this author is in general agreement 
(Section 2.4). 

2.3 The Alpehue Ignimbrite 

The Alpehu6 Ignimbrite (2900 BP) outcrops in the valley of the Alpehu6 river 
and is also preserved at a few localities to the south and south-west of Sollipulli, in the 
valleys of the Blanco, Sollipulli and Quililche rivers (Fig 2.1). An associated pumice 
fall deposit occurs to the east and north-east of the volcano, the north-easterly 
dispersion being due to the influence of a strong south-westerly wind during the 
eruption. The ignimbrite and pumice fall do not outcrop together. 

Although grainsize analysis of the ignimbrite was not performed by the author, 
the deposits were studied from a detailed qualitative perspective. The fall deposit was 
not examined in this study but is described by Naranjo et al. (1993). It covers an area 
of 5 100 km2, reaching a maximum thickness of about 2 m, at a distance of 30 krn from 
the vent, to the north-east. The estimated total volume of the pumice fall and 
ignimbrite is about 8 km3,7.5 kM3 as fall deposit and 0.5 kM3 as ignimbrite, with a 
dense rock equivalent of 4.7 km3. 

The outflow ignimbrite is everywhere unwelded. It is very similar to the 

proximal deposit in its constituents, being composed predominantly of light-coloured 
high-Si dacite pumice in an ash matrix. Banded mafic pumice has not been observed in 

the outflow ignimbrite but the lithic constituents are to be identical to those in the 

caldera. Pumice textures are similar to those in the proximal deposits. The ignimbrite 

was extensively sampled at several outcrops to test for compositional zonation. The 

pumice is homogeneous high-Si dacite (Chapter 4), minor variations being due to 

variable phenocryst contents and the presence of small lithic clasts or mafic inclusions. 
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2.3.1 Description 

Two main lithofacies of the ignimbrite can be defined. Facies A occurs in 

valleys and is massive and poorly sorted, composed predominantly of block to lapillus- 

sized rounded pumice, with volumetrically minor lithics in a fine ash matrix (Plate 
2.21). Large fragments of transported carbonised wood and fines-depleted sub-vertical 
gas escape structures, which occur where the ignimbrite has been deposited on water in 
the Alpehue Valley, provide evidence of hot emplacement. Irregularly shaped, fines- 
depleted, pumice-rich pods are observed at some outcrops. Different flow units are 
distinguished by inversely graded bases, poorer in lithics and coarse pumice than the 
bulk of the deposit. Individual flow units vary in thickness from about 3m to more 
than 15 m. In the Alpehue Valley, only two flow units can be distinguished but in the 
Rio Blanco valley, four units are recognised. Here the ignimbrite reaches its maximum 
observed thickness of over 40 m. The base of this facies has been observed at only one 
outcrop, where it is underlain by a fines-depleted crystal and lithic rich deposit about 30 

cm thick. 
Facies B occurs on valley sides and can be divided into a number of sub- 

facies. It is very variable in grainsize, bedforms and dominant constituents, exhibiting 
rapid lateral and vertical changes. A distinctive light coloured well sorted fine ash layer 
(Facies B 1), usually less than 10 cm thick, often marks the base of these deposits. It 

occurs at several outcrops, north and south of the volcano. In places, the ash is 

vesicular. In roadcuts on the north side of the volcano, within about 5 krn of the 

summit, it is overlain by a thin to medium (5-30 cm) very poorly sorted bed, consisting 
of angular fragmented pumice lapilli and minor lithics in a fine ash matrix. This bed 

occurs only close to the volcano and is not overlain by ignimbrite. 
At several outcrops on the sides of the Alpehu6 Valley, the basal part of the 

deposit (Facies 132) consists of a sequence of poorly sorted ash-rich, planar, thin to 

medium beds with varying amounts of bomb to lapillus-sized pumice and lithics (Plates 

2.22-2.24). These are interbedded with thin to very thin lenticular, fines-depleted 

pumice-rich horizons. The fines-depleted layers are composed of fine grained well- 

rounded pumice lapilli, sometimes becoming coarser grained and more thickly bedded 

upwards (I cm at the base to about 5-12 cm at the top). In places, the sequence has a 
depositional dip (up to 30') and mantles topography. A similar deposit, ash-rich with 
lenticular pumice layers, occurs at a higher level in the Facies B sequence. The pumice 
lenses are sometimes extremely fines-poor and quite coarse grained where they occur in 

the lee of topographic obstacles. There is a general positive correlation between 

pumice grainsize and lens thickness. The upper unit is occasionally cross-stratified 
(Plate 2.23) and at one outcrop has an erosive base where trails of pumice, entrained 
from the underlying bed, can be tra osit. 
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Facies B3 is very similar to Facies A in its grainsize and sorting, but flow units 
are thinner, rarely exceeding 2m and often as thin as 30 cm (Plate 2.24). These are 
distinguished by inverse graded bases and/or very thin ash layers. Carbonised wood, 
with associated small fines-depleted pipes, occurs. 

Facies B4 consists of fines-poor, crystal-rich, poorly-consolidated beds up to 
about 1.25 in thick (Plate 2.24). Pumice and lithics are much finer grained than in the 
massive ignimbrite, which together with the fines depletion, produces relatively good 
sorting. Internal planar stratification is visible in some beds, defined by very thin fine 
grained layers and a diffuse imbrication of lithic clasts. This facies can be further sub- 
divided on the basis of the relative predominance of pumice or lithics. At some 
outcrops, a lithic-rich layer is overlain by a pumice-rich layer but the opposite is also 
observed. 

2.3.2 Interpretation 

Facies A is a massive valley-ponded ignimbrite, the carbonised wood and gas 
escape structures being evidence of its primary pyroclastic origin (Cas and Wright, 
1987). The reverse graded bases and massive parts of the flow units correspond to 
layers 2a and 2b respectively, in the terminology of Sparks et al. (1973). 

No consistent stratigraphy can be defined for the Facies B deposits. Where 

present, Facies B1 always occurs at the base of the sequence. The planar bedded Facies 
B2 deposits also occur low in the sequence. However the relationship between the 
other sub-facies is variable. 

From its very fine grainsize and good sorting, Facies BI is interpreted as an 
ash-fall deposit. It marks the initiation of the eruption and may represent a preliminary 
phreatomagmatic phase, due to interaction of magma with ice. The overlying deposit 

on the slopes of the volcano is interpreted as a proximal fall deposit, from the 
fragmentation of the pumice. The poor sorting may be due to wetness of the ash 
causing premature fallout and/or a pulsating eruption column (Walker et al., 198 1). 
This deposit may represent the transition from the phreatomagmatic to the magmatic 
stage of the eruption. 

Two alternative interpretations of the Facies B2 deposits are possible. If the 
lower and upper units have the same origin, deposition from a powerful flow or surge is 
indicated by the erosive bases and cross-stratification in some of the upper units. It is 

not likely to be a direct surge deposit from the vent as it does not occur within the 

valley-ponded unit. One interpretation is that Facies B2 is a lateral equivalent of the 

valley-ponded Facies A, similar to the ignimbrite veneer deposit (IVD) of the Taupo 
Ignimbrite (Walker et al., 198 1), with which it shares many characteristics. It is a thin 
fines-rich topography-mantling deposit, standing on steep slopes with its upper and 
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lower surfaces parallel. It contains very distinctive fines-depleted pumice lenses. 
These are best developed in the leeside of topographic obstacles but are present at most 
outcrops. Pumice is consistently smaller than that in the nearby Facies A deposit. 
Bedding is thinner than in the valley-ponded deposit. An alternative explanation is that 
it was produced by secondary pyroclastic surges where the massive ignimbrite was 
deposited on water. Because outcrop is limited to the sides of the Alpehu6 Valley, 
where the massive ignimbrite would have been deposited on water, it is difficult to 
argue strongly in favour of either model but the strong similarity to the IVD deposits 
described by Walker et al. (198 1) is notable. 

Facies B3 is considered to be a direct lateral equivalent of the massive deposit 

as the two are identical except for bedding thickness. 
The fines-depleted Facies B4 deposits are likely to have been deposited from a 

highly fluidised primary pyroclastic flow. A fines-depleted ignimbrite (FDI), which is 

a lateral equivalent of the valley ponded facies, has been described from Taupo (Walker 

et al., 1980). These deposits differ from the fines-depleted ignimbrite at Sollipulli in 
that at Taupo, the grainsize of pumice and lithics is coarser than in the normal 
ignimbrite, whereas the reverse is seen at Sollipulli. The FDI of the Taupo ignimbrite 
is considered to be the deposit of a turbulent flow (Walker at al., 1980), turbulence 
being caused by ingestion of vegetation, resulting in excessive loss of fines and leading 

to rapid sedimentation. A similar mechanism may have produced the Facies B4 
deposits at Sollipulli, as the deposits occur on valley sides, which would have been 

thickly vegetated. 
In summary, the Alpehu6 eruption produced a diverse series of deposits. The 

pyroclastic flows were confined to valleys close to the volcano, whereas the pumice fall 

was carried north-eastwards by the wind. The initial eruption may have been 

phreatomagmatic due to magma-ice interaction, but the plinian phase produced the vast 
bulk of the deposits. The main part of the ignimbrite is massive and valley-ponded but 

a variety of associated deposits occur on the valley sides. Many of these are direct 
lateral equivalents of the ignimbrite although some may have been produced by 

secondary blasts, following deposition of the ignimbrite in the Alpehud River. 

2.4 Volcanic evolution and caldera formation 

2.4.1 Age relationships 

Evolution of Sollipulli is divisible into two main phases, based on stratigraphic 
observations and supported by geochemistry. The older NW and AT units have 

geochemical characteristics which distinguish them from the younger CC, CO and AP 

units (Chapters 4,6 and 7). Fundamental differences in geochemistry between the older 
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and younger units are interpreted in Chapter 7 as reflecting differences in primary 
magma characteristics coupled with a transition in the north-eastern to southern caldera 
sequence (Table 2.2) from a predominantly lower to mid-crustal evolution in the AT 

stage to development of a large upper crustal system in the CC stage. Geochernistry 

permits derivation of the CC, CO and AP units from the same parental magma by 
fractionation and assimilation of different amounts of crustal material (Chapter 6). 

The relative ages of the NW and AT units are unknown and there is presently 
no field evidence which allows an age relationship to be established. These units are 
unlikely to be coeval as most of the NW lavas are sub-aerial, whereas the AT unit 

appears to go from sub-glacial to sub-aerial at a similar elevation. The small NWflank 

eruption is sub-glacial. It is suggested that the NW mixed dacite sequence is older than 
the AT unit, as both are exposed at the same elevation, but the former is composed of 

strongly glaciated lavas whereas the latter is composed predominantly of weakly 
indurated palagonitic tuff and much more susceptible to erosion. A younger age for the 
AT unit is also consistent with the general easterly migration of volcanic activity at this 
latitude. The sequence envisaged is initial sub-aerial eruption of the NW lavas, onset of 

glacial conditions with phreatomagmatic volcanism forming an extensive AT sub- 

glacial sequence, which gradually built up to erupt sub-aerially. The sub-glacial north- 

west flank dacite may have been erupted during this period. 
The time gap between eruption of the AT unit and the overlying CC unit is 

unknown. However some AT lavas are strongly weathered and glaciated in comparison 

to the CC lavas suggesting a significant time-gap. CO lava overlies CC lava in the 

north and is therefore younger. However, the possibility that the sub-aerial CC lavas in 

the south and east may be coeval with the CO unit cannot be ruled out. The unglaciated 
CO unit is likely to be less than 14,000 years old. The sub-aerial CC lavas may also be 

younger than 14,000 years and the sub-glacial CC lavas may have been intruded into 

the ice towards the end of the last glacial period. The AP pyroclastic deposits drape the 

CC lavas along most of the southern wall. AP deposits overlie the CO unit at one 

outcrop within the caldera but are otherwise absent. The AP unit has been dated at 
2900 BP. 

2.4.2 Minimum age of caldera formation 

The timing of formation of Sollipulli caldera, is uncertain but the original 

concept that caldera formation may have occurred during the Alpehu6 eruption is 

untenable, based on the following reasoning. 
Firstly, the CO unit gives a minimum relative age for caldera formation. The 

CO lavas drape the northern caldera wall and have flowed south-westwards for at least 
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2 km with a vertical drop of about 300 m. The caldera, must have existed at this time. 
Alpehu6 deposits overlie the CO unit. 

Secondly, the Alpehue eruption removed a large section of the CC unit from 
the southern caldera wall. The radial distribution of the CC unit suggests eruption 
along a ring fault. As discussed below, it is not known whether the caldera forined 

prior to or during the eruption of the CC unit. In either case it is likely that the CC 

eruption caused significant subsidence of the central part of the structure and that the 
caldera was in existence subsequent to the CC eruption. 

Thirdly, there are no other vents associated with the Alpehu6 eruption around 
the margins of the caldera. Such vents might be expected if a piston-like or piecemeal 
collapse had occurred during the Alpehu6 eruption. 

Finally, the ice-level in the Alpehu6 vent is up to 150 m lower than that in the 
main caldera, implying that the caldera ice (and therefore the caldera) was present prior 
to the eruption. 

These four points, taken together, are considered as definitive evidence for 

pre-existence of the caldera prior to the Alpehue eruption and negate the possibility that 
lateral withdrawal of magma from beneath the central region could have induced 

collapse of the main structure, although some additional subsidence during the Alpehu6 

eruption may have occurred. However, the Alpehue vent may itself be a small nested 
collapse caldera, as discussed below. 

2.4.3 Caldera formation, general considerations 

Did the caldera form in a single event or incrementally? Is it a collapse or 
constructional-erosional structure or a combination thereoP 

A mechanism which is often invoked for caldera formation is catastrophic 
collapse during large explosive eruptions. Many large calderas of silicic volcanoes 
have formed during an ignimbrite-producing phase of a major plinian eruption (e. g. 
Druitt and Sparks, 1984). Collapse may be induced by rapid withdrawal of magma at 
very high eruption rates. A related mechanism is lateral movement of magma which is 

erupted explosively but remotely from its initial storage centre, inducing collapse above 
the magma chamber. Katmai caldera. in Alaska is believed to have formed 

catastrophically by withdrawal of magma from an underlying chamber, the magma 

erupting explosively several kilometres away (Hildreth, 1983). 
Calderas may also form by non-explosive mechanisms. Sigurdsson and 

Sparks (1978a) suggest that Askja caldera, in Iceland was formed by a combination of 

sub-glacial constructional volcanism along ring structures and lateral magma 
movement. Down-sagging of the central part of the structure by ice-loading and glacial 
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erosion have contributed to caldera formation. Gravity modelling by Brown et al 
(1991) accords with this model. 

A major difficulty in constraining the timing of caldera formation is the 
absence of correlatable deposits outside and inside the caldera. Any caldera-fill 
deposits are concealed by the ice and there are no pyroclastic deposits preserved outside 
the volcano which could be associated with a caldera collapse event. However the low 

preservation potential of unconsolidated pyroclastic deposits in the present climate of 
southern Chile must be considered (c. f. Hildreth et al., 1984). Glacial conditions would 
permit even more rapid erosion. Pedogenic processes occur very rapidly in the present 
climate, soil formation rendering pyroclastic deposits hard to recognise. 

The Alpehue deposits, less than 3000 years old, have been strongly eroded on 
the caldera wall and upper flanks, where little more than a thin veneer exists. The 

unwelded ignimbrite in the Alpehue Valley is deeply dissected and owes its present 
state of preservation to a thin cover of vegetated coarse fluvial and debris flow deposits. 
On the lower flanks of the volcano a very thin deposit has been preserved only by rapid 
re-vegetation. In 10,000 years, the deposit may have completely vanished. The 

preservation of the AT volcaniclastic deposits is probably due to early palagonitisation. 
The deposits of a sub-aerial explosive eruption, occurring during a glacial period, may 
have little chance of being preserved. Therefore, the absence of silicic pyroclastics 
among the older deposits does not necessarily mean that they were never erupted. 

However, given that there is no evidence for any major explosive eruption 
prior to the Alpehu6 event, passive construction combined with down-sagging and 
erosion is a more viable mechanism for caldera formation. The following section 
considers models for incremental non-explosive caldera formation similar to the model 
proposed by Gilbert et al. (1996). 

2.4.4 Caldera formation 

Figure 2.4 is a cartoon depicting the various stages of volcanic evolution. It is 

assumed that the NW unit formed the northern edifice prior to the AT eruption. The 

stratigraphy of the southern and eastern part of the volcano at this time is unknown. A 

large summit vent or smaller caldera may have already existed, after eruption of the 
NW unit. Sub-glacial to sub-aerial eruption of the AT unit occurred on the upper 

eastern flank of the original edifice. It is probable that the AT eruption was a 

predominantly constructional event, which produced the outline of the present edifice. 
Assuming the morphology depicted in Fig. 2.4a, the eastern part of the original 
structure must have been removed to form the large caldera. 

The evidence for sub-glacial eruption of much of the CC unit requires that an 
ice-cap existed at the time of the eruption. However this does not necessarily imply 
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that a large single caldera had formed by this time. Two end-member cases can be 

envisaged. In the first case, a single large caldera. may have formed during the AT 

eruptive phase by collapse or subsidence of the eastern edifice (Fig. 2.4b 1). In the 
second case, a large caldera may not have formed until the CC eruption, the AT 

sequence forming a large cone on the eastern flank of the edifice (Fig. 2.4b2). Between 
these extremes, it is possible that erosion played a major role in forming the large 

caldera after the AT but prior to the CC eruption. 
There is no evidence for a major collapse event during the AT eruption. All of 

the AT deposits examined are juvenile. There is also no evidence for the existence of a 
large upper crustal AT magma chamber (Chapter 7). An alternative to collapse of the 

original eastern edifice is that subsidence during the AT eruption and subsequent glacial 
erosion prior to the CC eruption played an important part in forming a large single 
caldera. It is possible that all three mechanisms were important. 

If a large caldera had formed prior to the CC eruption, it is likely that further 

and probably significant subsidence occurred during the CC stage. The distribution and 
homogeneity of the CC lavas suggests eruption from a single large magma chamber 
(Fig. 2.4c). The radial distribution of the CC lavas is suggestive of eruption on a ring 
fault. Subsidence is likely to be induced by withdrawal of magma from the sub-caldera 

reservoir and eruption around the margins. Down-sagging due to ice-loading and 

glacial erosion are possible contributory mechanisms. There is strong evidence that the 
lower parts of the CC unit were erupted under ice. This is similar to the mechanism 

proposed by Sigurdsson and Sparks (1978a) for formation of Askja caldera. 
The alternative model is that a large single caldera did not exist until the CC 

eruption. The AT sequence may have formed a large parasitic cone, which was ice- 

filled at the time of the CC eruption, on the eastern flanks of the original volcano. 
Collapse of the original pre-AT eastern edifice (Fig. 2.4a) may have been induced by 

withdrawal of magma from an underlying CC magma chamber. The scenario depicted 

in the previous paragraph applies equally in this model. 
There is no need in either case to invoke the existence of a ring fault prior to 

the CC eruption, even if a large caldera already existed. Only the CC unit shows 

evidence of control by a ring structure. Walker (1984) shows that older ring faults 

control subsequent eruptions at very few calderas. 
The only difference between the models is in the timing of formation of a large 

single caldera. The models are not mutually exclusive and it is possible that the large 

caldera formed incrementally. Some collapse or subsidence may have occurred at the 

AT stage. Subsequent erosion may have been an important mechanism in removing the 

original eastern edifice following the AT eruption. Further subsidence is very likely to 

have occurred during the CC eruption. 
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2.4.5 The Alpehue collapse caldera? 

Further evolution of the volcano continued with eruption of the CO unit on the 

northern caldera wall (Fig 2.4d), probably in post-glacial times (<14,000 BP) The final 

major event was the Alpehu6 eruption (2,900 BP) fom-dng a large vent in the southern 
caldera wall (Fig. 2.4e). The vent is about 1.5 krn in diameter and a minimum of about 
200 rn in height above the ice. Whether the Alpehud Vent was formed by explosive 
coring through the CC unit or is a collapse structure is not known. At least 0.4 kM3 of 
dense lithic material must have been removed to form the present vent. No lithic lag 
breccia has been observed although the proximal regions of the Alpehu6 Valley have 

not been studied. There is no accurate estimate of the proportion of lithics in the 
Alpehu6 deposits as a whole. Scandone (1990) argues strongly against explosive 
coring as a mechanism for caldera formation. It is possible that the vent may represent 

a small nested collapse caldera, formed during the climactic Alpehu6 eruption by a 

mechanism similar to that envisaged by Druitt and Sparks (1984). 
It is not known whether the eruption induced further subsidence within the 

central part of the caldera by lateral withdrawal of magma. Considering the possible 

genetic relationship between the CO and AP magmas, it is possible that the AP magma 

chamber underlay the central part of the caldera and that some subsidence may have 

occurred during the eruption if lateral movement of magma occurred (c. f. Hildreth, 

1983). 

2.5 Summary 

Five stratigraphic units are defined in the caldera. These can be divided into 

two groups on the basis of geochemistry (Chapter 4), reflecting two major eruptive 

phases of the volcano. 
The first phase produced the NW unit, a thick stack of high-Si dacite lavas, 

characterised by the presence of abundant high-Mg basalt inclusions, and the AT unit, a 

sequence of basic lavas and volcaniclastics with minor dacite. The relative ages of 
these two units is unknown but it is suggested that the NW unit is older. 

The second phase produced the basaltic andesite to high-Si dacite CC unit, 

erupted on three sides of the caldera. The distribution of these rocks suggests control 
by a ring fault. The volumetrically minor CO unit andesite, to low-Si dacite lavas give a 

minimum relative age for caldera formation. This unit is likely to be less than 14,000 

years old. A major explosive eruption occurred about 2900 BP, producing a large 

volume (--4.7 km3 DRE) of homogeneous high-Si dacite, pumice. The VC basaltic 

andesite scoria cone was formed at about 700 BP. 
Sollipulli caldera is unlikely to have formed by collapse during a large 

explosive eruption. The CO unit lavas unequivocally postdate caldera formation and 
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provide a minimum relative age for the structure. At present it is not possible to place a 

maximum age on formation of the caldera. One possibility is that the caldera formed 
during the AT eruption by collapse or subsidence of the original eastern edifice. A 

second possibility is that after the AT eruption but prior to the CC eruption, erosion 

played a major role in removing the original eastern edifice to produce a single large 

caldera. A third alternative is that the caldera formed during eruption of the CC unit by 

passive subsidence caused by withdrawal of magma from beneath the central part of the 

volcano. Considering the distribution of the CC lavas, it is likely that subsidence 

occurred at this stage, whether a large caldera already existed or not. None of these 

models are mutually exclusive and it is possible that all three processes have 

contributed to caldera formation. The Alpehu6 eruption formed a large vent in the 

southern caldera wall which may represent a small collapse caldera. 
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Figure 2.4: Cartoon depicting Sollipulli prior to and after eruption ofthe AT sequence. Plan and 
elevation views from the south are shown at each stage. 
a: Original edifice prior to AT eruption. 
bl: Edifice prior to CC eruption. Sub-glacial to sub-aerial eruption AT eruption on the eastern 
flank forms a single large caldera either by collapse ofthe eastern edifice and/or by subsidence 
and/or subsequent erosion. 
b2: An alternative to formation of a large caldera prior to the CC stage is that the AT sequence 
formed a large cone on the eastern flank of the original edifice. 
c: Caldera. after the CC eruption. The CC magma probably resided in a large upper-crustal 
reservoir. Sub-glacial eruption occurred around the margins of the caldera. In scenario b I, 

additional subsidence is likely to have occurred a( (his stage. In scenario b2, the CC eruption 
induced collapse ofthe original eastern edifice and formation ofa single caldera. 
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e 

Figure 2.4(continued): 
d: The CO lava unequivocally postdates caldcra formation. The lavas were erupted on the 
northern wall, flowinty both into and out of the caldera. A possible genetic relationship with the LI 
AP unit suggests that the AP magma chamber may have underlain the main caldera. 
e: The AP eruption formed a large vent through the CC unit in the southern caldera wall. The vent 
may represent a small nested collapse caldera. 
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Chapter 3 
Petrology and mineral chemistry 

3.1 Introduction 

This chapter describes the petrography and main features of the mineral 
chemistry. The major stratigraphic units are petrologically distinct from each other and 
are described separately. Magma mixing, fractional crystallisation and crustal 
assimilation have all been important evolutionary processes. The degree to which these 
different processes have influenced magmatic evolution varies between the stratigraphic 

units, as reflected in mineral and whole-rock chemistry. Plutonic xenoliths are 
described briefly in Section 3.4. 

The study is based on petrographic examination of about 200 thin sections, 90 

of which have been analysed by electron microprobe. The microprobe techniques and 

errors are discussed in Appendix 1. In most samples, several grains of each major 

mineral were analysed, typically 7-15 core and 3-5 rim analyses of each crystal, to 

ensure that a representative set of analyses was obtained. In many cases, 150-400 

analyses were obtained per sample and the complete database consists of over 20,000 

analyses. Sample locations are given in Appendix 2. Representative average analyses 

are given in Appendix 3. 
Mineral abbreviations are listed in Table 3.1. The terms Cpx and Pig are used 

for high-Ca (mostly augite) and low-Ca clinopyroxene respectively. The term Sp is 

given to Cr-spinels. An arbitrary distinction between Sp and Tmt is drawn at the point 

where Cr203 becomes a very minor component (<I%) as there is an almost complete 

gradation between members of the chromian spinel and titanomagnetite solid solution 

series (Sack and Ghiorso, 199 1). Discussion of oxide chemistry is deferred until 
Chapter 5. Compositions of anhydrous silicates quoted below refer to standard simple 

cation ratios calculated with all iron as Fe2+. For example, An content of Plag is quoted 

as mole % Ca/(Ca+Na+K) and En content of Px as mole % Mg/(Mg+Fe2++Ca). Amph 

is recalculated after Holland and Blundy (1994), which allows Fe2+/Fe3+ to be 

estimated. Magnesium number (Mg#) is calculated as 100*Mg/(Mg+Fe) for Px and as 
loo*Mg/(Mg+Fe2+) for Amph. 

Grainsize terminology used throughout is given in Table 3.2. Modal analyses 

of representative samples are given in Tables 3.3-3.4. Between one and two thousand 

counts were made on each thin section. Modal proportions referred to in the text are 

recalculated vesicle-free. Table 3.5 gives additional abbreviations used to sub-divide 

the stratigraphic units. 
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Mineral Abbreviation 
Olivine ol 
Plagioclase Plag 
Pyroxene Px 
Clinot)vroxene Cpx 
Orthopyroxene Opx 
Pigeonite Pig 
Augite Aug 
Diopside Diop 
Cr-AI-Spinel Sp 
Fe-Ti Oxide Ox 
Titanomagnetite Tmt 
Ilmenite Ilm 
Apatite Apt 
Amphibole Amph 
Biotite Biot 
Muscovite Musc 
Zircon Zrc 
Alkali feldspar Afs 
Quartz I Qtz 

Table 3.1: Mineral abbreviations. 

Grainsize 
Very coarse >4 mm 
Coarse 2-4 mm 
Medium 1-2 mm 
Fine 0.5-1 mm 
Very f ine 0.25-0.5 mm 
Microphenocryst <250 pm to 50-100 gm 

Phenoc st content 
Very high >30% 
High 20-30% 
Moderate 10-20% 
Low 5-10% 
Very low <5% 

Table 3.2: Terms used to describe crystal size and abundance. 
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Table 3.3: Modal analyses of selected basic samples. Abbreviations in Column 2 are 
explained in Table 3.5. Additional abbreviations are MG for Plag megacryst, MP for 
microphenocryst, Gms for groundmass and Ves for vesicle. The ATB (AT basalt) samples 
marked with an asterisk derive their low Si contents from excess Plag. As discussed in the 
text, the proportion of megacrysts in the AT rocks obtained from point counting does not 
necessarily reflect their macroscopic proportions. In particular, sample SP228 has a much 
higher proportion than the other basic AT samples. Sample SP326 differs from the other 
basaltic AT samples in that it contains Opx and has a very high proportion of Plag. Counts of 
the AP banded pumice are for the mafic bands only. SP252 contains trace amounts of Amph 
in a silicic band. 
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Table 3.4: Modal analyses of selected intermediate and silicic samples. Abbreviations as in Tables 3.3 
and 3.5. Total groundmass, including vesicles, is reported for the AP pumice. Vesicles form between 70- 
80% of the groundmass, determined by density measurements. In the case of the NW mingled rocks, the 
proportions of basic inclusions (INC) in thin section are given. However, these do not necessarily reflect 
the true macroscopic proportions in hand specimen. Trace amounts of Apt occur in most samples as 
squat microphenocrysts or inclusions in Plag and Px. 
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Abbreviation Explanation 
NWI NW basic inclusion. 
NWB NW basaltic inclusion 
NWBA NW basaltic andesite inclusion 
NWD NW dacite, used generically 
NWMD NW mixed dacite. 
NWF NW flank, non-mixed intermediate rocks. 
ATB AT basalt 
ATBA AT basaltic andesite 
ATSBA AT silicic basaltic andesite 
ATD AT dacite 
CCNBA CC north wall basaltic andesite 
CCESBA CC east-south wall basaltic andesite 
CCEBA CC evolved (low-Mg or high-Si) basaltic andesite 
CCMBA CC mixed basaltic andesite 
CCA CC andesite 
CCMA CC mixed andesite 
CCD CC dacite 
CCMD CC mixed dacite 
CCLSD CC low-Si dacite 
CCHSD CC high-Si dacite 
CCHSDI CC high-Si dacite, basic inclusion 
COA CO andesite 
COD CO dacite 
APD AP dacite pumice 
APJL AP juvenile dacite lithic 
APR APjuvenile rhyolitic lithic 
APAL AP accessory lithic 
APBP AP banded pumice 
APBPBA Mafic basaltic andesite part of banded pumice 
APBPD Dacitic part of banded pumice 
APMN AP mafic nodule 
APIN AP intermediate nodule 
APX AP plutonic xenolith 
APXM Mafic part of mixed plutonic xenolith 
APXS Silicic part of mixed plutonic xenolith 

Table 3.5: Common abbreviations used in diagrams and tables throughout the thesis. 
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3.2 General features 

3.2.1 Crystallisation sequence 

The most basic rocks are basalts with phenocrysts of 01, containing abundant 
Sp inclusions. Plag joins the assemblage and becomes predominant in magnesian 
basaltic andesites, followed by Cpx. In more evolved basaltic andesites, Opx and/or 
Tmt occur and continue to crystallise with Plag and Cpx in andesites and dacites. Cpx 

is the predominant pyroxene in basic to intermediate rocks but Opx predominates in the 

silicic rocks. 01 is very rare in andesites and is absent in dacites except as high-Mg 

xenocrysts. Ilm and Apt are important accessory phases in andesites and dacites. Tmt 

is typically more abundant than Ilm by a factor of 10-30 or more. Amph is usually 

rare, occurring as a minor constituent of some basaltic andesite to dacitic NW lavas and 
AP pumice, but is the main mafic mineral in vesicular juvenile nodules from the AP 

deposits. Bt occurs in one of these nodules but is otherwise completely absent. Afs has 

been observed in one rhyolite sample only. Qtz does not occur. Zrc is a very minor 

accessory in some dacites. 
These dominantly anhydrous mineral assemblages are typical of most centres 

in TSVZ and SSVZ (Chapter 1). Fayalitic 01 does not occur in evolved Sollipulli 

rocks. A previous report of 01 in the AP dacite (Naranjo et al., 1993) is incorrect. 

3.2.2 Sieve-textured plagioclase 

Two types of sieve-textured Plag, termed Type I and Type 2, can be 

distinguished petrographically by melt inclusion textures and zoning patterns, which 

require microprobe examination for definitive classification. The classification is used 

to distinguish between sieve-textured crystals which are believed to have fundamentally 

different origins. The main purpose is to genetically distinguish Type I crystals where 

the sieve texture is believed to form by resorption whereas the origins of the Type 2 

textures are more equivocal. Type I Plag is ubiquitous in rocks which show strong 

evidence for magma mixing, whereas Type 2 crystals are not necessarily associated 

with mixing. Other melt inclusion textures are not given specific terms here. Clear 

non-sieve-textured Plag often contains rounded melt inclusions. 

Type I crystals have sodic cores (An20-40) with very fine, dusty sieve-textured 

mantles or rims of varying thickness (Plates 3.1-3.4). Kawamoto (1992) describes 

similar textures although the crystals discussed here are significantly more sodic. 
Microprobe analysis shows the dusty areas to be composed of a network of glass and 

Plag. Glass patches are irregularly shaped and typically less than a few Rm across 

although in some cases the glassy areas may be up to 20-30 gm across. The clear cores 
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often have embayed boundaries with the dusty regions, suggesting resorption. The 
diagnostic features are a sharp increase in An content (15-40% An) from core to dusty 
sieve-textured area and the small irregularly shaped melt inclusions. Fe and K content 
of Plag often increase in the sieve-textured areas. Many grains have clear outer rims, 
generally more sodic than the dusty areas. 

Type 1 Plag is very common in mixed rocks (e. g. Eichelberger, 1978, 
Kawamoto, 1992, Murphy, 1995). Evidence for magma mixing here includes the 
presence of basic inclusions in silicic rocks and/or strongly disequilibrium mineral 
assemblages. Reverse zoned Plag, with no distinctive textural features, and reverse 
zoned Opx (Plate 3.5) frequently occur in the same rocks. 

The texture is believed to form when pre-existing Plag is reheated by 
interaction with hotter magma, termed partial dissolution by Tsuchiyama (1985), who 
reproduced the texture experimentally. Partial dissolution of the original grain and 
rapid growth of more calcic Plag, in equilibrium with the higher temperature melt, 
occurs. High growth rates result in formation of a very fine dendritic Plag network, 
trapping melt inclusions. Increases in magmatic H20 content could also produce 
reverse zoning (e. g. Rutherford and Devine, 1988) but strong resorption is unlikely. 
Increasing liquid Ca/Na due to magma mixing could also cause more calcic Plag to 

crystallise but it is difficult to separate thermal from compositional controls. The 
important point is that the texture is indicative of magma mixing although assimilation 
of pre-existing crustal material could also produce the same texture. In most samples 
where Type I Plag occurs at Sollipulli, unresorbed phenocrysts with identical core 
compositions also occur, indicating a magmatic origin. 

It is often possible to distinguish Type I Plag optically, but classification is 

equivocal where crystals have dusty sieve textures throughout. Although this may be a 
two-dimensional artefact in some cases, such crystals are common in many mixed rocks 
and are probably strongly resorbed sodic crystals. 

Type 2 Plag (Plates 3.6-3.8) often has elongate inclusions, oriented parallel to 

the long axis of the grain. The inclusions are generally larger (=20-300 Rm) than the 
Type 1 inclusions, commonly occurring throughout the core. Inclusion size is 

sometimes positively correlated with grainsize. The inclusions are generally composed 

of cryptocrystalline or devitrified material, similar in composition to the external 
groundmass. Type 2 Plag is not reverse, zoned but may be patchy zoned with a large 

compositional range (20-50% An). The calcic patches generally predominate and are 

often in crystallographic continuity with outer inclusion-free calcic areas. Type 2 Plag 

does not have a characteristic occurrence but is most abundant in basic to intermediate 

rocks. The texture corresponds in several respects to the honeycomb texture of 
Kawarnoto (1992). Similar textures are described by several authors and commonly 
interpreted as forming by rapid skeletal growth (Kuo and Kirkpatrick, 1982, 
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Tsuchiyama, 1985). The patchy zoning may form by crystallisation of sodic Plag from 
infiltrating or trapped liquid (c. f. Lofgren, 1980). 

The most important point is that the Type I texture originates by resorption 
and is often indicative of reheating associated with magma mixing whereas the Type 2 
texture may form by skeletal growth, although a resorption origin may be possible in 

some cases. 

3.3 Petrology of stratigraphic units 
Figures 3.1-3.7 show representative 01, Plag and Px compositions. The 

mineral component diagrams are plots of representative averages of individual crystals 
and only a small proportion of the data is plotted in most cases to avoid clutter. 
Column charts are also shown for each mineral to show the distribution of individual 

analyses. Each individual dataset has been normalised to 100% for comparison of 
different samples and units (see caption of Figure 3.2 for fuller explanation). Figure 3.8 

shows representative individual Amph analyses, as Amph is in low abundance 
compared to the other minerals and fewer analyses were obtained. Groundmass mineral 
chemistry normally reflects crystallisation from more evolved liquids than those from 

which phenocrysts grew. For brevity, groundmass mineral chemistry is not discussed 
in detail in most cases but representative analyses are given in Appendix 3. 

3.3.1 Unidad del Norte-Oeste (NW unit) 

The characteristic features of this unit are the presence of abundant basic 
inclusions in the dacitic lavas (Chapter 2), strongly disequilibrium mineral assemblages 
and abundant Type I Plag. Except for some volumetrically minor intermediate lavas 

described separately below, all samples contain basic inclusions in varying amounts. 
The textures, mineralogy and whole-rock chemistry provide unequivocal evidence for 

magma mixing. The term "mingled" is used after Bacon (1986) for inclusion-bearing 

magmas, formed by quenching of discrete blobs of basic magma in a cooler silicic host 

and "hybrid" refers to lavas which have formed by homogenisation of liquids typically 

resulting in strongly disequilibrium phenocryst assemblages. The generic term "magma 

mixing" is applied to either process and the term "mixing" may include other processes 

such as melting and/or assimilation of crustal material. The NW unit flank samples 

show no evidence of mixing and are described separately. 
The mixing end-members are inferred to be predominantly basalt (51-52% 

Si02) and high-Si dacite (68-69% Si02) (Chapters 4,6). The basalts represent the 

most primitive magmas (up to 9% MgO) sampled at Sollipulli. 5 discrete separated 
inclusions and 9 mingled samples with small inclusions have been analysed by 
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microprobe and several thousand analyses have been obtained. Note that point- 
counting gives the proportion of microscopic inclusions only which typically differ 
from the hand-specimen and outcrop scale proportions. 

3.3.1.1 Basic inclusions (51.0-54.7% Si02) 

Most inclusions contain coarse to fine grained euhedral phenocrysts or 
microphenocrysts of 01(4-6%), with abundant Sp inclusions, typically 10-40 gm in 

size. Type 1 Plag, often strongly resorbed, occurs in some inclusions (Plate 3.4). 
Apparently uncontaminated inclusions are mostly high-Mg basalts (SiOTý-5 1 %, 
MgO=9%). Contamination by infiltration of dacitic melt and/or incorporation of 
xenocrysts is detectable geochernically (Chapter 4) and petrographically, and most 
samples fall on mixing trends between basalt and dacite end-members. A single 
apparently uncontaminated inclusion (SP 147B, 54.6% Si02,4.4% MgO) contains 
phenocrysts of Plag(5%) and Cpx(3%) in addition to trace 01 (without Sp) and 
microphenocrysts of Opx and Amph (Table 3.3). On the basis of mineralogy and 
whole-rock chemistry, this sample represents a more fractionated basaltic andesite 
magma (Chapter 4). Amph occurs as microphenocrysts in a few other inclusions but is 

generally absent. 
The inclusions have diktytaxitic groundmass textures (Plate 3.4,3.9-3.10), 

consisting of interlocking randomly oriented acicular or dendritic quench-textured Plag 
(c. f. Bacon, 1986), and lesser amounts of 01 and Cpx microlites, with interstitial voids. 
The voids give the macroscopic porous texture (Plates 2.4,2.6-2.7) typically 

constituting about 10-20% by volume, similar to inclusions described by Bacon (1986). 
Framework Plag varies from about 30-300 gm. but the range within single inclusions is 

smaller, the mean size often correlating positively with inclusion size. Some inclusions 
have chilled margins, with framework Plag increasing in size from margin to centre. 
True rounded vesicles also occur in glass patches but are much less abundant than the 
diktytaxitic voids. Vesicle size sometimes shows a similar margin to centre increase. 
Contacts between host dacites and inclusions are sharp, mostly irregular and crenulated 
but straight contacts also occur (Plates 2.6-2.7). Cuspate contacts are typically convex 
towards the host as described by Bacon (1986), believed to form by contraction upon 

cooling (Blundy and Sparks, 1992). 
Often there appears to be little mass transfer from inclusion to dacite or vice 

versa but in other cases, voids and vesicles in the inclusions are rimmed or filled with 

rhyolitic glass, similar in composition to the dacite groundmass glass. Trails of quench 

microlites emanating from the inclusions into the dacite suggest partial hybridisation in 

some cases. 
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Figure 3.1: Representative average olivine core compositions in mol% Fo. Abbreviations are 
explained in Table 3.5. Additional abbreviations are explained below. 
a. 01 compositions in the NW basaltic inclusions and mingled dacites are similar. The basaltic 
andesite contains less magnesian 01. 
b. AT basalt and magnesian basaltic andesite (ATB-BA) contain magnesian 01 but more Fe-rich 
compositions, mainly microphenocrysts, also occur, overlapping with phenocrysts in more evolved 
basaltic andesites. 
c. CC basaltic andesites from the northern caldera wall (CCNBA) contain more magnesian 01 than 
those from the eastern and southern walls (CCESBA). 
d. CCEBA and CCMBA are silicic basaltic andesites (55-56% Si02) which are believed to have 
formed by fractionation and mixing respectively. CCMBA samples contain more magnesia 01. n 
e. CCAI samples are andesites which appear to have evolved predominantly by fractionation. 
CCMA is a mixed andesite and CCMD is a mingled dacite. CCA2 has a disequilibriurn assemblage 
but otherwise shows no evidence for mixing. The latter three groups all contain significantly more 
magnesian 01 than the CCAI samples. 
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Fig. ure 3.3: Representative average Plag core compositions. P is phenocryst, MP is microphenocryst and MG 
is megacryst. Other abbreviations as in Table 3.5 and previoud figures. 
a. Amph-free NW mixed dacites contain predominantly sodic Plag. Amph-bearing samples overlap in 
composition but range to much more calcic values. Crystals plotted from the Amph-bearing group include 
individual grains as well as those in mafic clots (see text). 
b. NW flank andesite (NWFA) and dacite (NWFD) have a very restricted range in average Plag composition. 
c. The most magnesian AT rocks are the most primitive Plag-phenocryst-bearing samples at Sollipulli. 
Microphenocrysts are generally more sodic than phenocrysts. 
d. AT basaltic andesites have a wide range in average Plag, but megacrysts have a restricted range. 
e. AT silicic basaltic andesite contains highly calcic megacrysts as well as more sodic Plag. AT dacites contain 
sodic Plag, similar to the more sodic population in the NW mingled dacites. 
f. CC basic basaltic andesites from the northern caldera wall have a narrow range of calcic Plag. The east and 
south samples range to more sodic average compositions. 
g. Mixed CC basaltic andesites contain only calcic Plag. Evolved basaltic andesites contain more sodic Plag. 
h. The mixed CC andesite contains two Plag populations. Phenocrysts are calcie and microphemocrysts are 
sodic. The CC mingled dacite has a similar range. CCA2 contains sodic reverse zone Type I Plag. 
L CC dacites and andesites likelt to have evol ved by fractionation have similar Plag compositions. 
j. CO andesite and dacite have similar average Plag compositions. 
k. Plag in the AP dacite is predominantly sodic. Plag associated with Amph is more calcic. 
1. The more mafic AP banded pumice (APBPI) contains more calcic Plag than the more evolved banded pumice 
(APBPBA2). Dacitic streaks contain Plag identical to that in the dacite pumice. 
Plag in the APmafic pumice becomes less calcic with increasing whole-rock Si. Dacitic parts contain sodicPlag 
identical to that in the dacite pumice. 
in. Intermediate Amph-bearing nodules (APIN) contain Plag similar to that in the dacite, ranging to slightly 
more sodic average compositions. The coarse grained mafic nodule (APMNI) has more calcic Plag than the fine 
grained maf ic nodule (APMN2). 
n. Plag in the VC scoria ranges to highly calcic compositions, including microphenocrysts. BA2 is more 
evolved than BA I but contains higly calcic Plag. 
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Figure 3.5: Representative avýrage pyroxene compositions plotted as simple quadrilateral components. Abbreviations 
as in previous diagrams. 
a. Amph-bearing NW mixed dacites have more magnesian Px than Amph-free samples. Some of the Amph-bearing 
group Opx crystals have large intra-grain ranges with Fe-rich cores, better represented in Fig. 3.8. 
b. The NW flank samples have a very restricted range in Px compositions. 
c. AT basalts and basaltic andesites have similar Cpx compositions. 
d. AT high-Si basaltic andesite has more Fe-rich Cpx than basic basaltic andesites. AT dacite contains only Fe-rich Px. 
e. North wall CC basaltic andesites have similar Cpx compositions to east and south wall samples. 
f. Mixed CCbasaltic andesites contain Opx and more magnesian Cpx than fractionated basaltic andesite. 
g. Mixed andesite (A2) contains more magnesian Px than other andesites, which have a wide range. 
h. Mingled CC high-Si dacite contains highly magnesian Opx. Average Px compositions in the other dacites are 
similar to or more magnesian than those in the CC andesites. 
L CO andesite and dacite have similar average Px compositions. 
j. AP dacite has a narrow range in Px compositions. Px in clots with Amph is more magnesian. 
k. Cpx in the more mafic banded pumice (APBPBAI) has high-Al and simple components do not reflect true 
variations. The more evolved sample contains magnesian Opx. Px indacite bands is identical to that in APdacite. 
1. Intermediate nodules contain Fe-rich Opx and noCpx. Marc nodules are similar to the banded pumice. 
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Figure 3.8: Amph compositions, plotted as Mg# against Si/ 23 oxygen atoms per 
formula unit. Field boundaries correspond to the Leake (1978) classification. M-H, M- 
HH, MH, MHH, EH and FEH are magnesio-hastingsite, magnesio-hastingsitic 
homblende, magnesian hastingsite and magnesian hastingsitic hornblende, edenitic 
hornblende and ferro-edenitic homblende. respectively. Other abbreviations as in 
previous diagrams. Note the different scales in f. Amph in the NW rocks, some AP 
dacite, AP banded pumice and mafic nodules has high Mg# and Si<6.5. Amph in the 
NW and AP banded pumice has lower Si than the others and the NW samples have 
higher Mg# than the AP banded pumice. Tha SP I 20A pumice analyses are of a 
euhedral individual microphenocryst which has lower Mg# than in the other AP pumice 
samples where Amph is intergrown with calcic Plag. Amph in intermediate nodules has 
higher Si and lower Mg# and occurs with sodic Plag. 
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The diktytaxitic quench textures are believed to form by rapid crystallisation of basic 

magma following incorporation into cooler dacite liquid. The quench textures and 
chilled margins, the irregular and rounded inclusion morphology and the presence of 
xenocrysts derived from the dacite all provide unequivocal evidence for incorporation 

of the inclusions in a molten state. 
In the basaltic inclusions, 01 cores mostly range between F083-87 with rims 

F077-85, although some samples contain a second 01 population ranging F081-84 (Figs. 
3.1 a, 3.2a). Sp is generally absent in the more Fe-rich 01 (Chapter 5). Plag xenocrysts 

are compositionally identical to dacite phenocrysts (see below) and almost invariably 

have Type 1 textures. The diktytaxitic framework-forming Plag typically has cores 
An71-76 and rims An65-70. Groundmass Cpx has high A1203 and Ti02 (up to 7.9% 

and 2.7% respectively), similar to phenocrysts in the basaltic andesite sample, discussed 
in the next paragraph. 

The basaltic andesite inclusion (SP147B) has minor 01, ranging F074-77. Plag 

phenocryst cores and rims range An63-85 and An30-69 respectively with narrower intra- 

grain ranges. The framework-forming Plag has cores ranging An49-63 and rims An23- 

39. Cpx phenocrysts have high Al and Ti, and are often sector zoned with large 

variations between sectors. The overall range in quadrilateral components is En35- 

47Fslo-18WO38-46. Opxmicrophenocrysts range En65-67R30-32WO2.6-3.7. Amph 

occurs as tabular or acicular microphenocrysts and microlites, invariably rimmed by or 

completely altered to opacite, (Plates 3.11,3.13). Amph is very similar in composition 
to Amph in the dacites and is discussed below. All are calcic amphiboles, magnesio- 
hastingsite to magnesio-hastingsitic hornblende (Fig. 3.8). 

3.3.1.2 Dacites 

Mineral assemblages in the dacite are Plag (12-15 %), Opx (= 1 %), Cpx 

(=0.5%) and Trat (up to 1%) with very minor Ilm and Apt and in some cases Amph. 

Fine grained mafic crystal clots of Opx, Amph, Plag, Tmt ± Cpx occur in some 
samples. Although Amph sometimes occurs as individual grains, most Amph-bearing 

samples contain mafic clots. The mafic clots are not magmatic inclusions. They do not 
have diktytaxitic-textured matrix and 01 does not occur although 01-bearing 

diktytaxitic inclusions occur in the same samples. These Amph-bearing mafic clots are 

chemically distinct from coarser grained clots of Plag, Opx ± Cpx ± Tmt which occur in 

most samples and which are similar in composition to individual crystals in the same 

samples. Plag and Opx in the Amph-bearing clots are more calcic and magnesian 

respectively than the normal phenocryst population. Xenocrysts of 01, compositionally 
identical to phenocrysts in the inclusions, are abundant in the dacites (Plate 3.11). 
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Groundmasses are glassy, usually devitrified, or intersertal with microlites of Plag, 
Opx, Cpx and Tmt. 

Many samples contain multiple phenocryst populations spanning large 

compositional ranges. Representative core compositions are plotted in Figures 3.3a- 
3.7a. The samples are divided into Amph-bearing and Amph-free groups. Both groups 
overlap in mineral compositions but the Amph-bearing samples range to much more 
calcic Plag and magnesian Px compositions. Amph occurs in all samples from the 

middle to the top of the sequence at locality 22 (Chapter 2) but appears to be absent in 

samples from the lower flows. 
The predominant Plag population in both Amph-bearing and Amph-free 

samples is medium to coarse grained, tabular or prismatic, with cores typically ranging 
An20-38, often averaging <An30 (Figs. 3.3-3.4). Large Plag phenocrysts in the Amph- 

bearing samples overlap with but range to more calcic core compositions, typically up 
to An40, than in the Amph-free samples. These crystals may have small-amplitude 

oscillatory zoning, show slight normal or distinct reverse zoning, the latter with or 

without Type I textures or in some cases have complex zoning. Some Type 1 crystals 
have narrow dusty regions towards the rims, with or without clear overgrowths, 

whereas others have extensive dusty sieve-textures (Plate 3.4). Type 1 grains typically 

average An20-30 in cores, with dusty areas An37-58, sometimes with outer clear rims 
An 19-23. Glass patches in the dusty areas range from about 1-30 gm across. Clear 

rims are up to about 100 gm in width. Cores of some reverse zone crystals are more 

calcic up to about An40. Sieve-textured crystals with larger (up to about 100 gm) 
irregular melt inclusions have cores ranging An29-54 and are sometimes patchy zoned 
(Plate 3.12). The origin of these textures is uncertain. Plag in mafic Amph-bearing 

clots occurs as fine to very fine grained tabular or prismatic crystals with cores typically 

ranging An57-70 and rims An4O-57. A highly calcic crystal, with core An77-86 and rim 
An72-83 was analysed in one sample. 

Opx and Cpx are medium to very fine grained. Many grains are unzoned or 

show slight normal zoning in Mg and Fe, but strongly reverse zoned Opx (Plate 3.5) 

occurs in some samples. Reverse zoned Cpx occurs, but is rare. Some crystals have 

narrow sieve-textured zones with small melt inclusions similar to Type I Plag. The 

Amph-free samples contain predominantly Fe-rich Opx, with cores En43-52FS44- 

54WO3.1-3.8, associated with Cpx ranging En33-36FS23-27WO40-41 (Figs. 3.5-3.7). Px 

in the Amph-bearing samples overlaps in composition with that in the Amph-free 

samples but is predominantly more magnesian. Opx phenocrysts mostly range En50- 

64FS3 8-46WO3.0-3.6 and Cpx ranges En39-43FS 15-20W039-42. Rims of reverse zoned 

phenocrysts range up to similar values. Opx in clots with Amph ranges to even more 

magnesian composition up to EnOFSHW02.3-3- Cpx in Amph-bearing clots ranges 
En41-42FsI4-15WO43-44 but is much less abundant than Opx. Some highly magnesian 
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fine grained Opx, ranging En68-72FS25-29WO2.3-4.2, occurs in clots with aluminous 
Cpx in the dacitic part of the basaltic andesite inclusion described above. 

Tabular fine grained phenocrysts or microphenocrysts of brown Amph with 
opaque rims (opacite) occur in the mafic clots and more rarely as individual grains 
(Plates 3.11,3.13). All are calcic amphiboles, magnesio-hastingsite to magnesio- 
hastingsitic hornblende (Leake, 1978) with Mg#>70 and generally low Si (Fig. 3.8). 
There are no consistent compositional variations between individual Amph crystals, 
those in mafic clots and those in diktytaxitic inclusions. The opacite rims are mainly 
composed of micron sized crystals of Tmt but in some cases very fine intergrowths of 
Tmt, Opx, Cpx and Plag occur. The latter texture is believed to form by reaction of 
Amph with the melt during ascent (Rutherford and Hill, 1993). Decompression results 
in loss of dissolved H20 from the melt and Amph becomes unstable. The opacite may 
form by subsequent oxidation of the reaction rim. 

Groundmass Plag has an overall range of about An32-76 with much narrower 
intra-grain ranges. Groundmass Opx ranges En55-66FS30-42WO3-3.6. Groundmass Cpx 

shows large variations in Mg, Fe and Ca and almost invariably has high A1203 (>5%). 

Quadrilateral components do not reflect true compositional variations but Fe-poor 

(FsIO-14) and Fe-rich (Fs19-24) groundmass Cpx occurs in the same samples. Rare 

microlites of 01, F057, have been analysed in the dacitic groundmass of one sample. 
Amph does not occur in the groundmass. 

The most sodic Plag and Fe-rich Px populations are interpreted as the resident 

phenocryst assemblage prior to intrusion of basaltic magma. The reverse zoning and 

resorption textures suggest that the dacite magma was reheated by interaction with the 
basaltic magma (Chapter 5). The more calcic Plag and magnesian Px in the Amph- 

bearing samples may have grown in reheated dacite. The more calcic Plag and 

magnesian Px crystals in the Amph-bearing mafic clots are believed to have grown in a 
fractionated basaltic andesite magma on the basis of equilibrium crystal-liquid 

partitioning criteria (Chapter 5). Amph is believed to have formed in the same 
fractionated basaltic andesite, probably by replacement of earlier-formed Cpx. 01 

xenocrysts are readily identified as being derived from basaltic magma. 

3.3.1.4 NW flank andesite-dacite (62.1-63.4 % Si02) 

Two crystal-poor lava samples and two samples from a nearby dyke have been 

examined. Although a volumetrically minor part of the unit, the NW flank rocks are 
important intermediate liquid analogues (Chapters 5-6), as few other crystal-poor 
intermediate rocks have been sampled. 

The lavas are fine to very fine grained low-Si dacites, with fine intersertal 

groundmass. Mineral assemblages are Plag (5%), Cpx (1%), Opx (1%), Tmt, Ilm and 
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Apt. Phenocrysts are euhedral and occur individually and in clots. Plag has a narrow 
range from An37-47, mostly >An42 (Figs. 3.3b, 3.4b). Rims may range to An28-30, 

similar to the groundmass. Opx and Cpx also have narrow ranges, En66-69FS27- 

30W00.34-0.39 and En42-44FsI5-17WO38-42 respectively (Figs. 3.5-3.7). 

The dyke samples are very crystal-poor to aphyric in the chilled margin. The 
sample analysed (SP298) is a vesicular andesite (62.1 % Si02) with a similar mineral 

assemblage to the lavas except that Ilm has not been observed and remnant patches of 
01 occur in Opx. Plag ranges An48-56. Opx ranges En67-68FS29WO0.33-(). 36 and Cpx 

ranges En43-45FsI5-17WO38-42. A small 01 inclusion in Opx, F056, was analysed. 

3.3.2 Unidad Aleta del Tiburo'n (AT unit) 

This unit consists predominantly of basalt to basaltic andesite lavas and 
volcaniclastics, with minor high-Si dacite lava. 16 samples have been analysed by 

microprobe. 

3.3.2.1 Basalt to basaltic andesites (51.3-54.6% Si02) 

The most primitive samples (>7% MgO) are microphyric vesicular scoriae 
(Plate 3.15) with Plag(3-6%), 01(2-4%), often with Sp inclusions, and Cpx(O. 5- 1 %). 

More evolved basaltic andesites (-5-6.5% MgO) are moderately to highly porphyritic 

with similar assemblages, dominated by Plag (Table 3.3). Very minor Opx occurs in 

one sample. Groundmass textures range from cryptocrystalline intersertal to coarse 
intergranular (Plate 3.16), with Plag, Cpx and 01. Very small (<5 gm) Tmt occurs in 

the groundmass of a few samples. Groundmass Pig was observed in only one sample. 
01 typically occurs as euhedral to subhedral, medium to very fine grained 

phenocrysts and microphenocrysts. There is a general correlation between maximum 
Fo content of 01 and whole-rock Mg# (Chapter 5). In the more primitive samples, 01 

ranges between, F074-87, mostly F084-87- In general, crystal cores have a narrow intra- 

grain range in Fo content (=2-4%) and show slight normal zoning (-1-4%). Larger 

crystals tend to be more magnesian but high-Mg microphenocrysts also occur. In the 

more evolved samples, 01 ranges between F071-84, again with narrow intra-grain 

ranges. Some grains are normally zoned with rims F065-67. Sp is scarce in 01 with 
Fo<80%. 

Several samples contain large euhedral Plag megacrysts (0.5-1.5 cm), which 
distinguish the AT unit in the field (Plate 2.11). The megacrysts are absent in the most 

primitive samples. The megacrysts are heterogeneously distributed and modal analysis 
does not necessarily reflect their true abundance in hand specimen. The megacrysts are 
highly calcic, mostly An85-90 (Fig. 3.3d-e, 3.4c). The megacrysts are important as they 

are believed to be xenocrysts (Chapter 4) and to have imparted a distinctive isotopic 
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signature to samples in which they are abundant. Very rare high-Al, low-Cr inclusions 

of Sp, distinct from Sp inclusions in 01, occur in some megacrysts (Chapter 5). The 

megacrysts always occur as individual grains, never in clots with other minerals. 
Plag phenocrysts are coarse to very fine grained, occurring as individual 

crystals and in clots with 01 and Cpx. Two or more populations occur in many 
samples. Larger clear phenocrysts typically have cores averaging An78-86, ranging 
An63-90, and rims ranging An50-82. A more sodic phenocryst population typically has 

cores An57-74 and rims An55-65. These are often smaller than the calcic population, 
but fine grained calcic crystals also occur. Type 2 grains have patchy zoned cores with 

calcic, An85-86, and sodic, An35-57, regions (Fig. 3.3c). There is no correlation 
between maximum An and whole-rock Mg# or Si02, highly calcic Plag phenocrysts 

occurring in most samples. 
Cpx occurs mostly as fine grained phenocrysts to microphenocrysts, but fine to 

medium grained phenocrysts occur in a few of the more evolved samples sometimes 
intergrown in clots with 01 and Plag. In some samples Cpx occurs as overgrowths on 

01. Compositions range En42-48Fsg-15WO40-46 with a smaller intra-grain and intra- 

sample variation. Cpx in the more primitive samples tends to be slightly more 

magnesian than in the more evolved samples but there is complete overlap (Fig. 3.5c). 

Rims are often zoned to higher Fe and lower Ca with little change in Mg. A1203 is 

generally between 2-3.5% but some grains are sector zoned with more aluminous 

sectors. A single Opx crystal in an evolved sample has average core and rim 

compositions En65FS32WO3.3 and En6qFs27WO4.4 respectively. 

3.3.2.2 Silicic basaltic andesites (56.3-56.7% Si02) 

Two juvenile clasts of silicic basaltic andesite are highly porphyritic with Plag 

(=30%) including megacrysts (3-4%), Cpx (1-3%), Opx (1-3%), very minor 01 

microphenocrysts and Tmt. Groundmass has a coarse intersertal texture and similar 

mineralogy to the phenocrysts. 
Plag megacrysts have cores ranging An88-92. Plag phenocrysts have variable 

compositions. Some have narrow ranges, with cores An60-63, whereas others are 

patchy zoned ranging An54-78. Rims of phenocrysts and megacrysts are similar, An4q- 

55. Microphenocrysts range An36-49. 

Cpx and Opx are fine to very fine grained. Cpx has higher Fe but lower Mg 

and Ca than in the more basic rocks and A1203 contents are also lower, mostly <2%. 

Phenocryst cores range En42-44Fs I 5-18WO40-42- Microphenocrysts and rims of 

phenocrysts range En39-42FsI7-21WO37-42. Opx phenocrysts have cores ranging En60- 

63FS33-37WO3.3-4.5 and some show reverse zoning in Mg and Fe, with increasing En 
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(up to En7o) at the rims. Microphenocrysts are unzoned, ranging En66-67FS29- 

30W03.9-4.4. 
These samples are important in that they provide evidence for the existence of 

intermediate magma in the AT system but they have experienced complex open system 
evolution, as evidenced by the strongly disequilibrium assemblage. 

3.3.2.3 Dacites 

The dacites contain Plag (11%), Opx (1.5%), Cpx (<0.5%), Trnt and Ilm. The 
groundmass is glassy, with spherulites and flow-banding, and in some samples is 

strongly devitrified. Plag is typically medium grained with cores and rims ranging 
An24_40 and An25-35 respectively, with a smaller intra-grain range. Opx is fine to very 
fine grained and relatively Fe-rich, most grains averaging < En5o, ranging En45-55FS41- 

50W03.1-4.0 (Figs. 3.5,3.7). Cpx is fine grained and is also relatively Fe-rich, ranging 
En33-38FS23-28WO38-41, sometimes with Opx rims. 

3.3.3 Unidad Circundado de la Caldera (CC unit) 

The CC unit is unique in that there is an almost continuous range from basaltic 

andesite to high-Si dacite (=53-69% Si02). Whole-rock variations within the unit 
appear to be predominantly controlled by fractional crystallisation although AFC 

processes, with minor amounts of crustal input, have occurred throughout evolution 
(Chapter 6). Some samples show evidence for mixing between basic and silicic 
material. In all, 23 samples have been analysed by microprobe. 

3.3.3.1 Basic basaltic andesite (53.5-54.0 % Si02, M90 >5 %) 

These samples are all lavas from widely separated parts of the caldera, 
correlated by strong similarities in whole-rock chemistry (Chapters 4,6). Notable 
differences between the AT and CC basaltic andesites are the absence of Plag 

megacrysts and Sp inclusions in 01, and the abundance of groundmass Pig in the latter. 

Because the annular distribution of the CC unit has important implications for 

magmatic evolution and caldera formation, petrological differences between basaltic 

andesites, from the north wall and those from the eastern and southern walls require 
elucidation (Figs. 3.1-3.7). 

The north wall samples have low to moderate crystal contents, with Plag (9- 
12%), 01 (2-4%) and sparse Cpx microphenocrysts (Plate 3.17, Table 3.3). Plag is 

medium to very fine grained and euhedral, with cores mostly ranging An82-89, 

averaging An85-87, and rims An53-80- Microphenocrysts range An67-85.01 occurs as 

medium to very fine grained, euhedral or slightly rounded phenocrysts and 
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n-dcrophenocrysts. 01 cores and rims range F079-84 and F073-80 respectively. 
Microphenocrysts are generally similar to phenocrysts but some are more Fe-rich, Fo68- 

Sp inclusions in 01 have not been observed. 01 is sometimes rimmed by Pig. Cpx 

cores and rims range En45-52Fsll-13WO38-43 and En44-51RII-18WO35-39 

respectively. Groundmass textures are coarse and intergranular or intersertal with Plag, 

Cpx, Pig and very small (<5 gm) microlites of Tmt. A, feW samples are slightly 

vesicular. 
The eastern and southern wall samples are crystal-rich (Plate 3.18, Table 3.3), 

with abundant microphenocrysts, dominated by Plag (23-27%), with subordinate 01 

(3-6%) and Cpx (0.5-3%). Plag has a similar overall compositional range to 

phenocrysts in the north wall samples but sodic crystals are more abundant. 
Microphenocrysts are generally more sodic than phenocrysts. 01 and Cpx occur mostly 

as fine grained phenocrysts and microphenocrysts although a few medium to coarse 

grained Cpx phenocrysts occur in one sample. 01 is less magnesian than in the north 

wall samples with cores F072-79 and rims F069-77, often with overgrowths of Pig. Cpx 

cores and rims are generally similar, ranging En44-49Fsg-15WO35-43 but some crystals 

have more Ca-poor, Fe-rich rims En49-5jFsI4-18WO31-35. Groundmass has a very fine 

grained cryptocrystalline intersertal texture with a similar mineralogy to the north wall 

samples. 
The north wall samples therefore have lower crystal contents and a more 

primitive mineral chemistry than the east and south samples. Slight but consistent 
differences in whole-rock chemistry are discussed in Chapter 4. 

3.3.3.2 Silicic basaltic andesite to andesite (55.6-62.6% Si02) 

The intermediate CC rocks are moderately to highly porphyritic and generally 

coarser grained than the basic rocks (Plate 3.19). Mineral chemistry is complex and the 

samples are divided into two groups for ease of discussion. The first group consists of 

samples which show evidence of mixing in their whole-rock chemistry or contain 

strongly disequilibrium mineral assemblages. The second group consists of samples 

which fall on apparent fractionation trends and show no definitive evidence of mixing. 
Three samples fall on mixing lines between magnesian basaltic andesite and 

high-Si dacite on diagnostic variation diagrams (Chapter 4). All are characterised by 

the presence of Opx and the absence of Tmt. The two more basic samples (SP242 and 

SP243,55.6-55.9% Si02,5.1-5.2% MgO) represent the earliest occurrence of Opx in 

the unit. Rocks of similar Si02 but lower MgO content, which appear to have evolved 

by fractionation, do not contain Opx. The third mixed sample (SP309,59.4% Si02) 

shows textural evidence for mixing (Plate 3.20). It has a heterogeneous groundmass 

with irregular or rounded blebs of dark glassy material intermingled with intersertal 
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brown groundmass. Plag, Cpx and 01 compositions in all three samples are similar to 

those in the basic basaltic andesites (Figs. 3.1-3.7). Opx is highly magnesian, ranging 
En70-76FS20-27WO3.1-4.1. However SP309 also contains more sodic Plag 

microphenocrysts, ranging An43-60 with slight normal zoning and less magnesian Opx 

microphenocrysts, ranging En63-70FS26-33WO3.4-4.1. The microphenocrysts in SP309 

may have crystallised after mixing occurred. Unlike the NW dacites, no crystals which 

can be definitively associated with dacite magma have been observed in any of the 

samples. The silicic end-member may have been a crustal partial melt rather than a 

magma. Assimilation of minor amounts of silicic magma or crustal melts can explain 
the whole-rock trends and may account for the early occurrence of Opx by increasing 

silica activity and stabilising Opx at the expense of 01 (c. f. Lange and Carmichael, 

1990). 

One sample (SP319,57.4% Si02), which does not fall on mixing trends 

between magnesian basaltic andesite and high-Si dacite, contains strongly reverse 

zoned clear and Type 1 Plag, with cores An24-37 and rims An55-64, as well as clear 

microphenocrysts with cores ranging An62-67 and rims An56-65.01 phenocrysts are 

slightly more Fe-rich than in the other three samples with cores F077-79 and rims F075- 

77. Microphenocrysts have cores F062-73 and rims Fo54-63. Cpx occurs as 

microphenocrysts ranging En44-47FsI2-15W040-42- Opx is absent. The mineral 

chemistry suggests that this sample represents an evolved basaltic andesite magma 

which has incorporated sodic Plag. There is no evidence for the origin of the sodic Plag 

which may have been derived from a silicic magma or from pre-existing silicic crust 

The second group of samples commonly contains more than one phenocryst 

population (Figs. 3.1-3.7). The dominant population typically represents a near- 

equilibrium assemblage. In most cases the other population(s), predominantly Plag, has 

a more primitive chemistry. In some samples, the more primitive minerals (Plag and 
Cpx) occur in coarse-grained clots. All samples contain Trnt. Some of the more silicic 

andesites contain squat Apt microphenocrysts. Ilm is rare but occurs in two samples, 
including the most silicic andesite. Groundmass is intersertal to glassy with 

cryptocrystalline microlites. 
Plag ranges from coarse to very fine grained. Many samples contain a wide 

range of Plag compositions, although the predominant population generally becomes 

more sodic with increasing whole-rock Si02. Evolved basaltic andesites contain Plag 

with cores An50-64 and rims An38-58. The predominant Plag population in the 

andesites has cores An35-55 and rims An30-45, but more calcic compositions ranging up 

to An8o or more occur in most samples. 
01 occurs typically as rounded fine to very fine grained phenocrysts or 

microphenocrysts, often with Pig reaction rims. Compositions range F061-72 but with a 

smaller intra-grain range (3-6% Fo). 01 is absent in the most silicic andesite. 
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Cpx is medium to fine grained, typically ranging En39-45FsI4-19WO38-45, 

sometimes showing slight normal zoning. The predominant compositions generally 
becoming slightly more Mg-poor and Ca and Fe-rich as whole-rock Si02 increases. 

Opx is generally finer grained and less abundant than Cpx, increasing in proportion 

with whole-rock Si02 (Tables 3.3,3.4). Opx shows large compositional variations. 
Some samples contain Opx ranging En65-69FS27-31WO3.3-3.7, whereas others contain 

predominantly less magnesian compositions, EnB-57R39-43WO3.2-3.8. Slight normal 

zoning is sometimes present and reverse zoned Opx occurs in one sample. There is no 

simple correspondence between En content of Opx and whole-rock MgO or Si02. 

The multiple crystal populations in many of the second group of andesites may 
be interpreted in terms of retention of early-formed crystals or incorporation of cognate 
or xenocrystic cumulates. However, magma mixing/assimilation cannot be ruled out as 
whole-rock mixing trends are difficult to detect if mixing of compositionally similar 
andesites has occurred 

3.3.3.3 Dacite (65.3-68.6% Si02) 

Most dacites are crystal-poor to almost aphyric (Plate 3.21) and very fine 

grained, but some medium grained samples have moderate crystal contents. The 

assemblage is Plag, Opx, Cpx, Tmt ± Ilm ± Apt. In the high-Si dacites, Opx 

predominates over Cpx and Ilm is very rare. The mineral chemistry is very similar to 

that of the andesites (Figs. 3.3-3.7) and shows no simple variation with whole-rock 
Si02. Phenocrysts with a wide range of compositions occur in several samples and 
there are few consistent differences between coarser and finer grained samples. 
Groundmass is generally glassy with varying amounts of very fine grained microlites. 
Flow banding and folding is common. Some have partially devitrified groundmass, 

with remnant spherulites. 
Direct evidence for magma mixing is observed only in one crystal-poor high- 

Si dacite (SP241), which contains small basic inclusions with fine grained phenocrysts 

of Plag and 01 and microphenocrysts of Cpx and Opx in a matrix of quench-textured 
Plag. 01 has cores F078-8o and rims F076-78. In the inclusion, Plag phenocrysts have 

cores An75-86 and rims An62-75 and quench-textured Plag ranges An50-66. Similar 

compositions occur in the dacitic host, in addition to microphenocrysts ranging An35-46 

with slight normal zoning. Cpx ranges En44-5oFsIO-15WO37-42 and is slightly more 

Mg-rich, Fe-poor in the inclusion than in the dacite. Highly magnesian Opx 

microphenocrysts, with cores En72-76Fs19-25WO2.6-4.3 and rims En69-71FS26-27WO3.1- 

3.4, occur in both inclusion and host. Less magnesian Opx, En63-66Fs3O-33WO3.5-4.1, 

also occurs in both areas. 
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In the other samples, Plag occurs as medium to very fine grained phenocrysts 
or microphenocrysts. The predominant Plag population has cores ranging An35-55, 

with a smaller intra-grain range, often with slight normal zoning. Several samples 
contain less abundant more calcic Plag, with cores averaging An60-70, ranging An47-84, 

and rims mostly An45-55. Opx and Cpx occur as fine to very fine grained phenocrysts 

and microphenocrysts. Cpx generally has a narrow range, En40-45FsI5-19W040-43, 

within and between samples. Most Opx cores are in the range En59-6qFs28-38W03.0- 

3.9 but have a narrower intra-grain and intra-sample range. Most crystals show little 

core to rim variation, although some Opx is reverse zoned (3-6% En). One sample 

contains highly magnesian Opx microphenocrysts with cores En72-75Fs21-24WO3.6-4.9, 

similar to those in the mingled sample but shows no textural indications of magma 

mixing. 

3.3.4 Unidad Caldera Occidental (CO unit) 

These andesite to low-Si dacite lavas (60.3-64.2% Si02) have similar 

mineralogy to those of the CC unit. They are typically medium to coarse grained, 
moderately to highly porphyritic, with large proportions of Plag (=25%), Cpx (2-4%), 
Opx (1-4%), very minor 01, Tmt and Ap. Groundmasses have coarse intersertal 

textures, with a similar mineralogy to the phenocrysts ± Pig, ± Ilm. 
The mineral chemistry is similar to that of the porphyritic CC unit andesites. 

There are no consistent differences between andesite and dacite (Figs. 3.3-3.7). The 

predominant Plag population has cores averaging An42-47, ranging An35-55, with rims 
An30-50. Patchy zoned grains have cores ranging An42-78, with rims An33-45. 

Cpx is more abundant than Opx in the andesites but sub-equal proportions 
occur in the dacites. Cpx typically ranges En4O-45FsI4-18WO40-43 and Opx ranges 
En6j-. 64Fs32-36WO3.1-3.6- More magnesian compositions are rare but some crystals 

range En64-71FS26-33WO2.6-3.5 in both andesite and dacite. Most grains show little 

zoning but a few rim analyses are slightly more Fe-rich. 

Rare 01 occurs as rounded microphenocrysts. Only one microphenocryst, 
F065, was analysed in a dacite. 

3.3.5 Unidad Piroclastica de Alpehue (AP unit) 

The juvenile deposits consist predominantly of homogeneous dacite pumice 
(=68% Si02), juvenile lithics compositionally similar to the pumice but with rare 

rhyolite, and very minor banded basaltic andesite pumice. 8 dacite pumice samples, 2 

banded pumice samples, 4 dense lithics and 4 crystal-rich vesicular nodules have been 

analysed by microprobe and several thousand analyses have been obtained. 
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3.3.5.1 Silicic juvenile clasts (65.8-75 % Si02) 

The dacite pumice contains Plag, Opx, Cpx, Tmt, Ilm, Ap and trace Amph in 

a highly vesicular glassy groundmass (Table 3.4, Plates 3.1-3.3,3.22-3.23). Very rare 
Zrc inclusions in Plag have been observed. Juvenile dacitic obsidian lithics have very 
similar mineralogy to the pumice, but Amph is absent. The vesicle-free crystal contents 
typically range between 18-25 %, similar to juvenile lithics. Typical mineral 
proportions are 15-22% Plag, 1-2% Opx, 0.3-1% Tmt, <0.5% Cpx and trace amounts 
of other minerals. Because minerals often occur in clots, some thin sections give higher 

crystal proportions but the values above are similar to proportions in juvenile lithics. 
Vesicle proportions were estimated at 70-80% by density measurements. 

Measured densities are between 0.5-0.7 gcny3. Vesicle proportions are calculated 
assuming a dense rock equivalent density of 2.3-2.4, corresponding to measured 
densities of non-vesicular lithic clasts. Elliptical and elongate stretched vesicles are 

common, the latter giving a fibrous texture. Elliptical vesicles range in size from about 
30 gm to 3 mm. in thin section and several cm in hand specimen. Larger vesicles 
commonly occur adjacent to phenocrysts. Elongate vesicles may be several cm long 

and as little as 10-20 gm wide. They are often deformed around phenocryst clots. 
Vesicles walls are generally very thin (<5 gm). 

Crystals are often fragmented. Plag most commonly occurs as clear, euhedral, 
tabular or prismatic, medium to coarse grained crystals, often with sparse brown glass 
inclusions which sometimes contain bubbles. Plag occurs in monomineralic clot s, in 

clots with mafic minerals and as individual grains. The predominant Plag has cores 

ranging An28-45, averaging An30-40, with slight normal or no zoning (Figs. 3.3-3.4). 

Rare Type 1 grains and reverse zoned crystals with no distinctive textures have similar 

sodic cores but have rims An53-66 (Plates 3.1-3.2). Patchy zoned Plag has a large 

range from An33-74 and sometimes contains abundant inclusions of Cpx, Opx and Fe- 

Ti-oxides. Plag, associated with Amph, has cores typically averaging An58-66, ranging 
An50-78 and rims An40-60. 

Opx is medium to very fine grained with a very narrow compositional range, 
En54-58FS40-44WO2.5-3 (Fig. 3.7), showing very slight normal or no zoning. More 

magnesian Opx, with core En60-61FS36-37WO3-3.5 and rim En56FS40WO3.7, occurs in 

one sample associated with calcic Plag and Amph. The most magnesian Opx analysed, 

En7oFs28WO0.24, is a small inclusion in patchy zoned calcic Plag. 

Cpx is fine to very fine grained and is also compositionally restricted (Fig. 3.6) 

with slight normal or no zoning, ranging En37-4OFsI7-20WO41-43- More magnesian 
Cpx, En40-44FsI4-17WO40-43, is rare but occurs in association with relatively calcic 

Plag. Cpx inclusions in patchy zoned Plag, associated with magnesian Opx, range 
En43-45Fs 11- 1 3WO42-46. 
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Amph occurs in very minor proportions in several samples (Table 3.4) as 
tabular or acicular very fine grained brown phenocrysts or microphenocrysts, both as 
individual grains and in clots with relatively calcic Plag, similar to its association in the 
NW rocks. Rims are unaltered (Plates 3.14,3.23) unlike Amph in the NW samples 
which invariably has opaque rims. There is evidence in some cases that Amph has 

grown by replacement of Cpx, which occurs as remnant patches in the cores of some 
Amph crystals (Plate 3.14). Mg# is slightly lower and Si slightly higher than Amph in 

the NW dacite (Fig. 3.8). Compositions range from magnesio- to magnesian 
hastingsites or hastingsitic hornblendes in the Leake (1978) nomenclature. Core and 

rim compositions overlap but rims tend to have higher Si and lower Mg# and 

sometimes slightly lower (K+Na)A <0.5 than cores. 
Rare juvenile rhyolitic clasts (74-75 % Si02) form a very minor proportion of 

the deposits. Some are aphyric whereas others have a similar mineralogy to the dacite 

lithics but Cpx is absent and Afs occurs as patchy antiperthitic intergrowths and rims on 
Plag. A moderately porphyritic rhyolite clast, SP104, is the only Afs-bearing volcanic 

sample analysed. Plag has sodic cores typically ranging An12-27M68-770r5_10, with 
Afs rims, An2-3Ab5I-55Or42-46. Afs intergrowths in sodic Plag range An2-3Ab48- 

530r45-49- Opx ranges EnM-46R51-61WO2.8-3.4, the most Fe-rich volcanic 

compositions analysed. 

3.3.5.2 Mark banded pumice (54.2-56.5% Si02) 

The mafic pumice is heterogeneous and variably crystal-rich, consisting 

predominantly of dark basaltic andesite pumice with streaks of dacitic pumice (Plate 

3.23). The mafic pumice is less vesicular (45-55%) than the dacite pumice, composed 

of light to dark brown glass, with rounded or irregular vesicles up to about 4 mm in 

size. Two samples have been studied. SP214 (54.1% Si02) is less evolved than SP252 

(56.5% Si02), reflected in its mineral chemistry. 
The mafic part of SP214 contains Plag(30%), Cpx(14%), 01(6%), with rare Sp 

inclusions, and Tmt(3%). The mafic part of SP252 contains Plag(27%), Cpx(5%), 

01(2%), Tmt(2%) with trace amounts of Opx (Table 3.3). Very rare Amph occurs, 

associated with calcic Plag, in a dacite band in SP252. Xenocrysts of Plag and Px, 

derived from the dacite, distinguished by their chemistry, occur in mafic parts of both 

samples. The silicic areas are identical to the dacite pumice and contain xenocrysts 
from the basaltic andesite. 

Plag is often fine to very fine grained. Plag in SP214 typically ranges An69-78 

with rims An69-70. Plag in SP252 is more sodic, averaging An54-60 and ranging An50- 

68 in the cores with rims An55-58. Plag associated with Amph in a dacite band has 

cores ranging An54-73 and rims An39-51. Fine dusty sieve-textured crystals in SP252 
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are relatively calcic, An48-58, and do not have sodic cores. It is uncertain whether these 
are strongly resorbed Type I crystals incorporated from the dacite or whether the sieve- 
texture is a growth feature. 

01 occurs as fine grained phenocrysts and microphenocrysts. 01 was analysed 
only in SP214. Cores and rims range F073-77 and F064-73 respectively. Rare Fe-rich 
Sp inclusions occur in some crystals. 

Cpx in the rnafic parts of SP214 is often sector zoned with high-Al-Ti sectors. 
Typical ranges are En39-4jFsI3-16WO45-46- Cpx and Opx of identical composition to 

that in the dacite occurs in mafic and silicic parts of both samples. More magnesian 
Cpx, averaging En40FsI7WO43, also occurs in the mafic parts of SP252, associated with 

relatively magnesian Opx averaging En66Fs31WO2.9. 
- 

Amph is brown magnesio-hastingsite to magnesio-hastingsitic homblende. It 
has a narrow range with higher Mg# and generally lower Si than in the AP pumice (Fig. 
3.9), overlapping with NW Amph compositions. 

3.3.5.3 Amphibole-bearing vesicular clasts 

Several Amph-bearing vesicular clasts, some crystal-rich, were erupted. Many 
have a porous spongy texture in hand specimen, with small uniform vesicles. The most 
abundant clasts have intermediate whole-rock compositions (62-63.4% Si02) but some 
are mafic (51.9-53.8% Si02). 

The intermediate samples consist of fine to very fine grained, randomly 

oriented acicular Plag and brown Amph, with minor Tmt, Ilm, rare Opx and in one 

sample several grains of platy Bt (the only observed occurrence of mica in any volcanic 

rock at Sollipulli) in a highly vesicular glass matrix (Plate 3.24). Vesicles are rounded, 
typically 0.1-0.2 mrn in diameter. Plag is similar to or more sodic in composition than 
in the dacite pumice (Fig. 3.3) with cores averaging M30-4o, ranging An26-55, and 

rims AnI6-35. Amph compositions overlap with rims of some dacitic crystals but 

typically have lower Mg# and higher Si, classifying as ferro-edenite to edenitic 
hornblende (Fig. 3.8). Some rim analyses have (K+Na)A slightly less than 0.5, and 

classify as magnesio-hornblende. Opx is Fe-rich, with cores En46-49FS49-52WO2.3-2.6 

and rims En42-44FS53-56WO2.1-2.7 (Fig. 3.5). 

Two mafic samples have been studied. SP361 is crystal-rich with elongate or 
acicular Plag and brown Amph, in a poorly vesicular glass matrix (Plate 3.25). Plag 

cores range An63-77 and rims range An50-53. Coarse grained tabular dusty Plag has a 

similar composition to the cores of fine grained Plag but contains some sodic patches in 

the cores. This may be strongly resorbed Type 1 Plag derived from the dacite but 

classification is equivocal. Amph is magnesio-hastingsitic hornblende with higher Mg# 

than that in the intermediate samples, overlapping with compositions in the banded 
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pumice (Fig. 3.8). Minor Cpx, En38-3qFsI5-17WO45-46, very minor Opx and 01, and 
Tmt also occur. The matrix is glassy and less vesicular than in the intermediate 

samples, with larger (0.2-0.3 mm) irregular vesicles. 
The other mafic sample, SP338, is coarse grained and very crystal-rich (Plate 

3.26). It consists of Plag, Amph, Opx, 01, Cpx and Tmt. Plag is coarse to fine grained, 
tabular or prismatic, with cores An69-82 and rims An57-82. Amph is often coarse 
grained and euhedral, similar in composition to that in SP361 but ranging to higher Si 
(Fig. 3.8). Compositions vary between grains and there is a well-developed core to rim 
zonation in some cases (Fig. 3.8). Opx is coarse grained, ranging En65-67FS30- 

32WO2.5-3.5, and has generally been partially to completely replaced by Amph. 
Remnant patches of 01, F061-64, and Cpx occur in the cores of Amph. The groundmass 
is glassy with abundant small (<100 gm) vesicles. 

3.3.6 Volcan Chufquen (VC deposit) 

The VC samples are vesicular (50-60%) scoria clasts. The two samples 
studied are distinctly different in their petrology and whole-rock chemistry, SP177 
having a composition close to the matrix glass of SP157 (Chapter 4). 

SP157 contains fine grained phenocrysts and microphenocrysts of Plag and 01 
(±Sp inclusions). Plag phenocryst cores range An7r, 

-90 and rims range An77-81. More 

sodic microphenocrysts, An62-78, also occur. Fine grained 01 ranges F080-83 and 
contains Sp inclusions. 01 microphenocrysts, F079-80, do not contain Sp. 

SP177 is almost aphyric containing rare Plag microphenocrysts, with cores 
Angi-92 and rims An7l-81- Very sparse microphenocrysts of 01, F072, and Cpx also 

occur. 

3.4 Plutonic Xenoliths (45-75 % Si02) 

Xenolith rock types include troctolitic cumulates, gabbro, quartz diorite, 

granodiorite and leucogranite, with granodiorites predominant. The xenoliths generally 
do not show signs of partial melting and have probably been ripped from the conduit 

walls during the Alpehue eruption. Important differences between the volcanic and 

plutonic samples are the presence of abundant Amph, Afs (orthoclase) and Qtz in the 
latter. Bt occurs in many samples but is generally much less abundant than Amph. Urn 

is more abundant than in the volcanic rocks and Zrc is a common accessory. Musc 

occurs only in the leucoganite. 
Many samples probably originate as cogenetic shallow-level sub-volcanic 

intrusives but a few are believed to be older basement unrelated to the Sollipulli system. 
Although it is not always possible to genetically classify the xenoliths, intermediate to 
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silicic cogenetic intrusives are distinguished from pre-existing basement samples by 

mineralogy and in some cases whole-rock geochemistry. The cogenetic intrusives often 
contain Opx and sometimes remnant Cpx in the cores of Amph crystals, whereas 
basement samples contain only hydrous mafic minerals. Amph and in some cases Afs 

compositions also distinguish the xenoliths. The whole-rock chemistry of some silicic 
cogenetic intrusives is very similar to that of the CC dacites (Chapter 4). 

The mineral chemistry has not been studied in detail except in a few samples 
with hybrid textures. Most cogenetic intrusive samples show evidence for a protracted 
cooling history with replacement of the original higher temperature anhydrous mineral 
assemblage. Representative compositions are plotted in Figures 3.9-3.10 and given in 

Appendix 3. 

3.4.1 Troctolite cumulates 

These samples consist mainly (75-80%) of coarse grained Plag, An83-89,01, 
F069-70, Opx, En72FS26WO1.4, and very minor late-stage Amph and Tmt. Plag and 01 

are coarse grained and euhedral to subhedral, forming a cumulate framework, subhedral 
Opx occurring in the interstices (Plate 3.27). Amph and Tmt are subhedral. to anhedral. 

and appear to have formed by breakdown of Opx and 01. 

3.4.2 Gabbro 

A gabbro sample has an assemblage of Plag, Opx, 01, minor Cpx, Tmt, Bt and 
Amph. Plag is mostly fine grained, forn-ling a sub-ophitic texture within coarse grained 
Opx. Plag cores range An50-7 1, with rims An46-50.01, F061-63, occurs as remnant 

patches in the cores of Opx and more rarely as coarse individual grains, mantled by 

Opx. Individual Opx crystals range En63-64FS32-34WO2.3-3.5. Cpx is very minor in 

abundance, occurring mainly as patches within Opx. Bt and Amph occur as 

replacements on Opx. Bt forms subhedral medium sized platy grains and is more 

abundant than Amph, which occurs as overgrowths on Opx and Cpx. Oxides are 

commonly associated with hydrous minerals and appear to have formed as products of 

Px breakdown to Amph. 

3.4.3 Intermediate to silicic cogenetic intrusives 

Plag is coarse to fine grained, euhedral to subhedral, and is always the 

predominant feldspar. AN occurs as rims on Plag, fine euhedral to subhedral individual 

grains and as patchy anti-perthite. Plag mantles on Afs occur but are rare. Both 

minerals may be partially to completely altered to sericite or kaolinite. Qtz is anhedral, 
fine to medium grained. Opx and brown Amph are the most abundant mafic minerals. 
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Figure 3.9: Representative average compositions of Plag, Afs and Px in plutonic samples. C is core 
and R is rim. The mixed samples are sub-volcanic intrusives and are probably cogenetic with the CC 
unit sequence. There are no consistent differences in mineral chemistry between felsic and mafic 
areas. 
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Opx often occurs as remnant patches within Amph, although unaltered Opx is present 
in some samples. Cpx is minor and is generally altered to Amph. Bt occurs in many 
samples, but is much less abundant than Amph. Tmt and Ilm are often associated with 
Amph where it has formed from breakdown of Px. Accessory Zrc and Apt occur as 
inclusion in other minerals in several samples. 

The rocks are texturally diverse. Some have subhedral granular textures, with 
fine to coarse grained Plag, very fine to medium grained Afs and Qtz, and varying 
amounts of mafic minerals, predominantly Amph. The mafic minerals sometimes 
occur in clots. Some samples have porphyritic textures, with medium to coarse grained 

euhedral Plag in a very fine grained matrix of Plag, Afs, Qtz, Amph, Fe-Ti-oxides and 
minor Bt. Other samples have granophyric textures. 

Several samples are heterogeneous, with medium to coarse grained leucocratic 

areas (colour index 10-20) enclosing subordinate finer grained pillows, irregular blebs 

or veins of more melanocratic material (colour index 20-35), with higher proportions of 
Amph, Fe-Ti oxides and Px (Plates 3.28,3.29). Complete pillows are not observed in 

' 
most samples. Mineral assemblages are generally identical in fine and coarse areas and 

similar to those in the homogeneous samples. The mafic and felsic areas differ 

texturally in that Plag tends to be acicular or prismatic and randomly oriented in the 
former, resembling the diktytaxitic NW basic inclusions, whereas in the latter Plag is 

tabular, forming the subhedral granular framework. Amph is typically acicular or 

prismatic, with no consistent textural differences between mafic and felsic areas. 
The mineral chemistry of homogeneous and heterogeneous samples is similar 

and there are no consistent differences between mafic and felsic parts of individual 

heterogeneous samples (Figs. 3.9,3.10). Plag cores commonly range An20-45, 

normally zoned to less calcic rims down to An 12, often with further Afs overgrowths, 
Anj. 2-1.7Ab41-53Or47-58- Individual Afs crystals have cores Anj. 1-1.8M42-49049-57 

and rims Anj. 0-1.5Ab41-46Or52-58- Px is Fe-rich in all samples. Opx and Cpx 

typically range En38-50FS50-60WO1.7-2.8 and En32-36FS21-26WO39-44 respectively. 
Amph is mostly edenite or edenitic brown hornblende (Fig. 3.10). In general, 

plutonic Amph has higher Si and lower Mg# than most volcanic Amph, although there 

is some overlap with the intermediate AP nodules. There are no consistent differences 

between Amph in fine and coarse areas of heterogeneous samples. 
Plutonic rocks with fine grained mafic pillows, dykes and veins in a coarser 

grained more leucocratic host, have been described by many authors (e. g. Walker and 
Skelhorn, 1966, Marshall, 1984, and several articles in Didier and B arbarin, 199 1) and 

are often interpreted to have originated by magma mingling. Although interpretation is 

more ambiguous than in the mingled volcanic rocks where original magmatic 

mineralogy is preserved, the quench-like textures of the mafic material and its 

occurrence as rounded pillows and dykes implies emplacement as liquid (± crystals). 
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The felsic material must have been at least partially molten during pillow formation. 

The similarity in mineral compositions in mafic and silicic areas may be mainly due to 

protracted post-mingling history at relatively high temperature resulting in re- 

equilibration. However the compositional contrast between the end-members may have 

been small (Chapter 4). 

3.4.4 Silicic basement xenoliths 

Granodioritic basement samples have a similar mineral assemblage to sub- 

volcanic intrusives but Px is absent. They are medium to coarse-grained with subhedral 

granular textures (Plate 3.30) and are characterised by the presence of medium to coarse 

grained bright green Amph in contrast to the typically fine-grained brown Amph in the 

cogenetic intrusive rocks. 
Only one basement granodiorite sample (SP35 1) has been analysed for whole- 

rock and mineral chemistry. Plag has a similar range to that in the cogenetic intrusives. 

High-K Afs, with cores AnO_O. OjAb5-7Or93-95 and rims AnO_O. OjAb5-1oOr89-94 differs 

from AS in the sub-volcanic samples (Fig. 3.9). Amph is magnesio-hornblende to 

actinolitic homblende (Fig. 3.10). It has distinctly higher Mg#, similar Si but much 

lower (K+Na)A, between 0.15-0.3, than Amph in the cogenetic intrusives where 

(K+Na)A>0.5. 

A sample of medium grained leucogranite has an assemblage of Plag, Afs, 

Qtz, minor Musc, very minor Tmt and accessory Zrc. Plag predominates over Afs and 
both are strongly altered to very fine grained sericite and kaolinite. Qtz is medium to 

fine grained, sometimes forming micrographic intergrowths with Afs. Musc occurs as 

euhedral flakes. Rare Zrc occurs as inclusions in Plag. The feldspars are too strongly 

altered to determine original compositions. 

3.5 Summary 

The mineralogy of the Sollipulli rocks reflects crystallisation. from a range of 

magmas from basalt to rhyolite and a variety of magmatic processes, including magma 

mixing, fractional crystallisation and possible assimilation of crustal material. Textural 

and mineralogical evidence for magma mixing includes the occurrence of basic 

magmatic inclusions in high-Si dacites and strongly disequilibriurn phenocryst 

assemblages. Some rocks show no textural evidence for mixing but whole-rock 

chemistry strongly suggests bulk mixing. In such cases it is not clear whether mixing 

has involved silicic magma or pre-existing crust. 
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01 compositions range from about F087.5 in basalts to F056 in high-Si 

andesites and maximum Fo content of 01 covaries with whole-rock MgO. Sp 
inclusions are common in magnesian 01 (Chapter 5). 

Plag ranges from An92 in basic rocks to about An20 in some silicic rocks. Plag 

phenocrysts are absent in the most primitive rocks. There is a poor correspondence 
between maximum An content of Plag and whole-rock Si02 or MgO among the basic 

to intermediate rocks. The CC rocks which exhibit no evidence of mixing show a 
general decrease in average An content of the predominant phenocryst population from 
basaltic andesite to andesite. There is little consistent variation in the predominant Plag 

composition in the CC unit with increasing Si02 among the andesites and from andesite 
to high-Si dacite, most crystals averaging between An40-55. However there are distinct 
inter-unit variations in the dominant Plag composition among the high-Si dacites. Plag 
in the AP dacite is generally more sodic than in the CC dacites, typically averaging 
An30-40. The predominant Plag in the AT dacite ranges to even more sodic 
compositions, typically averaging An27-35. The sodic Plag in the NW mixed dacites, 
interpreted as the resident pre-mixing population, is similar to that in the AT dacite. 

Minor Afs occurs in the AP rhyolite. 
Cpx compositions vary in a similar way to Plag in that Mg# decreases from 

basic basaltic andesite to andesite in the CC rocks which do not show evidence of 

mixing. Mg# of the predominant Cpx decreases slightly from basic to silicic andesite 
in the CC rocks but there is little consistent variation from andesite to CC dacite. 

Variations in Mg# of Opx among the CC andesites encompass most of the range 

observed in the unit. The CC dacites have a similar range and there are no consistent 

variations from andesite to high-Si dacite. 

There are distinct inter-unit variations in Px compositions among the high-Si 

dacites, similar to variations in Plag. Mg# decreases in the order CC>AP>AT for Opx 

and Cpx. The Fe-rich Px in the NW mixed dacites, interpreted as the pre-n-dxing 

resident phenocryst population, is similar to that in the AT dacites. The most Fe-rich 

Opx occurs in the AP rhyolite. 
Amph has a restricted occurrence. It occurs in evolved basaltic andesite 

inclusions and in some mixed dacites of the NW unit and in the AP dacite pumice. In 

the dacites it is frequently associated with Plag and in some cases with Opx which are 

more calcic and magnesian respectively than the predominant phenocryst populations. 
Amph also occurs in mafic and intermediate crystal-rich nodules of the AP unit. Amph 

in the NW basaltic andesite and dacites is very similar in composition and generally has 

higher Al and Mg# than that in the AP rocks. Amph in the AP intermediate nodules has 

the lowest Al and Mg#, partly overlapping with Amph in some plutonic xenoliths, 
believed to be high-level sub-volcanic equivalents of the CC lavas. 
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The plutonic rocks differ in several respects from the volcanic rocks. Afs is 

common in the plutonics but absent in all volcanics except for rare AP rhyolite lithic 

clasts. Hydrous mafic minerals are abundant in the plutonics but very rare in the 

volcanics. Ilm and Zrc are more abundant in the plutonics than the volcanics. 
Anhydrous mafic minerals in the plutonics are more Fe-rich than in volcanics of similar 
bulk composition. 
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Plate 3.5 (Top): Reverse zoned Opx in NW mixed dacite. The Fe-rich core ranger, 
En50-53 and the magnesian rim ranges En62-63- 

Plate 3.6 (Middle): Electronmicrograph of Type 2 calcic Plag in CC basaltic andesite. 
The calcic parts of the core range An80-86. The inclusions are composed of sodic Plag, 
An56-67 and Cpx. The rims range An52-63. The groundmass is similar to Plag in the 
inclusions and the rims. 

Plate 3.7 (Bottom): The electronmicrograph shows a Type 2 Plag in a CC basaltic 

andesite. The composition is similar to the crystal in Plate 3.6. The core is a corrIP'Osed 
mainly of calcic Plag, in optical continuity with the clear calcic inner rim. Cpx and 

f* small patches of sodic Plag appear to have crystallised from melt which has in Illed the 
inclusions. 
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Plate 3.12 (Top): Electronmicrograph of large sieve-textured patchy zoned Plag i N, 11 NN 
dacite. The dark elongate sodic patches towards the centre range from An27-30 and the 
calcic areas range from An38-40. The grain has abundant tiny-inclusions of Trnt. PX 
and glass. Large oriented voids are also present. The origin of the texture is uncertain. 

Plate 3.13 (Middle): Electronmicrograph of Amph reaction texture. The rim (R) is 
slightly more Fe-rich than the core. The crystal is part of a mafic clot with Opx (c)) at 
the bottom and top right. At the bottom left, Amph is breaking down to a very fine- 

scale intergrowth of Tmt, Cpx and Opx. 

Plate 3.14 (Bottom): Electronmicrograph of Amph in dacite streak in AP banded 
, 

pumice. The crystals show no sign of reaction with the melt during decompressiall, 

unlike Amph in the NW dacite lava. The light toned patch in the centre is Cpx wit,, a 
few Tmt microlites (white). A squat euhedral Apt microphenocryst (white) is prescnt at 
the lower left. 
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Chapter 4 

Whole-rock geochemistry 
4.1 Introduction 

The whole-rock database (Appendix 4) consists of 126 major and trace 

element XRF analyses, including 13 plutonic xenoliths, analysed in collaboration with 
Dr. Tim Brewer at Nottingham University. Rare earth elements (REE) have been 
determined for 92 samples and Nb and Hf for 76 samples by ICP-MS at Bristol. Sr 
isotopes have been measured for 31 samples by Prof. S. Moorbath of Oxford 
University. Analytical techniques, precision and accuracy are discussed in Appendix 1. 

Because of problems with accuracy and precision for some of the ICP-MS data (the 

middle to heavy REE in particular), these data are treated with caution and Y is used 
throughout as a heavy REE analogue (Appendix 1). All nomenclature (Table 1.1) is for 

analyses with all iron converted to FeO (FeO*) and normalised to 100% volatile free. 
The volcanic rocks are described first. The first two sections discuss 

classification and general geochernical variations at Sollipulli. The following three 

sections discuss and compare the basic, intermediate and silicie rocks of the different 

units in more detail. Interpretation is restricted here to qualitative aspects of 

petrogenesis. The plutonic rocks are discussed briefly in Section 4.7. 
A major problem in interpreting whole-rock variations in porphyritic rocks is 

that liquid trends are affected by the presence of crystals. If crystals are retained in the 

proportions and amounts in which they crystallised, the whole-rock analysis may 

represent a melt composition. However, crystal accumulation or selective loss of some 

phases invalidates this assumption. This is particularly important in the basic rocks 

where Plag accumulation may have a significant effect on bulk composition. 
Approaches used to see through the effects of crystal accumulation are to compare 
incompatible element ratios and to use MgO as a fractionation index for basic rocks 

which smoothes out scatter caused by Plag accumulation. 

4.2 Classification 

In the classification of Table 1.1, the volcanic rocks range from basalt to 

rhyolite (51-74% Si02). Rhyolite is represented by a single juvenile lithic from the AP 

deposits. 
Figures 4.1-4.4 are whole-rock classification diagrams. Figure 4.5 shows 

selected Si02 variation diagrams. Major element oxides are in wt% and trace elements 
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are in ppm on all diagrams. Most Sollipulli rocks fall in the calc-alkaline field on 
Figure 4.1, although some plot near or just within the tholefite field. On the AFM 
diagram (Fig. 4.2), all samples plot in the calc-alkaline field. The AT high-Si dacites 

and all silicic glasses, plotted to demonstrate natural late-stage fractionation effects on 
FeO*/MgO, all plot within the tholefite field on Figure 4.1 but in the calc-alkaline field 

on Figure 4.2. The basic to intermediate rocks plot in the medium-K field (Fig. 4.3), 

whereas the silicic rocks plot in the high-K field of Gill (198 1). All rocks classify as 
sub-alkaline on the TAS plot (Fig. 4.4), with field boundaries after Irvine and Baragar 
(197 1), although some silicic rocks plot close to the alkaline field. 

Because Figures 4.1 and 4.2 are commonly used in a genetic sense to 
distinguish calc-alkaline and tholefitic fractionation trends, it is important to distinguish 

effects related to magma mixing and crystal content. The NW mixed rocks and a few 
CC rocks form mixing trends, not calc-alkaline fractionation trends, on both plots. 
Most basalts and basic basaltic andesites which plot near or within the tholefite field on 
Figure 4.1 have accumulated or assimilated calcic Plag. Addition of calcic Plag reduces 
Si02 and increases A1203, while having little effect on FeO*/MgO. 

The general increase in FeO*/MgO with Si02 is caused by more rapid 
depletion in MgO than FeO*, not by absolute Fe-enrichment. Early Fe-enrichment 

trends are not observed at Sollipulli. Some evolved basaltic andesites show slight 
increases in FeO* (<I%) over cogenetic magnesian basaltic andesites but the overall 
trend is decreasing FeO* with increasing Si02. 

The high FeO*/MgO of some high-Si dacite samples is not a tholefitic 
fractionation trend but is a natural consequence of late-stage magmatic evolution due to 

more rapid depletion in MgO than FeO*. The evolved samples which plot in the 

tholefite field on Figure 4.1 fall in the calc-alkaline field on the AFM diagram because 

of alkali enrichment. All silicic matrix glasses analysed have much higher FeO*/MgO 

than the whole-rock. Fractionation of ferromagnesian minerals, which have much 
lower FeO*/MgO and much higher MgO than the bulk rock (Chapter 5), increases 

liquid FeO*/MgO- This effect becomes stronger in the more evolved magmas where 

most of the magmatic MgO budget may be contained in Opx phenocrysts (c. f. 

Carmichael and Ghiorso, 1990). Small amounts of Opx fractionation can have a 
dramatic effect on bulk rock FeO*/MgO. 

The above discussion illustrates a problem in terminology which can result in 

confusion of meaning. Ambiguity in the terms "calc-alkaline" and "tholefite" arises 
through the use of multiple classification schemes based on different criteria (e. g. Jakes 

and Gill, 1970, Irvine and B aragar, 197 1, Miyashiro, 1974, Peccerillo and Taylor, 

1976). Application to both individual rocks and rock series may result in further 

confusion. Sollipulli rocks which plot in the tholefite field on Figure 4.1 do not form 

true tholefitic trends, according to classical definitions based on absolute Fe-enrichment 
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Figure 4.2: AFM diagram after Irvine and Baragar (1971). 

94 



4 

High-K 0 
00 

00 

000 
A AO 

AX 
X0 

0o 0 
A Medium-K 

+0A 

. ... .... .... ... . ...... 

Low-K 

3 

0 

I 

0 
50 55 60 65 70 

0 

+ 
C 

z 

50 55 60 65 70 
SiO2 

0 NW * NWF 
+ AT 0 CC 
* CO 13 AP 
* VC A APAL 

Figure43: K20 classification diagram of Gill (1981). 

Figure 4.4: TAS (total alkalies against silica) plot after Irvine and Baragar (1971). The 
older units (AT and NW) generally have higher alkali metal contents than the younger 
units at similar SiO2. Some of the older high-Si dacites plot close to the boundary with the 
alkaline field. 

Alkaline 
F. 

*o 08- 00 

x0 
AO 

ook o 
00% 

00 Qs 
0> 

0A 
0 

00+ 
if 

Sub-alkaline 

95 



22 

20 

18 

16 

A1203 

C* 
44 

14 

1.4 

1.2 

1.0 

0.8 

Ti02 

++ 

0 

Mixing 

Fractionation 

0.6- 

0.4. 

10 

8 
(DO 4m V, 

0 0 

00 
0 Mixing 

0 
C3 OA 00 

I 

%A 
.0 Fractionatio X 

6 

4 

2 

0 

10 

8 

6 

4 

2 

0.4 

0.3 

0.2 

0.1 

0.0 

10 

8 

6 

4 

1) 

Na2O 
6 

5 
13 

x cia 
0 

4 

P205 

+ Fractionation 

++ 0 
+4- x +& 

CC) 00 10(9411)0 

Mixing 

FeO* I 

Fractionation 

0 

Mixing 

50 55 60 
SiO2 

0 NW * NWF 
+ AT 0 CC 
X CO ý AP 
0 VC A APAL 

65 70 

50 55 60 65 70 
SiO2 

Figure 4.5: SiO2 variation diagrams for selected major and trace elements. Mixing trends 
defined by the NW rocks and fractionation trends among the CC rocks are illustrated. On the 
MgO plot, early fractionation of an 01-dominated assemblage results in a steep negative trend, 
shown by the NW and AT basic rocks. Details are discussed in the text. 

96 



100 

80 

60 

40 

20 

0 

Rb 

ep 

(P*+ 300-- 
Zr 0 10 

oe o 
13 

0 
'o 200- 6 

COAX 4 

1001, ++. 2 
oo+v; 

0 

60 

40 

20 

Ce GD+ 

0,9 
0 
0 

* 

-to 0xXX 

00 

10 

8 

6 

4 

2 

Sm 

+$ 13 0 
ý, "'o ozF 

0 LýKX x 

00 0 

Ba 

600- 

00 
x 

-1p T 

400-- + +0130 0 
4ý 
+p 

200+ 
ie 

Nb 
oa 

o&x 0x of 
+00 

++ 

ob+ 1. 
ý ... ............ 

Nd 

OA16 
0 

1 
+ 

ýt 00 13 0 
6&x 

x 13 

++ 406 00 
co V0 

Ju 

20 

10 

4 

3 

Er 

00 00 
Op 

ýcp +'0 lb 0 

CZ0 
0 

10 

50 55 60 65 70 50 55 60 
SiO2 SiO2 

0 NW NWF 
+ AT CC 
X CO 0 AP 
0 VC A APAL 

Figure 4.5 (continued). 

97 

65 70 



100 

50 

0 

31 

2 

I 

+ 50 
Sr 

++ 40 
:9 

CO 

30 

20 
Qb+w 

10 

I& 
+00 

Mixing 

+0 
+ A, 0 

0 
Fractionatior 

.... 
h- 0, 

0 

zu 

10 

y++ 

00 0 
00 A 

0 g& 
do 0< 0130 00ý)KX 0 19 

XX OT 

.0 

0- 00 
Cr 

+0 
+0 

Mixing 
0- 

+0 0 
00 

0 OW 
LýD 

ati F actionýý&ýý ti 4K)K 
.e 01.. II-! 

W 

Sc 

'-o 04ý A 00 E ý, t 000 
0 02K, * 

OtX 
0 

0)9,0 0+ 

0, 
'09, 

+v 
200- 

0 + 
on, 0 

4: 

0X 
0 1ý <0 X 

Mixing 

8 

6 

4 

2 

Na2O/CaO ++ 
0A 

Xw 
0 

50 55 60 65 70 so 55 60 65 
SiO2 SiO2 

0 NW NWF 
+ AT CC 
X CO o AP 
0 VC A APAL 

Figure 4.5 (continued): Mixing trends are clearly shown on the Ni and Cr plots and a more 
diffuse mixing trend is observed on the V plot. Early fractionation trends on the Ni and Cr plot. 5 
have steep negative slopes, similar to those on the MgO plots, when 01 and Sp dominate the 
assemblage. 

70 

98 



(e. g. Carmichael, 1964). The Sollipulli rocks conform to most criteria used to define 
the calc-alkaline series. 

Many Sollipulli basic rocks may be classified as high-aluir: iina basalts or 
basaltic andesites (HABs). Usage of the term HAB varies between different authors 
(Sisson and Grove, 1993a, Draper and Johnson, 1992, Crawford et al., 1987, Gust and 
Perfit, 1987, Brophy, 1989, Baker and Eggler, 1983) with lower A1203 limits varying 
between -16.5-18% and upper limits for Si02 from 52-55%. Sisson and Grove 
(1993a) distinguish low (<5% MgO) and high (>9%) MgO HABs. HAB is used here 
loosely for any volcanic rock with Si02<54% and A1203>17%. Most basic Sollipulli 

samples may be termed medium-MgO HABs (5-9% MgO). 
Several crystal-poor Sollipulli samples have A1203 between 17-18.2%, MgO 

from 5-9% and Si02 from 51-54%. The only Sollipulli basic glass analysed is a 
medium-MgO HAB with A1203=--17.2%, MgO=5.6% and Si02=53.7%. Samples with 
A1203>18.5% tend to have lower MgO, lower Si02 and high proportions of Plag. 
Therefore although some samples derive their high Al by addition or accumulation of 
Plag, HAB liquids have also existed in the system. 

4.3 General geochemistry 
This section discusses general trends at Sollipulli. Sr isotopes are introduced 

in Section 4.3.3. Trends on variation diagrams can be classified, to a first order 

approximation, as mixing or fractionation trends. Element variations during 

fractionation are governed by bulk partition coefficients in the crystallising assemblage. 
As the mineral assemblage changes during evolution, the bulk partition coefficient for a 

particular element may change, producing changes of slope on variation diagrams. 

Mixing (magma mixing or bulk crustal assimilation) produces linear trends on element- 

element plots and hyperbolic trends on ratio-element plots (Langmuir et al., 1978). 

4.3.1 Mixing trends 

In the case of the NW rocks, petrographic evidence for magma mixing is 

unequivocal (Chapter 3). The FeO*/MgO diagram (Figure 4.1) clearly distinguishes 

the NW mixed rocks, which define a hyperbolic trend between basalt and high-Si dacite 

end-members, the intermediate samples plotting at much lower FeO*/MgO than most 

other samples. The spread in Si02 content in the NW rocks is due mainly to sample 
heterogeneity, reflecting the proportion of basic to silicic material crushed for analysis 

and not necessarily fieldscale properties, as the inclusions are often large and 
heterogeneously distributed. There are no lava flows with a higher proportion of basic 
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than silicic material. The maximum proportion of basic material in any flow probably 
does not exceed 25-30%, a typical maximum for mingled lavas (Bacon, 1986). The 
basic and silicic end-members were high-Mg basalt and high-Si dacite in most cases, as 
inferred from a coherent mixing trend. One evolved basaltic andesite inclusion was 
analysed (Chapter 3). 

The distinction between mixing and fractionation trends is evident on the 
MgO, FeO*, Ti02, P205, Ni, Cr and V plots (Fig. 4.5), where the NW mingled rocks 
form linear trends between basaltic and dacitic end-members. All of these elements 
exhibit significantly different rates of change with Si02 during fractionation from basalt 

to dacite. They are either highly compatible in the very early stages, becoming less 
highly compatible with differentiation (Mg, Ni and Cr), or are incompatible to 

moderately compatible in the early stages and become more compatible at an 
intermediate stage (Fe, Ti, P and V). Elements such as Ca, Al, Rb and K, whose bulk 
distribution coefficients do not change significantly or abruptly, do not permit simple 
distinction between fractionation and mixing trends. 

Three CC basaltic andesite to andesite samples also plot on distinct mixing 
trends on the FeO*/MgO, FeO*, Ti02 and P205 Plots. Only one of these rocks shows 
obvious textural evidence for mixing. The trends extrapolate to a composition similar 
to many CC basaltic andesites (=6% MgO), more evolved than the NW basic mixing 

end-member (=9% MgO). 
, 
The samples do not plot on obvious mixing trends on the 

MgO, Ni and Cr plots because the basic end-member had evolved beyond the point of 
01-Sp-dominated fractionation where these elements show sharp inflections. Unlike 

the NW lavas, basic material is predominant and there is no petrographic constraint on 
the nature of the silicic end-member which may have been a high-Si dacite magma or 

pre-existing silicic crustal material. 
In both cases discussed above, there is a large compositional contrast between 

the mixing end-members, producing diagnostic trends on several variation diagrams. 

However if the mixing end-members are compositionally similar, mixing trends are not 

easily distinguishable by whole-rock chemistry from fractionation trends. 

4.3.2 Fractionation trends: the CC unit 

This section uses the CC unit to exemplify general fractionation trends at 
Sollipulli over the range from 53-69% Si02). Geochemical variations in most elements 

are consistent with cogenetic fractionation relationships (Chapter 6). Although 

selective crustal assimilation appears to have occurred throughout evolution of the CC 

unit (see Section 6.3), the effects are evident only for certain highly incompatible 

elements (Rb, K). Multiple mineral populations in several intermediate samples 
(Chapter 3) show that perfect fractional crystallisation is not an adequate explanation 
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for their genesis. In many cases the ranges in crystal compositions are explicable by 

retention of early formed phenocrysts but, as discussed above, mixing between 

compositionally similar end-members may be indistinguishable from fractionation 

trends by whole-rock geochemistry. The possibility that some samples which fall on 
apparent fractionation trends are hybrid mixtures between fractionated intermediate 

magmas cannot be ruled out. However fractionation appears to have been the dominant 

process. 

4.3.2.1. Major and compatible trace elements 

MgO, Ni, Cr, V, Sc, Sr, CaO and A1203 decrease with increasing Si02 

throughout the entire compositional range in the CC unit (Fig. 4.5). Early trends in 

these elements are discussed in Section 4.4.2. The large scatter in A1203 is due mainly 
to Plag accumulation. 

FeO* may increase slightly between 53-56% Si02 but there are few samples 
in this range. FeO* decreases consistently after the onset of Tmt fractionation (55-57% 

Si02). Ti02 initially increases and subsequently decreases. Variations are controlled 
by Tmt and Ilm fractionation. P205 is controlled by Apt fractionation and shows 

similar behaviour to Ti02. Large differences in crystal content between the highly 

porphyritic CC andesites and crystal-poor dacites may affect the positions of the Ti and 
P peaks. Small differences in the proportions of fractionating Ilm and Apt may also 
have a significant effect. 

, Na20 increases consistently from basaltic andesite to low-Si dacite and 

subsequently decreases less rapidly or remains constant. K20 increases constantly 

throughout the sequence (Fig. 4.3) and is highly incompatible at all stages (Chapter 6). 

4.3.2.2 Incompatible to moderately compatible trace elements 

The incompatible trace elements show variable rates of change (Fig. 4.5), due 

mainly to their different compatibilities in the fractionating phases. Figure 4.6 is a 

multi-element plot showing CC samples at different stages of evolution. The samples 

are normalised to an average CC basaltic andesite (Section 4.4). ' 

The most incompatible elements are Rb (and K), Zr and Ba, which increase 

from basaltic andesite to dacite (Fig. 4.5,4.6). The REE and Y, which behaves as a 
HREE, vary from highly to moderately incompatible in the early to middle stages as 
Cpx and Plag become dominant over 01, becoming compatible with the onset of Apt 

fractionation. LREE/HREE ratios remain almost constant throughout. A slight Eu 

anomaly, relative to the normalising basaltic andesite composition, develops with 
fractionation. Nb becomes compatible in the later stages coinciding with the 
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appearance of Ilm, evident in the flat trend of the CC rocks in the andesite to high-Si 
dacite range (Fig. 4.5). 
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Figure 4.6: Multi-element plot showing CC samples which appear to have evolved 
predominantly by fractionation, normalised to the average of the CC north wall basaltic 
andesites (CCBAav) (see Section 4.4). Details are discussed in the text. 

The large enrichments in Rb and K relative to Zr and Ba cannot be explained 
by fractionation alone. Enrichments in Rb and K relative to other similarly 
incompatible elements are commonly attributed to AFC processes (e. g. Davidson et al., 
1987). This is discussed in detail in Chapter 6. 

4.3.3 Sr isotopes 

Figure 4.7 shows 87Sr/86Sr plotted against Sr and Rb. Plutonic xenoliths are 

also shown. The standard error on 87Sr/86Sr is ±0.00004-00005 and precision is less 

than +-0.0000 1- Although differences are often small, they are greater than the analytical 

error and correlate with element abundances. 

The basic rocks of the different units are distinct from each other on the 

87Sr/86Sr-Sr plot. The basic AT rocks range to the lowest 87Sr/86Sr, highest Sr. One 

anomalous basic AT sample (SP228), which contains a much larger proportion of Plag 

megacrysts than the other samples, has higher 87Sr/86Sr and lower Sr (Section 4.4.2). 

The CC and NW basic rocks overlap in 87Sr/86Sr, but the CC rocks have slightly lower 

Sr. The AP sample has higher 87Sr/86Sr and lower Sr than most of the other basic 

rocks. The two VC samples also have higher 87Sr/86Sr with slightly higher Sr than the 

AP sample. 
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Dacites have 87Sr/86Sr>0.70385, in most cases higher than basic rocks of the 

same units. However, the AP mafic pumice and dacite have similar 87Sr/86Sr. 

The plutonic samples analysed range from 0.70397-0.70538. Two pre- 
existing basement samples have high values, 0.70489-0.70538. Two other samples, a 
troctolitic cumulate xenolith and a granodiorite, have similar 87Sr/86Sr to the volcanics 
(0.70393-0.70397). The granodiorite may be cogenetic with the CC dacites (Section 
4.7). 

The increases in 87Sr/86Sr in dacites over basaltic andesites within individual 

sequences are interpreted as reflecting assimilation of more radiogenic crustal material 
during fractionation (Chapters 6,7). Variations in 87Sr/86Sr among the basic rocks 
however are believed to predominantly reflect differences in mantle-derived primary 

magma compositions (Chapter 7). 

4.4 Basic rocks (Si02<56%, MgO>4%) 

in this section the stratigraphic units are first discussed individually and 

subsequently compared to each other. Selected elements are plotted against MgO in 

Figure 4.8 for samples with MgO>4%. Figure 4.9 shows several incompatible element 

ratios plotted against Si02. Intermediate and silicic rocks are also plotted and discussed 

below. 

4.4.1 NW basic inclusions 

NW samples which fall on mixing lines (Fig. 4.5) are omitted on Figure 4.8 for 

clarity. The three samples plotted appear to have had no chemical interaction with the 

dacite magma. The basalts are crystal-poor (Table 3.3) and are the most primitive 

samples analysed at Sollipulli, containing phenocrysts of 01 (F087) and Sp only. The 

basaltic andesite is also crystal-poor and contains Plag, Cpx, Opx, Fe-rich 01 (F076) and 

minor Amph. The basaltic andesite does not fall on the mixing lines defined by most 

other NW samples and may represent a fractionated equivalent of the basalt as it has a 

more evolved mineral chemistry (Chapter 3). However the large compositional gap 
(4.5% MgO) and the paucity of uncontaminated samples hinders quantitative 

assessment of fractionation relationships. 
The basalts have very low Ca and Sc contents when compared with regional 

rocks of similar MgO content (Chapter 7). This is believed to reflect early cryptic Cpx 

fractionation in the lower crust. Incompatible elements are higher and compatible 

elements are lower (Mg, Ni, Cr) or similar (Fe, Ca, Al) in the more evolved sample, 

consistent with fractionation. MgO, Ni and Cr show a sharp decrease on the Si02 Plots 
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than the basic CC rocks except for the anomalous megacryst-rich sample SP228. The basic 

rocks in general show the greatest spread in 87Srr786Sr. Silicic rocks generally have higher 
87Srn86Sr than basic rocks of the same units suggesting that crustal assimilation has occurred 

where the basic and silicic rocks are cognetic. Precision on the 87Srn86Sr data is about 
±0.00001. 
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Figure 4.8: Selected MgO variation diagrams. Samples with more than 4% MgO only are plotted. 
Using MgO as a fractionation index removes much of the scatter on SiO2 plots caused by 

accumulation or assimilation of Plag. The AT rocks form linear trends on most incompatible element 
plots above in comparison to Figure 4.5 and the large enrichments in many incompatible elements 
over the CC rocks are clearly evident. 'Me anomalous megacryst-rich AT sample, SP228, plots closer 
to the CC unit on several plots (Sr, Ba, K, Ce, Nd, Zr), shown by an arrow. 
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Figure 4.9: Ratios of elements which are mostly moderately to highly incompatible, plotted 
against SiO2. Ce and Y become compatible in the later stages of fractionation when Apt 

becomes an important phase but are incompatible in the early stages. 
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Figure 4.10: Series of plots showing total modal Plag, including microphenocrysts, in the AT 

basic rocks plotted against A1203, Sr and 87Sr, 86Sr. Triangles are non-megacryst-bearing, 
crosses are megacryst-bearing and circles are megacryst-rich samples. Modal analyses of the 
megacryst-rich samples does not necessarily reflect hand-specimen proportions. In the case of 
sample SP228 (arrowed), total Plag is probably closer to 25%. Figure 4.9b shows the CC 

samples also to illustrate the general absence of a correlation between Sr and modal Plag. 
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(Fig. 4.5) when 01 and Sp dominate the assemblage. The basaltic andesite has similar 
FeO* but higher Ti02 and P205 than the basalt (Fig. 4.5). 

4.4.2 AT basalt to basaltic andesites 

The scatter among the AT samples on the Si02 diagrams, caused by variable 
and sometimes very high contents of Plag, is reduced on many of the MgO plots (Fig. 
4.8). CaO, Ni, Cr and Sc decrease and incompatible elements increase with decreasing 
MgO. The decreases in Sc and CaO suggest Cpx control (Section 7.3). FeO* shows 
scatter in some samples but overall remains constant from basalt to basaltic andesite. 

Although the compatible element variations appear consistent with 
fractionation relationships, variations in some incompatible element ratios (e. g. Ce/Y, 

LREE/HREE) and Sr isotopes are not explicable by fractionation alone. The AT basic 

rocks show considerable variation in Ce/Y (Fig. 4.9). Ratios are higher in the basalts 

than the basaltic andesites and are higher in the AT basic rocks than in any of the more 
evolved rocks. There are no phases which could decrease Ce/Y to the required extent at 

any stage of evolution. Ce/Y ratios generally vary little with fractionation (Fig. 4.6). 

The origin of the high and variable Ce/Y (LREE/HREE) signature is discussed in 

Chapter 7. 
It is important to constrain the origin of the Plag megacrysts which 

characterise many of the basic AT rocks (Chapters 2-3). Sample SP228 contains a very 
high proportion (=20% by volume) of megacrysts (Fig. 2.11), whereas most other 

samples contain 0-5% by volume. Sample SP228 has anomalous geochemistry, with 
lower contents of many incompatible elements (REE, Ba, Zr) (Fig. 4.8), lower Sr and 
higher 87Sr/86Sr than other AT samples (Fig. 4.7). The anomalous chemistry and the 

presence of abundant megacrysts are thought to be related. 
Modal analysis does not reflect the true proportions of megacrysts because of 

their heterogeneous distribution. Figure 4.10 shows the AT samples divided into three 

groups: those which contain large amounts (>15-20% by volume approx. ) of 

megacrysts in hand-specimen (SP228 and SP326), those which contain some 

megacrysts and megacryst-free samples. Although the modal analysis for SP228 gives 

a total of only 17% Plag, the proportion of megacrysts alone in hand-specimen is about 
20% so that total Plag is probably close to 25%. There is a strong correlation between 

A1203 content and modal Plag (Fig. 4.10a). There is no simple relation between Sr and 

modal Plag (Fig. 4.10b) and the megacryst-rich samples have low Sr contents. Nor is 

there a correlation between 87Sr/86Sr and modal Plag (Fig. 4.10c). 

Although Sr isotopes were not determined for a megacryst separate, a 

straightforward explanation is that the megacrysts are xenocrystic and are responsible 
for the low Sr, high 87Sr/86Sr signature when present in sufficient abundance to 
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overwhelm a magmatic signature of high Sr, low 87Sr/86Sr. Attempts to measure Sr 

contents in the different Plag populations by microprobe are not definitive. A 

xenocrystic origin is supported by the occurrence of Cr-spinel with anomalous 
geochemistry as inclusions in the megacrysts (Chapter 5). Besides its occurrence in the 
megacrysts, spinel has not been observed in any Plag phenocrysts at Sollipulli. 

It is suggested therefore that the Plag megacrysts are xenocrystic and that, 
where present in sufficient abundance, impart a distinctive Sr isotope signature and 
produce dilution of incompatible elements in the resulting mixture. The megacrysts 
may have been derived from incompatible element depleted basic cumulate material, 
similar to some of the troctolitic AP xenoliths (Section 4.7). 

4.4.3 CC basaltic andesites 

The most basic CC samples (MgO>5%, Si02<55%) have a very narrow 
compositional range (Figs. 4.5,4.8). There are minor but consistent differences (=I- 
3% relative) in several elements between samples from the northern caldera wall and 
those from the eastern and southern walls. Average compositions are given in Table 
4.1. The compositions are very similar but the north wall composition has slightly 
higher contents of Ti02, FeO*, P205, Na2O, Zr and REE and lower A1203, M90, CaO 

and Sr. At face value, this would suggest that the north wall samples are slightly more 
evolved. However the east and south wall samples are much more crystal rich (Plates 
3.17-3.18) and have a more evolved mineral chemistry than the north wall samples 
(Section 3.3.3). The slight differences in whole-rock chemistry are readily explained by 
derivation of the east and south lavas from a slightly fractionated equivalent of the 

north wall magma which accumulated Plag and 01 ± Cpx. 

The evolved CC basaltic andesites form two groups on the MgO plots. Two of 
these samples, discussed in Section 4.3.1, fall on mixing lines. The other two samples 

are more evolved with lower MgO and show slight Fe-enrichment over the basic 

samples. This represents the limit of Fe-enrichment within the CC unit, as FeO* 

rapidly decreases in the andesites. 

4.4.4 AP maric pumice 

Three samples of mafic banded pumice were analysed, two of which are very 

similar (Appendix 4). Whole-rock chemistry has been affected by high crystal contents 

and possible contamination by the AP dacite. The main point is that the more silicic 

sample (SP252) is more evolved, with high Ti and P (Fig. 4.5), and is not a binary 

mixture between the more basic basaltic andesite and high-Si dacite. This is significant 
in interpretation of the origin of Amph in the AP rocks (Chapter 5). 
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CCN 
n=6, 

4 for Nb and Hf 

Standard 
deviation 

CCES 
n=3 

Standard 
deviation 

Si02 53.74 0.19 53.56 0.03 
Ti02 0.77 0.01 0.68 0.02 
A1203 18.39 0.25 18.76 0.19 
FeO* 7.48 0.14 7.09 0.17 
mgO 5.90 0.13 6.08 0.05 
CaO 9.46 0.09 9.68 0.10 
Na20 3.24 0.32 3.13 0.11 
K20 0.73 0.04 0.75 0.01 
P205 0.17 0.01 0.16 0.01 

Cr 55 3.2 55 4.0 
Ni 27 2.4 31 1.2 
Sc 29 2.1 29 1.2 
V 168 4.1 166 5.6 
Sr 591 10.9 616 4.4 
Rb 12 1.0 12 0.6 
Ba 227 15.4 226 13.7 
Zr 83 1.5 76 3.5 
Hf 1.82 0.08 1.75 0.16 
Nb 2.52 0.16 2.51 0.13 
y 17 1.5 16 0.6 
Ce 23.8 0.99 22.8 0.72 
Nd 12.3 0.37 12.0 0.28 
Sm 3.04 0.10 2.84 0.09 
Eu 0.96 0.06 0.87 0.03 
Gd 2.72 0.19 2.61 0.10 
Dy 2.54 0.14 2.31 0.11 
Er 1.51 0.08 1.46 0.05 
Yb 1.46 0.08 1.38 0.11 

A1203/CaO 1.94 1.94 
Na20/CaO 0.34 0.32 
FeO*/MgO 1.27 1.17 

Table 4.1: Average compositions of CC basaltic andesites from the northern (CCN) and the eastern and 
southern caldera wall (CCES). One sigma standard deviations are also given. The two compositions are 
very similar and the overall compositional range is very narrow, reflected in the small standard 
deviations. However where differences exist between the two average compositions, incompatible 
elements are in most cases slightly higher and compatible elements slightly lower in the north wall 
composition. Details are discussed in the text. The north wall average composition, termed CCBAav is 

used extensively in this and later chapters for comparison with other rocks. 
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4.4.5 VC scoria 

Two whole-rock analyses were made from powders obtained by crushing 
several of the largest clasts (1-6 cm) from two separate localities. Because the XRF 

analyses were not made on single clasts the data are treated with caution. 
The two analyses are distinctly different (Figs 4.5,4.8). SP177 has lower 

contents of compatible elements and higher contents of incompatible elements. These 
differences are broadly consistent with a fractionation relationship. The groundmass 

glass of SP157 is similar in most major elements to the SP177 whole-rock (Table 4.2). 

The SP157 groundmass glass provides definitive evidence for the existence of medium- 
MgO HAB liquids at Sollipulli (Chapter 5). SP177 has a heterogeneous, 

cryptocrystalline matrix and good quality analyses were not obtained but the matrix is 

more evolved than SP157 with average MgO less than 4%. 

157WR 157 Gms 177WR 

Si02 53.12 53.71 53.43 
Ti02 0.92 1.06 1.18 
A1203 17.53 17.21 17.62 
FeO* 8.52 8.67 8.65 
MnO 0.15 0.18 0.14 
mgo 6.15 5.56 5.09 
CaO 9.69 9.37 8.73 
Na20 3.12 3.23 3.89 
K20 0.65 0.75 0.97 
P205 0.16 0.26 0.29 

Table 4.2: Whole-rock and groundmass analyses of VC scoria, 
normalised to 100% volatile free and all Fe as FeO. Incompatible 
elements increase and most compatible elements decrease between 
the whole-rock and groundmass of SP157 and between the SP157 
groundmass and SP177 whole-rock. FeO* remains almost constant. 

4.4.6 Comparison of basic rocks 

Differences between the basic AT and CC rocks are important in 

understanding early magmatic processes at Sollipulli, discussed in Chapter 7. 

The CC basaltic andesites are compositionally restricted in comparison to the 

basic AT rocks. In order to compare compositions at a similar degree of fractionation, 

linear regressions on the covariation of each element with MgO were performed, using 

10 basic AT samples with MgO>5%, omitting the anomalous sample SP228. The 

concentration of each element at 5.9% MgO, which corresponds to the average MgO of 

the north wall CC basaltic andesites, was calculated from the regression equations. The 
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regressed AT and average CC compositions, referred to hereafter as AT5.9 and 
CCBAav, are given in Table 4.3. 

Incompatible elements are enriched to varying degrees in AT5.9 relative to 

CCBAav. Differences are illustrated in the multi-element plot of Figure 4.11 which 

shows AT5.9 normalised to CCBAav. The greatest enrichments are in the LREE but Ba, 

K, Rb, Sr, Nb, Zr and P are also strongly enriched. Among the REE, the degree of 

enrichment decreases smoothly and steeply from LREE to HREE. Ti and Y are similar 

to the HREE. Na20 is slightly enriched in the AT5.9 composition (Table 4.3). 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 
m vi A 1- 2c "0 E= '0 >, -0 >ý rq 

Figure 4.11: Multi-element plot showing the regressed AT basaltic andesite composition 
at 5.9% MgO normalised to the average of the CC north wall basaltic andesites. All 
incompatible elements are enriched in the AT rocks. Note the decrease in relative 
enrichment from LREE to HREE. 

Among the compatible elements (Table 4.3), AT5.9 has similar FeO*, lower 
Cao, Sc, V, slightly lower Si02 and slightly higher Ni and Cr. A1203/CaO and 
Na20/Ca0 are higher in AT5.9 (see also Figure 7.9). Although the higher A1203 Of 
AT5.9 is probably due to higher proportions of Plag in several AT samples, the lower 
CaO and higher Na20/CaO suggests that Plag accumulation has not had a significant 
effect. A1203/CaO is not increased by accumulation of calcic Plag which has a similar 
or lower value (1.9-2) to the basic melts (1.8-2.3). Calcic Plag has much lower 
Na20/Ca0 (=0.08-0.15) than the melt values (0.34-0.4) and would reduce rather than 
increase Na20/Cao. The higher A1203/CaO and Na20/CaO of the basic AT magmas is 
therefore believed to be intrinsic property of the magmas, related to early Cpx 
fractionation (Section 7.3). 

Unlike absolute concentrations, ratios of incompatible trace elements are 
"'dependent of crystal contents in the basic rocks. The enrichment in LREE relative to 
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AT5.9 Correlation CCBAav 
n=10 coefficient n=6 

Si02 53.17 -0.68 53.74 
Ti02 0.91 -0.86 0.77 
A1203 18.64 -0.27 18.39 
Fe0* 7.48 -0.03 7.48 
mg0 5.90 5.90 
Ca0 8.90 0.88 9.46 
Na20 3.52 -0.95 3.24 
K20 1.08 -0.67 0.73 
P205 0.26 -0.63 0.17 

Cr 67 0.92 55 
Ni 33 0.90 27 
Sc 26 0.64 29 
v 162 0.21 168 
Sr 768 0.37 591 
Rb 17 -0.62 12 
Ba 349 -0.87 227 
Zr 117 -0.84 83 
Hf 2.64 -0.74 1.82 
Nb 4.47 -0.79 2.52 
y 21 -0.90 17 
Ce 42.5 -0.90 23.8 
Nd 20.5 -0.94 12.3 
Sm 4.77 -0.82 3.04 
Eu 1.37 -0.57 0.96 
Gd 3.83 -0.59 2.72 
Dy 3.25 -0.54 2.54 
Er 1.88 -0.72 1.51 
Yb 1.85 -0.75 1.47 

A1203/Ca0 2.09 1.94 
Fe0*/Mg0 1.27 1.27 
Na20/Ca0 0.40 0.34 

Table 4.3: Results of simple linear regressions on the covariation of each element with MgO for 10 
basic AT samples. The regression equations were used to calculate a composition at 5.9% MgO, 
corresponding to the average the north wall CC basaltic andesites (Table 4.1), shown in column 3 for 
comparison. Many incompatible elements show good negative correlations with MgO. Rb and K20 are 
negatively correlated but correlation coefficients are lower than for Ba. The poor correlation of some 
MREE-HREE may be due to analytical error, as Y shows a good negative correlation. CaO, Ni and Cr 
are positively correlated. Sr and A1203 show very poor negative correlations. FeO* has a correlation 
coefficient close to zero, reflecting the general flat trend with MgO. Differences between the AT and CC 
compositions are discussed in the text. 
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other incompatible elements in the AT rocks results in higher Ce/Zr and Ce/Y 
(LREE/fIREE) but lower Rb/Ce and Ba/Ce than the CC rocks (Fig. 4.9). The AT 

samples tend to have lower Rb/K20 although there is some overlap. Rb/Zr is similar 
between the two groups. The basic AT and CC rocks are also distinguished by Sr 
isotopes (Fig. 4.7). Except for the anomalous sample SP228, the AT rocks have lower 
87Sr/86Sr and higher Sr than the CC rocks. 

Sr isotope data and the large differences in incompatible element abundances 
at similar MgO and Si02 rule out a relationship by simple fractionation between the 
basic AT and CC rocks. The most primitive AT basalts have similar or higher 
incompatible element contents than the CC basaltic andesites and cannot be parental. 
Early stage fractionation has little effect on Ce/Y so that fractionation of a low Ce/Y 
CC parental magma could not generate the high Ce/Y of the AT rocks. Possible 

explanations for the differences between the AT and CC rocks are derivation from 
different primary magmas (Chapter 7) or intra-crustal modification of a similar primary 
magma (Chapter 6). 

The primitive NW inclusions fall close to extrapolated trends among the AT 

rocks on many of the incompatible element plots of Figure 4.8, suggesting that the NW 
basalt was similar in several respects to the AT magmas. Although contamination by 

the dacite could increase concentrations of several incompatible elements (Rb, K, Na, 
REE and Zr), elements such as Ti and P are lower in the dacite than in the basalt and 

would not be increased by contamination. 
Detailed comparison of the VC and AP mafic pumice samples with the other 

units is not made because of problems with sampling and contamination discussed 

above. The VC and AP basaltic andesites have different signatures from the other basic 

rocks on the 87Sr/86Sr-Sr plot (Fig. 4.7) suggesting that different components were 
involved in magma genesis. 

4.5 Intermediate rocks (56-64% Si02) 

Differences between intermediate mixing and fractionation trends in the NW 

and CC units respectively have already been discussed in Section 4.3. This section 

compares the intermediate rocks of the CC, CO and NW flank, where fractionation 

appears to have been the dominant evolutionary process. A few Plag-megacryst-rich 

high-Si basaltic andesites were also sampled (Chapter 3, Appendix 4). The samples are 

not discussed here as they appear to have experienced a complex evolution involving 

magma mixing and assimilation of Plag megacrysts and provide little constraint on 
intermediate magma compositions in the AT unit. 

The NW flank samples (62.1-63.4% Si02) are the only NW unit rocks which 

show no evidence of magma mixing and provide evidence for the existence of 
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intermediate magma in the NW system. The CC unit andesites range from 57.4-62.6% 
Si02. The only CO unit samples analysed are andesites to low-Si dacites (60.2-64.2% 
Si02). The NW flank samples are very crystal-poor in comparison to the highly 

porphyritic intermediate rocks of the CC and CO units. 
The NW flank samples have higher Ti02, P205, FeO*/MgO, A1203/CaO and 

Na20/CaO than the CC and CO intermediate rocks (Figs. 4.1,4.5). Except for 
FeO*/MgO, the NW and AT basic rocks are similarly distinguished from the basic CC 

rocks (Section 4.4.6), suggesting that similar characteristics in the intermediate rocks 
may reflect properties of the parental melts. Alternatively crystal content may be 
important as accumulation of early-formed phenocrysts would reduce the values of all 
of these ratios and oxides. However the NW and AT dacites are also distinguished 
from the younger CC and AP dacites by higher A1203/CaO and Na20/CaO (Section 
4.6). There is no correlation between crystal content and A1203/CaO and Na20/CaO 

among the dacites, suggesting that high values of these ratios are intrinsic magmatic 
features, inherited from the basic stage. 

Differences in FeO*/MgO may be related to crystal accumulation or 

alternatively may reflect differences in the proportions or compositions of the 
fractionating minerals. Lower fractionating proportions of Tmt relative to 
ferromagnesian silicates drives the residual liquid to higher FeO*/MgO. Ti02 and 
P205 are also very sensitive to the timing and amount of Tmt, Ern and Apt 

fractionation. The porphyritic CO andesites have lower P205 and REE than the 

porphyritic CC andesites and contain prismatic Apt, suggesting that earlier Apt 

fractionation may be responsible for their lower P205. 

The CC, CO and NW flank rocks are all clearly distinguished from each other 

on several of the ratio plots of Figure 4.9. Rb/Zr, Rb/Ce and Ba/Ce are highest in the 
CO rocks and lowest in the NW flank rocks. Rb/K20 is also higher in the CO than the 
NW rocks. These differences mainly reflect relative REE and Zr depletion in the CO 

rocks and enrichment in REE and in most cases Zr (and Nb) in the NW flank rocks 

compared to the CC rocks (Fig. 4.5). The NW flank rocks have higher Ce/Zr and lower 

Zr/Y than the CC or CO rocks, reflecting greater enrichment in the REE than Zr. 

The relative enrichment in REE, Nb and Zr in the NW flank rocks compared to 

the younger CC and CO units also characterises the basic and silicic rocks of the older 

units compared to the younger units (Sections 4.4,4.6). The higher Rb/Zr, Rb/Ce and 

general REE depletion of the CO relative to the CC intermediate rocks strongly 

resemble differences between the AP and CC dacites (Section 4.6.4). 
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4.6 Silicic, rocks (Si02>65.5 %) 

4.6.1 CC dacites 

Fractionation trends have already been discussed in Section 4.3. Evidence for 

magma mixing is observed in one sample (SP241) which contains small basic 
inclusions with forsteritic 01 (Chapter 3). The amount of basic material is very minor 
and has had little effect on the whole-rock composition. 

High-Si dacites from the north-eastern caldera tend to have higher crystal 
contents and are coarser grained but have similar mineral and whole-rock chemistry to 
crystal-poor high-Si dacites from the south-eastem and southern caldera. Evolved 

accessory lithic clasts in the AP deposits have very similar whole-rock and mineral 
chemistry to the CC dacites. The lithics are very likely to belong to the CC unit which 
forms the wallrock of the Alpehue vent. The lithics range to slightly higher Si02 

contents because they are almost aphyric (Table 3.4). 
Compositions of two nearly aphyric AP lithics, one crystal-poor lava and one 

more porphyritic CC lava from different parts of the caldera, are shown in Table 4.4 to 
demonstrate the similarity in composition. The overall similarity between the samples 
is very strong in comparison to high-Si dacites of the other units discussed below (see 
Table 4.5). Like the CC basaltic andesites, the compositional similarity of the high-Si 
dacites from widely separated localities around the caldera is important in interpretation 

of magmatic evolution and caldera formation (Chapters 6,8). 

4.6.2 AP dacite 

The AP pumice has a very restricted compositional range (Fig. 4.5). A few 

samples range to slightly lower Si02 due to the presence of basic lithic clasts. No 

compositional zonation has been detected in the Alpehue ignimbrite. The juvenile 

dacite lithics are indistinguishable from the pumice and have identical mineral 

chemistry (Chapter 3). The AP dacite resembles the CO lavas in its low contents of 
REE and its relative enrichment in Rb and K20, discussed below. 

4.6.3 AT dacite and NW dacite mixing end-member 

The AT dacite forms a volumetrically very minor part of the AT sequence. 
Three samples analysed have a narrow compositional range. The AT dacite is similar 
to the most silicic NW mixed dacites in several elements such as REE, Zr, Nb, K20 

(Fig. 4.3,4.5). Similarities are also evident on the FeO*/MgO, A1203/CaO and 
Na20/CaO plots (Figs. 4.1,4.5) where the hyperbolic mixing curves of the NW 
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SP316 (NE) SP238 (SE) SP359 (S) SP124B (S) 

Si02 68.25 68.57 68.88 69.18 
Ti02 0.66 0.54 0.52 0.54 
A1203 15.51 15.42 15.23 15.10 
Fe0* 3.59 3.42 3.35 3.39 
MnO 0.10 0.09 0.08 0.10 
mg0 0.86 0.88 0.84 0.81 
Ca0 2.48 2.45 2.30 2.39 
Na20 5.52 5.61 5.73 5.42 
K20 2.87 2.89 2.94 2.96 
P205 0.16 0.12 0.12 0.12 

Sr 279 237 231 234 
v 32 28 29 21 
Rb 71 69 74 74 
Ba 734 677 674 700 
Zr 270 258 265 263 
Hf 5.78 5.41 5.84 
Nb 7.74 8.45 8.25 
y 36 34 34 34 
Ce 53.4 57.5 55.4 54.5 
Nd 25.3 24.8 24.9 24.6 
Sm 5.98 5.77 5.49 5.82 
Eu 1.36 1.62 1.53 1.46 
Gd 5.32 5.28 5.30 5.32 
Dy 4.82 5.12 5.00 5.11 
Er 3.31 2.97 2.95 3.05 
Yb 3.24 3.13 3.33 3.27 

Table 4.4 Compositions of CC dacites (columns I and 2) and accessory 
AP lithics to demonstrate similarity between samples from different parts 
of the caldera. 
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NW68.5 
n=19, 

7 for REE, 
Nb and Hf 

Correlation 
coefficient 

ATDav 

n=2 
APDav 

n--4 
CCDav 

n=2 

Si02 68.46 68.46 68.62 68.41 
Ti02 0.50 -0.94 0.53 0.49 0.60 
A1203 15.52 -0.96 15.58 15.48 15.47 
FeO* 3.56 -1.00 3.74 3.28 3.51 
MnO 0.09 -0.87 0.11 0.09 0.10 
mgO 0.50 -0.99 0.64 0.95 0.87 
CaO 2.05 -1.00 1.92 2.73 2.47 
Na20 5.92 0.96 5.55 5.05 5.57 
K20 3.28 1.00 3.37 3.19 2.88 
P205 0.12 -0.79 0.13 0.13 0.14 

Sr 194 -0.99 191 250 258 
v 25 -0.99 17 35 30 
Rb 77 0.99 83 83 70 
Ba 744 0.99 682 688 706 
Zr 341 0.99 335 265 264 
Iff 7.33 0.99 7.57 4.9 5.8 
Nb 10.5 0.99 10.5 8.1 7.7 
y 40 0.94 42 28 35 
Ce 60.8 0.96 64.1 46.9 55.5 
Nd 24.5 0.89 29.6 19.0 25.1 
Sm 5.98 0.89 6.96 3.86 5.88 
Eu 1.38 0.57 1.68 1.08 1.49 
Gd 5.35 0.87 6.41 4.09 5.30 
Dy 5.27 0.92 6.41 3.53 4.97 
Er 3.38 0.94 4.01 2.42 3.14 
Yb 3.63 0.95 4.06 2.51 3.19 

A1203/CaO 7.06 5.89 3.46 4.03 
FeO*/MgO 7.59 8.11 5.68 6.27 
Na20/CaO 2.89 2.89 1.85 2.26 
Rb/K20 23.5 24.5 25.9 24.3 
Rb/Zr 0.226 0.247 0.312 0.265 
K20/Zr 0.096 0.101 0.121 0.109 
Ce/Zr 0.178 0.192 0.177 0.210 
Ce/Y 1.54 1.53 1.69 1.59 
Nd/Y 0.61 0.70 0.68 0.72 

Table 4.5: The NW dacite mixing end-member is calculated from the regression 
equations at 68.46% Si02, which corresponds to the average Si02 of two AT high-Si 
dacites. Note the very good correlations for many elements suggesting that the mixing 
end-members were very similar in all cases and that variations in crystal contents have 
had little effect on the mixing trend. The ATDav composition is calculated from two 
samples for which full datasets were obtained. The APDav composition was calculated 
from four samples for which REE, Nb and Hf data were obtained. Seventeen pumice 
samples were analysed by XRF and most are very homogeneous. The CCDav 
composition was calculated from the two CC lava samples in Table 4.4 to give 
comparable Si02 to the other average compositions. 
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Figure 4.12: Multi-element plot normalised to the CCBAa, composition to illustrate 
differences between the high-Si dacites. Points to note are the low and high REE in the 
AP and AT dacite respectively, the high Zr and Nb of the AT and NW dacites and the 
large increases in Rb and K relative to Ba and Zr among all of the dacites. 
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Figure 4.13: Multi-element plot normalised to CCDAav showing differences between AP 
dacite and rhyolite. The rhyolite shows an increase in REE over the dacite but has a strong 
Eu anomaly. Zr shows no increase suggesting minor Zirc fractionation. The greater 
increase in Rb relative to K and Ba may be due to minor AFC processes as discussed 
previously but K may be more compatible at this late stage when minor potassic feldspar 
begins to crystallise. 
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samples trend towards the AT dacite. The AT dacite also has very similar mineral 
chemistry to that of the inferred pre-mixing NW dacites, with Fe-rich Px and sodic Plag 
(Chapter 3). 

An estimate is made here of the NW silicic end-member composition in order 
to make a direct comparison with the AT dacite. The most primitive NW inclusions are 
close to the basic end-member composition as inferred from linear mixing trends on 
Si02 variation diagrams (Fig. 4.5). Sample SP207B is close to a liquid composition 
(Chapter 5) and is assumed to be the basic end-member. The least contaminated dacite 

(SP336,67.5% Si02) contains between 4-8% basic inclusions. Mass balance 

calculations, assuming that the inclusions have the composition of SP207B, gives an 

end-member range between 68.1-68.9% Si02. Linear regressions were performed on 
the covariation of each element on Si02, using 19 samples which fall on mixing lines. 

Correlations coefficients for most elements are good (Table 4.5). An end-member 

composition was calculated at 68.5% Si02 (termed NW68.5) using the regression 

equations, for direct comparison with an average AT dacite composition (ATDav), 

shown in Table 4.5. Average AP and CC dacite compositions (APDav and CCDav) are 

also shown for comparison (Section 4.6.4). 

The NW68.5 and ATDav compositions are very similar in most major 

elements. ATDav has slightly higher Rb and REE and lower Ba than NW68.5, but other 
trace elements are very similar. The NW silicic end-member therefore appears to have 

been very similar to the AT dacite. This is supported by the similarities in mineral 

chemistry, suggesting that both dacites have experienced similar petrogenetic: histories. 

4.6.4 Comparison of dacites 

The compositions in Table 4.5 are plotted on Figure 4.12, normalised to the 

CCBAav composition. Distinctions between the silicic rocks are also evident on 
Figures 4.5 and 4.9. The effects of crystal accumulation in the dacites appear to be 

minimal or non-existent, even in the crystal-rich AP dacite which has very similar Ca, 

Al, Na, Sr, Fe and Mg to the crystal-poor CC dacite. REE depletion in the AP dacite is 

unlikely to be caused by phenocryst accumulation, as the REE behave as compatible 

elements at this stage (Chapter 6). 

All of the dacites are enriched in Rb relative to K20 and Zr (Fig. 4.12), the AP 

dacite showing this effect most strongly (Fig. 4.9). Enrichments in Rb relative to other 

similarly incompatible elements suggest that crustal assimilation has been important in 

dacite genesis (e. g. Davidson et al., 1987). 

Ba is similar in the four units (Figs. 4.5,4.12). The older NW and AT dacites 

are distinguished from the CC and AP dacites by higher Zr, Nb, REE and K. The CC 

dacite has lower contents of most elements on Figure 4.12 than either the AT or NW 
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compositions. The overlap in Nd and Sm between the CC and NW compositions may 
be due to error in the NW regression as Nd and Sm show the poorest correlation (Table 
4.5). The AP dacites have the lowest REE contents, with slightly higher Ce/Y but 

similar Nd/Y to the other units (Fig. 4.9, Table 4.5). The AP dacites have relatively 
low Zr and Nb, similar to the CC dacites, but distinctly higher Rb and K20. The AP 
dacites have higher ratios of Rb/K20, Rb/Zr, Rb/Ce and Zr/Ce than any of the other 
units, due to their relatively high Rb and low REE (Fig. 4.9, Table 4.5). K20/Zr is also 
higher in the AP dacite (Table 4.5). 

FeO*/MgO, A1203/CaO and Na20/CaO are all higher in the AT dacites than 

in the AP and CC dacites at similar Si02 (Figs. 4.1,4.5). The NW68.5 composition has 

very similar values of these ratios to the ATDav composition (Table 4.5). There 
differences are similar to those among older and younger intermediate rocks (Section 
4.5) and in the case of A1203/CaO and Na20/CaO among the older and younger basic 

rocks (Section 4.4). The AT and pre-mixing NW dacites have more Fe-rich Px and 
more sodic Plag than the other units, suggesting that the differences reflect liquid 

properties. It is difficult to constrain the origins of the differences between the dacites 

because there are few older intermediate samples and there are no definite basic or 
intermediate precursors to the AP dacite. Slight differences in the fractionating 

proportions of oxides to silicates may account for the differences in FeO*/MgO. 
However, the fact that the older basic, intermediate and silicic rocks have 

higher A1203/CaO, Na20/CaO, Zr, Nb, REE and K (Sections 4.4,4.5) than the CC 

rocks at similar Si02 suggests that the differences among the dacites may be inherited 

by fractionation of basic magmas with similar properties. The AP dacite has elevated 

Rb and K (high Rb/K, Rb/Zr and K/Zr) compared to the CC dacite. This is opposite to 

the general trend where the younger rocks have lower incompatible element contents 

than the older rocks. Elevated Rb and K relative to Zr often characterises AFC 

processes (e. g. Davidson et al., 1987) as discussed in Chapter 6. The low REE contents 

of the AP dacite may be related to Apt fractionation (Chapter 6). The intermediate CO 

lavas are distinguished from the intermediate CC lavas by many of the elements and 

ratios (low REE, high Rb/Zr) which distinguish the AP and CC dacites, suggesting a 

similar origin or a possible cogenetic relationship. 

4.6.5 Rhyolite 

Rhyolitic whole-rock compositions occur only as juvenile lithic clasts in the 

AP deposits. A single clast (74% Si02) was analysed by XRF, shown on Figure 4.13 

with the APDav composition for comparison. The sample is plotted on Figures 4.1-4.2, 

partly obscured by the rhyolitic matrix glasses which have very similar major element 
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compositions, and on the variation diagrams of Figure 4.14 with the plutonic samples 
discussed below. 

The rhyolite has much higher Rb, higher K20, Nb and REE contents but lower 

Zr than the dacite. The increase in REE is opposite to trends among the CC dacites 
(Fig. 4.6), when Apt is crystallising in significant amounts. The increasing REE 

probably reflect a diminished role of Apt fractionation over the range from 68-75% 
Si02. Apt may cease to crystallise within this interval when the P205 content of the 
liquid falls below Apt saturation level (c. f. Harrison and Watson, 1983). The rhyolite 
has a strong Eu anomaly suggesting that Plag has had a strong influence on the REE 

systematics. The drop in Zr from dacite to rhyolite is explicable by very minor Zrc 

fractionation, consistent with its occurrence as rare inclusions in Plag. 

4.7 Plutonic xenoliths 

The 13 analysed plutonic xenoliths are discussed briefly. The main emphasis 
here is on the role of the xenoliths as potential assimilants in the genesis of the volcanic 

rocks. Petrogenesis of the xenoliths is not considered as geological relationships are 

unconstrained. 
Selected elements and ratios are plotted against Si02 in Figure 4.14, with the 

CC, NW, basic AT and AP juvenile lithics shown for comparison. The multi-element 

plots of Figure 4.15 show selected xenoliths normalised to the CCBAAV composition. 
The most basic samples are troctolitic cumulates (=80% Plag) with very low 

incompatible element contents (Fig. 4.15a). The possibility that the Plag megacrysts in 

the AT rocks are derived from similar incompatible element depleted material is 

discussed in Chapter 6. Although Sr contents of the cumulates are too high to produce 
the low Sr, high 87Sr/86Sr of the anomalous AT sample (Fig. 4.7), similar incompatible 

element depleted cumulate material with lower Sr could be a suitable assimilant. The 

possibility that CC-type incompatible element depleted magmas are derived from 

incompatible element enriched AT-type magmas by bulk assimilation of similar 

material is also considered in Chapter 6. 

An alternative possibility discussed in Chapter 6 is that the AT magmas are 
derived from CC-type magma by crustal assimilation. Most of the xenoliths analysed 
have lower Sr and Ce/Y (LREE/HREE) than the AT basic rocks (Fig. 4.14,4.15). The 

high Sr of the AT relative to the CC rocks (Fig. 4.7) suggest a basic assimilant. A 

gabbroic xenolith has relatively high contents of REE but a flat REE pattern and is 

depleted in Rb, K, Ba and Zr compared to the AT5.9 composition (Fig. 4.15a). The 

more silicic xenoliths also have flat REE patterns. Assimilation of crustal material 

similar to the xenoliths by low Ce/Y CC-type magma could therefore not produce high 
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Figure 4.14: Si02 variation diagrams showing the plutonic xenoliths as filled triangles. The 
AT, CC, AP and NW units are plotted with the same symbols as in previous diagrams. The 
single AP rhyolite lithic analysed is also plotted with the same open square symbol. The plots 
illustrate some characteristics of the xenoliths which determine their feasibility as assimilants, 
discussed in the text. 
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Figure 4.15: 
a. The diagram shows patterns for an average of two trocolitic cumulates and a gabbroic sample 
normalised to CCBAav as in previous multi-element plots. The troctolites are very depleted in 
incompatible elements because of their cumulate origin and concentrations of several elements are 
close to detection limit. The gabbro has a relatively flat REE pattern compared to AT5.9, with 
higher HREE and lower LREE and is strongly depleted in Rb and K. Both compositions have 
strong positive Eu anomalies relative to CCBAav- 

b. The sub-volcanic granodiorite and the CC dacite have similar patterns although Ba and Zr are 
higher in the dacite. The basement granodiorite is enriched in Rb and has low Zr and REE. The 
granite is strongly depleted in HREE and Zr. 
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Ce/Y AT-type magma. The only xenolith with high Ce/Y is a leucogranite. However 
the leucogranite has very low contents of Zr, Rb, K20 and Sr. 

Increasing Rb/K20, Rb/Zr and 87Sr/86Sr with differentiation provides the main 
evidence for crustal assimilation in the petrogenesis of the CC unit. Although several 
of the intermediate to silicic plutonic xenoliths have slightly higher Rb/K2O and Rb/Zr 
than the volcanics, there is little difference in Rb, K20 and Zr contents (Fig. 4.14). Zr 

contents of the xenoliths are too similar to those of the volcanics to generate the high 
Rb/Zr of the dacites by AFC. Several of these xenoliths may represent sub-volcanic 
equivalents of the CC rocks. Incompatible element patterns of a silicic granodiorite and 
a CC dacite are shown in Figure 4.15b. The patterns are similar although the 
granodiorite has lower Ba and Zr, possibly due to lower temperature fractionation 
involving Afs and Zrc. The granodiorite also has 87Sr/86Sr similar to the dacites, 

requiring very large amounts of assimilation to generate the increases from basic to 
silicic compositions among the volcanics. 

One granodiorite sample, SP35 1, believed to represent older plutonic 
basement, is the only xenolith analysed with sufficiently high Rb/Zr and Rb/K20. 
Although this sample has similar Rb to the dacites it has lower K20 and Zr (Fig. 4.14). 
It also has low REE contents and high Rb/REE and K20/REE (Fig. 4.15), features 

which characterise the AP dacites. SP351 also has much higher 87Sr/86Sr than the 

volcanic rocks, providing sufficient isotopic contrast with the magmas to produce a 
noticeable increase during assimilation. 

4.8 Summary 

The stratigraphic units are geochernically distinct from each other. The older 
units (NW and AT) have higher Al/Ca, Na/Ca, K, REE, Zr and Nb than the younger 
units (CC, CO and AP) at similar Si02. These differences between the older and 
younger intermediate and silicic rocks therefore appear to be inherited from the basic 

stages of evolution. Higher ratios of Rb to other incompatible elements in the youngest 
rocks, the CO and AP units, are believed to reflect significant input of crustal material 
during magma genesis. 

Differences in incompatible elements and Sr isotopes between the AT and CC 

basaltic andesites cannot be explained by simple fractionation from a common parent. 
Derivation from fundamentally different primary magmas (Chapter 7) or from similar 

primary magmas which have experienced different intra-crustal histories (Chapter 6) 

are possible explanations. 
The NW unit consists predominantly of lavas formed by mixing of basalt and 

high-Si dacite, forming distinctive mixing trends on many variation diagrams. There is 
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evidence for the presence of more evolved basaltic andesite in the system and minor 
amounts of fractionated intermediate lava were erupted. 

The AT unit is predominantly basic but volumetrically minor high-Si dacite 
lavas were erupted. Many of the basic rocks are distinguished by the presence of Plag 

megacrysts which are believed to xenocrystic. There is also evidence for intermediate 

magma in the system. The AT dacite is very similar to the calculated NW dacite 

mixing end-member. Both the NW and AT unit dacites have higher 87Sr/86Sr, Rb/K 

and Rb/Zr than basic NW and AT rocks, suggesting that crustal assimilation has 

occurred during dacite genesis. 
The CC unit spans a nearly continuous range from basaltic andesite to high-Si 

dacite. Variations between most samples are consistent with cogenetic relationships by 

fractionation and minor crustal assimilation. AFC processes are inferred from Sr 

isotopes and from increasing Rb/K and Rb/Zr with differentiation. Some samples fall 

on mixing lines between basaltic andesite and high-Si dacite. 

The CO unit is volumetrically minor but is distinct from the other intermediate 

rocks in its low REE and high Rb/Zr. These features also distinguish the AP dacites 

suggesting a possible genetic relationship. 
The AP unit consists predominantly of homogeneous high-Si dacite with very 

minor basaltic andesite and rhyolite. The dacite has high Rb/K and Rb/Zr compared to 

the CC dacites, suggesting that crustal assimilation has been important. The AP dacite 

is also distinguished by low REE contents. 
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Chapter 5 

Intrinsic magmatic properties 
5.1 Introduction 

The aim of this chapter is to constrain the conditions under which Sollipulli 

magmas have evolved. Minerals are discussed individually and the final section 
synthesises the results. 

Sollipulli has erupted magmas ranging from basalt to high-Si dacite with 
assemblages suitable for geothermometry and oxygen barometry. Olivine-liquid and 
pyroxene thermometry are used to estimate temperatures. Two-oxide methods are used 
for oxybarometry. Pre-eruptive H20 contents are estimated empirically, constrained by 

phase assemblages. Total pressures are difficult to quantify, even in Amph-bearing 

rocks, without performing experiments designed to reproduce the mineral and matrix 
compositions (Rutherford, 1993). All temperatures are quoted for I bar pressure, as 
most thermometers used have minimal pressure dependence within the error of the 

methods. 
Estimation of liquid compositions for assessment of crystal-melt equilibria is 

problematic, as matrix compositions are too evolved in most cases to be in equilibrium 

with phenocrysts. In general, phenocryst-matrix equilibrium is approached only in very 

crystal-poor samples, where crystallisation has had an insignificant effect on residual 
liquid composition. Most analysed melt inclusions in phenocrysts are also too evolved 

to be in equilibrium with the host crystal either because of post-entrapment alteration or 
because the inclusions formed by infiltration after crystal growth. Whole-rock 

compositions may approximate original melt compositions if minerals are retained in 

cotectic proportions and no accumulation has occurred, a condition most likely to hold 

in crystal-poor samples. Phenocryst-whole-rock equilibria in crystal poor samples are 

assessed using distribution coefficients from the literature. This approach is frequently 

used in assessing mineral-liquid equilibria in arc volcanics (Tormey et al, 1995, Baker 

et al., 1994). 
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5.2 Olivine 
5.2.1 Olivine-liquid Fe-Mg equilibria 

The most primitive samples in each of the stratigraphic units have low to 

moderate crystal contents and may be sufficiently close to liquid compositions to use for 

olivine-liquid thermometry and hygrometry. If closed system crystallisation has 

occurred with some 01 retaining its liquidus composition, the most magnesian 01 should 
be close to equilibrium with whole-rock, as 01 is generally the first phase to crystallise 
(Chapter 3). 

Olivine-liquid Fe-Mg exchange coefficients, KdFe_Mg01-1iq, defined as 
(Fe2+0j/Mg0j)/(Fe2+1iq/Mg1iq), where Mg and Fe2+ are molar concentrations, are well 

constrained from experimental studies. Baker and Eggler (1987), Sisson and Grove 

(1993a, b) and Wagner et al. (1995) give values between 0.28-0.3 using total iron 

(FeO*) for liquid FeO and 0.33-0.34 using estimated or measured FeO, from 

experiments on HABs of broadly similar compositions to the Sollipulli rocks. 
Carmichael and Ghiorso (1990) suggest that Kd is independent Of f02. Melt FeO 

contents at NNO and QFM (FeONNO and FeOQFM) are estimated by the regression 

equation of Kilinc et al. (1983), hereafter referred to as the Kilinc: equation. Fe2+/Fe3+ 

from the Kilinc equation is almost insensitive to input temperature along a given buffer. 

The NNO and QFM buffer equations used in calculations are from Huebner and Sato 

(1970) and Myers and Eugster (1983) respectively. 

Results for representative samples which are close to equilibrium according to 

the Kd criteria are shown in Table 5.1. The calculations use average and maximum Fo 

of the most magnesian 01 crystal in the sample. Good agreement with experimental 

FeO* values (0.28-0.3) is observed in most cases. FeOQFM values agree with 

experimental values (0.32-0.34) for both average and maximum Fo but FeONNO values 

are slightly high using average Fo. 'The most magnesian NW and AT samples and most 

north wall CC basaltic andesites satisfy equilibrium criteria. The evolved NW basaltic 

andesite SP147B gives values which are slightly too high. The whole-rock composition 

of VC sample SP157 (Chapter 4) is in equilibrium with the most magnesian 01 (F081.5- 

82.5) whereas the groundmass is in equilibrium with microphenocryst 01 (F080.1-80.7) 

Most other samples (Figure 5.1) are not in equilibrium, the most magnesian 01 

analysed being too Fe-rich. The absence of sufficiently Mg-rich 01 is not likely to be an 

artefact as several samples were analysed in detail. The most probable explanation is 

that continuous re-equilibration of 01 occurred (equilibrium crystallisation) so that the 

liquidus composition is not preserved. Minor accumulation of 01 may have occurred in 

some cases. 
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The olivine-liquid calculations constrain maximum oxygen fugacities to be 

close to the NNO buffer, in accordance with Fe-Ti-oxide oxybarometry in evolved 
magmas (Section 5.5). More oxidised melt would require even more magnesian 01 than 
is observed. 

Unit NW NW AT AT cc vc vc 
Sample No. SP207B SP147B SP230 SP235 SP191 SP157 SP157gm 

Si02 50.98 54.60 52.00 52.91 53.70 53.12 53.71 
Ti02 0.76 1.02 0.79 0.76 0.77 0.92 1.06 
A1203 18.25 18.27 17.89 17.82 18.19 17.53 17.21 
FeO* 7.82 7.76 7.42 7.30 7.52 8.52 8.67 
MnO 0.13 0.14 0.14 0.14 0.14 0.15 0.18 
MgO 8.93 4.37 7.79 7.34 5.83 6.15 5.56 
CaO 9.24 8.43 9.93 9.49 9.53 9.69 9.37 
Na20 2.97 4.04 2.81 3.07 3.42 3.12 3.23 
K20 0.76 1.14 1.01 0.97 0.74 0.65 0.75 
P205 0.15 0.22 0.21 0.20 0.17 0.16 0.26 

Fo, 87.0 75.6 86.4 85.9 82.6 81.5 80.1 
KdFeO* 0.304 0.324 0.295 0.294 0.291 0.292 0.284 
KdFeOQFM 0.347 0.375 0.338 0.337 0.335 0.336 0.327 
KdFeONNO 0.366 0.398 0.357 0.356 0.354 0.355 0.346 

Fomax 87.5 76.7 86.9 87.0 83.2 82.5 80.7 
KdFeO* 0.291 0.305 0.283 0.268 0.279 0.273 0.273 
KdFcOQFM 0.332 0.353 0.324 0.307 0.321 0.314 0.315 
KdFeONNO 0.350 0.374 0.342 0.324 0.340 0.332 0.333 

Table 5.1: 01-liquid Fe-Mg distribution coefficients calculated for basic samples with low crystal 
contents. FOav and Fornax are the average and maximum values of the most magnesian 01 crystal in the 
sample. Kds are calculated using FeO*, FeOQFM and FeONNO (FeO calculated at QFM and NNO 

respectively from the Kilinc et al. (1983) equation). The VC matrix glass (SPI57gm) calculation uses a 
microphenocryst composition rather than the most magnesian 01. 

5.2.2 Primitive Sollipulli liquids 

It is important to assess whether samples which satisfy the criteria above are 
useful liquid analogues for olivine-liquid thermometry and hygrometry. The maximum 
amount of 01 accumulation can be constrained petrographically and by applying a 
lower limit of =--0.27 for KdFe-MgO1-Iiq calculated using FeO*, less than typical minimum 
literature values (0.28) on similar rocks. Although Plag accumulation has no effect on 
olivine-liquid equilibrium calculations, there can be a significant effect on calculated 
temperatures and H20 contents. Plag accumulation is detectable from petrography and 
whole-rock A1203. Minimum liquid A1203 is 17.2% in the VC matrix, which has 

already experienced some Plag fractionation. A1203 contents >18.5% are very likely to 

reflect Plag accumulation from petrographic criteria. 
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Figure 5.1: Molar Fe*/Mg of the most magnesian 01 plotted against molar Fc*/Mg of 
whole-rock or glass for several samples. Points which plot between the lines represent 
equilibrium values, reflecting a covariation between Fo content of the most magnesian 01 
and whole-rock Mg#. Samples in Table 5.1 plot close to equilibrium values. Most AT 
plot well above the lines. The crystal-poor CC north wall samples (CCN) are close to 
equilibirurn whereas the crystal-rich eastern and southern CC samples (CCES) plot above 
the lines. 

Table 5.2 gives compositions calculated by removal of 01 (FO87) from NW 

inclusion SP207B, which contains -5% 01 (void free) and no Plag phenocrysts. The 

maximum amount of permitted 01 accumulation is =3%. However the compositions for 

0-1% 01 removed are probably more appropriate liquid compositions, as A1203 

increases to 18.6% after removal of only 2% 01, which is probably too high for a melt 

composition. 
The amount of 01 accumulation in the microphyric magnesian AT rocks is 

between 0-2% by the same criterion. The samples have whole-rock A1203 between 

17.7-17.9% so that the amount of Plag accumulation is likely to be minimal. The north 

wall CC samples have little or no 01 accumulation (max=l% in the case of SP191). The 

maximum amount of Plag accumulation in CC sample SP191 is not likely to be more 
than 5%. Subtraction of 5% Plag reduces A1203 to 17.4% (Table 5.2) similar to the VC 

glass (Table 5.1). 
The whole-rock compositions in Table 5.2 are therefore considered to be 

sufficiently close to melt compositions for use in olivine-liquid thermometry. 
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SP207B SP207B SP207B SP207B SP191 SP191 SP191 SP191 SP230 SP230 SP230 
liql liq2 liq3 liql accuml accum2 liq I liq2 

01 -0.01 -0.02 -0.03 -0.01 -0.02 
Plag -0.05 +0.05 +0.1 -0.05 -0.05 

Si02 50.98 51.09 51.21 51.33 53.70 54.08 53.34 52.98 52.00 52.44 52.57 
Ti02 0.76 0.77 0.78 0.79 0.77 0.81 0.73 0.69 0.79 0.84 0.85 
A1203 18.25 18.44 18.62 18.82 18.19 17.37 18.96 19.73 17.89 17.23 17.41 
FeO* 7.82 7.77 7.72 7.68 7.52 7.89 7.16 6.81 7.42 7.71 7.66 
MnO 0.13 0.13 0.13 0.13 0.14 0.15 0.13 0.13 0.14 0.15 0.15 
mgo 8.93 8.55 8.16 7.77 5.83 6.13 5.54 5.26 7.79 7.80 7.39 
CaO 9.24 9.34 9.43 9.53 9.53 9.11 9.94 10.34 9.93 9.62 9.72 
Na20 2.97 3.00 3.03 3.06 3.42 3.51 3.33 3.24 2.81 2.92 2.95 
K20 0.76 0.77 0.78 0.79 0.74 0.77 0.70 0.67 1.01 1.07 1.09 
P205 0.15 0.15 0.16 0.16 0.17 0.18 0.16 0.15 0.21 0.23 0.23 

FOav 87.0 87.0 87.0 87.0 82.6 0.826 0.826 0.826 86.4 86.4 86.4 

KdFeO* 0.304 0.293 0.281 0.269 0.291 0.292 0.291 0.290 0.295 0.284 0.271 

KdFeOOFM 0.347 0.335 0.322 0.308 0.335 0.336 0.334 0.333 0.338 0.326 0.311 

Table 5.2: Hypothetical liquid compositions (liq) calculated by subtraction of phenocrysts from selected 
samples from Table 5.1 which satisfy equilibrium criteria. Columns 7-8 (SP191 accuml and accum2) 
show the effect of Plag accumulation. The first two rows show the proportions of crystals subtracted or 
added. The maximum amount of 01 accumulation is constrained by the requirement that KdFeO* is 
>0.27, less than the minimum literature value of 0.28 from experiments on similar compositions. 
FeO*/MgO is unaffected by Plag accumulation although both FeO* and MgO are diluted. This is 
important for 01-liquid thermometry and empirical liquid hygrometry (see Table 5.3). 

5.2.3 Olivine-liquid thermometry and hygrometry 

The olivine-liquid thermometer of Sisson and Grove (1993a) is applicable to 
basic rocks (55% Si02), with 01 + Plag or Cpx, but no Opx. The empirical liquid 

formulation of Sisson and Grove (1993a), may be solved simultaneously to calculate 

magmatic H20 contents. The formulae are referred to hereafter as the SG methods for 

brevity. Errors on the olivine-liquid thermometer are given as ± 8-1 11C. The 

thermometer is relatively insensitive to 01 composition. Pressure dependence is weak 
(ý=+50C/kbar). The hygrometer is temperature-sensitive with an increase in H20 Of 

about 50% relative for a temperature decrease of 25T. Pressure dependence is positive 

with a relative increase in H20 content of about 10% relative per kbar. Simultaneous 

solution results in a negligible pressure dependence. Sisson and Grove (1993a) suggest 

that the hygrometer is useful for distinguishing between low (<2%), intermediate (2- 

4%) and high (>4%) H20 HABs. The olivine-liquid MgO thermometer of Roeder 

(1974) has also been applied for comparison. 
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0 Unit TOC TOC Wt /0 H20 
SG 93 Roeder 74 SG 93 

SP207B NW 1182 1227 0.8 
SP207liql NW 1173 1216 1.1 
SP207liq2 NW 1164 1204 1.4 
SP230 AT 1160 1196 1.3 
SP230liql AT 1160 1196 1.0 
SP230liq2 AT 1150 1182 1.3 
SP235 AT 1151 1188 1.3 
SP191 cc 1115 1136 2.2 
SP191liql cc 1125 1147 1.6 
SP191accuml cc 1105 1124 2.8 
SP191accum2 cc 1095 1112 3.3 
SP188 cc 1112 1131 2.2 
SP189 cc 1121 1143 2.3 
SP190 cc 1123 1146 2.3 
SP269 cc 1114 1134 2.3 
SP270 cc 1117 1138 2.2 
SP157 vc 1125 1150 1.8 
SP157Gms vc lill 1131 1.9 

Table 5.3: Olivine-liquid temperatures and H20 contents calculated by the method of Sisson and Grove 
(1993a) for whole-rock and calculated liquid compositions from Table 5.2. Temperatures calculated 
using the Roeder (1974) olivine-liquid Mg exchange thermometer are also tabulated. The effect of Plag 
accumulation (SP191accuml and 2) is to increase calculated H20 and decrease calculated temperatures. 
The other CC calculations are all for crystal-poor northern caldera samples. 

Temperatures and H20 contents of near-liquid whole-rock compositions and 

calculated liquids from Table 5.2 are given in Table 5.3. The Roeder equation gives 
higher temperatures than the SG method, with greater discrepancies towards the high-T 

end of the range. The SG results are preferred because the calibration included hydrous 

HABs. 
Temperatures and H20 contents of primitive NW sample SP207B are 1184'C 

and 0.8% H20 for whole-rock and 11641C and 1.4% H20 for whole-rock less 2% 01 

using the SG method. Although SP207B does not contain phenocryst Plag or Cpx, the 

composition with 2% 01 removed gives very similar results to the multiply saturated AT 

sample, SP230, by both the SG and Roeder formulae. The SG method is therefore 
likely to be applicable to the primitive NW samples. The AT whole-rock and calculated 
liquids all give temperatures between 1150-1160'C and H20 contents between 1-1.3% 

by the SG method. Whole-rock and matrix of VC sample SP157 give temperatures of 
11250C and 111 VC respectively and H20 contents of 1.8-1.9%. 
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The CC north wall samples give a narrow range between II 12-1123'C and 
2.2-2.3% H20. The SP191 calculated liquid with 5% Plag removed (SP191liql, Table 
5.2) gives a slightly higher temperature and lower H20 content than the whole-rock. 
The calculated 5-10% Plag accumulative compositions (SP191accuml and 
SP191accum2, Table 5.2) show the opposite effect. Addition of 10% Plag increases 

calculated H20 content by 50% and decreases temperature by 20", illustrating the 
importance of using near-liquid compositions. 

If the whole-rock compositions used are slightly Plag-accumulative, which in 

some cases is possible, the calculated temperatures are minima and H20 contents 
maxima. The 01-liquid temperatures are in generally good agreement with values from 

pyroxene thermometry (Section 5.4). 

5.3 Plagioclase 

It is difficult to isolate the effects of any single parameter on Plag composition 
because of dependence on temperature, pressure, melt composition and dissolved H20 

content (e. g. Rutherford and Devine, 1988, Blundy and Shimizu, 199 1). However Plag 

may be a useful geohygrometer when the other parameters are independently 

constrained. KdCa-Na Plag-fiq, defined as for KdFe_MgOl-liq, is very sensitive to melt H20 

content (Sisson and Grove, 1993a, b). Values of KdCa-NZ lag-liq are calculated for 

crystal-poor basic samples and compared to values determined in experiments on 
HABs from the literature. The models of Housh and Luhr (1991) are used as an 

alternative method of estimating melt H20 contents. 

5.3.1 Basic rocks 

The origin of highly calcic Plag (An85-95) in arc magmas has been discussed 

by several authors (Arculus and Wills, 1980, Sisson and Grove, 1993a, 

Panjasawatwong et al., 1995, Pearce et al., 1995). Very high liquid Ca/Na (ý=6-7 molar) 
is required to produce highly calcic Plag under anhydrous or H20-undersaturated 

conditions (Panjasawatwong et al., 1995). Although high Ca/Na magmas occur in 

some oceanic arcs such as the South Sandwich Islands (Pearce et al., 1995) and Tonga 

(Falloon and Green, 1986), this is an unlikely general explanation for the common 

occurrence of highly calcic Plag in arc basalts. Examination of the global literature (c. f. 

Plank and Langmuir, 1988) shows that most primitive arc magmas have molar 
Ca/Na<3. Both the South Sandwich and Tongan arcs are believed to be sourced from 

mantle which is depleted compared to MORB-source mantle (Pearce et al., 1995, Ewart 

and Hawkesworth, 1987). The occurrence of highly calcic Plag in arc magmas is 

generally attributed to high magmatic H20 contents (e. g. Arculus and Wills, 1980). 
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Sisson and Grove (1993a) produced highly calcic Plag in low-MgO HAB melts at 1-2 
kbar, H20-saturated conditions. 

At Sollipulli, maximum Ca/Na is 1.5-2 in crystal-poor basic rocks. There is no 
evidence that calcic Plag is inherited from more primitive high Ca/Na liquids. If such 
liquids existed, very large amounts of Cpx fractionation alone (=35%) would be 

required to generate the observed Ca/Na ratios, after crystallisation of calcic Plag. The 

occurrence of highly calcic microphenocrysts (up to An92) in several samples suggests 
that crystallisation occurred at relatively shallow depths shortly before eruption. 
Crystallisation from hydrous magma is much more feasible. 

Anav KdCa-Na Ana,, KdCa-Na Equirn An H20 Ab H20 An H20 
anhydrous HL HL SG 

SP191 86 4.0 89 5.3 74 3.5 3.6 2.2 
SP191liql 88 5.1 89 5.7 71 3.5 3.3 1.6 
SP269 87 4.3 88 4.8 74 3.8 3.7 2.3 
SP270 87 4.4 88 4.9 73 3.6 3.6 2.2 
SP230 86 3.1 90 4.6 79 2.1 3.2 1.3 
SP230liql 86 3.4 90 4.9 76 2.2 3.0 1.0 
SP235 83 2.9 84 3.1 76 1.6 3.3 1.3 
SP157 88 4.4 90 5.5 75 4.0 3.4 1.8 
SP157gms 88 4.1 90 5.1 73 3.5 3.5 1.9 
SP157nc 88 4.6 90 5.7 72 3.6 3.2 

Table 5.4: KdCa-Na Plag-liq calculated using average and maximum An content of the most calcic Plag in 
each sample. Equilibrium An content under anhydrous conditions calculated from Panjasawatwong et al. 
(1995), given in Column 6, is significantly less than observed values. H20 contents calculated using the 
Ab and An models of Housh and Luhr (199 1), given in Columns 7 and 8, show good agreement with 
each other in most cases but are significantly higher than values from the Sisson and Grove (1993a) 
formulation. in Column 9. SP157gms and SP157inc are matrix glass and a melt inclusion in Plag 
respectively. 

Table 5.4 lists KdCa-NaPiag-fiq for near-liquid whole-rock and some calculated 
liquids from Table 5.2, using maximum and average An content of the most calcic Plag 

analysed in each sample. Prior crystallisation of 01 does not affect liquid Ca/Na so that 

whole-rock compositions can be used. Cpx is very minor or absent in the samples 
discussed here and textural evidence shows that it has crystallised after 01 and Plag. 

Whole-rock Kds are minima if Plag accumulation has occurred, as calcic Plag has much 
higher Ca/Na than coexisting liquid. However Plag accumulation is minimal in the 

samples used. 
Figure 5.2 shows Ca/Na(Plag) against Ca/Na(whole-rock or matrix). Kds are 

mostly in the range 4-5.5, between the 1 and 2 kbar H20-saturated (4-6% H20) values 

of Sisson and Grove (I 993b). The microphyric AT samples plot just below the I kbar 

H20-saturated values of Sisson and Grove (1993a). Anhydrous and H20- 
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undersaturated Kd values from the compilation of Sisson and Grove (1993b) are in the 
range 1-2. 

10 

1-1 
to 

F ý-Cc c-I 
1+ AT I 

Kd-5.5 0 00 
VC 

Kd-3.4 + 

-1 

0.0 0.5 1.0 1.5 2.0 

Ca/Na (whole-rock or glass) 
Figure 5.2: Average molar Ca/Na of the most calcic Plag crystal in basic samples plotted 
against molar Ca/Na of whole-rock or matrix glass. The lines of constant Kd are regression 
lines after Sisson and Grove (1993b). The medium and high Kd lines are from the H20- 

saturated experiments at I and 2 kbar respectively of Sisson and Grove (1993a, b). The low 
Kd line corresponds to H20-undersaturated and anhydrous experiments compiled by Sisson 

and Grove from the literature. 

Panjasawatwong et al. (1995) performed anhydrous and hydrous experiments 

on synthetic and natural samples (including a natural HAB). These authors give a 

regression equation for the anhydrous experiments relating An content to melt 
composition as a function of pressure, temperature, Al, Si, Ca and Na. The effect of 
H20 on An content of Plag was significantly stronger at H20-saturated than 

undersaturated conditions. Maximum increases of -10% An were observed in H20- 

undersaturated over anhydrous melts, whereas increases of up to 20% were observed in 

H20-saturated melts. Equilibrium An from their anhydrous regression equation is also 

shown in Table 5.4. Values are calculated for I bar, which maximises An, but the 

equation is not strongly pressure sensitive, with An decreasing by =1.5%/kbar. All 

anhydrous values are significantly lower (=12-15% An) than the maximum observed 

values. 
Housh and Luhr (199 1) developed models for Plag-melt equilibria (hereafter 

referred to as the HL methods) based on H20-saturated experiments and give two 

formulae relating An and Ab components of Plag and melt to pressure, temperature and 

H20 content. The pressure term is negligible in K-poor Plag. The temperature 

dependence is negative, about 0.15-0.2% H201100C. Results are insensitive to small 
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variations (5-10%) in An content. Two sigma errors on calculated H20 are 0.54%(Ab) 

and 0.33%(An) according to Housh and Luhr (1991). Results are listed in Table 5.4, 

using input temperatures from olivine-liquid thermometry and the Anav values. The Ab 

and An formulae are in good agreement for many samples. Where significant 
discrepancies occur, the An values are higher. All An values are between 3-3.7% H20. 
The agreement between the two models here contrasts with the findings of Sisson and 
Grove (1993a) who report that the Ab model overestimated experimental H20 contents 
by about 2% while the An model gave good agreement with measured values. 

The volatile by difference method (Rutherford et al., 1985) calculates the 

volatile content of a glass from the difference between microprobe totals and 100%. 
Glass inclusions often give lower totals than coexisting matrix (e. g. Gardner et al., 
1995) as inclusions may retain the original volatiles whereas the matrix is prone to 
degassing and rehydration. The method assumes that post-entrapment crystal growth 
has not occurred. 

Most inclusions analysed are too evolved to be in equilibrium with the host 

crystal. However some glass inclusions in Plag in VC sample SP157 are sufficiently 
primitive to be in equilibrium with the host and do not appear to have experienced post- 

entrapment modification. One large inclusion in Plag (An86-90), has a similar 

composition to the groundmass (Table 5.5). Kds and H20 contents from the HL 

methods are very similar for inclusion, matrix and whole-rock (Table 5.4). The low 

inclusion total suggests a volatile content of about 5% although the average total for 

Plag analysed at the same time is 98.9%. However a minimum volatile content of about 
4% may be inferred. This value is slightly higher but within error of the HL values. 

Taken together, the results suggest that the basic Sollipulli magmas were 
hydrous, probably H20-saturated, when the most calcic Plag crystallised. If the 

magmas were H20-saturated, Kds are appropriate for crystallisation at pressures 
between 1-2 kbar, suggesting H20 contents of between 4-6% by comparison with 

published solubility curves for H20 in basic magmas (Dixon et al., 1995). The HL 

values give H20 contents between 3-4%, suggesting pressures around I kbar if the 

magmas were 1120-saturated. The VC inclusion data give similar indications. The 

microphyric AT samples plot below the 1 kbar line on Figure 5.2 and give the lowest 

H20 contents by the Ab formula, consistent with low-pressure crystallisation. In 

general the H20 contents calculated from Plag-liquid systematics are significantly 
higher than those calculated from the multiply-saturated liquid SG method (Table 5.4). 

The origin of these discrepancies is discussed in Section 5.7.2. 
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SP157Gms SP157Inc SP157Gms SP1571nc Plag 
Raw Raw Normalised Normalised 

No analyses 44 11 5 

SiO2 52.52 50.67 53.71 53.45 45.28 
Ti02 1.04 0.99 1.06 1.04 0.00 
A1203 16.83 16.17 17.21 17.05 33.79 
FeO* 8.48 8.23 8.67 8.68 0.53 
MnO 0.18 0.17 0.18 0.18 0.03 
mgO 5.44 5.37 5.56 5.67 0.11 
CaO 9.16 8.94 9.37 9.43 17.81 
Na20 3.16 3.21 3.23 3.39 1.37 
K20 0.73 0.77 0.75 0.82 0.03 
P205 0.25 0.27 0.26 0.29 0.00 
Total 97.79 ± 0.16 94.80 ±0.27 100.00 100.00 98.96 ± 0.28 

Table 5.5: Microprobe analyses of groundmass glass and a melt inclusion in Plag in sample SP157. 
Totals are lower by about 3% in the inclusion. The normalised compositions are similar suggesting that 
post-entrapment crystal growth has not significantly affected the inclusion composition. 

5.3.3 Intermediate to silicic rocks 

The HL methods have been applied to the crystal-poor intermediate NW flank 

samples. The other intermediate rocks are too porphyritic and mineralogically 
heterogeneous to use for calculations. The methods have also been applied to the silicic 

rocks using whole-rock and matrix glass compositions. Representative results are given 
in Table 5.6. The Ab and An methods give discrepant H20 values in several cases and 
in general the results are inconclusive. Where discrepancies exist, the An values are 
higher. Input temperatures are well constrained from pyroxene thermometry. The 

samples discussed here all give narrow ranges in temperature, mostly less than ±251C 

about the mean value. The effects of varying temperature are illustrated in Table 5.6. 

Errors due to inaccuracies in the input temperatures are close to or within the errors on 
the HL methods in most cases (about +-0.5% H20). The methods are not highly 

sensitive to variations in input Plag composition. A 10% increase in An content 

corresponds to a increase in calculated H20 of about 0.5% as shown in Table 5.6. 

The crystal-poor NW flank intermediate rocks give discrepant results for the 

An and Ab models, ranging between 1.3-1.7%(Ab) and 2.8-3.3%(An). The crystal- 

poor nature of the samples suggests crystallisation close to or during eruption at 

shallow depths. The samples give high temperatures, between about 1030-1060'C 

(Section 5.4), consistent with low H20 contents. The crystal-poor CC high-Si dacite 

lavas have also probably crystallised close to the time of eruption and give high 

temperatures (=970-1040'C). Maximum H20 contents calculated using the matrix 

composition and minimum temperatures are less than 2%. Maximum H20 contents 
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using whole-rock compositions are slightly higher, up to about 3%. The lower 
temperature (930-970'C) moderately porphyritic AT dacite lava gives similar results 
for matrix and whole-rock compositions to the CC dacite. 

NWF NWF CC CC AT AT AP AP AP 
WR YV'R YirR Gms WR Gms WR Gms ml 

S'02 62.11 63.36 68.57 73.77 68.71 72.86 68.6 73.96 73.60 
Ti02 1.09 1.2 0.54 0.53 0.52 0.28 0.5 0.24 0.31 
A1203 16.49 15.71 15.42 13.69 15.48 13.65 15.51 13.89 14.17 
FeO* 6.59 5.71 3.42 2.18 3.67 2.60 3.3 1.64 1.85 
MnO 0.16 0.18 0.09 0.09 0.10 0.13 0.08 0.07 0.08 
mgo 2.01 1.63 0.88 0.21 0.65 0.32 0.97 0.22 0.24 
CaO 4.27 3.66 2.45 1.35 1.88 0.86 2.77 1.05 0.97 
Na20 4.96 5.83 5.61 3.94 5.48 5.02 4.98 4.54 4.32 
K20 2.00 2.29 2.89 4.08 3.39 4.22 3.15 4.27 4.37 
P205 0.32 0.44 0.12 0.11 0.12 0.04 0.12 0.12 0.10 

T'C 1040 1055 970 970 950 930 900 900 905 
An 50 44 41 41 37 26 36 36 36 
H20 Ab 1.6 1.3 2.4 1.7 2.5 1.9 3.2 2.8 2.7 
H20 An 3.3 2.8 3.1 1.3 3.2 2.5 4.9 2.3 2.3 

T*C 1030 970 950 31 
An 41 36 29 900 
H20 Ab 1.5 

, 
1.5 2.1 2.6 

H20 An 2.3 1.6 4.0 2.7 

T'C 970 31 
An 50 870 
H20 Ab 2.9 3.2 
H20 An 2.6 3.2 

Table 5.6: H20 contents calculated using the Housh and Luhr methods on intermediate to silicic whole- 
rock and matrix analyses. All analyses are normalised to 100%. Whole-rock calculations use the 
average core composition of the predominant phenocryst population and groundmass calculations use 
average rims. MI is a melt inclusion in Plag using the composition of Plag close to the inclusion. 
Temperatures are averages from pyroxene thermometry and in most cases are well-constrained. Some 
columns give more than one calculation to demonstrate the effects of varying Plag composition and 
temperature. The latter is more important but the results quoted are believed to be accurate to within 
300C in most cases so that errors due to inaccuracies in temperature are close to or within the errors on 
the methods. 

The AP pumice matrix glass gives coherent An and Ab values between about 
2.3-3.2% H20, depending on the input temperature. These values are higher than for 

matrix glasses of the CC and AT lavas. Discrepant results are obtained for the Ab and 
An methods using the Ap whole-rock composition. Glass inclusions in Plag and Opx in 

the AP pumice generally yield lower totals than the matrix glass, the volatile by 

difference method typically giving about 4-6% H20. However post-entrapment 

modification and/or Na-loss during analysis appear to have occurred in several cases 

and the data are not reported. Although minor Amph occurs in the AP dacite pumice 

which would suggest a minimum magmatic H20 content of about 4%, Amph is 

believed to have crystallised in a coexisting intermediate magma and been subsequently 
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mixed into the dacite, (Section 5.6). The presence of Amph therefore does not 
constrain the minimum pre-eruptive H20 content of the dacite magma. 

The results suggest that the intermediate and silicic magmas had similar or 
lower H20 contents than the basaltic andesites, even when compared to results from the 

SG empirical liquid hygrometer, which gives lower H20 contents than the HL methods 

contents in the basaltic andesites (Table 5.4). This is discussed again in Section 5.7. 

5.4 Pyroxene 

5.4.1 General chemistry 

Mg# of Opx and Cpx decreases from basic to silicic rocks, although there is 

little variation from andesite to dacite among the CC rocks (Chapter 3). Dacites of the 
different stratigraphic units are distinct from each other in Mg# of pyroxene (Figs. 3.6- 

3.7). Ca shows no consistent variation with whole-rock composition. Ca contents of 
Opx and Cpx are strongly dependent on temperature and the presence or absence of the 

other phase (Lindsley, 1983). 
A1203 contents of Cpx generally range from 1.5-4% in the basic rocks 

decreasing to about 0.6-1.5% in the more silicic samples. Ti02 covaries with A1203, 

typically ranging from 0.7%- 0.3% from basic to silicic rocks. A1203 content of Opx 

typically ranges 1.5-0.6% from basic to silicic rocks, with Ti02 ranging about 0.25- 

0.1%. Cpx cores typically have 0.2-0.4% Cr203 in basic samples, often showing sharp 
decreases, close to detection limit, at rims and in the groundmass. Cpx in more evolved 

samples contains negligible Cr203. Na2O ranges between about 0.25-0.45%, 

increasing from basic to silicic compositions. MnO correlates positively with FeO* in 

both Opx and Cpx. Opx has negligible Na20 and Cr203 contents. 
Sector zoned Cpx is common in basic rocks. In AT and CC basaltic andesites, 

variations between sectors are generally small (=1-1.5% A1203). More aluminous 

sectors have higher Ti02 and generally lower Si02, but FeO*, MgO and CaO show 

complex variations between sectors. In some cases, FeO* is higher and MgO lower in 

more aluminous sectors, with little variation in CaO. In other cases, CaO increases in 

aluminous sectors, while MgO and Si02 decrease and FeO* shows little variation. 
High-Al sector zoned Cpx phenocrysts occur in the evolved NW inclusion (up to 7.2% 

A1203) and in the more mafic AP mafic banded pumice (up to 6% A1203). Quench 

groundmass Cpx in the NW basic inclusions has high A1203 (up to 8.4%) and Ti02 (up 

to 2.7%) but groundmass Cpx in most lavas has similar A1203 and Ti02 to phenocrysts. 
High A1203 and Ti02 in NW inclusion groundmass Cpx are likely to indicate 

rapid undercooling (Lofgren, 1980), consistent with other evidence for quenching. 
High-Al Cpx phenocrysts in the NW basaltic andesite inclusion and the AP banded 
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pumice may also have formed by rapid crystallisation. However crystallisation is likely 

to have occurred before mixing, particularly in the banded pumice where Cpx forms 
large phenocrysts. Cooling of basic magma at an interface with the dacite prior to 

mixing may have promoted rapid crystallisation (Section 5.7). 

5.4.2 Pyroxene thermometry: methods 

Pyroxene thermometry provides a self-consistent means of assessing thermal 

evolution over a large range of magma compositions. The QUILF program of Anderson 

et al. (1993) uses a modified version of the single-pyroxene thermometer of Davidson 

and Lindsley (1985), which is similar to the graphical thermometer of Lindsley and 
Andersen (1983), but gives slightly higher temperatures. Opx and Cpx temperatures 

can be calculated individually, assuming the other mineral was present and in 

equilibrium (Andersen et al., 1993, p. 1345). The single-pyroxene method can also be 

used to calculate minimum Cpx temperatures in the absence of a low Ca phase, 
(Davidson and Lindsley, 1985, p403). The QUILF program also incorporates a two- 

pyroxene thermometer. However problems arise in determining which compositions are 
in equilibrium where a range of Px compositions is present. The single and two- 

pyroxene methods generally agree within about 20'C for equilibrium pairs. The single 

pyroxene method is preferred as it permits interpretation of thermal histories of zoned 

crystals and of samples with several pyroxene populations. 
The thermometer is based on Ca-exchange between coexisting Opx (or Pig) 

and Cpx, although there is also a lesser dependence on Mg and Fe. Cpx components are 

calculated using the projection of Lindsley and Andersen (1983), to account for non- 

quadrilateral components, primarily Al, Ti and Fe3+. Aluminous Cpx (A1203,23-3.5% 

approx. ) is generally not used for thermometry, as temperatures tend to be 

overestimated by comparison with coexisting low-Al Cpx and Opx. Opx is projected 

using simple components (Chapter 3), as non-quadrilateral components are very minor 
in abundance and generally have an insignificant effect. Even for rare aluminous Opx 

(A1203>1.5%), the difference between the simple and QUILF projections is: 515'C 

(higher for the QUILF projection). 
Pressure dependence is slight (+2'C/kbar approx. ), well within the resolution 

of the data. Temperatures are calculated ftom the average composition of several 

analyses of individual crystals (Appendix 3). All temperatures are quoted at I bar for 

consistency with other thermometers. The main sources of error are low Ca abundance 
in Opx and the assumption of perfect stoichiometry in the Cpx projection scheme. The 

error on the calibration is about ± 30-40'C. Absolute precision for the Wo component 
is about ± 0.005 in Cpx (± 15'C) and ± 0.002 in Opx (± 201Q. Random errors are 
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minimised by performing several analyses on many samples and two sigma standard 
errors in homogeneous populations are typically less than ± IOIC. 

5.4.3 Pyroxene thermometry: homogeneous samples 

Results from the more homogeneous samples are discussed first to give an 
overview of temperature variations in the range from basaltic andesite to high-Si dacite. 
Samples which give wide ranges in temperature, due to magma mixing or retention of 
early-formed phenocrysts are discussed in the following section. Figure 5.3a shows the 

range in average temperatures plotted against Si02. Table 5.7 summarises results. 
Minimum Cpx temperatures for the most magnesian, low-Al Cpx in non-Opx- 

bearing CC basaltic andesites average 11 19'C ranging 1097-1141'C, consistent with 
01-liquid temperatures. AT basaltic andesites give similar minimum Cpx temperatures 
in some cases, but range to lower values due to high Ca content of Cpx in some cases. 

Many CC andesites give very wide ranges discussed in the next section. The 

two most evolved crystal-rich andesites however have a narrow range, averaging 996'C 

and ranging between 966-1038'C. 
Most crystal-poor CC dacites have a narrow range in Px compositions. Very 

magnesian crystals (>En70) in some high-Si dacites are probably derived from 

coexisting basaltic andesite and have been omitted from the average. The overall range 

quoted in Table 5.7 is 945-1049'C but most values are between about 970-10301C, 

averaging around 10001C. There are no consistent temperature differences between low 

and high-Si dacites. 
Average temperature of the homogeneous crystal-poor NW flank intermediate 

rocks is 1046'C, ranging from 1028-1066T. Rims are generally similar to cores but 

may range down to about 990T. 

Average core temperatures in the CO andesite range 941-1007'C. Rim 

temperatures are generally lower ranging 927-944'C. The CO low-Si dacite lava gives 

similar temperatures, mostly at the higher end of the range. 
The mean core temperature in the AP dacite is 905T. The overall range is 

from 867-935'C but most values are between 885-920'C. In general, cores and rims 

are similar but a few grains show decreases (-200C) at the rims, 
Temperatures of the AT dacite average 947'C, ranging 929-9770C. Rims are 

generally similar to cores but may range to lower temperatures. 
In general therefore, crystal-rich rocks (CO and CC andesite, AP dacite) record 

lower temperatures than poorly to moderately porphyritic rocks (NW flank andesite, AT 

and CC dacite) of equivalent Si02 content. Pyroxene temperatures in the CC unit show 

a large drop from basaltic andesite to crystal-rich andesite b. ut no systematic change 
from andesite to dacite. 
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Figure 5.3: Pyroxene temperatures plotted against whole-rock Si02- 

a: The vertical bars show the range in average core temperature of individual pyroxene 
crystals in relatively homogeneous samples and the horizontal bars show the whole-rock 
compositional range from which the average is calculated. The crystal-poor NW flank 
(NWF) rocks give higher temperatures than the crystal-rich CC and CO rocks. Similarly 
the crystal-rich AP dacites have much lower temperatures than the crystal-poor CC dacites. 
There is no significant difference between the CC andesites and either the low or high-Si 
dacites. 
b: Average core temperatures of individual crystals in CC basaltic andesites-andesites and 
NW mixed dacites (NWMD) plotted against SiO2. The CC mixed andesite (CCMA) 

contains only high-T Px giving temperatures similar to the basaltic andesite (CCBA). The 
9' other CC andesites (CCA) fall into two groups. Andesites with between 59-60 0 Si02 give 

a wide range of values overlapping with the more evolved andesites and with the basaltic 
andesites. The mixed dacites give a wide range of pyroxene temperatures. Temperatures 
are mostly <1000"C with some exceptions discussed in the text. 
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Unit Si02 No 
analyses 

No 
crystals 

T*C Range T 

cc 53.5-54.0 73 9 1119 1097-1141 

cc 61.6-62.6 99 17 996 966-1038 

cc 65.4-68.6 279 43 1002 945-1049 

co 61.1-64.2 97 10 977 942-1007 

NWF 62.1-63.4 144 12 1046 1028-1066 

AT 68.1-68.7 78 7 947 929-977 

AP 67.2-68.8 >300 36 905 867-935 

Table 5.7: Average pyroxene temperatures in samples which contain relatively homogeneous 
populations, demonstrating the general range in temperature from basaltic andesite to dacite. 

5.4.4 Pyroxene thermometry: Heterogeneous samples 

Many CC andesites and evolved basaltic andesites contain multiple mineral 

populations. Retention of early-formed crystals, incorporation of (possibly cogenetic) 

cumulates or magma mixing can account for multiple mineral populations. Some 

samples fall on mixing lines on key variation diagrams. Definitive evidence for magma 

mixing is absent and bulk assimilation of silicic crustal material by basaltic andesite 

magma is feasible (Chapter 4). 
The mixed samples give Opx temperatures typically between 1055-1095C 

(Fig. 5.3b), averaging about 1080'C. Cpx gives similar temperatures to the basaltic 

andesites (>1 100'C), discussed above. Cpx may have grown at higher temperature 

prior to mixing and Opx may have subsequently crystallised. This may explain the 

early occurrence of Opx in the more basic samples. Assimilation of silicic crust or 

mixing with silicic magma may increase silica activity in the melt, promoting Opx 

stability at the expense of 01 (Lange and Carmichael, 1990). 

CC andesites record a wide range of temperatures from about 970'-1 130'C 

(Fig. 5.3b), sometimes within individual samples. Reverse zoning is very rare. One 

andesite sample contains high temperature Cpx (= 11 OOOC) with lower temperature Opx 

(=10000C) which is sometimes strongly reverse zoned with rims recording values 

around 1 100'C. 
Most CC dacites have quite homogeneous Px compositions, discussed above. 

One crystal-poor very fine grained high-Si dacite contains small basic magmatic 
inclusions and highly magnesian Opx and Cpx (Chapter 3). Variable and high Wo 

content in the most magnesian Opx results in high and inconsistent temperatures. 
Crystals with lower and less variable Wo contents give coherent temperatures between 
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1029-1056'C. Cpx temperatures are higher with cores averaging about 11 101C and 
rims 1070'C. Reverse zoned crystals have not been observed suggesting that, in 

contrast to the NW dacites discussed below, the CC high-Si dacite was a near crystal- 
free liquid when the inclusions formed. 

The NW mixed clacites give a large range of temperatures mostly between 

about 880-1000'C due to multiple Px populations and strong reverse zoning. Values 

over 1000'C are exceptional but some crystals record temperatures up to about 10800C. 
Rim temperatures may be up to 150'C higher than cores but in most cases increases 
from core to rim are less than 50-70'C. Many crystals show no significant zoning. 

Calculated temperature variations from individual analyses of a strongly 
reverse zoned Opx crystal are used to illustrate the general variation between different 

Opx populations. Individual analyses of the most Fe-rich parts of the core give 
temperatures between 910-933'C. The outer core gives temperatures between 966- 

9841C. The inner rim gives temperatures ranging between 1038-1064'C and the outer 

rim gives values between 1015-1018'C. Growth during strong heating followed by late 

cooling is suggested. 
Other NW samples typically record ranges between 890-1000'C. The most 

Fe-rich crystals give the lowest temperatures (typically between 890-9300C) and are 
interpreted as the resident phenocryst population prior to interaction with the basaltic 

magma. Temperatures from reverse zoned rims are typically <10000C. Individual 

crystals which appear to have grown in reheated magma give values typically between 

930-10000C. Px in clots with Amph gives a similar range. 
Most values in the AP dacite are in a narrow range (880-9200C), as discussed 

above. A few samples contain rare Opx and Cpx in clots with Amph which give higher 

temperatures, averaging around 1000'C and ranging 981-10150C. Rare reverse zoned 
Opx in the AP banded pumice gives rim and core values around 990'C and 9000C 

respectively. High-Al sector zoned Cpx in the more mafic banded pumice gives 

temperatures around 1080'C but results are unreliable. 

5.5 Oxides 

There is a complete gradation between Cr-spinel and titanomagnetite solid 

solution series (Sack and Ghiorso, 1991). An arbitrary distinction is drawn here in 

terminology between Cr-spinel (Sp) and titanomagnetite (Tmt) when Cr203 becomes 

very minor (<1%) although few compositions between 1-3% Cr203 have been 

analysed. 
Sp (5-50 gm) occurs mostly as inclusions in 01 and rarely as groundmass 

microlites (<10gm) in magnesian basaltic andesites (>5% MgO). Most Tmt (=30- 

15ogm) and Ilm (-20-100ýtm) crystals analysed are microphenocrysts or large 
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microlites. Depending on size, 5-10 analyses were performed per crystal. In most 
cases, oxide minerals show small intra-grain variations. Heterogeneous Sp crystals are 
often altered with host 01 oxidised along cracks. Fe-Ti-oxides used in calculations are 
fresh and show no signs of oxidation or exsolution. Representative average analyses are 
given in Appendix 3. All oxide analyses have been recalculated using the method of 
Stormer (1983). 

5.5.1 Cr-AI-Mg spinel chemistry and oxygen barometry 

Dick and Bullen (1984) refer to spinel as "petrological litmus paper", because 

of its rapid chemical response to prevailing magmatic conditions and coexisting phases. 
A caveat is a tendency towards rapid resetting during cooling (e. g. Sack and Ghiorso, 
199 1), particularly oxidation of Fe2+, which limits usage of Sp as a quantitative 
petrological tool. However, the sensitivity of Sp to changing magma chemistry is 

qualitatively useful. 
Sp is abundant as inclusions in 01 in NW and AT basalt to basaltic andesite but 

absent in the CC basaltic andesites. Rare Sp inclusions occur in the VC scoria and in 

the AP mafic pumice. Although most common in 01>Fo8o, Sp sometimes occurs in 

more Fe-rich 01 (F073-76). Intra-grain variations are generally small but inter-grain 

variations, even in individual 01 crystals, are common. The most abundant Sp, 

occurring in magnesian 01, has average A1203=24-33%, Cr203=25-30%, MgO= 11- 

13.5%, FeO*-22-35% and Ti02<1%. Individual analyses of some NW Sp crystals 

range up to 35.8% A1203. Maximum A1203 (36.5%) was analysed in very rare Sp 
inclusions in AT Plag megacrysts. These crystals have distinctive chemistry with lower 

Cr203 (-18%) than Sp inclusions in 01 at similar MgO. 

Variations in Sp chernistry are illustrated in Figure 5.4. Figures 5.5a-d show 
Cr# (100*Cr/Cr+Al), Fey (Fe3+/Fe3++AI+Cr), Cry (Cr/Fe3++AI+Cr) and Fo content of 
host 01 plotted against Mg# (Mg/Mg+Fe2+) of Sp. In general, Al, Cr and Mg decrease 

as Fe*, Fe3+/Fe2+ and Ti increase. Cr# increases with decreasing Mg#, due to more 

rapid decrease in Al than Cr (Fig. 5.5a). At low Mg#, in evolved basaltic andesites, Cr# 

drops suddenly, as Cr contents decrease rapidly. Cry initially remains almost constant 

as Fe3+ substitutes for Al, and then decreases rapidly (Fig. 5.5b). Increasing Fey with 
decreasing Mg# reflects an increase in Fe3+/Fe2+ with Fe* (Fig. 5.5c). Fo content of 
host 01 and Mg# of Sp are strongly correlated ((Fig. 5.5d). 

Some authors (Dick and Bullen, 1984, Debari et al., 1987) have suggested that 
Al content of Sp is pressure dependent. However Allan et al. (1988) and Roeder and 
Reynolds (199 1) suggest that melt Al content is the controlling factor and have strongly 

criticised the pressure dependence hypothesis. Allan et al. (1988) show that Al-rich Sp 

can crystallise at low pressure in primitive MORBs and that Al, Mg and Fe* contents of 
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Figure 5.4: The diagram shows representative individual average Sp compositions to 
illustrate the variations between the major oxides. The diagram is arranged in order of 
increasing FeO* from left to right, each set of vertical points representing an average 
composition. MgO and A1203 decrease as Fe*O and Ti02 increase. Cr203 decreases 

more slowly than A1203 or MgObut shows a rapid drop at high Fe*O. Sp in the AT Plag 

megacrysts is anomalous i having higher A1203 and lower Cr203 than other crystals with 
similar FeO* and MgO. 

Sp correlate with liquid values but that Cr content of Sp is not correlated with liquid Cr 

content. Decreasing Al and Mg with fractionation are attributed to the effects of 01 and 

Plag crystallisation. 
In the Sollipulli rocks, there is no evidence for a pressure dependent variation 

in Al content, which covaries with Mg (Fig. 5.4), consistent with control by crystal-melt 

equilibria during fractionation. The anomalous Sp in the AT megacrysts may be 

exceptional as it is broadly similar in composition to some Sp reported from lower 

crustal mafic cumulate xenoliths in the Aleutian arc (Debari et al., 1987). However 

there is no evidence here that the anomalous chemistry is related to high pressure 

crystallisation. The important point is that the Sp chemistry is unusual and is further 

permissive evidence for a xenocrystic origin for the Plag megacrysts (Chapter 4). 

The increase in Fe3+/Fe2+ with decreasing Mg# of Sp may reflect increasing 

magmatic f02 during early fractionation. Because Fe in 01 is almost entirely in the +2 

oxidation state (Carmichael and Ghiorso, 1990), closed system fractionation of 01 

should result in increasing Fe3+/Fe2+ and hence f02 of the melt (Kilinc et al., 1983), 

prior to the onset of Tmt fractionation. However it is difficult to test this possibility, as 

there are no oxygen barometers which can be applied over the relevant range. 
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Figure 5.5: Plots of major components of Sp, defined in the text, against Mg# of Sp. 
a: The MORB field is after Baker et al. (1994). Sp in boninites and other magmas 
sourced from depleted mantle have high Cr#. Sp inclusions in the Plag megacrysts are 
clearly distinguished from inclusions in 01. 
b. Cry decreases at higher Mg# than Cr# due to increasing FA 

c. Fey is negatively correlated with Mg#. 
d. Average Fo content of host 01 is positively correlated with Mg# of Sp. 
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Unit FOav Mg# CT# Cry Fey Aly Fe2/+Fe3+ &QFM 

NW 87.4 60.9 41.0 0.371 0.095 0.534 2.1 1.2 
NW 86.5 58.7 42.6 0.369 0.135 0.497 1.6 1.6 
NW 86.7 55.8 44.5 0.373 0.163 0.464 1.4 1.9 
NW 84.7 54.4 36.5 0.319 0.124 0.556 1.9 1.6 
NW 86.9 60.6 36.4 0.332 0.088 0.580 2.3 1.1 
NW 86.6 58.2 41.1 0.363 0.118 0.520 1.8 1.5 
NW 86.6 58.9 40.3 0.357 0.115 0.528 1.8 1.4 
NW 86.5 58.2 41.3 0.366 0.116 0.519 1.8 1.4 
NW 86.7 59.0 38.0 0.335 0.120 0.545 1.7 1.6 
AT 86.4 59.9 42.0 0.365 0.131 0.504 1.6 1.4 
AT 86.4 59.1 37.6 0.323 0.143 0.534 1.5 1.7 
AT 86.4 61.7 41.7 0.369 0.114 0.517 1.7 1.2 
AT 86.4 59.4 42.5 0.377 0.114 0.509 1.8 1.2 

Table 5.8: The table shows major Sp components, defined in the text, for some representative average 
Sp inclusions in 01 in NW and AT basalt. Oxygen fugacities calculated from the Ballhaus et al. (1991) 
oxybarometer are quoted as AQFM (see text). Calculations use the average host 01 content. Full 
analyses are given in Appendix 3. 

The oxybarometer of Ballhaus et al. (1991) may be used provided Sp is in 

equilibrium with magnesian 01 (>F085), limiting its application to the most primitive 

compositions. However even in the more magnesian rocks, results are inconsistent. 

Representative results for magnesian 01 are given in Table 5.8 as relative oxygen ý 
fugacity, AQFM, the difference between calculated lOgfO2 and that at the QFM buffer 

for any given temperature. Input temperatures are from olivine-liquid thermometry but 

the results are insensitive to absolute temperature. Minimum AQFM values of + 1.1 are 

obtained for averages of single crystals, after applying a correction of -0.25 in the 

absence of Opx, as suggested by Ballhaus et al. (1991). However most values are 
higher, ranging up to AQFM+2. If 01<F085 is used, values up to AQFM+3 are obtained. 
The minimum values agree with results from two-oxide methods in more evolved rocks 
(see below) and general inferences from olivine-liquid equilibria (Section 5.2). The 

higher AQFM values are probably spurious, due most likely to resetting of Sp during 

cooling. 

5.5.2 Titanomagnetite and ilmenite, chemistry 

Trat occurs as individual microphenocrysts and as inclusions in Cpx in a few of 

the more evolved AT and CC basaltic andesites. Tiny groundmass microlites (<10[tm) 

occur in some more primitive samples. The most basic Tmt-bearing rocks are AP 

banded pumice clasts, where Tmt occurs as inclusions in high-Al Cpx. Trnt occurs as 

microphenocrysts throughout the remaining sequence. Ilm is common in many dacites 

and is typically one to two orders of magnitude less abundant than Tmt. It is very rare 
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in andesites and in the crystal-poor CC high-Si dacites but occurs in all of the other 
high-Si dacites and in the single AP rhyolite clast. 

FeO* content of Trat ranges between about 70-82% and Ti02 between 11- 
21.5%. MgO (0.4-3.5%) and A1203 (0.9-4%) decrease from basic to silicic whole-rock 
compositions. MnO ranges from about 0.5-1 % but shows no consistent variation. 
Xusp, the ulvospinel component of the magnetite-ulvospinel solid solution series, 
increases with Ti4+ and Fe2+. Average Xusp of individual grains in the basaltic 

andesites typically range 0.36-0.46, increasing to 0.45-0.64 in intermediate rocks. Xusp 

decreases to 0.38-0.46 in some CC high-Si dacites, whereas other CC dacites and the 
AT dacite have Xusp>0.5. Trat in the AP dacite has a narrow range in Xusp, mostly 
averaging between 0.36-0.39. The NW mixed dacites have Xusp ranging 0.39-0.5. The 

overall increase and subsequent decrease in Xusp (and Ti) from basaltic andesite to high- 

Si dacite reflects variations in whole-rock Ti02. 
Xil,,,, the ilmenite component of the hematite-ilmenite series, ranges between 

about 0.85-0.97. MgO (1-4%), MnO (0.8-1.3%) and A1203 (0.1-0.4%) are the other 

main components. Mg and Al generally decrease and Mn increases with Xilm but there 
is no simple relationship between Xilm and whole-rock Ti, Al or Mg. 

5.5.3 Oxygen barometry and thermometry 

Three Fe-Ti oxide thermo-oxybarometers have been tested. The method of 
Ghiorso and Sack (199 1) gives very similar results to that of Spencer and Lindsley 

(1981), using the projection of Stormer (1983). The QUILF program also incorporates 

a two-oxide oxybarometer, based on Andersen and Lindsley (1988), but gives lower 

values than the other methods when used in conventional two-oxide mode. Ghiorso 

and Sack (1991) suggest that the projection scheme of Andersen and Lindsley (1988) 

underestimates temperatures in the range above about 800'C. The QUILF formulation 

gives similar results to the other methods when the Stormer (1983) projection is used. 
An alternative method of using the QUILF program incorporating both Px and oxide 

compositions is discussed below. The Spencer and Lindsley (198 1) formulation is used 
here for convenience in performing a large number of calculations but gives almost 
identical results to the Ghiorso and Sack (1991) method in most cases. 

Calculations have been performed where possible on spatially associated oxide 

pairs, either intergrown or occurring in clots with other minerals. In some samples, 

oxides also occur as individual grains, and sometimes more than one population is 

present. The equilibrium test of Bacon and Hirschmann (1988), based on partitioning of 

Mg and Mn between coexisting Ilm and Tmt, has been applied to all oxide pairs used. 

The test is valuable in assessing which pairs are in equilibrium. In general, associated 

pairs conform to the Mg/Mn partitioning criteria. 
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Sample 
No 

Unit S'02 xusp Xilm T*C 
S&L 

109f02 
S&L 

AQFM 
S&L 

PxTav 109f02 
QUILF 

AQFM 
QUILF 

SP310 CC 65.4 0.546 0.930 849 -13.9 -0.4 1011 -10.1 0.6 
SP316 CC 68.3 0.500 0.927 832 -14.0 -0.2 986 -10.4 0.8 
SP233 CC 62.6 0.501 0.913 877 -12.9 0.0 999 -10.2 0.8 
SP311 CC 65.5 0.496 0.897 917 -12.0 0.3 1015 -9.6 1.1 
SP244 CC 65.3 0.498 0.889 938 -11.5 0.4 1001 -10.1 0.8 
SP164 AP 68.6 0.385 0.907 820 -13.6 0.5 905 -11.4 1.0 
SP164 AP 68.6 0.373 0.906 815 -13.6 0.6 905 -11.3 1.1 
SP164 AP 68.6 0.365 0.905 813 -13.6 0.6 905 -11.3 1.2 
SP174A AP 67.9 0.384 0.905 825 -13.5 0.5 895 -11.6 1.0 
SPI74A AP 67.9 0.382 0.896 844 -13.0 0.6 895 -11.6 1.0 
SP357 AP 68.5 0.390 0.907 824 -13.5 0.5 888 -11.9 0.9 
SP357 AP 68.5 0.381 0.911 808 -13.9 0.4 888 -11.8 1.0 
SP139 NWF 63.4 0,603 0.910 957 -11.7 -0.1 1053 -9.5 0.6 
SP139 NWF 63.4 0.586 0.910 945 -11.9 -0.1 1053 -9.5 0.7 
SP139 NWF 63.4 0.563 0.919 899 -12.8 -0.2 1053 -9.3 0.8 
SP142 NWMD 63.2 0.468 0.845 1004 -10.1 0.8 
SP142 NWMD 63.2 0.440 0.865 947 -11.0 0.7 
SP148 NWMD 64.2 0.445 0.899 878 -12.6 0.4 
SP148 NWMD 64.2 0.491 0.88 954 -11.2 0.5 
SP224 AT 68.7 0.572 0.958 719 -17.7 -1.4 949 -11.5 0.2 

Table 5.9: Representative results of two-oxide thermo-oxybarometry using the conventional 

Spencer and Lindslcy (1980) method with components calculated after Stormer (1983) and the QUILF 

method with input temperatures from pyroxene thermometry as described in the text. Calculations are 

performed on averages of individual oxide pairs. Full analyses are given in Appendix 3. The NW mixed 

dacites (NWMD) have not been recalculated by the QUILF method because of large variations in 

pyroxene temperatures due to magma mixing. 

Representative results are given in Table 5.9 from averages of individual oxide 

pairs. Typical ranges in temperature and lOgfO2 about the mean values using maximum 

and minimum Xulv and Xilm are ± 20'C and ± 0.3. Average pyroxene temperatures in 

the same samples are also tabulated. Full analyses are given in Appendix 3. On the T- 

f02 plot of Figure 5.6a, most points fall between or close to the QFM and NNO buffers, 

the main exception being the AT dacite which plots at significantly lower T402, due 

most likely to low temperature re-equilibration. The AP dacite tends to plot at slightly 

more oxidised values than samples from the other units. The AP, CC and NW dacites 

all give a large range of temperatures. This contrasts with the narrow range in pyroxene 

temperatures in the case of the AP dacites although both the CC and NW dacites give 

wide ranges in both oxide and pyroxene temperatures. In most cases, two-oxide 

temperatures are significantly lower than pyroxene temperatures in the same samples 

(Table 5.9). This is illustrated in Figure 5.7, which shows two-oxide against average 

pyroxene temperature in samples with homogeneous Px chemistry. Closest agreement 

is observed in some AP pumice samples although several samples show large 

discrepancies. Lavas generally show the poorest agreement. 
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Figure 5.6: 
a: T-log f02 Plot using results from conventional two-oxide thermometry . Points 

represent averages of oxide-pairs in samples of the different units. Each point typically 
represents 5-10 analyses. NNO and QFM buffer curves are after Huebner and Sato 
(1970) and Myers and Eugster (1983) respectively. 

b: T-log f02 Plot of selected samples calculated using the QUILF program with 
temperatures from pyroxene thermometry as described in the text. The technique 
removes scatter in calculated temperatures due to resetting of Ilm. Calculated oxygen 
fugacities are slightly higher and are probably more accurate than above. 
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Crystallisation of oxides at lower temperatures than Px is an unlikely explanation for the 
discrepancies. Preservation of original oxide chemistry is likely to be a function of 
cooling rate (Rutherford, 1993). The better agreement between maximum oxide and 
average pyroxene temperatures in explosive than in effusive samples is explicable by 
kinetic control. Several workers report similar discrepancies (Honjo et al., 1992, Frost 

and Lindsley, 1992), attributed to rapid resetting of oxides during cooling. 
Frost and Lindsley (1991,1992) suggest that where Tmt greatly predominates 

over Ilm (as at Sollipulli), resetting affects Ilm to a much greater degree than Tmt. 
Using the Bishop's Tuff as an example, Frost and Lindsley (1991,1992) note that Tmt 
has a very narrow range in composition in the Bishop's Tuff, whereas Ilm shows 
significant scatter. Resetting of Ilm alone increases Xilm, resulting in slightly 
decreasing AQFM with decreasing temperature, (c. f. Frost and Lindsley, 1992, Figure 
3). Related samples form trends with positive slopes which cut across the buffer curves 
on T-f02 Plots. 

1100 

1000 

900 

E- 

800 

700 

0 
cc> 

0 

00 00 

DIE 0 

0 cc + AT 
6 NWF 
13 AP 

700 800 900 1000 1100 

T 'C 2-oxide 

Figure 5.7: Pyroxene temperatures plotted against conventional Fe-Ti-oxide temperatures. 
The pyroxene values are invariably significantly higher, with least discrepancy in general in the 
AP pumice. 

Frost and Lindsley (1991) and Andersen et al. (1993) suggest that the true pre- 

eruptive temperature of the Bishop's Tuff can be calculated from single or two-pyroxene 

temperatures and that true magmatic f02 may be calculated at that temperature by 

assuming that Tmt has preserved its magmatic composition. The calculation is 

performed using the QUILF program, allowing the Ilm composition to vary (c. f. 

Andersen et al., 1993). 
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In the AP pumice, the inter and intra-grain range in Xusp is generally <1-1.5% 
whereas Xilm ranges up to about 3% (Table 5.9, Appendix 3). The AP dacite samples 
show slightly decreasing AQFM with decreasing temperature (Fig. 5.6) suggesting that 
the process proposed by Frost and Lindsley (1991) may have occurred. If so, the true 

magmatic temperatures are recorded by Px and true AQFM may be calculated by 

assuming that Tmt has retained its original composition. The results of a set of 
calculations on selected samples with narrow ranges in pyroxene temperature are given 
in Table 5.9 and plotted on Figure 5.6b. Input temperature was chosen as the average 
pyroxene temperature in the sample. The NW mixed dacites and other heterogeneous 

samples have not been recalculated as there is too large a spread in pyroxene 
temperature. 

The spread in temperatures is much smaller than values calculated by the 

conventional two-oxide method. AQFM increases so that the AP dacite samples plot 

slightly above the NNO buffer whereas the CC and NWF samples mostly plot on the 
NNO buffer. These results are likely to be more realistic than those from the 

conventional two-oxide method. It is uncertain whether the slightly higher AQFM 

values calculated for the AP dacite are accurate, as the results are strongly temperature 
dependent. However it is possible that the AP dacite magma was slightly more oxidised 
than magmas of the other units due to assimilation of larger amounts of oxidised 
basement rock (Chapter 6). The basement xenoliths are likely to be oxidised relative to 

the magmas judging from Amph compositions (Section 5.6.2). 
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5.6 Amphibole 

Amph is very minor in abundance, with a very restricted occurrence but its 

presence in some AP and NW rocks has important implications. Crystallisation of 
Amph requires a melt H20 content of at least 4% (e. g. Merzbacher and Eggler, 1984), 

providing constraints on minimum magmatic H20 contents. The presence of Amph 

gives broad constraints on the minimum depth of crystallisation, although Amph 

stability depends on several parameters besides Ptotal, including melt composition, 
temperature and PH20 (Rutherford and Devine, 1988, Foden and Green, 1992, Gardner 

et al., 1995). 
The presence of reaction rims on Amph has implications for magma transport 

rates (Rutherford and Hill, 1993). Because of its pressure dependent stability, Amph 

can break down by reaction with the melt during transport to the surface. In the AP 

pyroclastics, reaction rims are absent, suggesting that transport from a magma chamber 
within the Amph stability field to the surface was very rapid (Rutherford and Hill, 
1993). All Amph in the NW lavas has opaque rims and in some cases remnant very 
fine-grained rim intergrowths of Px, Plag and Tint of likely decompressional origin. 
The opaque rims probably form by oxidation of decompression-induced breakdown 

rims. The different Amph textures are explicable by the difference in eruptive style 
between the Alpehue plinian eruption and the effusive NW eruption. 

In both cases where Amph-bearing magmas were erupted, magma mixing has 

occurred. This presents difficulties in determining the origin of Amph, as petrographic 
evidence is often equivocal. The next section reviews the occurrence of Amph in the 
Sollipulli rocks and discussed petrographic criteria for the origin of Amph. The 
following section uses equilibrium partitioning criteria to constrain the origin of Amph. 
In Section 5.6.3, amphibole-plagioclase thermometry (Holland and Blundy, 1994) is 

briefly discussed. 

5.6.1 General chemistry and occurrence 

The classification scheme of Leake (1978) encompasses the main chemical 

variations (Chapter 3). Representative average Amph compositions are given in Table 

5.10 (see also Appendix 3). Compositions have been recalculated using the method of 
Holland and Blundy (1994). Si and total Al (AIT) are inversely correlated, as variations 
in AIVI are generally minor. Mg# (Mg/Mg+Fe2+) is inversely correlated with Fe*/Mg. 

Amph in the NW and mafic AP samples has similar Fe*/Mg and overlaps in AIT/Si, the 
NW Amph ranging to higher average values (Fig. 5.8). Amph in the AP dacite and 

mafic nodules has similar AIT/Si but Amph in the dacite ranges to higher Fe*/Mg. The 

intermediate AP nodules overlap with the sub-volcanic samples. 
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Unit NWI NWMD APBP APMN APD APD APIN APX APX 
SampleNo SP147B SP332 SP252 SP361 SP120C SP120A SP285 SP153 SP351 
No anals. 10 12 12 6 9 11 8 10 5 

SiC)2 41.74 41.76 42.30 43.07 42.95 42.29 43.40 44.56 47.52 
Ti02 2.94 2.55 3.36 2.95 3.09 3.27 2.36 2.39 1.09 
A1203 11.84 12.32 11.03 10.59 10.76 10.73 8.63 7.92 6.57 
Cr203 0.05 0.05 0.02 0.01 0.02 0.01 0.00 0.02 0.00 
Fe0* 12.46 11.66 11.66 12.75 13.20 15.03 18.26 18.23 14.97 
MnO 0.15 0.12 0.22 0.25 0.28 0.32 0.42 0.46 0.76 
mg0 14.19 14.35 13.95 13.70 13.21 12.12 10.95 10.90 12.77 
Ca0 11.11 11.51 11.20 10.87 11.09 10.83 10.74 10.58 12.06 
Na20 2.51 2.51 2.59 2.52 2.55 2.49 2.21 2.24 0.90 
K2() 0.38 0.40 0.40 0.40 0.41 0.51 0.59 0.63 0.48 
Total 97.36 97.24 96.73 97.11 97.57 97.61 97.56 97.92 97.12 

Si4+ 6.089 6.086 6.225 6.317 6.298 6.254 6.533 6.667 6.994 
Ti41 0.322 0.280 0.372 0.326 0.341 0.364 0.268 0.269 0.121 
Al(IV) 1.912 1.914 1.775 1.684 1.702 1.746 1.467 1.333 1.006 
Al(V1) 0.125 0.202 0.139 0.147 0.157 0.125 0.065 0.063 0.133 
Cr3+ 0.006 0.006 0.002 0.001 0.003 0.001 0.000 0.002 0.000 
Fe3+ 0.735 0.686 0.475 0.550 0.492 0.528 0.359 0.357 0.497 
Fe2+ 0.785 0.735 0.960 1.013 1.126 1.331 1.940 1.924 1.345 
Mn2+ 0.018 0.014 0.028 0.031 0.035 0.040 0.053 0.059 0.095 
Mg2+ 3.085 3.118 3.060 2.996 2.888 2.672 2.458 2.432 2.802 
Ca2+ 1.736 1.797 1.765 1.708 1.742 1.716 1.732 1.696 1.901 

Na(M4) 0.189 0.161 0.199 0.228 0.216 0.223 0.125 0.198 0.106 

Na(A) 0.521 0.548 0.539 0.487 0.509 0.490 0.520 0.451 0.151 
K+ 0.071 0.074 0.075 0.075 0.077 0.097 0.113 0.120 0.090 

Total 15.592 15.622 15.614 15.562 15.585 15.587 15.632 15.570 15.241 

Fe2+/Fe3+ 1.08 1.09 2.04 1.84 2.36 2.56 7.92 5.39 2.74 

Mg# 79.7 80.9 76.1 74.7 72.0 66.8 56.0 55.8 67.5 

AIT/Si 0.33 0.35 0.31 0.29 0.30 0.30 0.23 0.21 0.16 

Fe*/Mg 0.49 0.46 0.47 0.52 0.56 0.70 0.94 0.94 0.66 

An% 72 71 62 71 59 65 40 

T`C 980 932 935 953 919 952 821 

Table 5.10: Representative Amph compositions with temperatures calculated using Thermometer B of 
Holland and Blundy (1994). NWI and NWMD are NW inclusion and mixed dacite respectively. APD, 
APBP, APMN and APIN are AP dacite, banded pumice, mafic and intermediate nodule respectively. 
APX is plutonic xenolith. SP351 is believed to be a basement xenolith and SPI53 is believed to be a 
shallow-level sub-volcanic xenolith, possibly cogenetic with the CC unit. 

155 



Ti02 ranges between 2.6-3.4%, mostly around 3%, except in the AP 
intermediate nodules which average 2.4-2.8%, again overlapping with sub-volcanic 
samples. CaO and Na20 decrease slightly with decreasing AIT/Si and K20 increases 

slightly. (Na+K)A is generally >0.5 in the volcanic and cogenetic intrusive samples but 
is significantly lower in the basement sample SP351, due to much lower Na. According 
to Helz (198 1), A-site occupancy is positively temperature dependent, all else being 

equal. 
Except in the AP nodules, Amph is very minor in abundance. Frequently there 

is evidence for replacement of anhydrous mafic minerals, most commonly Cpx. In the 
NW mixed dacites, Amph occurs as euhedral microphenocrysts and fine-grained 

phenocrysts in clots with calcic Plag, magnesian Opx and in some cases Cpx, and 
sometimes as individual grains. Opx in the mafic clots is generally more magnesian 
than other Opx populations in the dacite, even those which are believed to have grown 
after reheating. Amph does not occur in the dacite groundmass. Amph is absent in the 

more primitive inclusions but occurs in the NW basaltic andesite inclusion SP147B as 
small microphenocrysts, as overgrowths on Cpx and as groundmass microlites 
intergrown with Plag which forms the inclusion framework. 

The textural relations of groundmass Amph suggest that it has crystallised in 

the NW basaltic andesite following inclusion formation. Microphenocryst Amph in the 
inclusion may have crystallised prior to quenching and is likely to be native to the 
basaltic andesite as it is similar in composition to inclusion groundmass Amph. 
Compositions of Amph in dacite and inclusion are similar, suggesting that all have 

crystallised from a similar basic magma. This is consistent with the association of 
Amph in the dacite with calcic Plag and magnesian Opx. The occurrence of Amph in 

the inclusions constrains the depth at which mixing occurred to at least 6 km although 
further mixing may have occurred at shallower depths. 

In the AP banded pumice, Amph occurs in a dacite band associated with calcic 
Plag. It also occurs with calcic Plag in the dacite pumice, sometimes with relatively 
magnesian Opx. Amph in the banded pumice has higher Mg# and AI(IV) than most 
Amph in the dacite. There is significant variation in Amph composition between 

different dacite samples (Fig. 3.8). Amph in the mafic nodules overlaps in composition 

with that in the dacite. 
The original mineralogy (01, calcic Plag) of the mafic nodules suggests that 

they crystallised from a basic magma. However, the replacive relationship of Amph to 

the other mafic minerals suggests that Amph crystallised by reaction with a more 

evolved liquid. The interstitial glass in the rnafic nodules is a low-Si rhyolite (71-72% 

Si02) less evolved than the matrix glass of the dacite (73-74% Si02) suggesting that it 

represents residual melt from high degrees of crystallisation of a basic magma rather 
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than infiltrate from the dacite. Amph in the intermediate AP nodules has lower Al(IV) 

and Mg# than that in the dacite. 
Although Amph in the intermediate AP nodules is compositionally similar to 

Amph in some of the sub-volcanic xenoliths, it is not xenocrystic as it occurs as fine 

grained acicular crystals intergrown in a quench-textured framework with Plag of 
similar morphology. The matrix glass (75-76% Si02) is slightly more evolved than the 
dacite matrix. The very fine-grained and acicular textures of the nodules suggest that 
they are not cumulates. Because the nodules are significantly cooler than the dacite (see 
Section 5.6.3), they are very unlikely to represent intermediate pre-cursors. One 

possibility is that they represent chilled melts of granodioritic wall-rock. 
Textural evidence for the origin of Amph in the AP dacite is therefore 

equivocal. The similarity in composition between Amph in the dacite and in the mafic 

nodules suggests crystallisation from a similar magma. The association with relatively 

calcic Plag in the dacite may be explained by an increase in volatile content alone (c. f. 

Rutherford and Devine, 1988), possibly due to influx of volatiles from intruding basic 

magma. Alternatively, Amph and calcic Plag may have crystallised in a more basic 

magma and been incorporated into the dacite at a later stage. The following section 

attempts to resolve the different possibilities. 

5.6.2 Chemical criteria for the origin of amphibole 

This section attempts to constrain the origin of Amph by using Fe-Mg and Al- 

Si distribution coefficients from the literature to estimate compositions of liquids from 

which Amph has crystallised. 
Sisson and Grove (1993b) give an average value of 0.94 for molar KdAl- 

Si Amph-liq from basaltic andesite to rhyolite compositions, although there is significant 

scatter about the mean. Values calculated from experiments of Gardner et al. (1995) on 
Mt. St Helens dacite (67% Si02) are mostly in the range 0.99-1.1. Sisson and Grove 

(1993b) suggest that AIT depends on temperature (after Helz, 198 1) as well as melt 

composition. 
Molar KdFe*-Mg Amph-liq values between 0.3-0.38 are given by Sisson and 

Grove (1993b) from a literature regression using basaltic andesite to andesite 

compositions. Rutherford and Devine (1988) show that Fe*/Mg is dependent on melt 

oxidation state, decreasing with increasing f02- Most of the NNO experimental values 

of Sisson and Grove (1993b) are between 0.35-0.38. Values calculated from the data of 

Gardner et al. (1995) on Mt. St Helen's dacite at ANNO between 0-1 average 
0.29±0.03, ranging 0.21-0.42. Druitt and Bacon (1989) give a value of 0.28±0.02 in 

oxidised (ANNO>l) andesite to dacite magmas at Mount Mazama. Values around 
NNO should be appropriate for the Sollipulli rocks. 
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Figure 5.8 shows average Fe*/Mg of individual crystals plotted against AIT/Si. 
The diagram shows approximate fields for Amph in equilibrium with compositions 
from basaltic andesite to rhyolite, calculated from the above range of distribution 

coefficients. Experimental Amph compositions from the literature are also shown. 
Using the Fe*/Mg and AIT/Si criteria, Amph in the NW rocks and the AP banded 

pumice plots is in equilibrium with basaltic andesite to low-Si andesite magma. Amph 
in the AP mafic nodules is in equilibrium with silicic andesite to low-Si dacite magma. 
Amph in the AP dacite has similar or higher AIT/Si but ranges to higher Fe*/Mg than in 
the mafic nodules. Only the intermediate nodule Amph appears to be in equilibrium 
with high-Si dacite to rhyolite. 
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Figure 5.8: Fe*/Mg against AIT/Si of Amph in the various rocks. The dotted lines outline 
approximate fields for basaltic andesite, andesite to low-Si dacite, high-Si dacite and 
rhyolite Sollipulli liquids in equilibrium with Amph using exchange coefficients discussed 
in the text. APBP, APMN, APD and APIN are AP banded pumice, mafic nodule, dacite 
and intermediate nodule respectively. Experimental Amph compositions are also shown 
from Rutherford et al. (1985) and Rutherford and Devine (1988) on Mt. St Helen's low-Si 
dacite, Gardner et al. (1995) on Mt. St Helen's high-Si dacite and Sisson and Grove (1993b) 
on HABs. Experiments run under more oxidising conditions (Rutherford and Devine, 1988) 
produce Amph with lowest Fe*/Mg. 

The plutonic samples are shown for illustration. The basement samples plot at 

much lower Fe*/Mg than the cogenetic sub-volcanic samples suggesting that the former 

were significantly more oxidised (c. f. Rutherford and Devine, 1988). Assimilation of 
larger amounts of such basement material may account for differences in relative 

oxygen fugacity between the AP and CC dacites (Sections 5.5,6.5). 

Ti partitioning between Amph and melt also *gives some clues to the origin of 
Amph. Sisson (1994) gives a compositionally dependent formula for partition 

coefficients between Amph and melt. D values between about 3-4.5 are appropriate for 
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the Sollipulli magmas, increasing in the more silicic rocks. The AP dacite Amph has 

similar Ti to that in the mafic nodules and in the NW rocks (Table 5.10), suggesting 
minimum melt Ti02 of about 1%, much higher than high-Si dacite values 0.5%). The 
Ti criteria also imply that Amph has not crystallised from low-Ti hybrid magmas (see 
Fig. 4.5) but from fractionated high-Ti intermediate magmas. The lower Ti contents of 
Amph in the intermediate nodules are consistent with the inference from Fe*/Mg and 
AIT/Si partitioning that Amph has crystallised from more evolved lower-Ti liquids. 

Partitioning criteria therefore suggest that Amph in the NW rocks has 

crystallised from basaltic andesite to low-Si andesite magma, in accordance with 
textural evidence. The chemical criteria argue against the possibility that Amph 

crystallised in the AP dacite due to influx of volatiles from coexisting basic magma. 
Amph in the AP mafic nodules and the banded and dacite pumice spans a range in 

compositions which suggests crystallisation from a range of magmas from basaltic 

andesite or low-Si andesite to low-Si dacite. In both the NW and AP eruptions, the 
intermediate magmas in which Amph crystallised appear to have been derived by 
fractionation from basic magmas which intruded a pre-existing silicic magma chamber. 
The implications are discussed in Section 5.7. 

5.6.3 Amphibole-plagioclase thermometry 

Thermometer B of Holland and Blundy (1994), based on coupled Na, Si-Ca, Al 

exchange between Amph and Plag was applied to suitable samples. The thermometer is 

not recommended for use where crystallisation temperatures are over 900'C. However 
the authors demonstrate a good fit to higher temperature experimental data of Sisson 

and Grove (1993b) and Rutherford and Devine (1988). 
The thermometer is based on site occupancy in Amph and small variations in 

several elements can produce large variations in results, even within single crystals. 
The thermometer is sensitive to input Plag composition, temperatures increasing by 
about2'C/I%An. Ubiquitous zoning in Plag produce large uncertainties (±20-40'C) 
in addition to errors on the calibration (±50'C). Pressure dependence is insignificant 
(+2-3'C/kbar) compared to the overall error. All results are quoted for 1 bar for 
consistency with other calculations. Representative results are given in Table 5.10 
calculated for average An content of coexisting Plag. 

The AP mafic pumice and nodules give average temperatures ranging 930- 
990'C, the higher values agreeing with Opx temperatures. Average temperatures for 
Amph in the dacite pumice range between about 915-960'C, higher than average 
pyroxene temperatures (905'C) but lower than temperatures of Opx in the same clots 
('1000"C). Temperatures of the intermediate nodules are significantly lower, ranging 
about 790-8651C. 
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The NW samples give average values between 920-980'C, with a narrower 
range in individual samples. Values are similar to or slightly lower than temperatures 

calculated for Px associated with Amph. Values over 970-980'C are close to the limit 

of Amph stability in basaltic andesite to andesite melts at upper crustal pressures 
(Sisson and Grove, 1993b, Foden and Green, 1992). 

In summary, average amphibole-plagioclase temperatures tend to give slightly 
lower values than associated pyroxene temperatures. This is not necessarily an artefact 

of the thermometer as Amph commonly replaces Cpx and is likely to have grown at 
lower temperature. In the NW dacites, Amph is associated with Px which appears to 
have grown at higher temperature than the pre-mixing resident phenocryst population 
(<9300C). Amph in the AP dacite also appears to have grown at higher temperature 

than the homogeneous predominant pyroxene population. Results are consistent with 
the proposal that Amph has crystallised in hydrous basaltic andesite or andesite melts 

and subsequently been mixed in to the dacite. 

5.7 Discussion and synthesis 

5.7.1 Temperatures and oxygen fugacities 

The Sollipulli magmas record a temperature range of about 300'C from basalt 

to high-Si dacite. Basalts give temperatures of 1160-1180'C falling to 1110-1 130'C in 

magnesian basaltic andesites. More evolved Opx-bearing basaltic andesites record 

similar to slightly lower temperatures around 1080'C. Andesites often contain multiple 
Px populations, recording a wide range of temperatures between about 970-1130'C. 

The wide range in calculated temperatures is partly attributable to retention of early- 
formed Px phenocrysts although magma mixing may have occurred in some cases. 
Some crystal-poor intermediate rocks give temperatures between about 1030-1065'C 

whereas porphyritic intermediate CO rocks give lower temperatures around 960- 

10000C. The dacites also show a correspondence between temperature and crystal 

content. The crystal-poor CC dacites give temperatures mostly between 970-1030'C, 

ranging to higher values in some cases. The crystal-rich AP dacite has a narrow 

temperature range, mostly between 885-920'C. 

The CC unit appears to have evolved predominantly by high temperature 

fractionation with minor crustal assimilation(Chapter 6). There 
' 
is a large drop in 

average temperature from basaltic andesite (-I 1200C) to porphyritic silicic andesite 
(10000C) with no consistent variation from andesite to high-Si dacite. The intervalfrom 

magnesian basaltic andesite to silicic andesite requires about 60-70% crystallisation, 

whereas only about 30% crystallisation is needed from the andesite to high-Si dacite 

stage (Chapter 6). The similarity in temperatures of inten-nediate and evolved CC 
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magmas are explicable in terms of a shallow-sloping liquidus in T-Si02 space over the 

range from andesite to dacite (Grove and Donnelly-Nolan, 1986). Large amounts of 
crystallisation occur over a narrow temperature range which can also account for the 
differences in crystal contents between andesite and dacite. 

High temperature (>1000'C) high-Si dacites are not uncommon in arc 
volcanoes and have been reported from Santorini (Barton and Huijsmans, 1986), the 
Aleutians (Singer et al., 1992) and several Andean volcanoes including Tatara-San 
Pedro (Ferguson et al., 1992) and Nevados de Chilldn (Murphy, 1995). Most Nevados 
de Chillan andesites are crystal-rich, similar to Sollipulli andesites, and high-Si dacites 

are crystal-poor, resembling the CC dacites in their mineral chemistry and textures. 
The crystal-rich intermediate CO and silicic AP rocks show strong evidence for 

significant amounts of crustal assimilation and may have been derived by AFC from 

high temperature CC basaltic andesite magma (Chapter 6). Heat loss during 

assimilation and mixing with lower temperature crustal melts may explain the lower 

magma temperatures and higher crystal contents. 
The large temperature range recorded by the NW mixed lavas is due to magma 

mixing. The resident NW dacite magma was at relatively low temperature (860-930'C) 

with about 15-20% phenocrysts, prior to influx of hot magnesian basalt at a temperature 

of about I 160-1180'C. It is not known whether the resident dacite was thermally or 

compositionally zoned prior to mixing. Reheating produced resorption of sodic Plag, 

strong reverse zoning of Plag and Opx, and growth of new crystals at higher 

temperatures, typically <I OOO'C but in some cases up to about 10701C. The large 

variations in composition and temperature of minerals believed to have grown after 

reheating and the differences in extent of resorption, reverse zoning and development of 
Type I Plag textures (Chapter 3) suggests that the degree of reheating was very variable 

and localised. It is possible that the most strongly reverse zoned and resorbed minerals 

were located close to the base of the resident magma at the time of basalt intrusion and 

subsequent homogenisation by convection or during ascent has resulted in the present 
distribution. 

The predominant style of mixing involved mingling rather than hybridisation. 

Mingling is favoured by a large temperature contrast between the end-member magmas, 
in this case up to about 300'C (Sparks and Marshall, 1986, Bacon, 1986). Proportions 

of NW basalt to dacite are unknown but maximum erupted proportions are about 1: 3. 

Some basalt fractionated to low-MgO basaltic andesite which initially crystallised Plag, 

Cpx, Opx and Fe-rich 01 at temperatures around 10800C. This fractionated magma is 

believed to have cooled to temperatures below IOOOOC and crystallised Amph at the 

expense of Cpx (Section 5.7.2). 

The single CC dacite sample which shows evidence for minor magma mixing 

appears to have been a crystal-free liquid at the time of inclusion formation. The 
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temperature contrast between the end-member basaltic andesite and high-Si dacite 

magmas was probably <150'C and may have been as little as 60-80"C. Mixed CC 
basaltic andesites reveal no evidence of the nature of the silicic material which may 
have been crystal-free dacite or pre-existing silicic wall-rock. Hybridisation is favoured 
by a small temperature contrast between the end-members (Sparks and Marshall, 1986) 

and by high proportions of basic to silicic material in the mixture, both of which apply 
here. 

Although basic and silicic magmas coexisted in the AP system, interaction 

between the magmas has been minimal. Reverse zoning or resorption of resident 

phenocrysts is very rare. There is no evidence from whole-rock chemistry for 

hybridisation. The proportion of basic magma appears to have been very minor. As in 

the case of the NW rocks, the most basic magma, a basaltic andesite with poorly 

constrained temperatures of about 1080'C, appears to have fractionated to a cooler 
(=IOOOOC) andesite. Further cooling resulted in growth of Amph at the expense of Px, 

probably at temperatures of about 940-960'C. The banded pumice textures suggest that 

mixing occurred close to the time of eruption and may have initiated the plinian event 
(Sparks et al., 1977). 

The NW, CC and AP units therefore show three different styles of interaction 

between basic and silicic magmas. In the NW eruption, large temperature contrasts 
between the resident dacite and intruding basalt resulted in rapid quenching of basaltic 

blebs in the dacite magma. In contrast to the AP eruption where the resident dacite 

appears to have experienced a minimal thermal input from the basic magma, the NW 

magma shows strong evidence for resorption of pre-existing minerals, reheating and 

growth of new minerals at higher temperature. Evidence for reheating is absent in the 

CC magmas because the dacite was hot and very crystal-poor when mingling occurred. 
It is possible that the basaltic andesite and dacite are cogenetic and that minor mingling 

occurred during eruption. 
Relative oxygen fugacity, AQFM, is in the range 0-1.2 (between QFM to just 

above NNO) throughout the entire sequence. Constraints on oxygen fugacities of the 

more primitive melts from 01-liquid equilibria are in general accordance with values 
from Fe-Ti oxide calculations in more evolved rocks. Minimum AQFM values from 

olivine-spinel oxybarometry are about +0.8, consistent with the other methods, but most 

values are significantly higher due to resetting during cooling. Although Fe-Ti oxides 
have been reset, inferred from large discrepancies between two-oxide and pyroxene 

temperatures, the effect on Tmt compositions is often minimal. Oxygen fugacities can 
be calculated from Tmt compositions alone if the temperature is known from pyroxene 

thermometry. Resetting has had a greater effect on oxides in slowly-erupted lavas than 

in rapidly-erupted pyroclastics. The AP dacite magma appears to have been slightly 

162 



more oxidised than the CC magma which may be due to assimilation of greater 
quantities of oxidised crust. 

5.7.2 Magmatic water contents and amphibole stability 

H20 contents of the magnesian NW and AT magmas estimated by the SG 

(Sisson and Grove, 1993a) method are <1.5%, increasing to between about 1.5-2.3% in 

more evolved basaltic andesites. However, the HL (Housh and Luhr, 199 1) methods 

give H20 contents which are significantly higher, typically between 3-4% H20, than 

results from the SG method (Table 5.4). According to Sisson and Grove (1993a), the 
HL An formula gives good agreement with measured H20 contents in experimental 
low-MgO HAB melts, on which the hygrometer is partly based. Average KdCa-NaPiag- 
liq for the most calcic (and generally most abundant) Plag and whole-rock or glass in 

the basic rocks match the Sisson and Grove (1993a, b) experimental Kd values in H20- 

saturated HABs with 4-6% H20 at 1-2 kbar (Fig. 5.2). Limited Plag melt inclusion 

data also suggests high H20 contents in the Sollipulli basaltic andesites. 
Although there may be significant error in the SG empirical liquid hygrometer, 

it is unlikely that the magmas were as hydrous as suggested by the Plag-liquid methods. 
This would result in significant lowering of liquidus temperatures (=50-70'C in the 

basaltic andesites calculated by the SG method), conflicting with results from pyroxene 

and olivine-liquid thermometry. There is no evidence that the basic Sollipulli magmas 

were hydrous low temperature melts as suggested by Baker et al., (1994) for primitive 
high-MgO HABs at Mt. Shasta. Temperature variations across the range from basaltic 

andesite to dacite are consistent with high basic magma temperatures. 
Sisson and Grove (1993a) suggest that 1120-poor parental high-MgO basalts 

experience 01-dominated polybaric fractionation initially at lower to mid-crustal depths, 

producing hydrous low-MgO HABs which crystallise highly calcic Plag in shallow 

magma chambers. In the low-MgO HABs discussed by Sisson and Grove (1993a), 

calcic Plag typically coexists with relatively Fe-rich 01 (=Fo8o). However at Sollipulli, 

highly calcic Plag coexists with forsteritic 01 (17087) in magnesian HABs (-7-8% MgO) 

which appear to have had much lower H20 contents than inferred from Plag 

systematics. High-Mg microphenocrysts of 01 occur in some samples, suggesting that 

crystallisation occurred from magnesian liquids at relatively shallow depths shortly 
before eruption. Polybaric fractionation is therefore not a satisfactory explanation for 

the discrepancies between the different methods, as some of the Sollipulli magmas 

appear to have been relatively H20-poor magnesian liquids at upper crustal levels. 

Even the more evolved HABs (5-6% MgO) give lower H20 contents by the SG method 

than calculated from Plag-liquid methods. 
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Magma mixing is an unlikely explanation for the coexistence of forsteritic 01 

and calcic Plag. There is a clear correspondence between the most magnesian 01 and 
whole-rock MgO among near-liquid crystal-poor samples from basalt to basaltic 

andesite (Fig 5.1), suggesting that 01 is native to the magmas in which it occurs. The 
lack of consistent variation in the maximum An content of Plag over the range from 
basalt to evolved basaltic andesite (Chapter 3) and the discrepancies in calculated H20 

contents may be connected. 
One explanation is that the most An-rich Plag crystallised under H20-saturated 

conditions, possibly in marginal roof or wall zones of a magma chamber, while the main 
body of magma remained H20-undersaturated and crystallised 01, Sp, more sodic Plag 

+ Cpx. This implies volatile zonation but no significant major element zonation. This 

mechanism permits crystallisation of highly calcic Plag in a range of magmas from 

basalt to basaltic andesite, which otherwise show a consistent variation in 01 and Sp 

chemistry with bulk composition. Rehomogenisation of the magma by convection or 
during eruption or by settling of Plag could produce medium-MgO HABs containing 
highly calcic Plag. One mechanism by which H20-undersaturated magma may become 

zoned in volatiles is by exsolution Of C02 and partitioning of H20 into the fluid phase 
(Dixon et al., 1995) which migrates upwards forming a volatile-rich cap. 

Because H20 behaves as a highly incompatible element during fractionation of 
the observed anhydrous mineral assemblage, the dacites should have about 4-5 times 

the H20 contents of cogenetic basaltic andesites if closed system evolution has 

occurred. However calculated H20 contents of the intermediate to silicic magmas are 

similar to or lower than those of the basaltic andesites even using the lower values 

obtained from the SG method. Similar discrepancies in the H20 contents of silicic 

magmas inferred by assuming closed system fractionation from basic parental magmas 

are commonly reported (e. g. Lowenstern and Mahood, 199 1, Singer et al., 1992) and 

various explanations have been proposed. However it is not possible to resolve this 

question here as no specific study has been made of volatiles in the Sollipulli magmas. 
The simplest explanation is that the more evolved magmas have experienced high-level 

degassing, perhaps by C02-flushing where H20 is partitioned into the vapour phase. 
Exsolution Of C02 may occur during crystallisation or C02 could be derived by 

degassing of basic magma replenishing the lower part of the magma chamber. Dilution 

by incorporation of relatively dry crustal material during AFC may also have played a 

role in maintaining low H20 contents. Buffering of H20 by Amph fractionation is 

unlikely as there is no evidence that Amph has played any role in the genesis of the CC 

or AT dacites (see Section 6.2.4). 

Amph is absent in the most primitive NW and AP magmas but textural and 

geochemical evidence suggests that, except in the case of the intermediate AP nodules, 
Amph has crystallised. from fractionated basaltic andesite to low-Si dacite magmas 
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rather than intermediate hybrids or silicic magmas (Section 5.6). The scenario 
envisaged to explain the observations is similar to the model of Huppert et al. (1982) in 

which a dense basic magma ponds beneath a less dense silicic magma and begins to 
fractionate, with a volatile rich layer developing in the upper part of the basic magma. 
Amph is stabilised in this layer which is cooler, more hydrous and more evolved than 
the main bulk of the basic magma. The main difference between this scenario and that 
discussed above to explain the occurrence of highly calcic Plag is that fractionation and 
cooling is required here. Cooling is promoted by contact with low temperature silicic 
magma. 

In the case of the Alpehue magma chamber, the mafic Amph-rich nodules may 
have originated in this upper fractionated volatile-rich layer. Initially 01, Plag, Cpx and 
Opx crystallised but as volatile content increased and cooling progressed, Amph was 
stabilised and replaced the anhydrous mafic minerals. The low temperature 
intermediate Amph-bearing nodules may be derived by melting of wall-rock at the 

margins of the magma chamber and subsequently rapidly quenched during eruption. 
A similar scenario may be envisaged for the NW eruption. The main body of 

basic magma was more primitive than in the Alpehu6 eruption, crystallising 01 and Sp 

only. A fractionated hydrous layer developed at the interface between the basic and 
silicic magmas, crystallising an initially anhydrous assemblage of Plag, Cpx, Opx and 
more Fe-rich 01 than in the main magma body. Cooling and volatile build-up stabilised 
Amph which partially to completely replaced Cpx. Fractionation of basalt to evolved 
basaltic andesite or andesite rather than hybridisation of basalt and high-Si dacite is 

inferred from the high Ti contents of Amph. However some hybridisation may have 

occurred at a later stage, perhaps during magma withdrawal. The mafic Amph-bearing 

clots (Chapter 3) are probably derived from this fractionated layer. 
The pressure dependence of Amph stability is a complex function of several 

parameters including melt composition, temperature and PH20 (Rutherford and Devine 

1988, Gardner et al., 1995). It is not possible to make accurate inferences about total 

pressures in the Amph-bearing magmas but minimum depths of 4-5 km are required to 

stabilise Amph (Gardner et al., 1995). The occurrence of groundmass Amph in some 
NW inclusions is positive evidence that mingling occurred at depth within the Amph 

stability field. This does not rule out further mingling at shallower depths within 

conduits. If the scenario suggested above to explain the occurrence of Amph in the AP 

and NW dacites is correct, the interfaces between the intruding mafic magmas and 

resident dacites are also constrained to depths within the Amph stability field. 

In the case of the Alpehu6 eruption, the absence of reaction rims on the Amph 

suggest rapid transport to the surface from a magma chamber within the Amph stability 
field. Transport times of less than about four days are inferred for some Mt St. Helens 
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dacites, from depths >6-7 km (Rutherford and Hill, 1993). Ubiquitous reaction rims on 
Amph in the NW lavas are consistent with slow ascent rates and effusive eruption. 

In summary, discrepancies between magmatic H20 contents inferred by 
different methods can be resolved by invoking dynamic processes where highly calcic 
Plag has crystallised in H20-saturated parts of a magma body zoned in volatile content. 
Amph appears to have grown in exceptional circumstances where basic magma has 
intruded a silicic magma chamber, ponded and fractionated an initially anhydrous 

mineral assemblage. Cooling and volatile build-up in the fractionated layer has resulted 
in Amph replacing the early-formed anhydrous mafic minerals, particularly Cpx. 
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Chapter 6 

Magmatic evolution: 
intra-crustal processes 

6.1 Introduction 

In this chapter, intra-crustal processes at Sollipulli are modelled numerically. 
The first section uses major element least squares fractionation models to calculate 
phase proportions required to generate compositions of near-liquid samples from each 
other. Trace element models, using the Rayleigh fractionation equation (Shaw 1970), 

provide constraints on major element models. The purpose is to test whether major 
element variations can be produced by fractionation of observed mineral assemblages 
and to calculate bulk partition coefficients for selected trace elements, for use in later 

sections where petrogenesis of individual units is examined in more detail. Partition 

coefficients compiled from several sources are given in Appendix 6. 

6.2 General liquid evolution: fractional crystallisation 
No cogenetic near-liquid sequence exists which can be used as a model 

sequence throughout. The CC sequence is suitable for modelling the dacite stage only 

as the basaltic andesites are too evolved to model the early stages and the andesites are 
too porphyritic. The sequence from basalt to high-Si dacite is modelled in three stages 

using parent-daughter compositions from different units between which relationships 

are geologically feasible. In the first two stages, trace elements rule out simple parent- 
daughter relationships. However calculated phase proportions are likely to approximate 
those in truly cogenetic fractionation sequences and can be used to calculate bulk 

partition coefficients. Mineral compositions are chosen to approximate averages over 
the modelled ranges. Samples used here do not appear to have been strongly affected 
by crustal assimilation. Even where AFC has occurred, only Rb and K20 appear to be 

significantly affected and variations in most major elements can be modelled by simple 
fractionation. Because K20 abundances are low, the effect on least squares solutions is 

negligible. 
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6.2.1 Basalt to basaltic andesite 

The AT samples are used to model the early stage because there are no other 
suitable samples, the NW basalt and basaltic andesites being separated by a large 

compositional gap (--4.5% MgO), resulting in inaccurate models. 
The model in Table 6.1 a relates AT basalt and basaltic andesite by 26% 

fractionation of 01(27%), Plag(48%), Cpx(23%) and Sp(2%) with a very small residual 
(JR 2=0 

. 05). K20 gives the poorest fit. 
Table 6.1 b gives a Rayleigh fractionation model calculated from the above 

phase proportions. The compatible elements depend critically on the partition 
coefficients used (see Appendix 6 for discussion). Ni and Sc give good fits. Cr is too 
low but this depends strongly on DCrSP which is poorly constrained. Partitioning of V 
between Sp and melt is strongly dependent on magmatic f02, V becoming highly 

compatible at conditions more reducing than the NNO buffer (Horn et al., 1994 and 
refs. therein). A partition coefficient of 20, appropriate for f02 around QFM was 
chosen to fit the V variations. Sr shows significant scatter among the basic AT rocks 
(Fig. 4.8), similar to some highly incompatible elements, and does not fit the model, 
increasing from parent to daughter. 

Several incompatible elements give poor fits, illustrated in Figure 6. Ia. The 

calculated daughter has much higher Ce/Y and Ce/Yb because of the high values of 
these ratios in the starting composition. The model also shows that it is not possible to 

reduce the Ce/Y ratio by fractionation of the observed minerals, even with significant 

amounts of Cpx. Calculated K20 is higher than observed whereas Rb fits the model. 
This relationship is opposite to that expected from AFC processes and generally 

observed in many of the Sollipulli rocks (Section 6.4). Amph fractionation, for which 
there is no evidence (see Section 6.2.4), cannot account for the incompatible element 

variations. Amph has a similar effect to Cpx on Ce/Y and the opposite effect on 
Rb/K20, as Rb is less compatible than K in Amph. 

The incompatible elements clearly rule out a simple fractionation relationship 
but the very good fit for most major elements, Ni and Sc, suggests that the basaltic 

andesite may have been derived from magma with a similar compatible element 

composition to the basalt. However the proportions of Cpx: Ol are much greater than 

observed in the rocks (Table 3.3), although Ca, Sc and Al/Ca variations among the AT 

rocks require Cpx to have played a significant role if the samples represent a 
fractionation sequence (Sections 4.4,7.3). The discrepancy between calculated and 

observed amounts of Cpx and the origin of the distinctive trace element signature of the 

AT rocks is discussed in Chapter 7 by comparison with regional rocks, some of which 

show similar features. 
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Si02 Ti02 A1203 FeO mno M90 CaO Na20 K20 P205 Mg# Prop 
An 

Parent 52.00 0.79 17.89 7.42 0.14 7.79 9.93 2.81 1.01 0.21 
Parent Calc 51.97 0.77 17.86 7.35 0.15 7.79 9.91 2.92 0.85 0.18 
Residuals 0.03 0.02 0.03 0.07 -0.01 0.00 0.02 -0.11 0.16 0.03 Jý: R2 0.05 

Daughter 54.55 0.98 17.92 7.58 0.15 5.10 8.64 3.68 1.14 0.24 0.740 
01 40.08 0.00 0.03 16.13 0.33 42.76 0.24 0.01 0.00 0.00 83 0.070 
Plag 46.03 0.03 34.09 0.48 0.01 0.09 17.81 1.44 0.07 0.00 87 0.124 
Cpx 51.30 0.57 3.20 6.95 0.27 15.43 21.49 0.31 0.01 0.00 80 0.060 
Sp 0.06 0.51 29.90 23.27 0.28 13.60 0.02 0.05 0.00 0.00 0.006 

Table 6.1a: Major element least squares model relating AT basalt to basaltic andesite. The 
starting and final compositions are given in Rows I and 4. The calculated parent composition is 
given in Row 2. Mg# of 01 and Cpx and %An content of Plag are given in Column 12. The 
mineral proportions and the proportion of the residual liquid (daughter) are given in Column 13. 
The residuals are very small for most elements, K20 giving the poorest fit. 

Parent Di Daughter Daughter 
Calc 

K20 1.01 0.06 1.14 1.34 
Rb 15 0.03 21 20 
Ba 281 0.07 347 371 
Zr 89 0.04 130 119 
y 16 0.13 23 21 
Ce 38.7 0.04 46.2 51.6 
Nd 18.1 0.08 22.4 23.8 
Sm 4.26 0.12 5.82 5.56 
Eu 1.29 0.14 1.66 1.67 
Gd 3.43 0.14 4.93 4.44 
Dy 2.84 0.15 4.39 3.67 
Er 1.55 0.15 2.54 2.00 
Yb 1.37 0.15 2.55 1.77 
CeN 2.42 2.01 2.48 
Ni 63 5.20 21 18 
Cr 152 6.49 52 29 
Sc 29 0.74 29 31 
Sr 816 0.67 665 900 
v 170 1.10 163 163 

Table 6.1b: Rayleigh fractionation model. Bulk partition coefficients (Dj) are calculated using phase 
proportions from above and partition coefficients from Appendix 6. As discussed in the text, many 
incompatible elements give poor fits showing that a simple fractionation relationship is not feasible. 
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Figure 6.1: Trace element models from Tables 6.1-6.3, illustrated by normalising 
the calculated composition to the observed composition. 

c Low-Si dacite to high-Si dacite 
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6.2.2 Basaltic andesite to high-Si andesite 

Table 6.2a shows a model relating NW basaltic andesite to NW andesite by 
53% fractionation of Plag(64%), Cpx(15%), Opx(14%), Tmt(5%) and Apt(O. 6%), with 
7, R2=0.24. Na20 is slightly too low and P205 slightly too high in the calculated parent 
but the overall fit is good. The proportions of Apt are not always calculated precisely 
by least squares because P205 has a minor effect on the residual minimisation process 
due to low abundance compared to other major element oxides. The amount of Apt is 
important for trace element models because of its affinity for the REE. 

More realistic multi-stage models would consider 01 crystallisation. and partial 
reaction with the liquid to produce Opx. However the least squares method used gives 
spurious results (negative proportions of 01) when both 01 and Opx are included, 
because both minerals have a similar effect on Fe, Mg and Si. 01 generally occurs in 

very minor proportions in the intermediate rocks and would probably amount to about 
3-5% maximum of the Opx in the above model. Omitting 01 slightly increases the 

calculated proportion of Opx and the total amount of fractionation. 
A trace element model is shown in Table 6.2b and in Figure 6. lb. The model 

gives a poor fit for many elements. Calculated REE are all too low with greatest 
discrepancy for the HREE and Y. Rb, K20, Ba and Zr are all too high. Even omitting 
Apt would not produce a fit for Y (and HREE) as Dy=O would be required. This is not 
feasible as Y and HREE are also relatively compatible in Cpx. 

Although the parent and daughter compositions used cannot be related by 

simple fractionation, the estimated phase proportions and total amount of fractionation 

are not likely to differ greatly from those in cogenetic sequences. Mineral assemblages 
and mineral chemistry are similar in andesites of the different units and there are few 

consistent differences in compatible elements between the different units at similar 
; evolutionary stages. The calculated and observed phase proportions are in reasonable 
agreement and are similar to calculated phase proportions in intermediate calc-alkaline 
sequences elsewhere (e. g. Singer et al., 1992). 

6.2.3 High-Si andesite to high-Si dacite 

The stage from high-Si andesite to high-Si dacite is difficult to model because 
Jim and Apt become important, producing changes of slope on Ti02 and P205 variation 
diagrams (Fig. 4.5). Modelling across the Ti02 and P205 peaks may result in 

significantly underestimated proportions of Ilm and Apt. Although the effect on major 
element models is minor, Apt and Jim are important in trace element models. 

In order to account for this effect, the crystal-poor CC dacites are modelled 
between 65.5-68.5% Si02 and results extrapolated back to peak Ti02 and P205 at 
about 62-63%. The CC andesites and dacites have similar mineralogy and the amount 
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Si02 Ti02 A1203 Fe0 Mno Mgo Ca0 Na20 K20 P205 Mg# PrOP 
An 

Parent 54.60 1.02 18.27 7.76 0.14 4.37 8.43 4.04 1.14 0.22 
Parent Calc 54.65 0.98 18.26 7.77 0.17 4.26 8.39 3.59 1.00 0.27 
Residuals -0.05 0.04 0.01 -0.01 -0.03 0.11 0.04 0.45 0.14 -0.05 YR2 0.24 
Daughter 62.11 1.09 16.49 6.59 0.16 2.01 4.27 4.96 2.00 0.32 0.471 
Plag 51.28 0.03 30.25 0.90 0.00 0.20 13.75 3.63 0.17 0.00 67 0.338 
Cpx 52.00 0.46 1.96 7.88 0.33 15.71 20.48 0.35 0.04 0.00 78 0.082 
Opx 53.49 0.18 0.66 17.88 0.58 25.36 1.82 0.04 0.00 0.00 72 0.074 
Tmt 0.23 13.69 1.70 75.55 0.75 1.22 0.08 0.25 0.00 0.00 0.029 
Apt 0.51 0.02 0.54 0.71 0.19 0.35 53.15 0.09 0.02 38.48 0.003 

Table 6.2a: Least squares model relating NW basaltic andesite to NW flank andesite. The 
andesite has low Na20 which gives a poor fit but most other elements give good fits. 

Parent Di Daughter Daughter 
Calc 

K20 1.14 0.07 2.00 2.30 
Rb 23 0.03 44 47 
Ba 335 0.19 573 616 
Zr 111 0.06 214 225 
Hf 2.45 0.05 4.46 5.03 
Nb 4.04 0.16 8.99 7.61 
y 18 0.44 38.00 27.49 
Ce 31.1 0.29 56.1 53.4 
Nd 15.9 0.32 26.7 26.6 
Sm 3.79 0.40 6.68 5.97 
Eu 1.23 0.94 1.81 1.29 
Gd 3.36 0.39 6.01 5.31 
Dy 2.86 0.36 5.85 4.63 
Er 1.59 0.29 3.35 2.72 
Yb 1.63 0.25 3.48 2.88 
Sr 683 1.66 345 414 
v 188 1.64 87 115 

Table 6.2b: Many trace elements, the HREE and Y in particular, give very poor fits showing that the 
compositions cannot be related by fractionation. 

172 



Si02 Ti02 A1203 FcO MnO MgO CaO Na20 K20 P205 M9* Prop 
An 

Parent 65.38 
Parent Calc 65.38 
Residuals 0.00 
Daughter 68.41 
Plag 57.75 
Cpx 51.51 
Opx 53.60 
Trnt 0.23 
Ilm 0.13 
Apt 0.51 

0.93 15.86 4.81 
0.93 15.88 4.81 
0.00 -0.02 0.00 
0.60 15.47 3.51 
0.03 27.00 0.43 
0.69 2.23 9.85 
0.34 0.86 19.89 
15.96 2.23 73.89 
49.11 0.20 46.29 
0.02 0.54 0.71 

0.11 1.37 3.42 
0.12 1.37 3.42 

-0.01 0.00 0.00 
0.10 0.87 2.47 
0.02 0.06 9.18 
0.47 14.63 20.27 
0.76 23.11 1.58 
0.78 1.76 0.06 
0.99 2.11 0.05 
0.19 0.35 53.15 

5.41 
5.33 
0.08 
5.57 
5.96 
0.42 
0.09 
0.20 
0.15 
0.09 

2.42 0.28 
2.48 0.28 

-0.06 0.00 
2.88 0.14 
0.30 0.00 
0.02 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.02 38.48 

IR2 0.01 

0.851 

45 0.098 
73 0.008 
67 0.020 

0.016 
0.003 
0.004 

Table 6.3a: Least squares model relating average CC low and high-Si dacite compositions. The model 
gives an almost perfect fit. 

Parent Di Daughter Daughter 
Cale 

K20 2.42 0.07 2.88 2.81 
Rb 54 0.03 70 63 
Ba 611 0.35 706 679 
Zr 233 0.10 264 269 
Hf 5.01 0.10 5.78 5.79 
Nb 8.04 1.51 7.74 7.71 
y 33.7 0.87 35.0 34.5 
Ce 54.2 0.80 55.5 56.3 

Nd 25.4 1.09 25.1 25.2 

Sm 6.23 1.49 5.88 5.82 

Eu 1.56 1.57 1.49 1.43 

Gd 5.64 1.35 5.30 5.33 

Dy 5.00 1.09 4.97 4.92 

Er 3.07 0.76 3.14 3.19 
Yb 3.14 0.57 3.19 3.37 
Sr 346 2.65 258 266 
v 58 3.22 30 41 

Table 6.3b: The trace element model also gives an almost perfect fit except for the discrepancy in Rb, 
K20 and Ba, all of which are lower in the calculated composition. 

V 
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of fractionation is likely to be very similar over both ranges. The model in Table 6.3a 

gives an almost perfect fit (YR2=0.01), reflecting a probable cogenetic relationship, 
with 15% fractionation of Plag(66%), Opx(14%), Cpx(6%), Tmt(10%), Ilm(2%) and 
Apt(3%). The calculated proportion of oxides is higher than observed amounts 
(typically less than I% by volume), even taking density into consideration. This may 
be due to more efficient density-controlled fractionation of oxides compared to silicates 
(c. f. Gill, 198 1). The estimated amount of fractionation from high-Si andesite to high- 

Si dacite is about 30%. 
A trace element model is given in Table 6.3b. Calculated K20 and Rb are too 

low but Zr, Hf, Nb, REE and Sr all give very good fits. The enrichments in K and Rb 

relative to other incompatible elements occur throughout evolution of the CC unit and 

are attributed to AFC processes (Section 6.3) for which there is also isotopic evidence. 
The excellent fit for major and trace elements suggests that a genetic relationship by 

fractionation among the CC dacites is feasible. 

6.2.4 Amphibole fractionation 

Cryptic fractionation of Amph is commonly invoked as a mechanism for 

producing calc-alkaline magma series in arc settings (e. g. Romnick et al., 1992), despite 

the absence of Amph in many volcanic arc rocks. Such arguments are based on the 

pressure-dependent stability of Amph which becomes unstable at pressures less than 

about 1.2-2 kbar (e. g. Rutherford and Devine, 1988, Gardner et al., 1995). At lower 

pressure when dissolved H20 contents decrease below about 4%, Amph reacts with the 

liquid to produce Opx, Cpx, Plag and Tint, commonly seen as reaction rims (Rutherford 

and Hill, 1993) or very fine-grained identifiable pseudomorphs of Amph where reaction 
has gone to completion. 

In the Sollipulli magmas, no general role for Amph fractionation is envisaged. 
Firstly, Amph is absent or very minor in abundance. Secondly in most samples where 
Amph occurs, both lava and pumice, there is evidence for the opposite reaction 

relationship where remnant Cpx occurs in the cores of Amph. There is no evidence that 

any Cpx or other anhydrous mafic phenocrysts have grown by replacement of Amph. 

Thirdly, temperatures of andesites and in many cases dacites are close to or above the 

maximum thermal stability of Amph which is about 10500C at 10 kbar in HABs and 

about 950-9800C at upper crustal pressures over a range of compositions (Rutherford et 

al., 1985, Foden and Green, 1992, Sisson and Grove 1993b). 

Geochemistry also rules out a significant role for Amph in the basaltic andesite 

to high-Si andesite stage of fractionation. Table 6.4 gives a major element least squares 

model using the same parent-daughter combination as in Table 6.2 with Amph instead 

of Cpx. The proportions of other minerals are reduced at the expense of Amph, and 
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Opx becomes a minor phase. The key point is the very poor fit for Ti, which would 
decrease over the basaltic andesite to andesite range. This contrasts with the observed 
increase and subsequent decrease in Ti, typical of Sollipulli and other SVZ volcanoes 
(see data of Ferguson et al., 1992, Tormey et al., 1995, Murphy, 1995) except where 
magma mixing has had an important influence as in the NW sequence (Fig. 4.5) Ti 

remains constant or decreases with increasing Si in the basaltic andesite to andesite 
stages of calc-alkaline sequences where Amph plays an important early role, such as in 
the Soufriere Hills volcano, Montserrat (see data of Rea, 1974, Baker, 1984). 

Si02 Ti02 A1203 FeO MnO Mgo CaO Na20 K20 P205 mg# Prop 
An 

Parent 54.60 1.02 18.27 7.76 0.14 4.37 8.43 4.04 1.14 0.22 
Parent Cale 54.57 1.38 18.41 7.69 0.15 4.48 8.22 4.05 1.13 0.51 
Daughter 62.11 1.09 16.49 6.59 0.16 2.01 4.27 4.96 2.00 0.32 0.506 
Residuals 0.03 -0.36 -0.14 Q. 07 -0.01 -0.11 0.21 -0.01 0.01 -0.29 YR2 0.30 
Plag 51.28 0.03 30.25 0.90 0.00 0.20 13.75 3.63 0.17 0.00 67 0.256 
Opx 53.49 0.18 0.66 17.88 0.58 25.36 1.82 0.04 0.00 0.00 72 0.026 
Trnt 0.23 13.69 1.70 75.55 0.75 1.22 0.08 0.25 0.00 0.00 0.017 
Apt 0.51 0.02 0.54 0.71 0.19 0.35 53.15 0.09 0.02 38.48 0.009 
Amph 42.32 3.02 11.86 12.12 0.19 14.11 11.37 2.51 0.43 0.00 0.195 

Table 6.4: The table gives a major element least squares model using the compositions from Table 6.2, 
with Amph in place of Cpx. Although most elements give a good fit, Ti02 gives a very poor fit. 
Fractionation of this assemblage results in decreasing Ti02 with increasing Si02, which is not observed at 
Sollipulli or other volcanoes in the region. 

Geochemistry is not definitive in ruling out Amph fractionation in dacite 

genesis and trial calculations (not shown) using the compositions in Table 6.3 show that 

major element least squares solutions using Amph in place of Cpx are equally viable, 
mainly because of the large number of phases used. Nor do trace element models 
permit distinction within the resolution of the data. However the calculated 
temperatures of the CC dacites (=970-1040'C) are close to or generally above the 
maximum thermal stability limit of Amph and Amph does not occur in any CC rocks, 
suggesting that the observed phases represent the fractionating assemblage. 

Most Amph in the NW and AP dacites appears to have crystallised in 

unrelated intermediate magma, derived by fractionation of intruding basic magma 
(Sections 5.6-5.7). Amph is believed to have formed by lower temperature 
replacement of anhydrous mafic minerals in a fractionated hydrous boundary layer at 
the interface between the resident dacite and intruding basic magma. Amph is therefore 
unlikely to have played a role in the fractionation process which generated the 
intermediate magmas. In any case, these magmas were produced in special 
circumstances related to magma mixing which are unlikely to apply to general 
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evolutionary process at Sollipulli. The low temperature Amph-bearing intermediate AP 
nodules are not cumulates as they have acicular fine-grained quench textures and may 
be derived by melting of intermediate wall-rock (Chapters 3,5). 

It is concluded therefore that Amph has played no significant role in 
fractionation processes at Sollipulli. 

6.2.5 Summary 

General major element least squares models show that fractional crystallisation 
of observed phases can produce the range of magmas from basalt to high-Si dacite. The 
total amount of fractionation is about 75-80% of the original liquid. 

Although incompatible elements rule out simple fractionation, the early-stage 
model shows that the major element composition of the AT basaltic andesite can be 

generated from AT basalt by fractionation of the observed assemblage. However the 
calculated proportion of Cpx is significantly greater than observed. Sc variations are 
also consistent with Cpx fractionation. Early-stage fractionation processes at Sollipulli 

are discussed in detail in Chapter 7 by comparison with regional rocks. 

6.3 CC and AT basaltic andesites 
Differences in incompatible element abundances between basic AT and CC 

rocks were discussed in Section 4.4.6. This section demonstrates the difficulty in 
deriving either AT or CC magmas from a similar or common parent by intra-crustal 

processes alone. 
Sr isotope systematics alone show that the AT and CC basaltic andesites 

cannot be derived from a common parent by simple fractionation (Chapter 4). 
Incompatible element systematics are also inconsistent with derivation from a common 
parent. The AT basalts have higher contents of most incompatible elements than the 
CC basaltic andesites and hence cannot be parental. The (unsampled) CC parental 
magma cannot be parental to the AT basaltic andesites as the latter have much higher 
LREE/HREE than the CC basaltic andesites (Fig. 4.11). As shown above, 
LREE/HREE remains almost constant during fractionation. 

One possibility is that the units are derived from similar parental magma 

which has been modified by assimilation of continental crust. Derivation of AT-type 

from CC-type magma by crustal assimilation is considered first. 
The AT basaltic andesites have higher Sr contents and lower 87Sr/86 Sr than the 

CC rocks (Fig. 4-7), the megacryst-free samples ranging to lowest 87 Sr/ 86 Sr. The 

assin-fflant must therefore have lower 87 Sr/ 86 Sr and higher Sr than the mantle-derived 
basalt. The higher Sr requires a basic or ultrabasic assimilant. The assimilant must 
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also be enriched in LILE, LREE, HFSE, P and Ti and have high LREE/HREE 
compared to the CC-type magma. A basic or ultrabasic assimilant is unlikely to 
possess these characteristics. All analysed basic xenoliths from Sollipulli have 

relatively low incompatible element contents, similar to typical basic Andean plutonic 
rocks (e. g. Selverstone and Stem, 1983, Hickey-Vargas et al., 1995) and have low 
LREE/HREE (Figs. 4.14,4.15). No gamet-bearing lower crustal xenoliths have been 
reported from the SSVZ. It is therefore considered unlikely that the AT rocks have 
been derived from CC-type magma by assimilation of basic crustal material. A similar 
argument was used in a regional context by Hickey-Vargas et al. (1989), who suggested 
that incompatible element-enriched mantle is a more feasible assimilant (Chapter 7). 

An alternative is that the CC magmas are derived from primitive AT-type 

magma by crustal assimilation. Extreme dilution of AT magma by bulk assimilation of 
incompatible element-depleted material with very low LREE/HREE could possibly 
generate CC-type magma. A basic or ultrabasic cumulate assimilant is necessary, as 
more silicic plutonic rocks are unlikely to have sufficiently low incompatible element 
contents. 

If the suggestion that the AT megacrysts are xenocrysts is coffect (Section 
4.4), a similar process could generate CC-type magma from AT-type magma by bulk 

assimilation. This is suggested by the anomalous megacryst-rich sample SP228, which 
has similar incompatible element contents (REE, B a, Zr) to the CC basaltic andesites on 
several MgO diagrams (Fig. 4.8). The sample also has higher 87 Sr/ 86 Sr and lower 
Ce/Y (1.55) than the other AT samples (1.9-2.4) suggesting that assimilation may also 
have diluted incompatible element abundances. None of the sampled xenoliths are 
suitable assimilants because of high Sr contents but the troctolitic cumulates are useful 
analogues for incompatible element depleted cumulates. The troctolites have very low 
incompatible element contents, close to or below detection limit. Measured Ce contents 
are 5.9-6.4 ppm and Y is 5 ppm. Although the potential errors at these abundance 
levels are considerable, Ce/Y ratios are likely to be lower than the CCBAav value of 
1.38. Assimilation of cumulates may therefore be a feasible mechanism for lowering 

the Ce/Y ratios of the AT magmas. 
Figure 6.2 demonstrates the effect of bulk mixing between AT5.9 (Section 

4.4.6) and troctolitic cumulate sample SP353. The diagram is intended only to 
demonstrate the effects of bulk assimilation of incompatible element-depleted material 
by AT magma and is not intended to be a realistic model. The essential feature is that 

the basic cumulates have sufficiently low incompatible element contents to dilute the 
AT magmas. About 35% assimilation gives a composition similar to CCBAav for 

several elements including K20, P205, Ba, Rb and Zr. The Ce/Y ratio is still higher 
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than that of CCBAav but as noted above the errors on the cumulate analyses may be 
large. 
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Figure 6.2: Multi-element plot illustrating the effects of bulk mixing between AT5.9 (65%) 

and troctolite cumulate SP353 (35%). All compositions are normalised to the CCBAav 

composition. The resulting mixture still has higher LREEIHREE than CCBAav, but the low 

abundance levels of most elements in the cumulate may result in significant error. 

The major difficulty with this proposal is the large amount of assimilation of 
basic material required. The CC basaltic andesites contain no crystals likely to be of 

xenocrystic origin so that complete melting of the basic assimilant is necessary. It is 

unlikely on thermal grounds that such large amounts of basic material can be 

completely assimilated. 1 
In the AT rocks, the Plag megacrysts are all highly calcic and 

show no signs of resorption. The model is therefore most likely unfeasible. 
It is concluded that AT and CC magmas are unlikely to have been derived 

from similar parental primary magma. 

6.4 Petrogenesis of the CC unit 
Variations within the CC unit provide an opportunity to examine petrogenetic 

processes over a wide compositional range in a sequence of potentially cogenetic lavas. 

Widely separated lavas, distributed around the perimeter of the caldera, are remarkably 
similar to each other at equivalent stages of evolution (Chapters 2,4), suggesting 
derivation from a single large magma chamber. The evidence for coexistence of 
basaltic andesite and dacite magmas within the CC system (Chapters 3-4) permits a 

cogenetic origin. 
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6.4.1 Incompatible element fractionation models 

Ratios of the most incompatible elements (Rb, K, B a, Zr) enable direct 

comparison of samples with varying crystal contents. The phase proportions and 
amounts of fractionation inferred from the Section 6.2 are used in calculating bulk 

partition coefficients for a three-stage process from basaltic andesite to high-Si dacite. 
Zr is used as a fractionation index because it is highly incompatible throughout 

the range from basalt to high-Si dacite, with DZr ranging between 0.04-0.1. Zircon is 

not observed in any of the CC rocks. An average DZr between 0.05-0.1 over the range 
from basaltic andesite to high-Si dacite reproduces the observed variations, with 69- 
73% total fractionation. 

Figure 6.3 shows a series of three-stage fractionation models. Rb/K20 and 
Rb/Zr increase much more rapidly throughout the sequence than predicted trends, as do 

all other ratios in which Rb is the numerator. K20/Zr and K20/Ba are also slightly 
higher than predicted trends. Ba/Zr is slightly higher than predicted at high Zr. 
Predicted Ba/Ce and Ce/Zr give reasonable fits at high Zr but there is some discrepancy 
in the intermediate stage because calculated DCe is too low. A similar explanation 
accounts for the poor fit for Ce/Y. This illustrates the difficulty in predicting DREE 
because of small variations in the amount of Apt fractionation, which dominates the 

effects of other minerals on REE systematics. Changing the proportion of Apt from 0 

to 0.05 to 3% changes DCe from about 0.05 to 0.3 to 0.8. 
The overall effect is an enrichment in the order Rb>K>Ba compared to the 

modelled fractionation trend. Although increasing Rb/K20 can be generated by large 

amounts of Amph fractionation, the magnitude of the increase is much too small to 
account for the trends. K is about an order of magnitude more compatible than Rb in 
Amph but DKAmph is still only about 0.2-0.3 (Appendix 6 and unpublished data of J. 
Blundy, 1996). About 50% fractionation of Amph alone is required to generate a 20% 

relative increase in Rb/K20 using a maximum DKAmph of 0.3 and minimum DRb Amph 

of 0.01 whereas observed increases are close to 60% relative. Furthermore Rb/K20 
increases in the early stages when a major role for Amph fractionation is also ruled out 
by Ti systematics alone (Section 6.2.4). 

The simplest explanation is that CC magmas have assimilated silicic 
continental crust. This is consistent with the increases in 87 Sr/ 86 Sr (0.0001-0.0002) 
between CC basaltic andesites and dacites. Increases in Rb/K and in ratios of Rb and K 
to other incompatible elements with differentiation are commonly attributed to AFC 
Processes (DePaolo, 198 1, Davidson et al., 1987). 
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Figure 6.3: Predicted trends for a three-stage fractionation process, using bulk 

partition coefficients calculated from major element least squares models, are shown as 
solid lines through the large open squares. The observed trends in the CC unit are also 
shown with different symbols. In the top diagram Rb/Zr and RbIK20 are shown as 

open diamonds and open circles respectively. The observed Rb, K and Ba contents of 
the CC rocks are higher than predicted trends with greatest discrepancy at high Zr. 
REE trends are difficult to predict because bulk partition coeffieicents are strongly 
affected by small variations in the timing and amount of Apt fractionation. 
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6.4.2 Bulk assimilation of crust 

Bulk assimilation, either complete crustal melting or partial melting and 
incorporation of restite material without concurrent crystal lisation, is one end-member 
of a family of processes. A prerequisite for bulk mixing here is an assimilant with 
higher concentrations of incompatible elements than the mixture. Very few of the 
xenoliths analysed are suitable bulk assimilants as most have lower contents of 
incompatible elements than the CC dacites. One group of xenoliths has incompatible 

element abundances similar to the CC dacites and may be cogenetic plutonic 
equivalents (Chapter 4). Figure 6.4 shows bulk assimilation trends between the 
CCBAav composition and one such xenolith. 

The Ti02 plot clearly shows that bulk mixing cannot generate most of the 
intermediate trends which lie well above the mixing line. A similar effect is observed 
using other elements (P, Mg, Ni and Cr) which allow mixing trends between basic and 
silicic compositions to be distinguished (Section 4.3). Three basic to intermediate CC 

samples plot along the mixing line. These samples may have been derived by bulk 

assimilation of silicic crust by basaltic andesite magma, although mixing with dacite 

magma is equally feasible. These samples also plot along bulk mixing trends on the 
Rb/K20 Plot, whereas all of the other andesites and low-Si dacites samples plot well 
below the mixing line. 

Although the andesites and low-Si dacites cannot be generated by bulk mixing 
between basaltic andesite and any observed crustal material, the possibility that the 
high-Si dacites could have formed by 90-100% bulk assimilation (nearly complete 
crustal anatexis) cannot be simply ruled out by the above argument. However, the 

mineralogy argues against this, as the low- and high-Si dacites have very similar 
mineral chemistry. The model in Section 6.2.3 shows that fractionation of the observed 
mineral assemblage gives a very good fit for ma or and most trace elements. No 

xenolithic material has been observed in any of the CC dacites. An origin for the high- 
Si dacites by fractionation from the low-Si dacites with some crustal input is more 
feasible than complete crustal melting. 
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Figure 6.4: Bulk mixing trends between CC basaltic andesite and a granodioritic 
xenolith show that the CC sequence cannot be generated by bulk assimilation. The tick 
marks represent 10% intervals. Three samples (filled diamonds) plotting along the bulk 
mixing trends may represent bulk mixtures between basaltic andesite and silicic crust or 
alternatively may have been generated by magma mixing with a silicic end-member 
similar to the granodiorite. 
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6.4.3 AFC 

There are too many physical and chemical unknowns to realistically model 
AFC processes for all elements. The well-known equations of DePaolo (198 1) are used 
to calculate AFC trends for incompatible elements with well-constrained D values (Rb. 
K, Zr and Ba), as the results are very sensitive to choice of D values. As discussed 

above, the REE are very difficult to model because of their sensitivity to Apt 
fractionation. Ce is used only as a feasibility check on the proposed models by varying 
DCe within reasonable limits, constrained by the major element models. Sr isotopes are 
modelled but are less quantitatively useful than incompatible elements. Differences in 
87 Sr/ 86 Sr between the basic and silicic lavas are small, almost overlapping. However 
Sr isotopes place limits on the nature of the assimilant and the amount of assimilation. 

The DePaolo equations model batch melting of the crust with simultaneous 
fractional crystallisation and mixing of the resulting liquids. The concentration of an 
element in the liquid mixture is calculated assuming its concentration in the initial 

magma and in the assimilant for various values of the rate of assimilation to the rate of 
crystallisation (r) and the fraction of original liquid remaining (F). The DePaolo model 
does not yield the crust to magma ratio (ro) directly, but ro, which is closely related to r, 
can be calculated using equations 3 or 6 of Aitcheson and Forrest (1994). However 

there is little difference between r and ro in the models below. 
The assimilant composition is critical because the DePaolo model considers 

batch melting only. A characteristic feature of all the Sollipulli xenoliths is relatively 
low Rb and K20, rarely exceeding 80 ppm and 3% respectively, similar to the most 
evolved magmas (Section 4.7). Suitable assimilants must have low Zr, Ba and REE 

relative to the dacites to produce the observed high Rb and K ratios. A further 

requirement is sufficiently high 87 Sr/ 86 Sr to maintain reasonably low r values. The 

group of xenoliths with similar chemistry to the CC dacites cannot generate suitable 
AFC trends as their Zr contents are too high. 

Several xenoliths have been modelled but satisfactory fits have been obtained 
only for one granodiorite sample, SP35 1, believed to represent pre-existing basement. 
The sample has sufficiently high Rb, K and 87 Sr P6 Sr and low Zr, Ba and Ce. Model 

parameters are given in Table 6.5 and plotted in Figure 6.5. Average bulk partition 
coefficients for Rb, K, Ba and Zr are used, as trial three-stage calculations with varying 
D values give almost identical results. A three-stage model is used for Ce, with varying 
DCe. Because Sr isotope data are not available for the intermediate CC rocks, average 
DSr values have been used. Average Dsr=1.75 reproduces the overall variation by 
fiactionation alone. Limiting DSr values of 1.6 and'2 are used in the models. 

The Rb/K20 models give r=0.2-0.3 and F=0.4 for the high-Si dacites. The 

K20/Ba Model gives r=0.14.25 and F=0.32-0.37 for the high-Si dacites. The r value 
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increases with evolution in both cases. The Sr isotopes give maximum r=0.18 and 
F=0.45 for DSr=2 and r=O. 11, F=0.3 for DSr= 1.6. 

Rb K20 Zr Ba Ce Sr 87Sr/86Sr 

Do 0.03 0.07 0.08 0.18 0.05-0.8 1.6-2 
Co 12 0.73 83 227 23.8 579 0.70374 
SP351 77 2.37 122 444 38.2 320 0.70538 
CCD,, 70 2.88 264 705.5 55.5 240 0,70392 
APD,, 83 3.19 265 688 46.9 250 0.70398 

Table 6.5: Parameters used in AFC models in Figures 6.5 and 6.6. Co is the starting 
composition. All values except for Sr and 87Sr/86Sr correspond to the CCBAav 
composition. 

A three-stage model of Rb against Ce is also shown. The main reason for 

showing the model is to demonstrate that a fit is possible by varying DCe, which 
depends strongly on when and how much Apt crystallises. This is important in 

modelling the genesis of the AP dacite (Section 6.5). Values of Dcc=0.4 in the 
intermediate stages (<l% Apt fractionation) are necessary to fit some of the high-Si 

dacite compositions whereas slightly lower I)Ceýý03 (=0.5% early Apt fractionation) 

are required to fit the remaining samples. 
The r and F values of 0.1-0.3 and 0.35-0.4 respectively are typical of values 

inferred for AFC processes over similar compositional ranges reported from other SVZ 

volcanoes (Davidson et al. 1987, McMillan et al., 1989). One conclusion is that 
fractional crystallisation was greatly predominant over crustal assimilation in 

generating the CC magmas. The general trends suggest that the amount of assimilation 
increased with evolution. Because the andesites are highly porphyritic, the intermediate 

data points for the CC rocks will move slightly to the right, giving steeper trends in the 
dacitic stages. 

The discrepancies in r and F values between different elements, increasing in 

the order Zr, Sr, Ba, K, Rb suggest a more complex mechanism than simple batch 

melting used in the DePaolo models. A more realistic model would consider partial 

melting. Low degree wallrock melting is likely to be a strongly disequilibrium 

heterogeneous process, governed by modal mineralogy and localised thermal effects. 
Grove et al. (1988) report analyses of melt patches in partially melted granite with large 

local chemical variations. Enrichment in Rb and K and slight Si depletion in the melt 

relative to the whole-rock are consistent features but many trace elements, including Zr, 

Ba and Sr, may be enriched or depleted on a very local scale. The chemical variations 

are believed to be caused by disequilibrium melting, the proportions of Biot and/or 
Amph entering the melt being the predominant control. 
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Contamination by LILE-enriched low degree melts would require lower proportions of 
crustal material and more fractionation than simple batch melting. The REE and Zr 

may be predominantly hosted in Apt and Zirc in the crustal rocks. The solubility of 
both Zirc and Apt are complex functions of melt composition, H20 content and 
temperature (Harrison and Watson, 1983,1984, Pichavant et al., 1992). Both minerals 
commonly occur as inclusions in silicate minerals in the xenoliths, so that the stability 
of the host silicate may determine (c. f. Hildreth and Moorbath, 1988). Selective 

enrichment by diffusion between crustal melts and magma may also be important 
(Watson, 1982). Alkali metals have a very high diffusivity in silicate melts and 
equilibrium can be achieved on very short timescales (Watson, 1982, Watson and 
Jurewicz, 1984). Selective diffusion could for example explain the consistent 
enrichment in K and Rb relative to Ba in the magmas, as all three elements may be 
highly concentrated in low-degree melts involving Biot. 

Assimilation mechanisms are not considered here. The main point is that AFC 

processes are likely to be complex and that discrepancies in r, F and ro values between 

different elements are to be expected if the melting and assimilation process itself is 

inherently fractional. The true r, F and ro values are therefore likely to be lower than 

those calculated for Rb and K. 
In summary, the petrogenesis of the CC unit can be modelled by fractionation 

with some crustal assimilation occurring at all stages of evolution. Basement 

granodiorite is a feasible assin-fflant but assimilation processes are likely to be more 

complex than the simple batch melting model used. 

6.5 Petrogenesis of the AP and CO units 
The CC, CO and AP units form the younger part of the caldera stratigraphy 

and cogenetic relationships between all three units are feasible. This section focuses on 

the petrogenesis of the AP unit but also discusses the volumetrically minor CO unit. 
The younger units are distinct from the older NW and AT units in their REE and Zr 

contents. The AP dacites are distinguished from the CC dacites by lower REE contents 
but higher RbIK and higher ratios of both elements to all other incompatible elements 
(Chapter 4). The CO lavas are similar to the porphyritic CC andesites but, like the AP 

dacite have higher Rb/K, are enriched in both elements relative to other incompatible 

elements and depleted in REE and Y compared to the other andesites (Fig. 4.5). The 

CO andesites also have very low P compared to other andesites. The relative 

enrichments in Rb and K in both units are strongly suggestive of crustal assimilation. 
The AP mafic pun-&e represents one possible candidate parental magma to the 

AP dacite, but is volumetrically very minor among the deposits. The mafic and silicic 

pumice have identical 87Sr/86Sr so that, assuming that the mafic pumice has not been 
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contaminated by the dacite, any assimilant responsible for the high Rb and K must also 
have similar 87Sr/86Sr (=0.704) to the magmas and high Rb/Zr. No xenoliths have been 

analysed with these characteristics. 
One possibility is that the AP dacite is derived from basic CC unit magma. 

The evidence for a large CC magma chamber beneath the entire eastern caldera was 
discussed above. The possibility that the AP dacite is derived by AFC from CC basaltic 

andesite, is considered first. A cogenetic relationship with the CO lavas, based on the 

geochernical similarity, is also considered. An alternative possibility that the AP dacite 

was derived by large-scale crustal melting due to renewed influx of basic magma 
following the CC episode is considered in the following section. 

6.5.1 AFC 

The only xenolith with a suitable composition to generate the high Rb/K and 
Rb/Zr of the AP dacite from the CC basaltic andesite is the basement granodiorite used 
to model AFC trends in the CC unit. A further important constraint is that the low REE 

contents of the AP dacite can be generated by AFC. The granodiorite has suitably low 

REE contents (Table 6.5, Appendix 4), although as discussed above, the REE contents 
depend strongly on the timing and amount of Apt fractionation. 

Figure 6.6 shows a series of AFC models using the same parameters as in 

Figure 6.5. The AP dacites give higher r (0.3-0.5, mostly around 0.4) and F (0.4-0.5, 

mostly around 0.45) than the CC dacites in the Rb/K model. The K/Ba values are 

slightly lower than the Rb/K values as in the case of the CC dacites. The Sr isotope 

plot gives maximum r=0.2-0.3 and maximum F=0.55, using DSr of 2, and r=O. 15 and 
F=0.35 using DSr Of 1.6. The CO andesites plot along AFC trends towards the AP 

dacites on the Rb/K and K/Ba diagrams at r values between 0.3-0.4 although the CO 

dacites plot at much lower values on the K/Ba plot due to very high Ba contents. 
The Rb/Ce plot shows that the low Ce contents of the AP dacite and the CO 

rocks can be matched if DCe is high (=0.6) in the intermediate stages, corresponding to 

about 1.5-2% Apt fractionation. Similar fits can be obtained for the other REE. The 

CO andesites have very low P205 contents compared to other andesites (Fig. 4.5, 

Section 4.5) and contain Apt microphenocrysts. Earlier fractionation of Apt can 

account for the lower REE and higher DREE. The lower temperatures of the CO 

magmas compared to both the CC and NW flank magmas (Fig. 5.3) may have 

promoted earlier Apt saturation (c. f. Harrison and Watson, 1984). 
The AFC models show that derivation of the CO andesite and AP dacite by 

AFC from a CC basaltic andesite parent by assimilation of basement granodiorite is 

feasible. A slightly different or additional assimilant may be required to explain the 

high Ba and Sr contents of the CO dacite. The amount of assimilation inferred in all 
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cases is greater than for the CC dacites. This is consistent with the temperature 
differences calculated by pyroxene thermometry (Section 5.4), as greater heat loss 

would occur in melting larger amounts of crust. Larger amounts of assimilation may 
have been facilitated by the basement rocks having been heated during the earlier CC 

magmatic phase. 

6.5.2 Crustal anatexis and fractionation 

An alternative origin for the AP dacite is by large-scale melting of pre-existing 
crustal material, with small amounts of subsequent fractionation. The sub-volcanic 
granodioritic equivalents of the CC rocks are possible candidates, as the source material 
must have similar Sr isotope ratios to the AP dacite, which rules out the analysed 
plutonic basement samples. The absence of definite basic or intermediate parents to the 
AP dacite is consistent with this hypothesis. The xenoliths provide positive proof of 
the existence of CC-type plutonic material beneath the Alpehu6 vent. Fresh basic 

magma is required as a heat source to induce large-scale crustal melting. Although the 
time gap between the eruptions is unknown, the CC plutonic material may have been at 
near-solidus temperature and readily remelted by fresh influx of basic magma into the 

system. 
This hypothesis is difficult to test quantitatively as variations in the xenolith 

suite suggest that a large range of rock types exist in the upper crust beneath the 

volcano. Trial calculations show that it is not possible to generate the REE composition 

of the AP dacite from high-Si CC dacite or its plutonic equivalent by any viable 

combination of minerals. The low REE contents of the AP dacite require a starting 

composition with similar or lower REE contents, even using maximum likely amounts 

of Apt in combination with Amph. A few less silicic granodiorites (60-65% Si02) 

have sufficiently low REE contents to generate the dacite if they were melted and 

subsequently fractionated to higher Si02. No models are presented because there are 

no constraints on the initial melt composition. It is not necessary to invoke the 

existence of residual REE-enriched phases to generate the REE signature of the dacite if 

Apt fractionation was significant. 
In this model, the CO unit could be derived by hybridisation of andesite and 

Ti, P and REE-depleted AP dacite melt (c. f. Fig. 4.5). The andesite could in this case 
be related to the freshly intruding magma responsible for the crustal melting episode. 

6.5.3 Summary 

There does not appear to be any way at present of distinguishing between the 

two models, as both are geologically and geochemically feasible. In the AFC model, 
heating of the basement during the earlier magmatic episodes may pe rmit larger 
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amounts of crustal assimilation. The low P and REE contents, the presence of prismatic 
Apt and the low temperatures of the CO andesite favour an AFC model where the REE 

are controlled by early Apt fractionation, stabilised by lower temperatures. However 
large-scale melting of plutonic CC material with minor fractionation is also consistent 
with the lower magma temperatures. It is likely that the CC unit is relatively young and 
the high-level plutonic rocks may have been at near-solidus temperatures when renewed 
influx of magma occurred. 

6.6 The NW and AT dacites 

The older NW and AT units are enriched in REE and Zr compared to the 

younger units at similar evolutionary stages (Chapter 4). The presence of this signature 
throughout the compositional range suggests that the silicic rocks have evolved from 

basic parents with these characteristics. The likelihood that this signature is derived by 

crustal assimilation was discounted in Section 6.3. The preferred interpretation that the 
high Zr, REE signature is mantle-derived is discussed in Chapter 7. 

Understanding the petrogenesis of the older silicic rocks is hampered by the 

paucity of intermediate rocks. Most of the extensive NW unit consists of mingled and 
hybrid lavas, which lie on simple mixing trends between basalt and high-Si dacite (Fig. 

4.5). As in the case of the AP dacite, there is no obvious parental precursor to the 
dacites. The volumetrically minor NW flank intermediate rocks, coeval with part of the 

mixed sequence, provide evidence for the presence of intermediate fractionated 

magmas within the NW system. 
The AT dacite is similar to the NW dacite end-member in its whole-rock and 

mineral chemistry (Chapters 3-4). In the absence of appropriate intermediate AT 

rocks, the petrogenesis of the AT dacite is discussed briefly here in the light of 

similarities to the NW dacite. 

Table 6.6a gives a least'squares model relating NW flank andesite to the NW 

dacite mixing end-member by fractionation of Plag(69%), Opx(13%), Cpx(7%), 

Tmt(9%), Ilm(O. 7%) and Apt(I. 3%) with a residual of Yk2=0.2. The main discrepancy 

is in Na20 which is too low in the parent. With the exception of Ilm and Apt, the phase 

proportions are very similar to those among the CC dacites. The reason for the 

difference is that the starting composition has not reached peak Ti and P so that the 

amounts of Ilm and Apt are underestimated, as discussed in Section 6.2.3. Although, 

this has a minor effect on the major element model, the effect on the REE is' significant. 
Table 6.6b shows two trace element models. Model I uses the phase 

proportions from the least squares calculation and gives a very poor fit for the REE 

because of the low proportion of Apt (0.7%). Model 2 uses 3% Apt which is close to 

the calculated proportions among the CC dacites (Table 6.3) and gives a much better fit. 
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Si02 Ti02 A1203 FeO MnO MgO CaO Na20 K20 P205 Mg# Prop 
An 

Parent 62.11 1.09 16.49 6.59 0.16 2.01 4.27 4.96 2.00 0.32 
Parent Calc 62.07 1.09 16.46 6.59 0.14 2.09 4.30 5.37 2.15 0.28 
Residual 0.04 0.00 0.03 0.00 0.02 -0.08 -0.03 -0.41 -0.15 0.04 YR2 0.2 
Daughter 68.46 0.50 15.52 3.56 0.09 0.50 2.05 5.92 3.28 0.12 0.598 
Plag 59.44 0.10 24.77 0.88 0.01 0.18 7.58 6.39 0.63 0.00 38 0.282 
Cpx 51.51 0.69 2.23 9.85 0.47 14.63 20.27 0.42 0.02 0.00 73 0.028 
Opx 53.60 0.34 0.86 19.89 0.76 23.11 1.58 0.09 0.00 0.00 67 0.055 
Trnt 0.23 15.96 2.23 73.89 0.78 1.76 0.06 0.20 0.00 0.00 0.037 
Ilm 0.13 49.11 0.20 46.29 0.99 2.11 0.05 0.15 0.00 0.00 0.003 
Apt 0.51 0.02 0.54 0.71 0.19 0.35 53.15 0.09 0.02 38.48 0.005 

Table 6.6a: Major element least squares model to test the possibility that the calculated NW 
dacite silicic end-member can be generated by fractionation of magma similar to the NW flank 
andesite. Na20 gives a poor fit but other elements give good fits. 

Parent Daughter ATD,,, Di Daughter Di Daughter 
NWD68.5 Model I Calc Model 2 Calc 

Model I Model 2 

K20 2.00 3.28 3.37 0.07 3.21 0.07 3.21 
Rb 44 77 83 0.03 72 0.03 72 
Ba 573 744 682 0.42 772 0.42 772 
Zr 214 341 335 0.06 346 0.07 344 
Hf 4.46 7.33 7.57 0.06 7.20 0.08 7.15 
Nb 8.99 10.50 10.53 0.72 11.56 0.72 10.40 
y 38 40 42 0.49 49 0.91 40 
Ce 56.1 60.8 64.1 0.44 74.8 0.84 60.9 
Nd 26.7 24.5 29.6 0.54 33.7 1.17 24.5 
Sm 6.68 5.98 6.96 0.70 7.80 1.57 4.99 
Eu. 1.81 1.38 1.68 1.17 1.66 1.66 1.29 
Gd 6.01 5.35 6.41 0.66 7.15 1.49 4.67 
Dy 5.85 5.27 6.41 0.55 7.37 1.21 5.25 
Er 3.35 3.38 4.01 0.39 4.57 0.83 3.66 
Yb 3.48 3.63 4.06 0.33 4.91 0.62 4.23 

Table 6.6b: Two trace element models are shown. The first model uses the proportions calculated above 
but gives a very poor fit for the REE and Nb. The second model uses 3% Apt and 1.1% Ilm instead of 
1.3% and 0.7% from the least squares model. 

Zr, Nb and Hf all give good fits in both models. Calculated Rb and K are lower than 

observed as in most other models above. Calculated Ba is about 5% higher than 

observed. 
The average AT dacite composition (ATDav) is also shown in Table 6.6b. The 

NW and AT dacites are very similar but the latter has slightly higher REE contents. In 

the trace element model, the AT dacite could be derived by fractionation of slightly 
lower proportions of Apt. 
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The models demonstrate that the NW dacite mixing end-member could have 
been derived from a magma similar to that represented by the NW flank andesite by 
fractionation of observed phases in proportions similar to the inferred proportions 
among the probably cogenetic CC dacites. The AT dacite could also have been derived 
from a similar intermediate magma. There is however no implication that the NW flank 

andesite is actually parental to either dacite, simply that the parental magmas to the 
dacite were probably similar to the andesite. The effects of small variations in the 

proportions of Apt on REE systematics are clearly demonstrated by the trace element 
models. 
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Figure 6.7: AFC model for AT and NW rocks using the assimilant composition in 
Table 6.5. The starting composition here is a magnesian AT basaltic andcsite with 
16 ppm Rb and 0.97% K20. 

As in the case of the CC unit, the NW hnd AT dacites show increases in Rb/K 

over the basic rocks (Fig. 4.11) which cannot be explained by fractionation alone. The 

increases in Rb/K and K/Zr from andesite to dacite are greater than expected by simple 
fractionation. Although the intermediate and silicic rocks may not be cogenetic, it is 

likely that some crustal assimilation has occurred during genesis of the NW and AT 

magmas. 
Detailed models are not presented but Figure 6.7 shows Rb/K20 plotted 

against Rb. AFC trends are calculated using an AT basaltic andesite starting 

composition and the same basement assimilant used in Sections 6.4-6.5. Calculated r 

and F values are similar or slightly higher than those for the CC dacites. 
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6.7 Summary 

The above discussion shows that whole-rock major element trends among 
crystal-poor samples can be generated by fractionation of observed mineral 
assemblages. Input of some crustal material is required to account for increases in Rb 

over K and in both elements over Zr, all of which are similarly highly incompatible 

throughout most of the fractionation sequence. Sr isotope systematics also accord with 
evolution by AFC. The inferred amount of assimilation depends on the element used in 

calculations, decreasing in the order Rb>K>Ba>Sr>Zr. This suggests that a fractional 

melting process may have occurred whereby small degree crustal melts were more 
enriched in Rb than K and so on in the above order. This can be explained qualitatively 
by preferential melting of Biot. Diffusive processes may also have been important in 

producing selective enrichment in alkali metals. In any case, the true amount of 
assimilation is probably less than that inferred from Rb systematics. 

All dacites appear to have experienced some crustal input during evolution. 
However only in the case of the CC unit is it possible to confidently infer cogenetic 

relationships across the compositional range. The AP dacite has no definite parental 

pre-cursor and two models have been suggested. One model proposes that the CC 

basaltic andesite is parental to the AP dacite but that larger amounts of crust were 

assimilated than in the case of the CC dacite. The second model suggests that the AP 

dacite was generated by remelting of intermediate to silicic high-level sub-volcanic CC 

material. Large-scale remelting, induced by influx of fresh basic magma, would be 

facilitated by the CC cogenetic intrusive material remaining at near-solidus 
temperatures. The AT and NW dacites are likely to have been derived by AFC but the 

absence of cogenetic intermediate parents hinders quantitative modelling. 
Differences in REE, Zr and other elements between the older and younger 

basic rocks cannot be explained by fractionation from a common parent and are also 
difficult to explain by crustal assimilation. These differences therefore appear to be 

characteristics of the primary mantle-derived magmas (Chapter 7). 
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Chapter 7 
Early magmatic evolution at Sollipulli 

and regional magmatism 

7.1 Introduction 

This chapter discusses magmatic processes at Sollipulli in a regional context. 
Current ideas on the petrogenesis of arc basalts and incompatible element behaviour in 

subduction zones are briefly reviewed. Section 7.2 discusses petrogenesis of regional 
basic magmas, with emphasis on sub-crustal processes. Section 7.3 discusses early 
intra-crustal fractionation processes and the role of crustal assimilation in magma 

genesis at Sollipulli by comparison with other SVZ volcanoes. 

7.1.1 Primitive arc magmas 

The recognition that many arc magmas are basaltic rather than andesitic (e. g. 
Arculus, 1981) and very similar in most major elements to MORBs (Perfit et al., 1980) 

is a strong argument in favour of a predominantly mantle rather than subducted slab 

origin for arc volcanics. Trace elements and isotopes provide other strong geochemical 

arguments against slab sources (Hawkesworth et al., 1979, Gill, 198 1). Magmas 

produced by slab-melting are typically intermediate with distinctive geochernistry (e. g. 
Defant and Drummond, 1990). Geophysical evidence (e. g. Barazangi and Isaacs, 

1976) and thermal modelling (e. g. Peacock et al., 1994) suggest that cold oceanic 
lithosphere is unlikely to melt in most subduction zones. In exceptional circumstances 

where very young oceanic lithosphere, undergoes slow subduction, slab-melting may be 

important (Peacock et al., 1994). The Austral Volcanic Zone of the Andes (Fig. 1.1) is 

a contemporary example of an arc segment where slab-melts are believed to contribute 

a significant component to the erupted magmas (Stem and Kilian, 1996). 

The nature of primary arc magmas and the origin of HABs (defined in Chapter 

4) are closely related subjects. There is no doubt that many HABs have accumulated 
Plag (Crawford et al, 1987, Brophy, 1989), exemplified by the strong correlation 
between A1203 and modal Plag in the Sollipulli basaltic andesites (Fig. 4.10). However 

there is equally no doubt that HAB liquids existed in the Sollipulli system (Chapters 4, 

5) and elsewhere (e. g. Baker et al, 1994, Devine 1995). 

Suggestions that HABs are generated by diapiric uprise of subducted oceanic 

crust through the mantle wedge and subsequent melting (Brophy and Marsh, 1986) 

have been strongly refuted (e. g. Gust and Perfit, 1987, Crawford et al, 1987, Brophy, 
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1989). Fractionation of 01 ± Cpx in the absence of Plag can in theory generate HABs 
from mantle-derived low-Al high-Mg basalts (Gust and Perfit, 1987). Plag 

crystallisation in basaltic melts is suppressed to lower temperatures relative to other 
silicate minerals by high magmatic water contents (Kushiro, 1969, Sisson and Grove, 
1993b). At pressures between 5-10 kbar, Cpx replaces Plag as the second phase to 

crystallise after 01 in anhydrous basalt (Gust and Perfit, 1987). Therefore high pressure 
fractionation and/or high magmatic water contents can suppress Plag crystallisation and 

are feasible mechanisms for HAB genesis. 
Failure to reproduce experimental HAB glasses in equilibrium with the 

inferred mafic liquidus minerals led to controversy over the proposal that low-MgO 

HABs are the fractionation products of high-Mg basalts (see Draper and Johnson, 

1992). However it is probable that the experiments were at fault due to the use of 
inappropriate starting compositions (e. g. Baker and Eggler, 1983) and technical 

problems such as Fe-loss. The hydrous experiments of Sisson and Grove (1993a, b) and 

earlier anhydrous experiments of Gust and Perfit (1987) on high-Mg basalt starting 

compositions successfully produced low-Mg HAB glasses in equilibrium with natural 

assemblages, at oxygen fugacities appropriate for basic arc magmas. 
Because primitive high-Mg basalts are not erupted or are much less 

voluminous than low-medium MgO HABs at many arc volcanoes, direct evidence for 

early evolutionary mechanisms is often not observed. In cases where a range of 

primitive high-Mg basalts has been erupted, 01-Sp ± Cpx assemblages and early Al- 

enrichment are observed (Eggins, 1993, Kersting and Arculus, 1994, Baker et al., 
1994). Evidence that some primary arc magmas are high-Mg basalts or picrites has 

accumulated over the years and there are now several reports of very high-MgO 

(>14%) basalts (e. g. Nye and Reid, 1986, Eggins, 1993, Thirwall et al., 1994). Other 

workers (Baker et al., 1994) have suggested that basalts with MgO contents as low as 
9-10% represent near-primary mantle melts. A spectrum of primary arc magmas may 

exist, compositions depending on inter-related factors such as mantle composition, 

temperature and water content, degree of melting and depth of melt separation from the 

source (e. g. Hirose and Kawamoto, 1995, Stolper and Newman, 1994, Tatsumi et al., 
1995). 

7.1.2 Incompatible elements in arc basalts 

Recent reviews of incompatible element behaviour in subduction-related 

magmas are given by Hawkesworth et al. (1994) and Pearce and Peate (1995). A 

distinctive feature of arc basalts is their high ratios of LILE (Rb, K, Cs, Ba, Sr) to 

LREE and HFSE (Nb, Ta, Zr, Hf, Ti) (e. g. Pearce, 1983). 
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Although many workers believe that aqueous slab-derived fluids play an 
important role in generating the characteristic incompatible element signatures of arc 
basalts, mechanisms remain poorly constrained (Arculus, 1994, Pearce and Peate, 
1995). The simplest theories propose that HFSE are retained in the downgoing slab 
whereas LILE are transported into the wedge due to higher solubility in aqueous fluids 
(e. g. Pearce, 1983, Tatsumi et al., 1986). Other workers have invoked the presence of 
HFSE-retaining phases in the slab (Saunders et al., 1980, Brenan et al., 1995) or in the 
mantle wedge (Foley and Wheller, 1990). A variety of more complex models have 
been developed in which slab-derived fluids or siliceous melts interact with the mantle 
wedge resulting in fractionation of incompatible elements from each other 
(Hawkesworth et al, 199 1, Kelemen et al., 1993, Stolper and Newman, 1994, Ionov and 
Hoffmann, 1995). 

There are several strong arguments against control of HFSE systematics in arc 
basalts by residual phases in the slab (McCullough and Gamble, 1991) and mantle 
wedge (Green and Pearson, 1986, Thirwall et al., 1994, Pearce and Parkinson, 1993, 
Pearce and Peate, 1995). The arguments are surnmarised by Pearce and Peate (1995) 

who show that intra-HFSE ratios of most arc basalts and MORBS are similar, which is 
inconsistent with control by minor HFSE-retaining phases in the sub-arc melting 
column. The ability of phases such as rutile or amphibole to survive the melting 
process is also questionable. Pearce and Parkinson (1993) show that most arc basalts 

do not possess incompatible element signatures indicative of residual amphibole or 

garnet in the mantle wedge. 
Subduction-related basalts have been classified by Hawkesworth et al. (199 1) 

into low and high Ce/Yb groups. The characteristic subduction signature (high 
LILE/HFSE, LILE/LREE) is often best developed in the low Ce/Yb, group which also 
tends to have a restricted range in radiogenic isotope ratios. The high Ce/Yb group is 

generally more enriched in incompatible elements but the subduction signature (high 

LILE/HFSE and LILEALREE) is often more poorly developed than in the low Ce/Yb 

group. The high Ce/Yb group has a much greater range in radiogenic isotope ratios, 

with more and less radiogenic Sr and Nd respectively. Isotope characteristics of the 
high Ce/Yb group often indicate that the incompatible element enrichment is old. The 

enriched component can be variously interpreted as being derived from enriched mantle 

or from continental crust. In the latter case the enrichment may reflect direct input of 
fluids or melts derived from subducting sediment, long-term fluxing of the mantle 

wedge by sediment-derived fluids or melts, or crustal assimilation. 
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7.2 Regional magmatism: sub-crustal processes 

7.2.1 Introduction 

A general introduction to volcanism in the Southern Volcanic Zone (SVZ) is 

given in Chapter 1. This section discusses the origin of basic magmas in the region 
around 39*S, focusing on incompatible elements and Sr isotopes. 

Hickey et al. (1986) defined two magma types in the SSVZ, termed low and 
high abundance magmas (abbreviated LA and HA here). They noted that volcanic front 

stratovolcanoes erupt magmas with lower incompatible element contents but higher 

Ba/Nb, Ba/LREE and lower LREE/HREE than stratovolcanoes situated behind the 

volcanic front. Subsequent work (Hickey-Vargas et al., 1989) showed that satellite 

centres of some volcanic front centres and monogenetic basaltic volcanoes located 

along the Liquifie-Ofqui fault (Chapter 1) also erupt HA-type magmas. Hickey-Vargas 

et al. (1989) distinguished two HA magma types (termed HAI and HA2 here) on the 
basis of Rb, K and Sr contents and Sr isotope ratios (see below). Lopez-Escobar et al. 
(1995) have recently described rocks from monogenetic centres further south in the 
SSVZ, which may be classifiable into similar HAI and HA2 categories. This 

discussion is restricted to the region around 39'S but the main conclusions may be 

applicable to the more southerly region. 
From the present published dataset, the HAI. and HA2 types do not appear to 

occur together at any individual centre. HA2 rocks are associated with Pichares, 

Huelmolle and Huililco minor centres and Lanin and Quetrupillan stratovolcanoes (Fig. 

7.1). All sub-alkaline and transitional alkaline intra- and back-arc centres reported by 

Mufioz and Stem (1988,1989), discussed in Chapter 1, have HA2-type affinities. The 

Sollipulli basic AT rocks show strong similarities to the HA1 group, associated with 
Cerro Redondo and Caburgua, the two most northerly minor centres discussed here 

(Fig. 7.1). Sollipulli appears to be the first stratovolcano at which the HA 1 signature 
has been reported. The basic CC rocks are transitional in several respects between 

volcanic front LA and HA1 rocks. The NW basalts also have characteristics which are 

transitional between LA and HA I groups. 
Comparison 9f the Sollipulli and regional rocks provides insights into early 

processes of magma genesis at Sollipulli and additional constraints on previous regional 

petrogenetic models. In the following discussion, the main focus is on comparison of 

the AT and CC rocks with the regional rocks, because there are several analyses of 

samples from each unit, geochemical differences are consistent and timing relationships 

are well-constrained. There are few analyses of NW basic samples and the relative ages 

of the NW and AT units are uncertain. A single Plag-01-Cpx-bearing (=15% 

phenocrysts) basaltic andesite sample (NSP 114, Appendix 4), which belongs to the 
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Figure 7.1: Sketch map of the region around 39'S showing volcanic centres 0 discussed in the text. Pichares, Huelmolle, Huililco minor centres and Lanin 
and Quetrupillan stratovolcanoes erupt HA2-type magmas. Cerro Redondo 
and Caburgua minor centres erupt HAI-type magmas. Llaima and Villarica 
stratovolcanoes, situated on the volcanic front, erupt LA-type magmas. 

generic Nevados de Sollipulli sequence, is also discussed briefly below because of 
strong affinity with the HA2 group. The sample was collected about 10 kni south of 
Sollipulli from a lava flow underlying the Alpehu6 ignimbrite (Fig. 2.1). 

Because of problems with analytical accuracy for Yb (Appendix 1), Y is used 
as a HREE analogue in comparing the Sollipulli and regional rocks. Y/Yb ratios of the 

regional rocks show little variation and are very close to MORB values, suggesting that 
Y and Yb are not fractionated from each other. Y/Yb values of the Sollipulli rocks are 

slightly higher which is almost certainly due to analytical problems. 

7.2.2 Geochemical distinctions 

Figures 7.2-7.3 show selected incompatible element abundances and ratios 

plotted against MgO using representative data from Hickey-Vargas et al. (1986,1989). 

The Sollipulli AT, CC and NW rocks are also plotted. All samples plotted have 
§i92<55% and MgO>4.5% (mostly>5%). Detailed petrographic descriptions of the 
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regional samples have not been published. The Villarica and Lanin samples are 
described as porphyritic, up to 25% phenocrysts, dominated by Plag with lesser 01, 

whereas the minor centre samples are more crystal-poor with higher proportions of 01 

relative to Plag. 
Hickey-Vargas et al. (1989) distinguished the rocks termed HAI. and HA2 

here from each other by Rb, K and Sr contents, Rb/K (and Rb/Cs) ratios and Sr 
isotopes, the HA2 rocks having lower Sr, higher Rb, K, Rb/K and 87Sr/86Sr (see 

below). HA2 rocks also have higher Zr and Nb (Fig. 7.2) and lower Ba/Nb and Zr/Nb 

(Fig. 7.3) than HAI. rocks. These differences were not noted by Hickey-Vargas et al. 
(1989) but have important petrogenetic implications. 

The LA samples are distinguished from both HAI and HA2 groups by lower 

Ba, Sr, Ce (and other LREE), Nb and P205 (Fig. 7.2). There is considerable overlap in 

Ti and Y (and HREE). The LA samples have lower Rb, Zr and K20 than the HA2 but 

overlap with the HA I samples. The LA rocks are also distinguished by higher Ba/Nb, 

Ba/Ce and Zr/Nb but lower Ce/Y (Fig. 7.3). 
Many elements which distinguish the regional HA and LA rocks also 

distinguish the Sollipulli AT and CC rocks from each other. The AT rocks have higher 

Ba, K, Sr, Ce, Zr, Nb and P than the CC rocks, higher Ce/Y and lower Ba/Ce and Zr/Nb 

(Chapter 4, Figs. 7.2-7.3). The AT and CC rocks overlap in Ba/Nb although the former 

range to lower values. The NW samples are more similar to the CC rocks on the ratio 

plots but have more affinity with the AT rocks in their contents of most incompatible 

elements (Chapter 4). 

Comparing the Sollipulli AT and regional HA samples, the AT rocks have 

more affinity with the HAI, group (Rb, Sr, Zr, Nb, Ba/Nb and Zr/Nb). The AT rocks 
have lower P and Ti than most HA rocks, plotting with or below the regional LA rocks. 
The Nevados de Sollipulli sample plots with the HA2 group on most diagrams. 

The Sollipulli CC rocks are similar to the regional LA rocks in Rb, K, Ba, Zr, 

Nb and Ce, have higher Sr, slightly lower P and distinctly lower Ti and Y. On the Ce/Y 

and Zr/Nb plots, the Sollipulli CC rocks are intermediate between regional LA and AT 

(and HA) groups. 
Figure 7.4a is a MORB-normalised multi-element plot. The VA5.9 

composition was obtained by linear regression of 19 basic samples from Villarica, 

using MgO as the independent variable. Values are calculated at 5.9% MgO for direct 

comparison with the Sollipulli rocks. The samples used are not all cogenetic but the 

VA5.9 composition is generally representative of LA-type regional rocks. Insufficient 

data exist for the HA I and HA2 rocks to perform a regression and representative 
basaltic andesite samples with similar MgO are plotted instead. 

The characteristic subduction signature of all samples is shown by enrichment 

in all LILE and LREE relative to MORB. The degree of enrichment decreases from 
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Figure 7.2: Incompatible element variation diagrams using data from Hickey-Vargas et al. (1989) 
for volcanoes in the neighbourhood of Sollipulli, shown in Fig. 7.1. NdeS is the single Nevados 
de Sollipulli sample. Details are discussed in the text. 
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LREE to HREE. Zr is enriched relative to MORB to about the same degree as Sm. Nb 
is depleted relative to MORB only in the CCBAav composition but this is within 
analytical error. Ti, Y and HREE are depleted in all rocks relative to MORB. 
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Figure 7.3: Selected incompatible element ratios plotted against MgO. All of these ratios 
clearly distinguish the regional LA rocks from the HA rocks in general. High Ba/Nb and 
Ba/Ce ratios are considered to reflect the influence of slab-fluids. The HAI and HA2 rocks 
are distinguished from each other on the Ba/Nb and Zr/Nb plots. The AT rocks plot with the 
HAl rocks on both plots although there is some scatter in Ba/Nb. The AT rocks also plot 
with the HA rocks on the Ce/Y and Ba/Ce plots. The CC rocks plot with the LA samples on 
ther Ba/Nb and Ba/Ce plots and are intermediate between the LA and HA samples on the 
Ce/Y and Zr/Nb plots. 

Figure 7.4b is normalised to the VA5.9 composition to emphasise the 

differences between the groups discussed above. The VA5.9 composition has higher 

Nb, Zr, all REE except Ce, P, Ti and Y than CCBAav. Differences in Ti and Y between 

the Sollipulli CC and regional LA rocks apply to almost all samples but there is overlap 

in the other elements (Fig. 7.2). 
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Figure 7.4 
a: MORD-normalised multi-element plot showing the regressed VA5.9 composition, representing 
the regional LA magmas, representative HAI and HA2 samples and the Sollipulli CCBAa, and 
AT5.9 compositions. Normalising factors are from Pearce and Parkinson (1993) and elements are 
ordered after Pearce (1983). Important general features of all patterns are the enrichment in LILE 
elements, the Nb anaomaly relative to LILE and LREE, the general negative slope of the patterns 
from LREE to HREE and the depletions in Ti, Y and Yb relative to MORB. Only CCBAav is 
depleted in Nb relative to MORB but the difference is close to analyticial error. 
b: The same compostions are normalised to the VA5.9 composition to emphasise the relative 
enrichments in the HAI and HA2 samples. Note the linear scale. Important points are the greater 
than twofold enrichments in Nb, the large enrichments in LREE, Ba, P and Zr and the steep patterns 
from LREE to HREE in the HA compared to LA rocks. These differences are very similar to those 
between the AT and CC compositions (see also Fig. 4.10). The CCBAav composition has lower 

contents of Nb and of all elements to the right of Ce than the VA5.9 composition. The differences 
between the HA I and HA2 rocks in Sr, K, Rb and Nb are also highlighted by this diagram. 
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Figure7.5: 87Sr/86Sr plotted against various elements and ratios. TheHAI, HA2andLArocks 
form three distinct groups on many plots. The AT rocks plot with the HA I group on most 
diagrams. The CC rocks are intermediate between the AT and regional LA rocks on several plots. 
The HA2 and LA samples plot close together on the K20/Rb plot, because the former have both 
high Rb and K20. 
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Figure 7.5 shows 87Sr/86Sr plotted against selected elements and ratios. The 

LA, HA I and HA2 rocks define three groups, particularly evident on the Sr, Rb and Zr 

plots. There is no consistent variation in 87Sr/86Sr with MgO. LA samples have a 
restricted range in 87Sr/86Sr, between 0.70393-0.70406 and low Sr contents, similar to 

most volcanic front centres in the region. The HA2 rocks have similar 87Sr/86Sr and 
K20/Rb to the LA rocks but have higher Sr, Rb, Zr and K20. The HAI and HA2 rocks 
are clearly distinguished from each other, the former having lower 87Sr/86Sr, higher Sr, 

lower Zr, Rb and K20 but higher K20/Rb. 

The AT rocks, with the exception of the anomalous megacryst-rich sample 
SP228, plot with the HAI samples on all plots. The CC rocks have 87Sr/86Sr, Sr and 
Rb intermediate between HAI-AT values and regional LA values. The NW rocks are 

similar to the CC rocks. The Nevados de Sollipulli sample plots with the HA2 rocks on 

most plots. 

0.51292 

0.51290 
"Ci 

0.51288 

0.51286 
rn 

0.51284 

0.51282 

51? Rn 

13 Villarica 
A Llaima 
A HAI 
*HA2 

0.7035 0.7036 0.7037 0.7038 0.7039 0.7040 0.7041 
87Sr/86Sr 

Figure 7.6: Nd-Sr isotope plot showing that the three groups fall in differentt fields 
on the diagram, suggesting that there are at least three isotopically components 
involved in regional magma genesis. 

Nd and Pb isotopes have not been determined for the Sollipulli rocks. Most 

SSVZ rocks plot in a restricted range in the OIB field on Nd-Sr isotope diagrams. 

Although Hickey-Vargas et al. (1989) state that there are no consistent differences in 

Nd isotopes between the different magma types, examination of the data shows that the 

LA, HAI and HA2 rocks plot in distinct fields on 147Nd/144Nd against 87Sr/86Sr plot 

(Fig. 7-6). Pb isotopes are very homogeneous throughout the SSVZ (Hildreth and 

Moorbath, 1988) and are similar in all groups (Hickey-Vargas et al., 1989). 

in summary, differences in many incompatible element abundances and ratios 

between Sollipulli CC and AT rocks resemble those between regional LA and HA 

rocks in general. The Sollipulli AT rocks are similar to the HAI group in their Rb-K-Sr 
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signatures and overlap both groups in abundances of most other incompatible elements. 
The Sollipulli CC rocks resemble the LA rocks in their contents of many incompatible 

elements but have distinctly lower Ti and Y contents and are intermediate between the 
LA and AT rocks in their Sr isotope ratios. The LA and HA rocks fall broadly into the 
low and high Ce/Yb global categories respectively of Hawkesworth et al. (199 1), 

although the less radiogenic Sr of the HAI rocks is not typical of the high Ce/Yb group. 

7.2.3 Petrogenetic models 

It is not possible to constrain the origin of the different magma types in the 
SSVZ uniquely because of the multiplicity of potential sources and processes involved 
in magma genesis. Hickey-Vargas et al. (1986,1989) proposed several not necessarily 
mutually exclusive models which are re-examined here in the light of the present study. 

1. A simple two-component slab-wedge model proposed that decreasing 

across-arc influence of slab-derived fluids (high Ba/Nb and Ba/Ce) leads to lower 
degrees of melting in a homogeneous mantle wedge. Lower degrees of melting result 
in higher incompatible element abundances and less arc-like signatures in magmas 
erupted to the east away from the volcanic front. 

2. A three-component model invoked the presence of enriched subcontinental 
mantle lithosphere which thickens to the east. LA type magmas are the baseline 

magma type formed by melting of asthenospheric mantle wedge which has been fluxed 
by slab-fluids imparting the strong subduction signature. The LA magmas assimilate 
partial melts of enriched mantle lithosphere to produce the HA magmas. A variation on 
this model invokes the presence of enriched heterogeneities within the mantle wedge 
(Stem et al., 1986). In either case, the implication is that the HA signatures are derived 
from enriched mantle. 

3. Heterogeneous slab fluids, expelled from discrete sections of the subducting 
Nazea Plate, were invoked to account for variations in Rb-K-Sr systematics between the 
HA1 and HA2 magmas. The model as proposed suggested that variations in the LILE 

are decoupled from those among the other trace elements which are explained by 
Models 1 or 2. 

4. Crustal assimilation as a primary cause of the incompatible element and 
isotopic variations was considered but rejected by Hickey-Vargas et al. (1989). 

In Model 1, the higher Ba/Nb of the LA magmas indicates a greater slab-fluid 
component and higher degrees of melting (Hickey-Vargas et al., 1986,1989). 
However, a simple two-component model cannot account for the differences between 

the LA, HAI and HA2 magmas because at least three distinct components can be 
discerned. 

(i) high Ba/Nb, low Nb/Zr, K/Rb, Rb, K, Sr, high 87Sr/86Sr (LA). 
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(ii) intermediate Ba/Nb, Nb/Zr, high K/Rb, low Rb, moderate to high K, high 

Sr, low 87Sr/86Sr (HAI). 

(iii) low Ba/Nb, high Nb/Zr, low K/Rb, high K, Rb, moderate Sr, high 
87Sr/86Sr (HA2). 

Comparing the HAI and HA2 magmas in a two-component model, the former 
have higher Ba/Nb and other ratios considered characteristic of slab-fluids. This 

suggests that the HA I magmas have a larger slab-fluid component and that the low 
87Sr/86Sr, high Sr signature is slab-derived. However, comparing the HAI and LA 

magmas in a two-component model, the LA magmas have the stronger slab signature, 

implying that the high 87Sr/86Sr signature is slab-derived. Therefore the differences 
between the three magma types cannot be explained in a two-component model. The 
Nd-Sr isotope plot (Fig. 7.6) also implies the presence of three components. 

Hickey-Vargas (1989) recognised that a two-component model was 
inadequate and proposed that heterogeneous slab-fluids may be responsible for 
differences in 87Sr/86Sr, K/Rb and other alkali metal ratios between HAI and HA2 

magmas. The suggested model involved progressive breakdown of alkali-bearing 
minerals in the subducted oceanic crust producing heterogeneous hydrous fluids. 
However, the HAI and HA2 rocks differ in their Zr and Nb contents (Fig. 7.2), which 
was not noted by Hickey-Vargas et al. (1989). If slab-fluids are controlling differences 
between the HAI and HA2 magmas, the implication is that differences in Zr and Nb 

abundances are controlled directly by their concentrations in the fluids. This is contrary 
to most theories on element mobility in slab-fluids (e. g. Hawkesworth et al., 199 1). 
Although the differences in Zr and Nb could be related to the degree of melting in the 

mantle wedge, the HA2 fluids would always be associated with lower degrees of 
melting than the HAI fluids in the context of heterogeneous fluid control. It is difficult 

to conceive of a physical mechanism to explain why isotopically distinctive fluids 

should be consistently associated with different degrees of melting in the wedge, 
particularly as the HAI and HA2 magmas are erupted in close proximity to each other. 

Crustal assimilation is considered an unlikely mechanism for generation of 
high Sr, low 87Sr/86Sr HA I from low Sr, high 87Sr/86Sr LA magmas. In Chapter 6, it 

was argued that a basic or ultrabasic assimilant is required to generate the AT from the 
CC magmas and to prevent MgO depletion and Si02 enrichment in the resulting 
mixture. The assimilant must also have lower 87Sr/86Sr than the mantle-derived 
magma. A similar argument applies here in that basic Sr-rich crustal material is 

unlikely to be sufficiently enriched in incompatible elements (c. L Andean xenolith data 

of Selverstone and Stem, 1983, Hickey-Vargas et al., 1995). 

Crustal assimilation may be more viable in the case of the HA2 rocks which 
have higher Rb and similar 87Sr/86Sr to the LA rocks. However, a basic assimilant is 

again required, as the HA2 magmas have higher Sr contents than the LA magmas and 
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show no consistent differences in MgO or Si02. Furthermore the HA2 rocks have even 
higher HFSE contents than the HAI rocks, so that a basic crustal assimilant is even less 
likely to be responsible for the incompatible element enrichment. 

An alternative possibility is that the both the LA and HA2 magmas are 

generated from low 87Sr/86Sr HAl-type magmas by crustal assimilation. Different 

assimilants would be required to generate the LA and HA2 magmas as the LA magmas 

have similar K and Rb and lower contents of most other incompatible elements than the 

HAI magmas, whereas the HA2 magmas have higher K and Rb and similar or higher 

contents of other incompatible elements. Large amounts of assimilation are required in 

both cases to increase 87Sr/86Sr and reduce Sr sufficiently, as the HAI magmas have 

very high Sr contents. In the case of the HA2 rocks, a silicic assimilant is suggested 

by the higher Rb and K. However there are no consistent differences in Si02 or MgO 

between the HAI and HA2 rocks suggesting that assimilation of silicic crust is not 

responsible. In the case of the LA rocks, assimilation of material with lower contents of 

many incompatible elements than the HA I -type magmas would be required. This is 

similar to the scenario discussed in Section 6.3 to explain the differences between the 

AT and CC magmas. This hypothesis was rejected on the basis of the very large 

amounts of assimilation required, an argument which also applies here. Hickey-Vargas 

et al. (1989) present similar detailed arguments and AFC models arguing against crustal 

assimilation as a primary cause of the variations between the different magma types. 

Models 1,3 and 4 therefore do not provide satisfactory explanations for the 

genesis of the different magma types in the region. A possible alternative to slab-fluids 
(Model 3) is that small-degree slab-derived melts may be directly responsible for the 

variations in Ba and Nb. Turner et al. (1996) have suggested that decreasing BaJTa 

with increasing Ba and Ta (equivalent to Nb) along the Lesser Antilles island arc 

reflects an increasing sedimentary input, inferred to be a melt rather than a fluid. In the 

Lesser Antilles example, increasing Ta correlates with significantly more radiogenic Sr 

(up to -zO. 7 1) and Pb isotope ratios. However, in the SSVZ, increasing Ba and Nb with 

decreasing Ba/Nb from LA to HAI magmas corresponds to a decrease in 87Sr/86Sr, 

which is very unlikely to reflect increasing sediment input. Trench-fill sediments at this 

latitude are terrigenous, derived predominantly from the arc, and have similar 87Sr/86Sr 

(,:. 0.704) to volcanic front LA magmas (Hildreth and Moorbath, 1988 and refs. therein). 

The gradation in Ba/Nb and other element ratios from LA to HA I to HA2 corresponds 

t. oa decrease followed by an increase in 87Sr/86Sr, reflecting the influence of three 

different components. If increasing Ba/Nb is controlled by an increased proportion of 

slab-derived melt, different sources in the slab must be invoked for the HAI and HA2 

signatures. 
It may be possible to explain the different signatures if for example the low 

87Sr/86Sr HAI signature is derived by melting of oceanic crust and the HA2 signature 
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reflects a sedimentary input. However this would entail complete lower plate control 
over the regional geochernical signatures, whereby slab-fluids are dominant at large 

volcanic front centres and different slab melts dominate the signatures elsewhere. In 

this interpretation, the Sollipulli AT magmas have a strong input of oceanic crust- 
derived melt, with a more fluid-dominated signature in the CC and NW units. The 

nearby sample from Nevados de Sollipulli would have a sedimentary melt signature. It 
is difficult to envisage a physical mechanism which could cause such local and regional 
variations by lower plate control. 

The following section presents a modified version of the enriched mantle 

model (Model 2) which can explain many of the geochernical observations. 

7.2.4 Preferred model: enriched mantle sources 

The model suggested here differs from the earlier model by invoking a 

mineralogical control in a metasomatised mantle lithosphere to explain the differences 

in Rb-K-Sr between the HA1 and HA2 magmas. This model does not require 
decoupling between the Rb-K-Sr systematics and the other trace element variations. 

There is definitive evidence for the existence of enriched mantle lithosphere in 

the back-arc region along much of the length of the SSVZ (Stern et al. 1986,1990). 

Basic alkaline magmas, highly enriched in incompatible elements, occur less than 100 

krn east of the volcanic front south of 39'S (Stern et al., 1990) and alkaline magmatism 

occurs between 38-39*S within the intra-arc extensional region (Mufioz and Stem, 

1988). Modally metasomatised spinel and gamet lherzolite xenoliths, containing 

amphibole, ilmenite and phlogopite, the latter commonly in veins, are reported in alkali 
basalts to the east of the arc (Stem et al., 1986). The xenoliths are believed to be 

derived from the mantle lithosphere, inferred from pyroxene thermometry. 
Metasomatised subcontinental mantle lithosphere is often characterised by 

incompatible element enrichment combined with isotopic enrichment or more rarely 
depletion (e. g. Menzies et al., 1987). Enrichments in HFSE, LREE and LILE are often 

associated with modal metasomatism (e. g. Harte, 1987). Several features of the HA 

magmas are qualitatively explicable by mixing of voluminous LA melts, with a strong 

subduction signature, with small degree melts of a source containing amphibole, Fe-Ti 

oxides, ± apatite, ± phlogopite. Metasomatic amphibole and clinopyroxene can host 

significant amounts of many incompatible elements (O'Reilly and Griffin, 199 1, 

Chazot et al., 1996). Mantle apatite provides a repository for a wide range of elements 

including Sr, Ba and the REE (O'Reilly and Griffin, 1991, Chazot et al., 1996). Nb has 

a strong affinity for ilmenite and possibly amphibole (Ionov and Hoffmann, 1995). 

Phlogopite may be an important host for Rb which is highly incompatible in most 

mantle minerals. 
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Figure 7.7 is a multi-element plot showing an alkali basalt from Laguna 
Blanca, situated about 100 krn to the east of Sollipulli (Fig. 1.3). The Laguna Blanca 
sample has a HA2-type signature, with high 87Sr/86Sr. However in the absence of 
HAl-type alkaline lavas, the Laguna Blanca sample is a useful analogue of a small- 
degree melt of enriched mantle. The sample is enriched in all incompatible elements 
except Sr and Y relative to the AT5.9 composition. The pattern shapes suggest that 
derivation of AT from CC type magma, by mixing with small degree mantle melts 
similar to the Laguna Blanca sample, is qualitatively feasible. Models are not presented 
because the assimilation/mixing process is likely to involve small-degree heterogeneous 
disequilibrium melts and there is little constraint over the original magma composition. 
An important feature of the Laguna Blanca pattern, absent in the sub-alkaline arc 
volcanics, is the depletion in Y and Yb relative to Ti, suggesting garnet control (c. f. 
Pearce and Parkinson, 1993). 
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Figure 7.7: MORB-normalised plot showing a back-arc alkali basalt from Laguna 
Blanca (LB), situated directly east of Sollipulli. Most elements are enriched in the LB 
sample compared to the AT5.9 and CCBAav compositions, in some case by an order of 
magnitude. AT5.9 lies between the LB and CCBAav compositions for most elements, 
suggesting that assimilation of small amounts of melt, broadly similar in composition to 
the alkali basalt, by CC-type magma could generate incompatible element enriched AT- 
type magma. The LB pattern is depleted in Y and Yb relative to Ti, and has high 
LREE/HREE, suggestive of garnet control. MORB-normalised Ti /Y ratios of the 
Sollipulli and most of the regional subduction-related rocks are close to unit suggesting y 
that the mantle wedge source region has MORB-like ratios of these elements and that 
residual garnet in the mantle wedge has not been important during the melting process, 
as both elements are similarly incompatible in garnet-free peridotite. ,I. 

209 



It is suggested therefore that, as proposed by Hickey-Vargas et al. (1986, 
1989), the LA magmas are generated by melting of asthenospheric mantle wedge with a 
strong slab-fluid component and assimilate small degree melts of enriched mantle 
lithosphere to produce HA magmas. In the model suggested here, the low Sr, high 
87Sr/86Sr LA signature, which is relatively uniform at large volcanic front centres 
throughout much of the SSVZ, reflects the combined slab and normal mantle wedge 
input. The HA I and HA2 components are associated with enriched mantle, differing in 
their Rb, K and Sr contents and Sr (and Nd) isotopes. The high Rb, K, low Rb/K 

signature of the HA2 magmas may be attributed to phlogopite control, in which both 

elements are highly compatible. The high Sr HAI signature may be associated with 
metasomatic amphibole, in which Sr is more compatible and both Rb and K are less 

compatible (Tatsumi and Eggins, 1995). 
There are several possible scenarios which can explain the differences between 

the HA1 and HA2 magmas in terms of amphibole-phlogopite control. In the xenoliths 
described by Stem at al. (1986) from Pali-Aike, phlogopite is common in veins, 
whereas amphibole is disseminated through the host and generally more abundant. The 

vein-phlogopite is not in isotopic equilibrium with the host rock and has formed in a 
second metasomatic event following an earlier amphibole-forming metasomatic event. 
one possibility is that at low degrees of melting of enriched mantle lithosphere during 

the assimilation process, the phlogopite-bearing vein material dominates the first- 
formed melts whereas at higher melt fractions the phlogopite signature is overwhelmed 
by the low Rb, high Sr, less radiogenic signature associated with disseminated 

metasomatic amphibole. This is consistent with the higher contents of many 
incompatible elements in the HA2 relative to the HA1 magmas. In both cases the mass 
of material assimilated by the LA-type magmas may be very small as low degree melts 
would be highly enriched in incompatible elements. The compatible element budget 

may be almost entirely determined by the chemistry of the baseline LA-type magma 
which depends on the nature of the mantle wedge source and degree of melting. The 

model does not require a residual amphibole signature in the HA2 magmas as the 

enriched material is simply being added as small degree melts to much more 

voluminous LA-type magmas. 
There are several other possible scenarios within the context of phlogopite 

control. Coexistence of the HA I and HA2 source material is not essential to the model. 
An alternative is that the enriched lithosphere is vertically zoned, as phlogopite is stable 
to greater depth than amphibole (e. g. Sudo and Tatsumi, 1990). Lateral variations may 

also exist in the mantle lithosphere, as all sub-alkaline and transitional alkaline centres 
to the east of the arc reported by Mufioz and Stern (1988,1989) have HA2 

characteristics. Both Lanin and Quetrupillan stratovolcanoes situated to the east of the 

volcanic front also have HA2 signatures. However Sollipulli is characterised 
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predominantly by HA I magmatism, there is no systematic lateral variation among the 

minor centres (Fig. 7.1) and the single Nevados de Sollipulli sample, collected about 10 
km south of the volcano, has a HA2 signature. Therefore although the HA2 signature 
dominates to the east, both HAI and HA2 magmas are erupted in close proximity 
nearer to the volcanic front. The occurrence of both HAI and HA2 magmas in close 
proximity may be explained by local heterogeneities in the lithosphere or by degree of 
melting of the enriched mantle during assimilation, whether the two sources coexist or 
the lithosphere is vertically zoned with phlogopite predominant at depth. 

The presence of the HA I signature at Sollipulli is explicable in terms of the 

amount of assimilation in the mantle lithosphere. Degrees of melting in the mantle 

wedge appear to have been higher beneath Sollipulli than at the HA2 centres (Section. 
7.2.5,7.3.1), so that Sollipulli baseline magmas may have been more voluminous and 
to have assimilated larger amounts of lithospheric mantle. Sollipulli also shows a 
temporal variation from a strong HA I signature in the older AT magmas grading 
towards an LA signature in the younger CC magmas. This may be due to maturing of 
the conduit system through the mantle lithosphere (c. f. Singer et al., 1989) and 

exhaustion of the enriched metasomatic material. The predominance of the HA2 

signature to the east may reflect smaller amounts of assimilation in the mantle 
lithosphere to the east, ultimately related to smaller degrees of melting in the mantle 

wedge. Alternatively phlogopite may be more abundant in the mantle lithosphere to the 

east. 
The origin of the metasomatism is another question for which several possible 

scenarios may be envisaged. Considering that the region has been the site of active 

subduction for about 200 Ma, a connection between metasomatism and subduction may 

exist. The HA1 -type metasomatism may reflect the long term effect of fluxing of the 

mantle by small-degree partial melts from the subducting slab and/or the asthenospheric 

wedge which have permeated and metasomatised the mantle lithosphere. Small-degree 

mantle melts would be enriched in incompatible elements such as Nb and Zr and would 
have high Nb/Zr (Fig. 7.3), as Nb is less compatible than Zr in normal peridotite mantle 
(see Section 7.2-5, Fig. 7.8). Small degree melts of garnet-peridotite would have high 

LREE/HREE. The HA2-type metasomatism may be more recent, derived by influx of 
Rb-K-rich fluids or small-degree melts, possibly from subducting sediments. 

Tatsurni et al. (1995) have attributed across-arc variations in Rb/K in the 

Kurile arc to amphibole-phlogopite control in a convecting mantle wedge. Tatsurrii et 

al. (1995) suggest that hydrous minerals form a layer in the lower part of the convecting 

mantle wedge due to slab-dewatering at relatively shallow depths. This hydrous layer 

is dragged down by the slab (c. f. Tatsumi et al., 1986). Amphibole breakdown occurs 

at about 100 km depth beneath the volcanic front whereas phlogopite remains stable to 

about 180 km, imparting different Rb/K signatures to magmas erupted from trench- 
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parallel volcanic chains. This model is not directly applicable here as the HA I and 
HA2 signatures are isotopically distinct, requiring two different metasomatic agents. 
However depth-controlled breakdown of phlogopite in a hydrous layer at the base of the 

mantle wedge or in subducting sediment, and infiltration by fluids or small-degree 
partial melts derived from phlogopite breakdown reactions may be responsible for the 

predominance of HA2-type metasomatism to the east. However the predominance of 
HA2-type metasomatism to the east may be caused by infiltration of fluids or small- 
degree melts produced by depth-controlled breakdown of phlogopite in a hydrous layer 

at the base of the mantle wedge or in subducting sediment. 
In summary, the suggested model is similar to Model 3 in the previous section 

but explains the origin of the HA2 magmas by derivation from a metasomatised 

phlogopite-bcaring source. The HA I magmas may be derived from the same source by 

larger amounts of assimilation where exhaustion of phlogopite occurs. Alternatively 

the two sources may be spatially separate. The model presented here is one possible 

explanation for the observed geochemical signatures. The fact that phlogopite 

metasomatism of a previously metasomatised mantle lithosphere is observed in mantle 

xenoliths in the region permits the existence of such source material. Because of the 

number of potential sources and processes, numerous other models are possible. The 

key points are that at least three distinct sources are required and that direct lower plate 

control of all three signatures is unlikely. 

7.2.5 Baseline magmas, mantle melting 

The purpose of this section is to see through the effects of contamination by 

enriched mantle to compare baseline pre-assimilation magmas at Sollipulli with those at 

volcanic front centres. Degrees of melting in the mantle wedge and the nature of the 

mantle wedge source regions are discussed. 

The Sollipulli CC rocks are analogous to the regional LA rocks in that, 

compared to the AT rocks, they have a stronger slab-fluid signature and are depleted in 

incompatible elements. In the enriched mantle model, the higher 87Sr/86Sr, low Sr 

signature of the LA rocks reflects the combined slab-wedge input. The Sr isotope 

signature of the CC rocks, intermediate between LA and the lower 87Sr/86Sr, high Sr 

AT-HA I signature (Fig. 7.5) can be interpreted in terms of a lesser influence from the 

enriched mantle than in the case of the AT rocks. 
Elements such as Ti, Y, HREE, Zr and Nb, which are believed to be 

predominantly derived from the mantle wedge rather than the slab, can be used as 

indicators of the nature of the source region and degree of melting (Pearce and 
Parkinson, 1993, Stolper and Newman, 1994). All of these elements are highly 

incompatible in the early stages of fractionation (Table 6 1). There is no evidence of 
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early titanomagnetite fractionation in any of the rocks discussed here. However in the 

enriched mantle model, significant amounts of Nb and Zr are derived from the enriched 
source and cannot be used as indicators of the normal mantle wedge input. Using the 
Laguna Blanca alkali basalt as a small-degree melt analogue, very small amounts of 
mass assimilation can dramatically increase the abundances of many elements (Ba, Nb, 
Zr, LREE and P). However there are only small differences in Ti, Y and HREE 
between the regional HA and LA magmas (Fig. 7.2,7.4), suggesting that the 

contribution of these elements from the enriched source is minimal. This is consistent 

with the lack of any significant residual garnet signature (high Ti/Y) from the enriched 

mantle in any of the magmas. Any small Ti and Y contribution from the enriched 

source is overprinted by the baseline magmas which are derived either from a non- 

gamet-bearing source or by relatively high degrees of melting where garnet is 

exhausted in the source. Ti and Y are therefore used as first order indicators of degree 

of melting in the mantle wedge. 
Compared to regional LA rocks, the Sollipulli CC rocks show strong depletion 

in Ti and Y at similar MgO (Figs. 7.2,7.4). One interpretation is that the Sollipulli CC 

baseline magmas, prior to assimilation of enriched mantle, are derived by higher 

degrees of melting of a similar mantle wedge source to the regional LA magmas. The 

Sollipulli AT magmas also have lower Ti and Y than the HAI and HA2 magmas, 

consistent with the baseline AT magmas being derived by higher degrees of melting. 
Derivation by higher degrees of melting than equivalent regional magmas is consistent 

with Mg-Ni systematics which suggest that the Sollipulli primary magmas are more 

magnesian than regional magmas (Section 7.3.2). 

An alternative explanation is that the Sollipulli baseline magmas are derived 

from more depleted mantle than regional magmas. This is consistent with the lower Ti- 

Y and the Mg-Ni systematics discussed below (Section 7.3.2). However there is no 

evidence for strongly depleted mantle sources, using spinel compositions as indicators 

of source depletion (e. g. Baker et al., 1994). All Sollipulli spinels plot at moderate Cr#, 

well below the field for boninites and high-Mg andesites believed to be derived from 

refractory mantle sources (Fig. 5.5) suggesting that the older spinel-bearing magmas 
(NW and AT) are not derived from strongly depleted sources. However the non-spinel- 
bearing CC magmas, which show the strongest depletion in Ti and Y, may have been 

produced by further melting of material which had been slightly depleted by production 

of the earlier NW and AT magmas. 
Pearce and Parkinson (1993) use ratios of very highly (Nb, Zr) to highly (Ti, 

Y) incompatible elements to distinguish prior source depletion assuming a MORB- 

source mantle. Previous extraction of small degree Nb-Zr-rich melts results in greatest 
depletion in the most incompatible elements. Nb/Zr, Zr/Ti and Zr/Y are decreased in 

the source, Nb being even more incompatible than Zr. Later melts should be depleted 
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Figure 7.8: The dotted lines show the compositions predicted for different 
percentages of non-modal batch partial melting of the FMM composition of 
Pearce and Parkinson (1993), followed by 30% fractionation. The model uses a 
spinel peridotite with 01, Opx, Cpx and Sp in proportions 0.58: 0.28: 0.15: 0.02 
entering the melt in proportions 0.1: 0.28: 0.6: 0.02. Partition coefficients are 
from Pearce and Parkinson (1993) for spinel peridotite at 1300'C. The 
calculated melt composition is assumed to undergo 30% fractionation using bulk 
partition coefficients of 0.01 for Nb and Zr and 0.1 for Ti and Y. The values 
used in the fractionation stage have virtually no effect on the shapes of the 
patterns. The lowest degree melts are enriched in Nb relative to Zr and in both 
elements relative to Ti and Y. In terms of a homogeneous source model, the 
mantle wedge would have to be variably enriched in Nb and Zr compared to 
MORB to generate any of the observed patterns by batch melting. In terms of 
the metasomatic model, the variation in Nb/Zr and Zr/Y between the different 
magma types is derived by assimilation of enriched mantle superimposed on 
different degrees of partial melting. The original metasomatic agent may have 
been a small-degree melt of MORB-type mantle. 

in Nb and Zr relative to Ti and Y. Observed patterns for highly incompatible wedge- 
derived elements are compared to patterns predicted by melting of NMORB source 
mantle in Figure 7.8. The diagram is contoured for different degrees of non-modal 
batch melting of the Fertile MORB Mantle (FMM) composition of Pearce and 
Parkinson (1993) followed by 30% fractionation. Melt and source modes and bulk 

partition coefficients used in fractionation (see caption) have little effect on the patterns 

which depend mainly on degree of melting and source concentrations. All of the 

magmas are enriched in Nb and Zr relative to Ti and Y, which is opposite to what 

would be expected by melting of a depleted source. However, in terms of the enriched 

mI antle model, a significant but unknown proportion of the Nb and Zr budget of the 
Sollipulli magmas is derived by assimilation of the enriched source material so that 
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even assuming a MORB-source mantle, distinction by the Pearce and Parkinson (1993) 
criteria is not definitive. 

If the assumption that the proportions of Ti and Y contributed by the enriched 
source are minimal is correct, Ti and Y may be used to monitor degree of melting 
assuming a MORB-source. If derived from a comparable FMM-type source, the 
Sollipulli CC magmas would require about 30% batch melting whereas the VA5.9 
composition is generated by about 15-20% melting, using Ti and Y as indicators of 
degree of melting. The AT5.9 composition would be derived by about 25% melting of 
the same source. The regional HA rocks are not shown on Fig. 7.8, but the inferred 
degrees of melting using Ti and Y are similar to those for the LA rocks (Fig. 7.4). If 
the CC magmas were produced from a source which had been slightly depleted by 

production of the NW and AT magmas, the inferred degree of melting would be 

reduced. The estimated degrees of melting at Sollipulli are high but are similar to those 
inferred by Stolper and Newman (1994) for arc magmas in the Marianas. Pooled 
fractional melt models give even higher degrees of melting. 

If the source composition is FMM-like, the increases in Nb and Zr (high 
Nb/Zr, Zr/Ti and Zr/Y) over the predicted patterns can be interpreted, in terms of the 
proposed model, as input from enriched mantle lithosphere. If so, the Villarica LA 

magmas are also assimilating enriched mantle but to a lesser degree than the other 
magmas. Alternatively the wedge source regions may not be FMM-like but may have 
been previously metasomatised by small degree melts enriched in Nb and Zr relative to 
Ti and Y. The latter possibility introduces even greater complexity which is essentially 
indistinguishable in its effects from the assimilation model and is not considered 
further. 

Assuming that the baseline Sollipulli magmas are derived from a similar 
FMM-type source to the LA magmas, the implication is that even the AT baseline 

magmas are derived by higher degrees of partial melting than the volcanic front 

magmas. This configuration, whereby magmas erupted behind the volcanic front at 
Sollipulli appear to have been generated by higher degrees of melting than magmas 
erupted on the front, differs from the typical situation in other arcs where more than one 
volcanic chain is present (Tatsumi et al., 1995, Pearce and Peate, 1995). It also differs 
from the situation in oceanic arcs where back-are basin magmas are believed to be 

generated by lower degrees of melting and/or from more fertile sources than volcanic 
front magmas (e. g. Stolper and Newman, 1994, Woodhead et al., 1993). Higher 
degrees of melting at volcanic fronts may be favoured by greater proportions of slab 
fluids. The alternative interpretation, that even the AT source region was previously 
depleted in Ti and Y relative to the volcanic front source region, is also unusual 
(Woodhead et al., 1993). More depleted sources beneath volcanic arcs than associated 
back-arcs is explained by recyling of material, which had previously undergone melt 
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extraction in the back-arc, into the site of magma generation beneath the volcanic front 

by convection in the mantle wedge. 
In the case of Sollipulli, there is no evidence that the earlier AT magmas were 

generated from depleted mantle so that higher degrees of melting is the favoured 

hypothesis. One explanation is that the Sollipulli source region has been fluxed by 

larger proportions of slab-fluids than the volcanic front source regions (c. f. Stolper and 
Newman, 1994). A higher slab-flux at Sollipulli may perhaps be related to its location 

over the Valdivia Fracture Zone (Chapter 1). Miller et al (1992) suggested that high 

degrees of melting may occur in the mantle wedge over fracture zones in the Aleutian 

arc, due to greater input of hydrous fluids. Fracture zones may act as sediment traps 

and the oceanic crust may be more extensively altered than normal ocean floor. 

However, it is very difficult to quantify differences in the proportion of slab- 

component between the Sollipulli magmas and those at the volcanic front. Simple 

techniques which are commonly used to calculate relative proportions of slab and 

mantle components (Pearce, 1983) do not provide realistic constraints here because of 

the presence of at least three components and the possibility that different degrees of 

melting have occurred and/or the mantle wedge sources are variably enriched or 
depleted. If differences in Ba/Nb or Ba/Ce between the magma types are taken at face 

value, the proportion of the slab-fluid component appears to be similar in the Sollipulli 

CC and regional LA magmas (Fig. 7.3). However the enriched component has low 

Ba/Nb and Ba/Ce, so that the baseline CC magmas may have initially had higher Ba/Nb 

and Ba/Ce than the volcanic front magmas, as the CC magmas have assimilated more 

enriched material than the LA magmas in terms of the proposed model. The baseline 

AT magmas may have had similar or higher Ba/Nb and Ba/Ce to the LA magmas. 
If the Sollipulli magmas have been generated by higher degrees of melting in 

the mantle wedge than magmas at the volcanic front, alternative explanations are 

possible. Assuming constant slab-dip of about 25' (Chapter 1), the depth to the slab 

beneath Sollipulli is about 15-20 krn greater than at the volcanic front, 25-30 km to the 

west. A longer melting column in the mantle wedge may permit greater degrees of 

melting (Plank and Langmuir, 1988). This depends on lithospheric thickness and the 

depth of melt separation. Another possibility is that the lithosphere on which Sollipulli 

is situated is under extension, permitting greater degrees of mantle melting by 

decompression. As discussed in Chapter 1, Sollipulli is situated in the southern part of 

the region between 38-390S believed by Mufioz and Stern (1988,1989) to be under 

extension. However there is no literature on local tectonic variations in region and the 

discussion presented in Section 7.3 suggests the alternative possibility that the tectonic 

regime at the volcanic front may be more extensional than at Sollipulli. 

.11 
In summary, Sollipulli baseline magmas, prior to assimilation of enriched 

mantle lithosphere, appear to have been generated by higher degrees of melting than 
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magmas at other volcanic centres in the region. The younger CC magmas may have 
been generated by higher degrees of melting than the older magmas and/or from a 
source which had been slightly depleted during the earlier AT episode. Assuming that 
the mantle wedge source region of all of the magmas is similar to a normal MORB 

source, the volcanic front LA magmas and the regional HA magmas appear to be 

generated by similar degrees of melting to each other, but the latter have assimilated 
larger amounts of the enriched mantle source. However even the LA magmas appear to 
have assimilated some enriched mantle if the mantle source is MORB-source-like. 

7.3 Regional magmatism: 
intra-crustal processes 

7.3.1 Introduction 

This section compares magmatism at Sollipulli with that at some TSVZ and 
SSVZ volcanoes which have erupted a similarly broad range of magmas. The NSVZ is 

not discussed as basic magmas are very rare. Although a detailed study of regional 
SVZ magmatism is beyond the scope of this work, differences between magmatic 

processes in the TSVZ and the SSVZ are relevant to understanding magma genesis at 
Sollipulli. The main purposes are to constrain early intra-crustal evolutionary processes 

at Sollipulli and to put more evolved magmatism at Sollipulli into a regional 
framework, focusing on the role of crustal assimilation. 

Along-arc variations in magma chemistry are discussed in Section 1.2.3. 

Important differences between the TSVZ and SSVZ are the relative abundance of silicic 

magmas in the former, the increase in crustal thickness from south to north in the TSVZ 

(from about 30 to 50 km) and the constancy of crustal thickness (30-35 km) in the 

SSVz. 
The Planchon-Azufre-Peteroa complex (Fig. 1.2), referred to hereafter simply 

as Planchon, is situated at the northern end of the TSVZ (35'15'S), on relatively thick 

crust (-45-50 km) (Tormey et al., 1995). Planchon is the most northerly basalt- 

producing volcanic front centre in the SVZ. Evolved rocks ranging up to high-Si dacite 

are also erupted. The Tatara-San Pedro complex (Davidson et al., 1987, Ferguson et 

al., 1992, Singer et al., 1995) is situated near 36'S and has erupted magmas from basalt 

to rhyolite. Nevados de Chillan (36*50'S) has erupted a wide range of magmas, from 

basaltic andesite to low-Si rhyolite (Murphy, 1995). Most basaltic andesites are 

evolved (MgO<5%) but forsteritic 01-bearing (up to F085) mafic inclusions occur in 

some dacites, providing evidence for the presence of basaltic magma within the system. 

Nevados de Chilldn is comprised of two adjacent apparently independent systems, one 
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of which has produced voluminous high-Si dacite to low-Si rhyolite, while the other has 
predominantly erupted basaltic andesite to andesite. Both Tatara-San Pedro and 
Nevados de Chilldn overlie thin crust (-30-35 krn) similar to that throughout the SSVZ. 

Puyehue volcano (--40030'S) is one of the few SSVZ centres at which high-Si 
dacites to rhyolites are reported (Gerlach et al., 1988) but these are volumetrically 
minor compared to basic rocks. The evolved Puyehue rocks are unusual in that they 
contain fayalitic 01. Very minor rhyolite is reported from Villarica (Hickey-Vargas et 
al., 1989). High-Si dacites also occur at Mosho-Choshuenco volcano (=40'S) but only 
partial data sets have been published (McMillan et al., 1989). Evolved dacites have not 
been reported from Llaima, the nearest stratovolcano to Sollipulli. 

7.3.2 Early fractionation processes 

This section discusses early fractionation processes at Sollipulli by comparison 
with selected TSVZ and SSVZ centres. Figure. 7.9 shows selected compatible 
elements and ratios plotted against MgO. 

The TSVZ rocks have higher A1203/CaO, lower CaO and Sc than SSVZ rocks 
at similar MgO, as observed by Tonney et al. (1991,1995). The Sollipulli NW and AT 

rocks are very similar to the TSVZ rocks on these plots, whereas the Sollipulli CC 

rocks are intermediate between TSVZ and SSVZ rocks. The TSVZ and AT rocks form 

general trends of decreasing Sc and in some cases CaO and increasing A1203/CaO with 
decreasing MgO. These trends are well developed among the AT rocks. The SSVZ 

rocks show flat or slightly increasing trends on all three plots. 
Tormey et al. (1991,1995) suggested that differences between TSVZ and 

SSVZ trends are controlled by Cpx- versus Plag-dominated fractionation, although Cpx 
is minor or absent in many of the basic TSVZ rocks. In this model, early fractionation 

in the TSVZ occurs in the lower-mid crust where Cpx is stabilised relative to Plag (c. f. 

Gust and Perfit, 1987) whereas Plag fractionation is dominant over Cpx in the SSVZ. 

Tormey et al. (1995) invoke lower-mid crustal cryptic Cpx fractionation to account for 

early fractionation trends at Planchon. 
An alternative mechanism for increasing A1203/CaO is assimilation of silicic 

crust (e. g. Hickey et al., 1986) or mixing with silicic magma. However the AT rocks 

show no correlation between Rb/K20 or 87Sr/86Sr and A1203/CaO or MgO (Figs. 7.5 

and 7.10). Bulk assimilation and melting of sodic Plag could increase A1203/CaO but 

very large amounts of assimilation would be required. For example, to increase 

A1203/CaO from 1.8 to 2.2, about 40% of An5o Plag or 30% of An35 Plag would be 

required. This process would also dilute all elements incompatible in Plag which is 

opposite to observed trends. Assimilation of smaller amounts of more sodic Plag 

produces Na2O values which are too high (>4%). Retention or assimilation of calcic 
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Figure 7.9: MgO variation diagrams showing basic samples from several TSVZ and SSVZ volcanoes 
discussed in the text. Trends among the Sollipulli AT rocks are outlined on some diagrams. TSVZ 
and SSVZ centres are distinguished on the Al/Ca, Ca, Na and Sc plots. The AT rocks are similar to 
the TSVZ rocks on these plots whereas the CC rocks are generally intermediate between the TSVZ 
and SSVZ rocks. However at higher MgO, the AT rocks plot close to the SSVZ rocks on these plots. 
The high-MgO samples from Planchon and IPuyehue have experienced 01 accumulation whereas the 
NW rocks are close to liquid compositions and have very low Ca and Sc and high AI/Ca and Na. All 
of the Sollipulli rocks have lower Ni, Cr and V han the regional rocks at similar MgO. 
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Plag would have little effect on A1203/CaO in the TSVZ or Sollipulli magmas. Calcic 
Plag has similar or lower A1203/CaO (1.9-2) than the magmas (1.8-2.3%) and much 
higher CaO (16-18%). In the case of the AT rocks, A1203 and CaO are increased but 
A1203/CaO is little affected. 

The decrease in CaO and Sc with increasing A1203/CaO in the AT sequence is 

readily explained by Cpx fractionation. However although the AT trends are consistent 

with Cpx fractionation, observed modal proportions of Cpx are significantly less than 

those calculated by least squares (Section 6.2). Furthermore, incompatible element 

systematics show that the AT samples cannot represent a simple liquid line of descent 

(Section 6.2). Both features may be explained as follows. The magmas are intruded 

into the crust in small batches, with heterogeneous incompatible elements but similar 

compatible elements, and fractionate Cpx-01-Sp ± minor Plag at moderate to high 

pressure. Incompatible element heterogeneity and compatible element homogeneity are 

consistent with the model of assimilation of enriched mantle lithosphere by voluminous 

asthenospheric melts. Subsequent delivery to the surface also occurs in small magma 
batches, preserving the incompatible element heterogeneities and the Cpx signature. 
Low pressure crystallisation involves 01-Plag-Sp and minor late Cpx but a large upper 

crustal magma is not developed and heterogeneity is maintained. The very minor 

amount of dacite in the AT unit is consistent with the absence or poor development of 

an established magma chamber. 
Early fractionation processes in the CC unit are unconstrained as the basaltic 

andesites are the most primitive CC rocks sampled. The homogeneity of the CC 

magmas at similar Si02 contents, the abundance of dacite and the distribution of the 

CC lavas around the caldera is consistent with the presence of a large upper crustal 

magma chamber. If compatible element contents of the AT, CC and regional LA 

primary magmas were similar, the CC magmas have experienced some early Cpx 

fractionation as they plot between the AT and LA rocks on Sc, Ca and A1203/CaO 

diagrams. 
The NW basalts plot at distinctly lower CaO, Sc and A1203/CaO than the 

Puyehue high-Mg basalts. As discussed in Chapter 5 and supported by their low Ni 

contents (see below), the Sollipulli NW (and AT) basalts are believed to be close to 

liquid compositions. Both the high-Mg Puyehue and Planchon basalts have 

accumulated some 01 (Gerlach et al., 1988, Tormey et al., 1995) so that liquid values 

would plot at lower MgO and higher CaO and Sc. Although Cpx phenocrysts are 

absent, it is likely that the NW basalt has experienced early cryptic Cpx fractionation by 

comparison with the AT and TSVZ rocks. 
The differences in A1203/CaO (and Na20/CaO) between the younger and 

older rocks across the range from basaltic andesite to high-Si dacite (Chapter 4) are 
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therefore explicable in terms of the relative amounts of Cpx fractionation experienced 
in the early stages of evolution. 

Important differences between the Sollipulli and regional rocks as a whole are 
the lower Ni, Cr and V contents of the former at similar MgO (Fig. 7.9). Some regional 
HA rocks (not plotted on Fig. 7.9) also have low V but only the Sollipulli rocks have 

distinctly lower Ni and Cr. The low Cr of the Sollipulli rocks may be due to more 

extensive Cpx-Sp fractionation than regional rocks. The low V may have a similar 

explanation, as V becomes compatible in Sp under conditions more reducing than the 
NNO buffer (Horn et al., 1994). Removal of V by fractionation is required to generate 
the flat trends, which contrast with early trends of increasing V among the LA rocks. 

Although the Puyehue and Planchon high-Mg basalts and some other samples 

are believed to have accumulated 01, many regional rocks have low 01 contents. The 

higher Ni contents of many regional rocks compared to Sollipulli are therefore not due 

to Ol accumulation. The simplest explanation is that the Sollipulli primary magmas 

were more magnesian than other SVZ magmas and have subsequently experienced 
more 01 fractionation, resulting in more rapid depletion of Ni than Mg. The 

fractionating proportions of Cpx to 01 appear to have little effect on the Ni-Mg 

systematics as there are no significant differences between samples which show 

evidence for early Cpx fractionation (TSVZ) and those in which 01 has been the 
dominant or sole mafic phase (SSVZ LA). The Ni content of a peridotite melt depends 

mainly on its concentration in the source, as Ni is strongly buffered by residual 01 and 

varies little with degree of partial melting (e. g. Pearce et al, 1995). Melts of a similar 

peridotite source should have similar Ni contents and higher degree melts should have 

higher Mg/Ni ratios, as Mg increases with degree of melting (Hirose and Kushiro, 

1993). Higher degrees of melting beneath Sollipulli than elsewhere can explain the 
differences in Mg/Ni. However derivation from more refractory mantle source regions 

could also produce magmas with high Mg/Ni. As discussed above, the preferred 

explanation, at least in the case of the older Sollipulli rocks is derivation by higher 

degrees of melting, based on spinel compositions. 
Plank and Langmuir (1988) suggested that Na and Ca can be used to monitor 

the extent of mantle melting in volcanic arcs. Using a global database, linear 

regressions were performed on the covariation of major elements with MgO for 

individual volcanoes, including some of the data for Puyehue and Llaima volcanoes 
plotted on Figure 7.9. Plank and Langmuir (1988) found positive and negative 

correlations respectively between crustal thickness and Na6,0 and Ca6.0, the values 

calculated at 6% MgO for each data set. Two hypotheses were considered to explain 
the correlations. One was that crustal thickness controlled fractionation processes in the 

crust and the other proposed that lithospheric thickness controlled the length of the 

melting column and hence the degree of melting in the mantle wedge. Plank and 
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Langmuir (1988) used fractionation and melting models to test the hypotheses and 
favoured the latter explanation, higher Ca6.0 and lower Na6.0 corresponding to higher 
degrees of mantle melting. 

Applying the Plank and Langmuir (1988) approach to the SVZ, the TSVZ 

rocks have higher Na6.0 and lower Ca6.0 than the SSVZ rocks (Fig. 7.9) suggesting that 
the TSVZ magmas have been generated by lower degrees of melting. The Sollipulli 
AT rocks also have higher Na6.0 and lower Ca6.0 than the SSVZ rocks. In terms of the 
Plank and Langmuir (1988) model this would suggest that the Sollipulli magmas were 
generated by lower degrees of melting than the volcanic front SSVZ magmas. 
However the Sollipulli AT rocks show a large increase in Na (and Al/Ca) with a 
corresponding decrease in Ca and Sc over the range between 7.8-5% MgO, plotting 
with the SSVZ samples at higher MgO. Therefore at least in the case of the Sollipulli 
AT rocks, fractionation appears to be the dominant control on Na6.0 and Ca6.0 and 
extrapolation to higher MgO reveals little difference in Ca and Na between the 
Sollipulli AT and SSVZ volcanic front rocks. 

This does not imply that the Plank and Langmuir (1988) model is generally 
incorrect. Tormey et al. (199 1) have suggested that both degree of mantle melting and 
depth of fractionation in the crust are important along-arc controls. The point here is 

that early Cpx fractionation can have a very significant effect so that Ca and Na 

extrapolated to 6% MgO may be very different from that of the more primitive parental 
magmas. 

7.3.3 Crustal assimilation 

The role of crustal assimilation in magma genesis in the SVZ remains 

controversial. Hildreth and Moorbath (1988) suggest that lower crustal MASH 

processes (defined in Section 1.2.3) determine baseline magma compositions 
throughout the SVZ. However, Tormey et al. (1991,1995) suggest that MASH is 

important only in the very thick crust in the NSVZ. Tormey etal. (1991) interpret 

variations in basic magma compositions between the TSVZ and SSVZ in terms of 

variations in primary magma compositions and predominant depth of fractionation, as 
discussed above. Differences between basic Sollipulli magmas and those at SSVZ 

volcanic front centres are interpreted above in terms of differences in primary magma 
compositions and in early fractionation processes. If MASH processes also occur in the 

Ssvz, it is difficult to distinguish the effects. There is no evidence that lower crustal 
MASH processes are responsible for the different geochemical signatures in the region 

around 39'S. 
This section focuses on the role of AFC processes during magmatic evolution, 

comparing trends at Sollipulli with tholse at other SSVZ and TSVZ centres. Sr and Nd 

222 



isotope ratios generally show little variation with differentiation at individual SSVZ and 
TSVZ centres. This is usually attributed to small isotopic contrast between magma and 
assimilant and most workers now agree that AFC is important at several centres, 
inferred from increasing Rb/K and other key incompatible element ratios with 
differentiation (Davidson et al, 1987,1988, Hildreth and Moorbath, 1988, McMillan et 

al., 1989, Ferguson et al, 1992, Tonney et al., 1991,1995, Murphy, 1995). 
Sollipulli appears to be the first individual SSVZ centre where a clear increase 

in 87Sr/86Sr with differentiation is reported, moreover in a probable cogenetic sequence 
(Fig. 4.7). This may be attributed to the low 87Sr/86Sr-high Sr (HAl) signature of the 
basic magmas, producing an inherently greater isotopic contrast with the basement. 

Sollipulli is unusual in that the low 87Sr/86Sr signature is generally associated with 

monogenetic basaltic centres where silicic magmas are not erupted (Lopez-Escobar et 

al., 1995). 
In the absence of isotopic variations at most centres, the sensitivity of Rb/K to 

crustal contamination (Chapter 6) permits some general inferences to be made about the 

role of AFC processes in regional magma genesis. As discussed in Section 6.4.1, 

Amph fractionation cannot account for the very large increases in Rb/K. Amph is 

absent in most of the samples discussed here. Figure 7.10 shows Rb/K20 plotted 

against Rb and MgO for several centres (see Fig. 1.2 for locations). The data do not 

represent cogenetic sequences but are used to make some general points. Some of the 

small-scale scatter at low Rb/K20 is probably due to analytical error at low Rb 

abundance. 
Most centres show increasing Rb/K20 with increasing Rb, TSVZ magmas 

evolving to higher Rb and Rb/K20 than SSVZ centres. The data for most individual 

centres converge towards low Rb, low Rb/K20, forming steep early trends, shallowing 

towards high Rb and low MgO. The Villarica trend begins at higher Rb/K20 and show 

no increase with increasing Rb, although only one silicic analysis has been reported. 
The few analyses reported from Llaima cluster below the Villarica samples. The 

Puyehue rocks show steep early increases but little variation in Rb/K20 at the evolved 

end. Early trends at Sollipulli are much shallower than those at the TSVZ centres and 

at Puyehue. 
Early steep trends at Planchon and Tatara-San Pedro can be interpreted in 

terms of early AFC processes (Tormey et al., 1995, Ferguson et al., 1992). Although 

there are few magnesian basaltic andesites from Nevados de Chilldn, the similarity to 

the Planchon and Tatara-San Pedro trends also suggest that AFC may have been 

important in the early stages. The higher Rb/K20 of the Villarica and Llaima (LA) 

rocks compared to Sollipulli basic samples is due mainly to the former having lower 

K20 at similar Rb, interpreted above in terms of primary magma characteristics 

(Section 7.2). There is no evidence from the incompatible element or isotope 
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Figure 7.10: Plots of Rb/K20 against Rb and MgO using samples from the same 
volcanoes as in Figure 7.9. Samples from Nevados de Chilldn are also plotted here as filled 
triangles. The Sollipulli rocks are plotted as two groups, crosses for the older NW and AT 
units and open diamonds for the younger CC, CO and AP units. Details are discussed in 
the text. 
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systematics for AFC at Llaima or Villarica. Gerlach et al. (1988) could not determine 
whether early trends at Puyehue reflect heterogeneity in the primary magmas or early 
crustal contamination but suggest that AFC has not been important in the genesis of the 
evolved rocks, consistent with the flat trends in Rb/K20 at high Rb. 

Differences in Rb/K20 trends between Sollipulli and the TSVZ centres can be 
attributed mainly to the nature of the basement. The Sollipulli basement granodiorite 
has low Rb (80 ppm) and K20 (2.5%) similar to or lower than in the most evolved 
magmas (Chapter 6). At Nevados de Chilldn, a granitic basement xenolith has 180 ppm 
Rb and 5% K20 significantly higher, by a factor close to 2, than in the most evolved 
magmas. Tatara-San Pedro basement samples have variable Rb and K20, ranging to 
very high values (Ferguson et al., 1992). Quantitative regional AFC models are not 
presented here but the TSVZ magmas would show a greater increase in Rb/K20 and Rb 
than the Sollipulli magmas for a given crust/magma ratio. 

A feature not illustrated on Figure 7.10 is that there is a temporal progression 
towards higher Rb/K20 in the younger dacites at Nevados de Chilldn. A similar 
progression is observed at Sollipulli, interpreted as an increase in the amount of 
assimilation in the AP dacite (Chapter 6). Tormey et al (1995) have also inferred 
increasing amounts of crustal assimilation with volcanic evolution for some Planchon 

rocks. Heating of the basement during volcanic evolution may facilitate larger amounts 
of assimilation. 

In summary, the nature of the assimilant is important in determining whether 
the effects of assimilation are observable. There is strong evidence from Rb/K 

systematics for AFC at all stages of magma evolution at the TSVZ centres considered. 
Evidence for AFC in the SSVZ centres considered here is absent or equivocal. 
Increases in 87Sr/86Sr and Rb/K with differentiation are observed in all Sollipulli 

sequences. The low 87Sr/86Sr of the basic Sollipulli rocks may have provided sufficient 
isotopic contrast with the basement to enable detection of increasing 87Sr/86Sr with 
differentiation. 

7.3.4 Discussion 

One conclusion from the above comparison is that magmatism at Sollipulli 

bears more resemblance in many respects to magmatism in the TSVZ than in the SSVZ. 

Similarities include the importance of early Cpx fractionation in some sequences, the 

abundance of silicic magmas and the role of AFC in dacite genesis. A feasible 

explanation for these differences between some TSVZ centres situated on thick 

continental crust (Planchon) and SSVZ centres is that the thicker crust favours more 

extensive fractionation and assimilation in the lower crust, with Cpx predominating 

over Plag (Tormey et al., 1991,1995). The crust behaves as a density and chemical 
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filter (Leeman, 1983), mantle-derived magma ponding within the less dense crust, 
fractionating and assimilating crust until the magma achieves positive buoyancy (c. f. 
Huppert and Sparks, 1980). This process is fundamental to the MASH hypothesis and 
readily explains the absence of basalts in the NSVZ. 

However, crustal thickness control does not explain the temporal variations at 
Sollipulli, where the older magmas show a stronger early Cpx signature and where the 

relative volume of silicic magma appears to increase with decreasing age from the AT 

to the CC to the AP units in the eastern caldera sequence. Crustal thickness cannot 

account for the differences in early fractionation trends between Sollipulli and nearby 
SSVZ volcanic front centres, nor the presence of voluminous evolved magmas at 
Sollipulli in comparison to nearby Llaima from which no rocks more evolved than 

andesite are reported. Differences in crustal thickness at Sollipulli are not likely to be 

significantly greater (- 5 km max. ) than at the volcanic front (Chapter 2). 

It is also difficult to explain the differences between the SSVZ volcanic front 

centres and the TSVZ centres such as Nevados de Chilldn or Tatara-San Pedro, which 

are situated on similar or only slightly thicker crust, by crustal thickness controls. 
There is no correlation between crustal thickness and the most primitive, the 

predominant or the most evolved magma composition at the individual TSVZ centres 
discussed here. For example, Planchon overlies thicker crust (about 45-50 km) than 

Nevados de Chilldn (=30-35 km), yet basalts are abundant at the former and very rarely 

erupted at the latter. 

The level at which magmas pond and fractionate in the crust and the extent of 
interaction with the crust are likely to be controlled by additional factors such as 

composition, temperature, structure and stress regime in the crust and magma supply 

rate from the mantle. Basement composition is an important control on the level at 

which basic magmas of similar density achieve neutral buoyancy (e. g. Leeman, 1983). 

A mafic lower crust may be similar to or more dense than the intruding basaltic magma 

so that ascent is not inhibited. If the lower crust is mafic, the effects of assimilation 

may be insignificant due to higher crustal melting temperatures or undetectable due to 

small compositional contrast with the intruding magmas. If the lower crust is silicic, as 

may be the case in the NSVZ where compressional tectonic thickening may have 

brought upper crustal rocks to great depth (Hildreth and Moorbath, 1988), both ponding 

and assimilation are favoured by lower density and melting temperatures of deep crustal 

rocks. The crustal stress regime is also likely to be important. It is probable that 

magmas will ascend and erupt more rapidly through extending arc crust, with minimal 

lower to mid-crustal fractionation (c. f. Singer et al., 1992). Development of long-lived 

upper crustal magma chambers, where magmas can evolve to silicic compositions by 

AFC, may be less favoured in extensional arc settings. 
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The temporal variations from at Sollipulli are unlikely to be controlled by 
basement composition unless the composition of the basement changed over the 
lifetime of the volcano. Tectonic control would require a temporal change in the stress 
regime. The predominant controls on early fractionation paths at Sollipulli may be 

magma supply rate related to degrees of mantle melting and/or progressive maturing of 
the conduit system through the mantle lithosphere and the crust. The geochen-dstry of 
the AT sequence is interpreted as reflecting delivery in small batches from the mantle, 
followed by varying amounts of lower crustal fractionation, subsequent ascent and 

eruption in small batches, with minor upper crustal evolution to produce evolved 
dacites. Increased degree of mantle melting in the genesis of the CC sequence and/or 
less interaction with the mantle lithosphere may have resulted in a greater flux of 

magma into the continental crust. More rapid ascent rate through the crust may have 

been favoured by the larger magma volume and the more mature conduit system. 
Influx of larger volumes of magma and ponding in the upper crust during the CC stage 

may have resulted in development of a large upper crustal magma chamber. The 

increase in the amount of crustal assimilation from the CC to the AP stage is likely to 

be related to increasing upper crustal temperatures. 
Differences between Sollipulli and the SSVZ volcanic front centres may be 

due to basement composition and/or tectonics and/or magma supply rates. However 

there is no control on differences in lower crustal composition or tectonic regime 
between the volcanic front and Sollipulli. The upper crustal basement in the region is 

composed predominantly of Andean (Jurassic to Tertiary) granitoids. A more extended 

crust at the volcanic front may allow magmas to ascend and erupt more rapidly. 
Magma supply rates to the crust may also be higher at the volcanic front, despite the 

evidence for higher degrees of melting in the mantle at Sollipulli. This may be due to a 

thicker mantle lithosphere beneath Sollipulli, in accordance with the geochemical 

evidence for a stronger enriched mantle signature. 
Similar explanations may account for the differences between the SSVZ and 

TSVZ volcanic front centres on thinner crust. Magma supply rate may be greater in the 

SSVZ if the Ca-Na systematics reflect degree of mantle melting. It is not known if the 

crustal stress regime differs between the two regions. Local upper crustal structure and 

composition may be important in determining the extent of evolution and predominant 

erupted magma type. This may be the case at Nevados de Chilldn where two 

independent centres, one predominantly intermediate and one predominantly silicic, 

coexist in close proximity. However local controls cannot explain the abundance of 

silicic magmas in the TSVZ compared to the SSVZ. 

The important point is that factors other than crustal thickness, composition 

and stress regime are required to explain the temporal variations at Sollipulli, which are 
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similar to those between centres in the SSVZ and TSVZ. Other explanations than 
crustal thickness control are therefore feasible for the along-arc variations. 

7.4 Summary 

Differences between low and high abundance magmas in the region around 
39'S are most easily explained by invoking the presence of incompatible element 
enriched mantle (Hickey-Vargas et al., 1986,1989). The presence of enriched mantle is 
supported by the occurrence of alkaline volcanics, to the east of the arc which are 
enriched in the same incompatible elements but to a much greater degree. In the 
favoured model, the LA magmas represent the baseline regional magma type, derived 
from the slab-wedge subduction system. The HA magmas are derived from LA 

magmas by assimilation of small degree melts of enriched mantle. Two types of HA 
magma can be recognised which differ from each other in Rb, K, Sr, Nb and Zr 

contents and their Sr and Nd isotope signatures. The two signatures may be derived 
from the same metasomatised mantle source. Peridotite xenoliths described by Stem et 
al. (1986) contain disseminated metasomatic amphibole and are cut by phlogopite- 
bearing veins, which are not in isotopic equilibrium with the bulk rock. In the 
suggested model, if small amounts of melting are induced by passage of more 
voluminous LA-type magma, the resulting magma has a high Rb, high K, high Rb/K 

phlogopite-dominated signature. At higher degrees of melting of the metasomatised 
mantle when disseminated amphibole dominates the melting assemblage, the 
phlogopite signature is overwhelmed by a high Sr, low Rb/K, signature. 

The baseline Sollipulli magmas, prior to assimilation of enriched mantle, 
appear to have been derived by higher degrees of mantle melting than equivalent 
regional magmas. This is inferred from a general depletion in elements believed to be 
derived predominantly from the mantle wedge, and from higher Mg/Ni ratios than all 
regional rocks (Section 7.3.2). An alternative is that the Sollipulli source region is 

more refractory than that supplying other volcanoes. However, the older Sollipulli 

rocks show no evidence in their spinel compositions for derivation from refractory 
mantle. The younger CC rocks may have been derived by higher degrees of melting 
and/or from a source which was slightly depleted by extraction of the older magmas. 
Derivation by higher degrees of melting may be due to a greater slab flux beneath 

Sollipulli than at the volcanic front, related to the location of Sollipulli over the 
Valdivia Fracture Zone. 

By comparison with regional magmas, Sollipulli shows more similarity to 
TSVZ than SSVZ centres. Early fractionation processes at Sollipulli appear to involve 

lower-nW-crustal Cpx fractionation and voluminous dacites are erupted. The eastern 

caldera, sequence (AT-CC-AP) shows a progression from predominantly lower crustal 
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to upper crustal evolution with an increase in the amount of crustal assimilation in the 

youngest dacites. This may be due to a combination of increased magma supply rate, 
development of a mature conduit system and heating of the basement. 
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Chapter 8- 

Volcanic evolution and 
caldera formation 

8.1 Summary 

8.1.1 Physical evolution 

The south-western part of Sollipulli, west of the Alpehu6 vent, has not been 

studied and little is known of the older Nevados de Sollipulli sequence. Initial activity 
began in the late Pliocene close to the line of the present volcanic front, near the 
Liquifie-Ofqui fault (Chapters 1,2). The locus of volcanic activity which formed the 
Nevados de Sollipulli range moved eastwards by about 25 km. and activity at Sollipulli 

volcano began in the middle Pleistocene (Naranjo et al., 1993). In Chapter 1, it was 
speculated that there may be a connection between the across-arc trend in volcanic 
activity and the Valdivia Fracture Zone (VFZ), the onland extension of which coincides 

with the location of Sollipulli. 
The caldera geology is broadly divisible into two main phases. The first phase 

involved eruption of the NW mixed dacite lavas and the predominantly basic 

volcaniclastics and lavas of the AT unit. The timing relationship between the NW and 
AT units is unconstrained due to exposure gaps. The NW lava sequence is more likely 

to be older than the AT volcaniclastic sequence, on the basis of the poorer preservation 

potential of the latter (Section 2.4.1). 

The second phase initially involved eruption of the sub-glacial to sub-aerial 
CC unit lavas around the perimeter of the caldera. The CO unit lavas overlie the CC 

unit on the northern wall, and have flowed both down the outer northern flank and into 

the caldera. The CO unit therefore gives a minimum relative agý for caldera formation. 

Absolute ages for the CC and CO units are not known but it is likely that the latter is 

post-glacial (<14,000 BP). The sub-glacial CC lavas may have been erupted towards 

the end of the last glaciation as the rocks are relatively fresh and do not appear to have 

been strongly glaciated. The upper sub-aerial part of the CC sequence in the south may 
be broadly coeval with the CO unit but relationships are unconstrained. The Alpehud 

plinian eruption occurred at about 2,900 BP. 

The exact timing and mechanism of caldera formation is unknown. There is 

no evidence that the caldera formed by catastrophic collapse during a major explosive 

eruption. Several possible scenarios are discussed in Chapter 2. One possibility is that 
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the caldera formed during the AT stage by collapse or subsidence of the original eastern 
edifice (Fig. 2.4). A second possibility is that glacial erosion played a major role in 
forming a single large caldera after the AT eruption. An alternative is that the caldera 
did not form until the CC eruption. The CC lavas may have been erupted along a ring 
dyke from a large magma chamber beneath the eastern part of the caldera, resulting in 

subsidence of the central area. In any case, it is likely that the CC eruption induced 

considerable subsidence of the central part of the volcano. Further subsidence may 
have occurred during the AP eruption. The AP vent may represent a small nested 
collapse caldera. 

The most recent event at Sollipulli was the formation of the basaltic andesite 
scoria cone, VoIcAn Chufqu6n, at about 700 BP. This event is likely to represent influx 

of new basic magma into the system as the basaltic andesites are isotopically distinct 
from the CC magmas (Chapter 4). The vent location, on the upper north-eastern flank, 

may have been influenced by the inability of fresh dense basic magma to penetrate the 

central part of the structure, beneath which a dacitic crystal mush may be present (c. f. 
Bacon, 1985). It is likely that a relatively large body of magma or crystal-mush, 
possibly the unerupted part of the Alpehue magma, exists in the upper crust beneath 
Sollipulli. A large furnarolic plume was observed during the 1993 field season, 
emanating from the vicinity of the Alpehue vent. There is evidence for an extensive 
hydrothermal system, as parts of the far south-western edifice are extensively 
hydrothermally altered and there are several hot springs located up to about 15 km from 

the edifice on the eastern and southern sides. 
Renewed influx of basaltic magma could provide the energy required to 

reactivate the system (e. g. Eichelberger, 1995). Considering the young age of Volcan 
Chufquen, there is a real possibility of reactivation. This has important implications for 

volcanic hazards as renewed eruption within the caldera is likely to result in melting of 
large volumes of ice, producing potentially devastating lahars and mudflows. The 

possibility of another major silicic explosive eruption also remains. 

8.1.2 Magmatic evolution 

The older magmas all possess a distinctive incompatible element signature 

characterised by enrichment in LREE and HFSE, observed in basic and silicic magmas 

alike (Chapters 4,6). This signature is interpreted as reflecting an input from an 

enriched mantle source region by comparison with regional magmas (Chapter 7). The 

suggested model envisages initial magma generation by relatively high degrees of 

partial melting in the mantle wedge with a component derived from the subducting slab, 

as originally proposed by Hickey-Vargas et al., (1986,1989). These magmas induce 

small-degree melting of a metasomatised mantle lithosphere and assimilate 
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incompatible element enriched small-degree melts. The occurrence of alkali basalts in 
the back-arc east of Sollipulli, with a similar but much more enriched incompatible 

element signature, supports the enriched mantle hypothesis. 
The Sollipulli basic magmas have higher Mg/Ni and lower Ti and Y than 

regional magmas, the younger CC magmas having the lowest Ti and Y. This may be 
interpreted as reflecting higher degrees of melting in the mantle wedge at Sollipulli 

and/or derivation of the Sollipulli magmas from more depleted sources than elsewhere. 
However the spinel-bearing older NW and AT magmas show no evidence in their 

spinel compositions for derivation from refractory mantle. The preferred interpretation 
is that the older Sollipulli magmas were generated by higher degrees of melting than 

regional magmas. The CC magmas may have been generated by even higher degrees of 
melting than the older rocks but source depletion may also have occurred during the 

earlier phase. The reason for apparently higher degrees of melting at Sollipulli than at 
the volcanic front is unconstrained. Possible explanations include a greater slab-flux 
beneath Sollipulli related to its location over the Valdivia Fracture Zone, a longer 

melting column in the mantle wedge or local tectonics. 
The heterogeneity in incompatible elements of the basic AT magmas may 

ultimately reflect derivation from the mantle in small magma batches. Preservation of 
heterogeneity may be explained by delivery in small batches from lower to upper crust. 
Trends among the basic rocks provide strong evidence for Cpx fractionation inferred 

from variations in Ca, Al/Ca and Sc with Mg. However, the amounts of Cpx observed 

are insufficient to generate the trends. The preferred explanation is that fractionation of 
small magma batches has initially occurred at moderate to high pressure. Ascent to 

upper crustal levels also occurred in small magma batches which subsequently 

crystallised 01-Sp-Plag and minor Cpx at low pressure but high-level fractionation was 

not significant in generating the trends. 
The high-Mg NW basalts are some of the most primitive non-cumulate 

samples reported from the Andean arc, containing high-Mg 01 (up to F087.5) and 

magnesian Cr-AI-Sp. Although Cpx phenocrysts are absent in the NW basalts, their 

very low Ca and Sc contents and high Al/Ca suggest that early evolution also involved 

lower to mid-crustal Cpx fractionation. Subsequent evolution at higher levels generated 
basaltic andesite magma by 01-PI-Sp-dominated fractionation with Cpx a minor late- 

crystallising phase. 
The amount of intermediate magma erupted during the earlier phase appears to 

have been very minor. Silicic magmas are also minor in the AT unit. Magma mixing 

was the primary process responsible. for compositional variations within the NW unit, 

evidenced by the occurrence of basic magmatic inclusions of varying size and 

abundance in all of the dacites of the main sequence. The basic mixing end-member 

was predominantly a primitive 01-Sp-bearing high-Mg basalt in most cases, inferred 
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from trends on Ni, Cr and MgO against Si02 Plots (Chapter 4). The silicic end-member 
was a high-Si dacite with a composition very similar to the AT dacite (Chapter 4). 

The origins of the NW and AT dacites are difficult to constrain because of the 
paucity of intermediate rocks, but evolution by fractionation with some crustal 
assimilation from magmas of similar composition to the basalts is plausible. The 

amount and nature of the assimilant are also difficult to constrain but similar amounts 
of basement granodiorite, material to that inferred for the genesis of the CC dacites may 
be responsible (see below). 

The CC unit is the only sequence showing a continuous range of compositions 
from basaltic andesite to high-Si dacite. The predominant evolutionary process appears 
to have been fractional crystallisation although there is evidence of AFC throughout 

evolution. The radial distribution of CC lavas with very similar compositions suggests 
the presence of a large upper crustal magma chamber beneath the main eastern part of 
the caldera. 

The CC basaltic andesites are relatively evolved (-6% MgO) but are the most 

primitive magmas erupted in the second phase. The basaltic andesites have Al/Ca, Sc 

and Ca intermediate between AT values and volcanic front rocks, suggesting that 

cryptic Cpx fractionation has also played a role in their early evolution but to a lesser 

extent than in the case of the AT rocks. Relationships between most samples over the 

range from basaltic andesite to high-Si dacite are consistent with evolution by 

fractionation and some crustal assimilation at all stages. AFC modelling suggests that 
basement granodiorite is a feasible assimilant for generation of the observed trends. 
The calculated amount of assimilation varies depending on which element is used as a 

monitor. Rb systematics suggest larger amounts of assimilation than calculated using 
Ba, Zr or Sr isotopes. This suggests that the assimilation process involved small degree 

Rb-enriched melts and that the mass of material assimilated may be more accurately 

calculated from Ba, Zr or Sr systematics, with a maximum crust/magma ratio of about 
0.2. 

The AP dacite pumice and CO unit intermediate lavas appear to have 

assimilated more crust than the CC lavas. Two models are suggested (Chapter 6). One 

model proposes that the AP dacite was generated by large scale anatexis of the sub- 

volcanic equivalents of the CC unit, with minor subsequent fractionation, due to 

renewed or continued influx of basic magma. The other model proposes that the AP 

dacite was produced by AFC from a basic pre-cursor similar to the CC basaltic andesite 

and a similar basement assimilant, but that the amount of crust assimilated was greater 

than in the case of the CC dacite. In the first model, the CO lava could represent an 
intermediate fractionate from the basic magma which provided the thermal energy to 

melt large amounts of crust. In the second model the CO lavas could represent 
intermediate equivalents of the AP dacite. 
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The eastern caldera. sequence (AT-CC-AP) appears to record a transition from 
a lower-middle crust dominated evolution, erupting predon-dnantly basic magma, with 
minor amounts of more evolved magma (AT), to development of a large upper crustal 
CC magma chamber where extensive AFC occurred and a wide range of lavas was 
erupted, to more extensive crustal melting culminating in the AP plinian eruption of 
homogeneous high-Si dacite. This general progression may be explained in terms of 
increased magma supply rate from the mantle between the AT to the CC phase, 
maturation of the conduit system and gradual heating of the crust, facilitating larger 

amounts of assimilation. 
There are no consistent temperature differences between the basic rocks at 

similar MgO contents. Basalts and basaltic andesites record high temperatures, from 

about 1120-1180T. There are distinct differences among the intermediate and silicic 
rocks of the different units. Crystal-poor CC and NW flank andesites and dacites 

record significantly higher temperatures than crystal-rich CO andesites and AP dacites 

of similar Si02 content. The CO and AP magmas also appear to have assimilated more 
crust than equivalent CC magmas. Heat loss during assimilation may be responsible for 

the lower temperatures and higher crystal contents of the AP and CO rocks. 
All sequences appear to have evolved at oxygen fugacities close to the NNO 

buffer curve. The AP dacite records slightly higher relative oxygen fugacities than the 

other dacites. This may be due to assimilation of oxidised crustal rocks. 
Calculated H20 contents of the basic magmas calculated using the empirical 

liquid geohygrometer of Sisson and Grove (1993 a) are relatively low (< 1.5 % in basalts 

and <2.5% in basaltic andesites), consistent with the high temperatures from olivine- 
liquid and pyroxene thermometry. Plag-liquid systematics however suggest higher 

H20 contents (3.5-6%) and probable H20-saturated conditions when Plag crystallised. 
However such high H20 contents would result in lowering of liquidus temperatures 

which is inconsistent with the results from thermometry. The discrepancies can be 

explained by invoking a dynamic process where highly calcic Plag has crystallised 

under H20-saturated conditions in a marginal part of a magma chamber where the bulk 

magma remained H20-undersaturated. Rehomogenisation may occur during eruption. 
H20 contents are poorly constrained in the inten-nediate to evolved rocks but 

are likely to have been similar to or lower than in the basaltic andesites. This is 

consistent with the high temperatures of many of the dacites and the absence of Amph 

of native dacitic origin, which requires a minimum H20 content of about 4%. If the 
dacites are derived by closed system fractionation of basaltic andesite, they should 
have much higher H20 contents (about 8- 10%) than inferred, because H20 behaves 

incompatibly during fractional crystallisation. The simplest explanation is that the 

more evolved magmas have experienced high-level degassing. 

234 



Amph in the AP and NW dacites is believed to be derived from unrelated 
basaltic andesite to andesite magma which intruded the dacitic magma chambers, 
ponding beneath the resident dacite and fractionating an initially anhydrous mineral 
assemblage. In this model, cooling and volatile build-up in a fractionated boundary 
layer stabilised Amph at the expense of Cpx and subsequent mixing occurred, perhaps 
during eruption. 

8.2 Further research 
Further research on Sollipulli is required to understand fully the physical and 

magmatic evolution of the volcano. The geology of the south-western part of the 
caldera and of most of the southern and eastern flanks of the volcano remains unknown. 
Preliminary sampling of the southern and eastern flanks could be performed in a short 
field season with a four-wheel-drive vehicle. Fieldwork in the south-western caldera is 
logistically difficult and potentially dangerous. An expedition scale study is required 
based on the south-western flanks. 

A geological and geochernical. study of the Nevados de Sollipulli range is 

necessary to understand early volcanic evolution, as Sollipulli volcano is the most 
recent expression of the process which has produced this across-arc volcanic trend. 
This is important in the context of both local and regional volcanism. A detailed study 
with well-constrained absolute ages would provide further insights into the origins of 
the different magma types in the region and the ultimate cause of the across-arc 
volcanic trend. 

Further work on the caldera sequence described here is also required. The lack 

of constraint on the relative ages of the NW and AT units forms a major gap in the 

stratigraphy. Contacts in the valley to the east of the NW dacite ridge (locality 22, Fig. 
2.2) may be exposed in the future, following seasons of light winter snowfall. During 

the first reconnaissance field season in 1992 the valley was snow-free but heavy winter 
snowfall prevented examination of contacts in 1993. 

More detailed sampling and geological mapping would provide insights into 

the internal stratigraphy of the AT and CC units. The AT sequence is volcanologically 

complex and requires detailed sedimentological study to properly understand eruptive 

and emplacement mechanisms. More detailed sampling of the CC unit would provide 
better insight into the eruptive sequence and the relative volumes of basic, intermediate 

and silicic lavas erupted. However, much of the CC sequence along the southern wall 
is inaccessible forming steep cliffs and talus slopes. 

High-precision Ar-Ar dating of some of the existing samples would provide 

constraints on the age relationships. Absolute dates would also allow the timing of 

volcanism at Sollipulli to be put into a regional framework in terms of relationship to 
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glaciation and to volcanism at other centres such as Nevados de Chillan where high- 

precision dating has been performed. 
There are several other aspects of the geochernistry and petrology of the 

present sample set which could be investigated. High-precision Nd isotope data for 

some of the basic rocks would provide greater constraints on the relationship between 

and the origins of the Sollipulli AT rocks and regional HAI-type rocks which plot in a 
distinct field on the Nd-Sr isotope plot (Fig. 7.6). Short-lived isotope studies (U-Th 

series and Be-B) may also provide constraints on sub-crustal sources and processes if 

ages are well-constrained from Ar-Ar dating, particularly in conjunction with similar 
studies on the different regional magma types. 

236 



References 
Aitcheson, S. J. and Forrest, A. H. (1994): Quantification of crustal contamination in open magmatic 
systems. J. PetroL 35,461-488. 

Allan, U., Sack, R. O. and Batiza, R. (1988): Cr-rich spinels as petrogenetic indicators: MORB-type 
lavas from the Lamont seamount chain, eastern Pacific. Am. UineraL 73,741-753. 

Andersen, D. J. and Lindsley, D. H. (1988): Internally consistent solution models for Fe-Mg-Mn-Ti 
oxides: Fe-Ti oxides. Am MineraL 73,714-726. 

Andersen, D. J., Lindsley, D. H. and Davidson, P. M. (1993): QUILF: a PASCAL program to assess 
equilibria among Fe-Mg-Ti oxides, Pyroxenes, Olivine and Quartz. Computers and Geosciences 19, 
1333-1350. 

Arculus, R. J. (1981): Island arc magmatism in relation to the evolution of the crust and mantle. 
Tectonophysics 75,113-133. 

Arculus, R. J. (1994): Aspects of magma genesis in arcs. Lithos 33,189-208. 

Arculus, R. J. and Wills, K. J. A. (1980): The petrology of plutonic blocks and inclusions from the Lesser 
Antilles island arc. J. PetroL 21,743-799. 

Bacon, C. R. (1985): Implications of silicic vent patterns for the presence of large crustal magma 
chambers. J. Geophys. Res., 90,11243-11272. 

Bacon, C. R. (1986): Magmatic inclusions in silicic and intermediate volcanic rocks. J. Geophys. Res. 
91B, 6091-6112. 

Bacon, C. R. and Hirschmann, M. M. (1988): Mg/Mn partitioning as a test for equilibrium between 
coexisting Fe-Ti oxides. Am. MineraL 73,57-6 1. 

Bailey, E. H., Kemp, AJ. and Ragnarsdottir, K. V. (1993): Determination of uranium and thorium in 
basalts and uranium in aqueous solution by inductively coupled plasma mass spectrometry. J. AnaL At. 
Spectrom. 8,551-556. 

Baker, D. R. and Eggler. D. H. (1983): Fractionation paths of Atka (Aleutians) high-alumina basalts: 
constraints from phase relations. J. VolcanoL Geotherm. Res. 18,387-404. 

Baker, D. R. and Eggler. D. H. (1987): Compositions of anhydrous and hydrous melts coexisting with 
plagioclase, augite and olivine or low-Ca pyroxene from I atm to 8 kbar: Application to the Aleutian 
volcanic centre of Atka. Am. MineraL 72,12-28. 

Baker, M. B., Grove, T. L. and Price, R. (1994): Primitive basalts and andesites from the Mt. Shasta 
region, N. California: products of varying melt fraction and water content. Contrib. MineraL PetroL 
118,111-129. 

Baker. P. (1984): Geochcmical evolution of St. Kitts and Montserrat, Lesser Antilles. J. Geol. Soc. Lond. 
141,401-411. 

Ballhaus, C., Berry, R. F. and Green, D. H. (199 1): High pressure experimental calibration of the olivine- 
orthopyroxene-spinel oxygen geobarometer: implications for the oxidation state of the upper mantle. 
Contrib. Mineral. Petrol. 107,27-40. 

Barazangi, M. and Isacks, B. L. (1976): Spatial distribution of earthquakes and subduction of the Nazca 
plate beneath South America. Geology 4,686-692. 

Barbarin, B. and Didier, J. (1991): Macroscopic features of mafic microgranular enclaves. in Didier, 
J. and Barbarin, B. (Editors), Enclaves and Granite Petrology. Elsevier, Amsterdam, pp 253-262. 

237 



Barton, M. and Huijsmans, J. P. P. (1986): Post-caldera dacites from the Santorini volcanic complex, 
Aegean Sea, Greece: an example of the eruption of lavas of near-constant composition over a 2,200 year 
period. Contrib. Mineral. Petrol. 94,472-495. 

Blatt, H., Middleton, G. V. and Murray, R. C. (1980): Origin of Sedimentary Rocks. Prentice-Hall, New 
Jersey, pp. 634. 

Blundy, J. D. and Shimizu, N. (1991): Trace element evidence for plagioclase recycling in calc-alkaline 
magmas. Earth Planet. ScL Lett. 102,178-197. 

Blundy, J. D. and Sparks, R. S. J. (1992): Petrogenesis of mafic inclusions in granitoids of the Adamello 
Massif. J. Petrol. 104,208-214. 

Blundy, J. D. and Wood, B. J. (1991): Crystal-chemical controls on the partitioning of Sr and Ba between 
plagioclase feldspar, silicate melts and hydrothermal solutions. Geochim. Cosmochim. Acta. 55,193- 
209. 

Brenan, J. M., Shaw, H. F., Ryerson, F. J. and Phinney, D. L. (1995): Experimental determination of tracc- 
element partitioning between pargasite and a synthetic hydrous andesitic melt. Earth Planet. Sci. Lett. 
135,1-11. 

Brophy, J. G. and Marsh, B. D. (1986): On the origin of high-alumina basalt and the mechanics of melt 
extraction. J. Petrol. 27,763-789. 

Brophy, J. G. (1989): Basalt convection and plagioclase retention: a model for the generation of high- 
alumina arc basalt. J. Geol. 97,319-329. 

Brown, G. C., Everett, S. P., Rymer, H., McGarvie, D. W. and Foster, I. (199 1): New light on caldera 
cvolution-Askja, Iceland. Geology 19,352-355. 

Cahill. T. and Isacks, B. (1992): Seismicity and shape of the subducted Nazca plate. J. Geophys. Res. 
97,17503-17529. 

Carey, S. and Sparks, R. S. J. (1986): Quantitative models of the fallout and dispersal of tephra from 
volcanic eruption columns. Bull. Volcanol. 48,109-125. 

Carmichael, I. S. E. (1964): The petrology of Thingmuli, a Tertiary volcano in eastern Iceland. J. Petrol. 
5,435-460. 

Carmichael, I. S. E. and Ghiorso, M. S. (1990): The effect of oxygen fugacity on the redox state of natural 
liquids and their crystallising phases. in Modem Methods of Igneous Petrology: Understanding 
Magmatic Processes (J. Nicholls and K. Russell, eds. ) Reviews in Mineralogy 24,194-212. 

Cas, R. A. F. and Wright, J. V. (1987): Volcanic Successions, Modern and Ancient. Allen and Unwin 
Ltd., London. 528 pp. 

Chazot, G., Menzies, M. A. and Harte, B. (1996): Determination of partition coefficients between apatite, 
clinopyroxene, amphibole and melt in natural spinel lherzolites from Yemen: implication for wet partial 
melting of the lithospheric mantle. Geochim. Cosmochim. Acta. 60,423-438. 

Cingolani, C., Dalla Salda, L., Herve, F., Munizaga, F., Pankhurst, R. J., Parada, M. A. and Rapela, C. W. 
(1991): The magmatic evolution of northern Patagonia; new impressions of Pre-Andean and Andean 
tectonics. in Harmon, R. S. and Rapela, C. W. (eds. ) Andean Magmatism and Its Tectonic Setting. 
Geological Society ofAmerica Special Paper 265,29-44. 

Clapperton, C. M. (1993): Glacier readvances in the Andes at 12500-10000 yr BP: implications for 
mechanism of Late-glacial climatic change. J. Quaternary Sci. 8,197-215. 

Clapperton, C. M. (1994): The Quaternary glaciation of Chile: a review. Revista Chilena de Historia 
Natural 67,369-383. 

238 



Coira, B., Davidson, J., Mpodozis, C and Ramos, V. (1982): Tectonic and magmatic evolution of the 
Andes of northern Argentina and Chile. Earth Science Reviews 18,303-332 

Coira, B., Mahlburg Kay, S. and Viramonte, J. (1993): Upper Cenozoic magmatic evolution of the 
Argentine Puna- a model for changing subduction geometry. International Geology Review 35,677- 
720. 

Crawford, A. J., Falloon, T. J. and Eggins, S. (1987): The origin of island are high-alumina basalts. 
Contrib. Mineral. Petrol. 97,417-430. 

Davidson, J. P. (1991): Comment and reply on "Role of subduction erosion in the genesis of Andean 
magmas". Geology 19,1054-1056. 

Davidson, J. P. and de Silva, S. L. (1995): Late Cenozoic magmatism of the Bolivian Altiplano. Contrib. 
Mineral. Petrol. 119,387-408. 

Davidson, J. P., Dungan, M. A, Ferguson, K. M. and Colucci, M. T. (1987): Crust-magma interactions and 
the evolution of arc magmas: the San Pedro-Pellado volcanic complex, southern Chilean Andes. 
Geology 15,443-446. 

Davidson, J. P., Ferguson, K. M., Colucci, M. T. and Dungan, M. A. (1988): The origin of San Pedro- 
Pellado volcanic complex, S. Chile: multicomponent sources and open system evolution. Contrib. 
Mineral. Petrol. 100,429-445. 

Davidson, J. P., McMillan, N. J., Moorbath, S., W6rner, G., Harmon, R. S. and Lopez-Escobar, L. (1990): 
The Nevados de Payachata volcanic region (I 8'S/69'W, N. Chile) H. Evidence for widespread crustal 
involvement in Andean magmatism. Contrib. Mineral. Petrol. 105,412-432. 

Davidson, P. M. and Lindsley, D. H. (1985): Thermodynamic analysis of quadrilateral pyroxencs. Part 
II: Model calibration from experiments and applications to geothermometry. Contrib. Mineral. Petrol. 
91,390-404. 

Deer, W. A., Howie, R. A. and Zussmann, J. (1966): An Introduction to the Rock Fon-ning Minerals. 
Longman, Essex UK. 

Debari, S., Mahlburg Kay, S. and Kay, R. W. (1987): Ultramafic xenoliths from Adagdak volcano, Adak, 
Aleutian islands, Alaska: deformed igneous cumulates from the Moho of an island arc. J Geol. 95., 
329-341. 

Defant, M. J. and Drummond, M. S. (1990): Subducted, lithosphere-derived andesitic and dacitic rocks in 
young volcanic arc setting. Nature 347,662-665. 

DePaolo, D. J. (1981): Trace element and isotopic effects of combined wallrock assimilation and 
fractional crystallisation. Earth Planet. Sci. Lett. 53,189-202. 

Devine, J. D. (1995): Petrogenesis of the basalt-andesite-dacite association of Grenada, Lesser Antilles 
island arc, revisited. J. Volcanol. Geotherm. Res. 69,1-33. 

Dick, H. J. B. and Bullen, T. (1984): Chromian spinel as a petrogenctic indicator in abyssal and alpine- 
type peridotites and spatially associated lavas. Contrib. Mineral. Petrol. 86,54-76. 

Diez Rodriguez, A. and Introcoso, A. (1986): Perfil transcontinental sud-americano en el paralelo 39*S. 
Geoacta (Buenos Aires) 13,179-201. 

Dixon, J. E., Stolper, E. M. and Holloway, J. R. (1995): An experimental study of water and carbon dioxide 
solubilities in mid-ocean ridge basaltic liquids. Part I: Calibration and solubility models. J. Petrol. 36, 
1607-1631. 

Draper, D. S. and Johnston, A. D. (1992): Anhydrous PT phase relations of an Aleutian high-MgO basalt: 
an investigation of the role of olivine-liquid reaction in the generation of arc high-alumina basalts. 
Contrib. Mineral. Petrol, 112,501-519. 

239 



DrUitt, T. H. and Sparks. R. S. I. (19'o4)-. On the formaýion ol calderas Nature 
310,679-681. 

Druitt, T. H. and Bacon, C. R. (1989): Petrology of the zoned calc-alkaline magma chamber of Mount 
Mazama, Crater Lake, Oregon. Contrib. Mineral. Petrol. 101,245-259. 

Dungan, M. A. and Rhodes, J. M. (1978): Residual glasses and melt inclusions in basalts from DSDP Legs 
45 and 46: evidence for magma mixing. Contrib. Mineral. Petrol. 67,417-43 1. 

Eichelberger, J. C. (1978): Andesitic volcanism and crustal evolution. Nature 275,21-27. 

Eichelberger, J. C. (1995): Silicic volcanism: ascent of viscous magmas from crustal reservoirs. Annu. 
Rev. Earth Planet. Sci. 23,41-63. 

Eggins, S. M. (1993): Origin and differentiation of picritic arc magmas, Ambae (Aoba), Vanuatu. 
Contrib. Mineral. Petrol. 114,79-100. 

Elthon, D. (1989): Pressure of origin of mid-ocean ridge basalts. in Saunders, A. D. and Norry, M. J. 
(eds. ), Magmatism in the Ocean Basins, Geol. Soc. Lond. Special Publication, 42,125-136. 

Ewart, A. and Hawkesworth, C. J. (1987): The Pleistocene-Recent Tonga-Kermadec arc lavas: 
interpretation of new isotopic and rare earth data in terms of a depleted mantle source model. J. Petrol. 
28,495-530. 

Falloon, T. J. and Green, D. H. (1986): Glass inclusions in magnesian olivine phenocrysts from Tonga, 
evidence for highly refractory parental magmas in the Tongan arc. Earth Planet. Sci. Lett. 81,95-103. 

Ferguson, K. M., Dungan, M. A, Davidson, J. P. and Colucci, M. T. (1992): The Tatara-San Pedro Volcano, 
36*S, Chile: a chemically variable, dominantly mafic magmatic system. J Petrot 33,143. 

Foden, J. D. and Green, D. H. (1992): Possible role of amphibole in the origin of andesite: some 
experimental and natural evidence. Contrib. Mineral. Petrol. 109,479-493. 

Foley, S. F. and Wheller, G. E. (1990): Parallels in the origin of the geochernical signatures of island arc 
volcanics and continental potassic igneous rocks: The role of residual titanates. Chem. Geol. 85,1-18. 

Frost, B. R. and Lindsley, D. H. (1991): Occurrence of iron-titanium oxides in igneous rocks. In 
Mineralogical Society of America Reviews in Mineralogy 25,433-468. 

Frost, B. R. and Lindsley, D. H. (1992): Equilibria among Fe-Ti oxides, pyroxcnes, olivine, and quartz: 
Part IL Application. Am. Mineral. 77,1004-1020. 

Fujimaki. H. (1986): Partition coefficients of Hf, Zr and REE between zircon, apatite and liquid. 
Contrib. Mineral. Petrol. 94,42-45. 

Fujimaki. H., Tatsumoto, M. and Aoki, K. (1984): Partition coefficients of Hf, Zr, and REE between 
phenocrysts and groundmasses. J. Geophys. Res. 89, Supplement, 13662-13672. 

Gardner, LE., Rutherford, M., Carey, S. and Sigurdsson, H. (1995): Experimental constraints on pre- 
eruptive water contents and changing magma storage prior to explosive eruptions of Mount St Helens 
volcano. Bull. Volcanol. 57,1-17. 

Gerlach, D. C., Frey, F. A., Moreno-Roa, H. and Lopez Escobar, L. (1988): Recent volcanism in the 
Puyehue-Cordon Caulle region, southern Andes, Chile (40.5'S): petrogenesis of evolved lavas. J. Petrol. 
29,333-382. 

Ghiorso, M. S. and Sack, R. O. (1991): Fe-Ti oxide thermometry: thermodynamic formulation and the 
estimation of intensive variables in silicic magmas. Contrib. Mineral. Petrol. 108,485-5 10. 

240 



Gilbert, J. S., Stasiuk, M. V, Lane, S. J., Adam, C. R., Murphy, M. D., Sparks R. S. J. and Naranjo, J. A. 
(1996): Non-explosive, constructional evolution of the ice-filled caldera at Volcdn Sollipulli, Chile. Bull 
Volcanol. 58,67-83. 

Gill, J. B. (198 1): Orogenic andesites and plate tectonics. S ringer-Verlao,, Berlin Heidelberg New York. p C, 

Green, T. H. and Pearson, N. J. (1986): Ti-rich accessory phase saturation in hydrous mafic-felsic 
compositions at high P, T. Chem Geol. 54,185-201. 

Grove, T. L. and Donnelly-Nolan, J. M. (1986): The evolution of young silicic lavas at Medicine Lake 
Volcano, California: Implications for the origin of compositional gaps in calc-alkaline series lavas. 
Contrib. Mineral. Petrol. 92,281-302. 

Grove, T. L., Kinzler, R. J., Baker, M. B., Donnelly-Nolan, J. M. and Lesher, C. E. (1988): Assimilation of 
granite by basaltic magma at Burnt Lava flow, Medicine Lake volcano, northern California: decoupling 
of heat and mass transfer. Contrib. MineraL PetroL 99,320-343. 

Gust, D. A. and Perfit, M. R. (1987): Phase relations of a high-Mg basalt from the Aleutian island arc: 
implications for primary island arc basalts and high-Al basalts. Contrib. MineraL PetroL 97,7-18. 

Hannon, R. S., Barreiro, B. A., Moorbath, S., Hoefs, J., Francis, P. W., Thorpe, R. S., D6ruelle, B., 
McHugh, J. and Viglino, J. A. (1984): Regional 0-, Sr-, and Pb-isotope relationships in late Cenozoic 
calc-alkaline lavas of the Andean Cordillera J. GeoL Soc. London 141,803-822. 

Harrison, T. M. and Watson, E. B. (1983): Kinetics of zircon dissolution and zirconium diffusion in 
granitic melts of variable water content. Contrib. Mineral. Petrol. 84,66-72. 

Harrison, T. M. and Watson, E. B. (1984): The behavior of apatite during crustal anatexis: Equilibrium 
and kinetic considerations. Geochim. Cosmochim. Acta 48,1467-1477. 

Harte, B. (1987): Metasomatic events recorded in mantle xenoliths: an overview. in P. H. Nixon, ed., 
Mantle Xenoliths, John Wiley and Sons, New York, 625--640. 

Harvey, P. K and Atkin, B. P. (1982): Automated X-ray Fluorescence analysis. In Sampling and analysis 
for the minerals industry. Special publication of the Institute of Mining and Metallurgy, 17-26. 

Hawkesworth, C. J., O'Nions, R. K. and Arculus, R. J. (1979): Nd and Sr isotope geochemistry of island 
arc volcanics, Grenada, Lesser Antilles. Earth Planet. Sci. Lett. 45,237-248. 

Hawkesworth, C. J., Hergt, J. M. Ellam, R. M. and McDermott, F. (1991): Element fluxes associated with 
subduction related magmatism. Phil. Trans. R. Soc. Lond. A. 335,393-405. 

Hawkesworth, C. J., Gallagher, K., Hergt, J. M. and McDermott, F. (1994): Destructive plate margin 
magmatism: Geochernistry and melt generation. Lithos 33,169-188. 

Helz, R. T. (198 1): Phase relationships and compositions of amphiboles produced in studies of the 
melting behaviour of rocks. In Veblen, D. R., Ribbe, P. H. (eds) Amphiboles: petrology and experimental 
phase relations. Reviews in Mineralogy Vol. 9B. Mineralogical Society of America, Washington DC, 
279-346. 

Herron, E. M. (1981): Chile margin near 38'S: evidence for a genetic relationship between continental 
and marine geological features or a case of curious coincidences? in Kulm et al. (eds. ) Nazca Plate: 
Crustal Formation and Andean Convergence. Geol. Soc. Amer. Memoir. 154,755-760. 

Hickey R., Frey, F. A. and Gerlach, D. C. (1986): Multiple sources for basaltic arc rocks from the 
Southern Volcanic Zone of the Andes (34-4l'S): trace element and isotopic evidence for contributions 
from subducted oceanic crust, mantle and continental crust. J. Geophys. Res. 91B, 5963-5983. 

241 



Hickey-Vargas, R., Moreno Roa, H., Lopez Escobar, L. and Frey, F. A. (1989): Geochemical variations 
in Andean basaltic and silicic lavas from the Villarica-Lanin volcanic chain (39.5'S): an evaluation of 
source heterogeneity, fractional crystallization and crustal assimilation. Contrib. Mineral. Petrol. 103, 
362-386. 

Hickey-Vargas, R., Abdollahi, M. J., Parada, M. A., Lopez-Escobar, L. and Frey, F. A. (1995): Crustal 
xenoliths from Calbuco Volcano, Andean Southern Volcanic Zone: implications for crustal composition 
and magma-crust interaction. Contrib. Mineral. Petrol. 119,331-344. 

Hildreth, W. (1983): The compositionally zoned eruption of 1912 in the Valley of Ten Thousand 
Smokes, Katmai National Park, Alaska. J. Volcanol. Geotherm. Res. 18,1-56. 

Hildreth, W. and Moorbath, S. (1988): Crustal contributions to arc magmatism in the Andes of Central 
Chile. Contrib. Mineral. Petrol. 98,455-489. 

Hildreth, W., Grunder, A. L. and Drake, R. E. (1984): The Loma Seca Tuff and the Calabozos caldera: 
A major ash-flow and caldera. complex in the southern Andes of central Chile. Geol. Soc. Amer. Bull. 
95,45-54. 

Hildreth, W. and Moorbath, S. (199 1): Reply to Comment on "Crustal contributions to arc magmatism in 
the Andes of Central Chile" by W. Hildreth and S. Moorbath. Contrib. Mineral. Petrol. 108,247-252. 

Hirose, K. and Kawamoto, T. (1995): Hydrous partial melting of lhertzolite at I GPa: the effect of H20 
on the genesis of basaltic magmas. Earth Planet. Sci. Lett. 133,463-473. 

Holland, T. J. 13. and Blundy, J. D. (1994): Non-ideal interactions in calcic amphiboles and their bearing 
on amphibole-plagioclase thermometry. Contrib. Mineral. Petrol. 116,433-447. 

Honjo, N., Bonnichsen, B., Leeman, W. P. and Stormer, J. C. Jr. (1992): Mineralogy and 
geothermometry of high-temperature rhyolites from the central and western Snake River Plain. Bull. 
Volcanol. 54,220-237. 

Horn, I., Foley, S. F., Jackson, S. E. and Jenner, G. A. (1994): Experimentally determined partitioning of 
high field strength- and selected transition elements between spinel and basaltic melt. Chem. Geol. 117, 
193-218. 

Housh, T. B. and Luhr, J. F. (1991): Plagioclase-melt equilibria in hydrous systems. Am. Mineral., 76, 
477-492. 

Huebner, J. S. and Sato, M. (1970): The oxygen fugacity-tcmperature relationships of manganese oxide 
and nickel oxide buffers. Am. Mineral.. 55,934-952. 

Huppert, H. E. and Sparks, R. S. J. (1980): The fluid dynamics of a basaltic magma chamber replenished 
by influx of hot, dense ultrabasic magma. Contrib. Mineral. Petrol. 75,279-289. 

Huppert, H. E., Sparks, R. S. J. and Turner, J. S. (1982): Effects of volatiles on mixing in calc-alkaline 
magma systems. Nature 297,554-557. 

Ionov, D. A. and Hofmann, A. W. (1995): Nb-Ta-rich mantle amphiboles and micas: implications for 

subduction-related metasomatic trace element fractionations. Earth Planet. Sci. Lett. 131,341-356. 

Irvine, A. J. and Baragar, W. R. A. (1971): A guide to the chemical classification of the common volcanic 
rocks. Can. J. Earth Sci. 8,523-548. 

Jakes, P. and Gill, J. B. (1970): Rare earth elements and the island arc tholeiitic series. Earth Planet. Sci. 
Lett. 9,17-28. 

Jordan, T. E., Isacks, B. L., Allmendinger, R. W., Brewer, J. A., Ramos, V. A. and Ando, C. J. (1983): 
Andean tectonics related to geometry of subducted Nazca Plate. Geo. Soc. Amer. Bull. 94,341-361. 

242 



Kawamoto, T., (1992): Dusty and honeycomb plagioclase: indicators of processes in the Uchino stratified 
magma chamber, Izu Peninsula, Japan. J. Volcanol. Geotherm. Res. 49,191-208. 

Kelemen, P. B., Shimizu, N. and Dunn, T. (1993): Relative depletion of niobium in some arc magmas 
and the continental crust: partitioning of K, Nb, La and Ce during melt / rock reaction in the upper 
mantle. Earth Planet. Sci. Lett. 120,111-134. 

Kersting, A. B. and Arculus, Rj. (1994): Klyuchevskoy volcano, Kamchatka, Russia: the role of high- 
flux recharged, tapped, and fractionated magma chamber(s) in the genesis of high A1203 from high 

-MgO basalt. J. Petrol. 35,1-41. 

Kilinc, A., Carmichael, I. S. E. and Sack, R. O. (1983): The ferrous-feffic ratio of natural silicate liquids 
equilibrated in air. Contrib. Mineral. Petrol. 83,136-140. 

Klein, E. M. and Langmuir, C. H. (1987): Global correlations of ocean ridge basalt chemistry with axial 
depth and crustal thickness. J. Geophys. Res., 92,8089-8115. 

Kuo, L-C., and Kirkpatrick, R. J. (1982): Pre-eruption history of phyric basalts from DSDP Legs 45 and 
46: evidence from morphology and zoning patterns in plagioclase. Contrib. Mineral. Petrol. 79,13- 
27. 

Kushiro, 1. (1969): The system forsterite-diopside-silica with and without water at high pressures. Am J. 
Sci. 267A, 267-294. 

Kushiro, 1. (1990): Partial melting of mantle wedge and evolution of island arc crust. J. Geophys. Res. 
95B, 15929-15939. 

Lange, R. A. and Carmichael, I. S. E. (1990): Hydrous basaltic andesites associated with minette and 
related lavas in western Mexico. J. Petrol. 31,1225-1259. 

Langmuir, C. H., Vocke, R. D., Hanson, G. N. and Hart, S. R. (1978): A general mixing equation with 
applications to Icelandic basalts. Earth Planet. Sci. Lett. 37,380-392. 

Le Maitre R. W. (1982): Numerical Petrology. Elsevier, Amsterdam. 

Lcake, B. E. (1978): Nomenclature of amphiboles. Am. Mineral. 63,1025-1052. 

Leeman, W. P. (1983): The influence of crustal structure on compositions of subduction-related magmas. 
J. VoIcanol. Geotherm. Res. 18,561-588. 

Levi, B., and Aguirre, 1. (1981): Ensialic spreading-subsidence in the Mesozoic and Paleozoic Andes of 
central Chile. J. Geol. Soc. London 138,75-8 1. 

Lindsley, D. (1983): Pyroxene thermometry. Am. Mineral. 68,477-493. 

Lindsley, D. and Andcrsen, D. J. (1983): A two-pyroxene thermometer. Proc. 13th Lunar Planet Sci. 
Conf. Part 2. J. Geophys. Res. 88, A887-906. Sci 

Lofgren, G. (1980): Experimental studies on the dynamic crystallisation of silicate melts. in 
Hargreaves, R. B. (ed. ), Physics of Magmatic Processes., Princeton University Press, Princeton, New 
Jersey, 487-551. 

Lopez Escobar, L., Tagiri, M. and Vergara, M. (1991): Geochemical features of southern Andes 
Quaternary volcanics between 41*59 and 43*00'S. in Harmon, R. S. and Rapela, C. W. (eds. ) Andean 
Magmatism, and Its Tectonic Setting. Geological Society ofAmerica Special Paper 265,45-56. 

Lopez Escobar, L., Kempton, P. D., Kilian, R., and Tagiri, M. (1993): Petrography and geochemistry of 
Quaternary rocks from the Southern Volcanic Zone of the Andes between 41 *30' and 46'00'S, Chile. 
Rev. Geol. Chile. 20,33-55. 

243 



Lopez-Escobar, L., Parada, M. A., Hickey-Vargas, R., Frey, F. A., Kempton, P. D. and Moreno, H. (1995): 
Calbuco Volcano and minor eruptive centers distributed along the Liquine-Ofqui Fault Zone, Chile (41 
42* S): contrasting origin of andesitic and basaltic magma in the Southern Volcanic Zone of the Andes. 
Contrib. Mineral. Petrol. 119,345-361. 

Lowenstem, J. B. and Mahood, G. A. (199 1): New data on magmatic H20 contents of pantellerites, with 
implications for petrogenesis and eruptive dynamics at Pantellaria. Bull Volcanol, 54,78-83. 

Lowrey, A. and Hey, R. (1981): Geological and geophysical variations along the western margin of 
Chile near lat. 33* to 361S and their reaction to Nazca plate subduction. Mem. Geol. Soc. Am. 154,741- 
754. 

Marshall, L. (1984): Net-veined and mixed magma intrusions. Unpublished PhD thesis, University of 
Cambridge. 

McCulloch, M. T. and Gamble, J. A. (1991): Geochemical and geodynamic constraints on subduction 
zone magmatism. Earth Planet. Sci. Lett. 102,358-374. 

McMillan, N. J., Hannon, R. S., Moorbath, S., and Lopez Escobar, L. (1989): Crustal sources involved in 

continental arc magmatism: A case study of VolcAn Mocho-Choshuenco, southern Chile. Geology 17, 
1152-1156. 

Menzies, M. A., Rogers, N., Tindle, A., and Hawkesworth, C. J. (1987): Metasomatic enrichment 
processes in lithospheric peridotites, an effect of asthenosphere-lithosphere interaction. in Menzies, M. A. 

and Hawkesworth, C. J. (editors), Mantle Metasomatism. Academic Press, London, pp 313-361. 

Merzbacher, C. and Eggler, D. H. (1984): A magmatic geohygrometer: application to Mount St. 
Helens and other dacitic magmas. Geology 12,587-590. 

Miller, D. M., Langmuir, C. H., Goldstein, S. L., and Franks, A. L. (1992): The importance of parental 
magma composition to calc-alkaline and tholefitic evolution: evidence from Umnak Island in the 
Aleutians. J. Geophys. Res. 9711,321-343. 

Miyashiro, A. (1974): Volcanic rock series in island arcs and active continental margins. Am. J. Sci 
274,321-355. 

Mufioz, J. and Stern, C. R. (1988): The Quaternary volcanic belt of the southern continental margin of 
South America: transverse structural and petrochemical variations across the segment between 381S and 
391S. J. S. Am. Earth. Sci. 1,147-16 1. 

Mufioz, J. and Stern, C. R. (1989): Alkaline magmatism within the segment 38-39'S of the Plio- 
Quaternary volcanic belt of the southern South American continental margin. J. Geophys. Res. 94B, 
4545-4560. 

Murdie, R. E., Prior, D. J., Styles, P., Flint, S. S., Pearce, R. G. and Agar, S. M. (1993): Seismic responses to 
ridge-transform subduction: Chile triplejunction. Geology 21,1095-1098. 

Murphy, M. D. (1995): The petrology and geochernistry of Nevados de Chil]An Volcano, Chile. BGS 
Technical Report, WC/95/6- 

Myers, J. and Eugster, H. P. (1983): The system Fe-Si-O: oxygen buffer calibrations to 1500K. Contrib. 
Mineral. Petrol. 82,75-90. 

Naranjo, J. A., Moreno Roa, H., Emparan, C. and Murphy, M. D. (1993): Volcanismo explosivo 
reciente en la caldera del volcAn Sollipulli Andes del Sur (39'S). Rev. Geol. Chile. 20,167-19 1. 

Nye, C. J. and Reid, M. R. (1986): Geochemistry of primary and least fractionated lavas from Okmok 

Volcano, central Aleutians: implications for arc magmagenesis. J. Geophys. Res. 91,10271-10287. 

O'Reilly, S. Y., Griffin, W. L. and Ryan, C. G. (1991): Residence of trace elements in metasomatised 
spinel lherzolite xenoliths: a proton-microprobe study. Contrib. Mineral. Petrol. 109,98-113. 

244 



Panjasawatwong, Y., Danushevsky, L. V., Crawford, AJ. and Harris, K. L. (1995): An experimental 
study of the effects of melt composition on plagioclase-melt equilibria at 5 and 10 kbar: implications for 
the origin of magmatic high-An plagioclase. Contrib. Mineral. Petrol. 118,420-432. 

Pankhurst, R. J. (1990): The Paleozoic and Andean magmatic arcs of West Antarctica and southern South 
America. in Kay, S. M. and Rapela, C. W. (eds. ) Plutonism from Antarctica to Alaska. Geological Society 
ofAmerica Special Paper 241,1-7. 

Parada, M. A. (1990): Granitoid plutonism in central Chile and its geodynamic implications: a review. 
in Kay, S. M. and Rapcla, C. W. (cds. ) Plutonism from Antarctica to Alaska. Geological Society of 
America Special Paper 241,51-66. 

Peacock, S. M., Rushmer, T. and Thompson, A. B. (1994): Partial melting of subducting oceanic crust. 
Earth Planet. Sci. Lett. 121,227-244. 

Pearce, J. A. (1983): Role of the sub-continental lithosphere in magma genesis at active continental 
margins. in Hawkesworth, C. J. and Norry, M. J. (eds. ), Continental Basalts and Mantle Xenoliths, Shiva 
Publishing, Cheshire, 230-249. 

Pearce, J. A. and Norry, M. J. (1979): Petrogenetic implications of Ti, Zr, Y and Nb variations in volcanic 
rocks. Contrib. Mineral. Petrol. 69,33-47. 

Pearce, J. A. and Parkinson, I. J. (1993): Trace element models for mantle melting: application to 
volcanic arc petrogenesis. in Pritchard, H. M., Alabaster, T., Harris, N. B. and Neary, C. R. (eds. ), 
Magmatic Processes and Plate Tectonics, Geol. Soc. Lond. Special Publication, 76,373-403. 

Pearce, J. A. and Peate, D. W. (1995): Tectonic implications of the composition of volcanic arc magmas. 
Annu. Rev. Earth Planet. Sci. 23,251-285. 

Pearce, J. A., Baker, P. E., Harvey, P. K. and Luff, I. W. (1995): Geochernical evidence for subduction 
fluxes, mantle melting and fractional crystallization beneath the South Sandwich island arc. J. Petrol. 
36,1073-1109. 

Peccerillo, A. and Taylor, S. R. (1976): Geochemistry of Eocene calc-alkalic rocks from the Kastamonu 
area, Northern Turkey. Contrib. Mineral. Petrol. 58,63-8 1. 

Perfit, M. R., Gust, D. A., Bence, A. E., Arculus, R. J. and Taylor, S. R. (1980): Chemical characteristics of 
island arc basalts: implications for mantle sources. Chem. Geol. 30,227-256. 

Pichavant, M., Montel, J-M. and Richard, L. R. (1992): Apatite solubility in peraluminous liquids: 
experimental data and an extension of the Harrison-Watson model. Geochim. Cosmochim. Acta 56, 
3855-3861. 

Pitcher, W. S. (1984): Phanerozoic plutonism in the Andes. in Harmon, R. S. and Barreiro, B. A. (eds. ) 
Andean Magmatism Chemical and Isotopic Constraints. Shiva Publishing, Cheshire UK, 152-167. 

Plank, T. and Langmuir, C. H. (1988): An evaluation of the global variations in the major element 
chemistry of arc basalts. Earth Planet. Sci. Lett. 90,349-370. 

Ramos, V. A. (1988): Late Proterozoic-Early Paleozoic of South America-a collisional history. 
Episodes 11,168-174. 

Ramos, V. A. and Kay, S. M. (1992): Southern Patagonian plateau basalts and deformation: backarc 

testimony of ridge collisions. Tectonophysics, 205,261-282. 

Rapela, C. W. and Kay, S. M. (1988): Late Paleozoic to Recent magmatic evolution of northern Patagonia: 
Episodes 11,175-182. 

Rea, W. J. (1974): The volcanic geology and petrology of Montserrat, West Indies. J. Geol. Soc. Lond. 
130,341-366. 

245 



Robin, C,., Eissen, J-P and Monzier, M. (1993): Giant tuff cone and 12-km-wide associated caldera at Ambryn Volcano (Vanuatu, New Hebrides Arc). J. VolcanoL Geotherm. Res. 55,225-238. 

Roeder, P. L. (1974): Activity of iron and olivine solubility in basaltic liquids. Earth Planet. Sci. Lett. 
23,397-410. 

Roeder, P. L. and Reynolds, 1. (1991): Crystallisation of chromite and chromium solubility in basaltic 
melts. J. Petrol. 32,909-934. 

Rogers, G. R. and Hawkesworth, C. J. (1989): A geochemical traverse across the north Chilean Andes: 
evidence for crust generation from the mantle wedge. Earth Planet. Sci. Lett. 23,397-410. 

Rollinson, H. R. (1993): Using Geochemical Data. Longman, UK. 

Romnick, J. D., Mahlburg Kay, S. and Kay, R. W. (1992): The influence of amphibole fractionation on the 
evolution of calc-alkaline andesite and dacite tephra from the central Aleutians, Alaska. Contrib. 
Mineral. Petrol. 112,101-118. 

Rutherford, M. J. (1993): Experimental petrology applied to volcanic processes. EOS 74,49-50. 

Rutherford, M. J. and Devine, J. D. (1988): The May 18,1980 eruption of Mt. St. Helens. 3. Stability and 
chemistry of amphibole in the magma chamber. J. Geophys. Res., 93,11949-11959. 

Rutherford, M. J. and Hill, P. M. (1993): Magma ascent rates from amphibole breakdown: an experimental 
study applied to the 1980-1986 Mount St. Helens eruptions. J. Geophys. Res. 98,19665-19685. 

Rutherford, M. J., Sigurdsson, H., Carey, S. N. and Davis AN (1985): The May 18,1980 eruption of Mount St. Helens, 1. Melt composition and experimental phase equilibria. J. Geophys. Res. 90,2929- 
2947. 

Sack, R. O. and Ghiorso, M. S. (199 1): Chromite as a petrogenetic indicator. In Mineralogical Society of 
America Reviews in Mineralogy 25,323-353. 

Saunders, A. D., Tarney, J. and Weaver, S. D. (1980): Transverse geochemical variations across the 
Antarctic peninsula: implications for the genesis of calc-alkaline magmas. Earth Planet. Sci. Lett. 46, 
344-360. 

Scandone, R. (1990): Chaotic collapse of calderas. J. VolcanoL Geotherm. Res. 42,285-302. 

Selverstone, J. and Stern, C. R. (1983): Petrochemistry and recrystallization history of granulite xenoliths 
from the Pali-Aike volcanic field, Chile. Am. Mineral. 68,1102-1112. 

Shaw, D. M. (1970): Trace element fractionation during anatexis. Geochim. Cosmochim. Acta 34,237- 
243. 

Sigurdsson and Sparks (1978) 1 Rifting episodes in north Iceland in 1874-1875 and the eruption of 
Askja and Sveinagja. Bull. Volcanol. 41,1-19. 

Singer, B. S., Myers, J. D., Linneman, S. R. and Angevine, C. L. (1989): The thermal history of ascending 
magma diapirs and the thermal and physical evolution of magmatic conduits. J. Volcanol. Geotherm. 
Res. 37,273-289. 

Singer, B. S., Myers, J. D., and Frost, C. D. (1992): Mid-Pleistocene lavas from the Seguam volcanic 
center, central Aleutian arc: closed-system fractional crystallization of a basalt to rhyodacite eruptive 
suite. Contrib. Mineral. Petrol. 110,87-112. 

Singer, B. S., Dungan, M. A., and Layne, G. D. (1995): Textures and Sr, Ba, Mg, Fe, K, and Ti 
compositional profiles in volcanic plagioclase: Clues to the dynamics of calc-alkaline magma chambers. 
Am. Mineral. 80,776-798. 

246 



Sisson, T. W. (1994): Hornblende-melt trace-element partitioning measured by ion microprobe. Chem. 
Geol. 117,331-344. 

Sisson, T. W. and Grove, T. L. (1993a): Temperatures and water contents of low-MgO high-alumina 
basalts. Contrib. Mineral. Petrol. 113,167-184. 

Sisson, T. W. and Grove, T. L. (1993b): Experimental investigations of the role of H20 in cale-alkaline 
differentiation and subduction zone magmatism. Contrib. Mineral. Petrol. 113,143-166. 

Skilling, I. P. (1994): Evolution of an englacial volcano: Brown Bluff, Antarctica. Bull. Volcanol. 56, 
573-591. 

Smellie, P. J., Hole, M. J. and Nell, P. A. R. (1994): Late Miocene valley-confined subglacial volcanism in 
northern Alexander Island, Antarctic Peninsula. Bull. Volcanol. 55,273-288. 

Sparks, R. S. J. and Marshall, L. A. (1986): Thermal and mechanical constraints on mixing between mafic 
and silicic magmas. J. Volcanol. Geotherm. Res. 29,99-124. 

Sparks, R. S. J., Self, S. and Walker, G. P. L. (1973): Products of ignimbrite eruptions. Geology 1,115- 
118. 

Sparks, R. S. J., Sigurdsson, H. and Wilson, L. (1977): Magma mixing: a mechanism for triggering acid 
explosive eruptions. Nature 267,315-318. 

Spencer, K. J. and Lindsley, D. H. (198 1): A solution model for coexisting iron-titanium oxides. Am. 
Mineral. 66,1189-1201. 

Stern, C. R. (1991a): Comment on "Crustal contributions to arc magmatism in the Andes of Central 
Chile" by W. Hildreth and S. Moorbath. Contrib. Mineral. Petrol. 108,241-246. 

Stern, C. R. (1991b): Role of subduction erosion in the generation of Andean magmas. Geology 19, 
78-81. 

Stern, C. R. and Vilian, R. (1996): Role of the subducted slab, mantle wedge and continental crust in the C, 
generation of adakites from the Andean Austral Volcanic Zone. Contrib. Mineral. Petrol. 123,263- 
281. 

Stern, C. R., Futa, K., Muchlenbachs, K., Dobbs, F. M., Munoz, J., Godoy, E. and Charrier, R. (1984): Sr, 
Nd, Pb and 0 isotope composition of late Cenozoic volcanics, northernmost SVZ (33-34*S). In Andean 
Magmatism, Chemical and Isotopic Constraints. Nantwich, Cheshire: Shiva, 96-105. 

Stern, C. R., Futa, K., Saul, S. and Skewes, M. A. (1986): Nature and evolution of the subcontinental 
mantle lithosphere below southern South America and implications for Andean magma genesis. Rev. 
Geol. Chile. 27,41-53. 

Stern, C. R., Frey, F. A., Futa, K., Zartman, R. E., Peng, Z. C. and Kyser, T. K. (1990): Trace element end 
Sr, Nd, Ph and 0 isotopic composition of mantle xenolith bearing and other Pliocene and Quaternary 
alkali basalts of the Patagonian plateau lavas of southernmost South America. Contrib. Mineral. Petrol. 
104,294-308. 

Stolper, E. and Newman, S. (1994): The role of water in the petrogenesis of Mariana trough magmas. 
Earth Planet. Sci. Lett. 121,293-325. 

Stormer, J. C. Jr. (1983): The effects of recalculation on estimates of temperature and oxygen fugacity 
from analyses of multi-component iron-titanium oxides. Am. Mineral. 68,586-594. 

Sudo, A. and Tatsumi, Y. (1990): Phlogopite and K-amphibole in the upper mantle: Implication for 

magma genesis in subduction zones. Geophys. Res. Lett. 17,29-32. 

Tatsumi, Y. and Eggins, S. (1995): Subduction Zone Magmatism. Blackwell Science Inc., Oxford 

247 



Tatsumi, Y., Hamilton, D. L. and Nesbitt, R. W. (1986): Chemical characteristics of fluid phase released 
from a subducted lithosphere and origin of arc magmas: evidence from high-pressure experiments and 
natural rocks. J. Volcanol. Geotherm. Res. 29,293-309. 

Tatsumi, Y., Kogiso, T. and Nohda, S. (1995): Formation of a third volcanic chain in Kamchatka: 
generation of unusual subduction-related magmas. Contrib. Mineral. Petrol. 120,117-128. 

Taylor, S. R. and McLennan, S. M. (1985): The Continental Crust: Its Composition and Evolution. 
Blackwell, Oxford. 

Thirwall, M. F., Smith, T. E., Graham, A. M., Theodorou, N., Hollings, P., Davidson, J. P. and Arculus, 
R. J. (1994): High field strength element anomalies in arc lavas: source or process? J. Petrol. 35,819- 
838. 

Thornburg, T. M. and Kulm, L. D, (1987): Sedimentation in the Chile trench; Depositional morphologies, 
lithofacies, and stratigraphy. Geol. Soc. Amer. Bull. 98,33-52. 

Tormey, D. R., Hickey-Vargas, R., Frey, F. A. and Lopez Escobar, L. (1991): Recent lavas from the 
Andean volcanic front (33 to 42'S); interpretations of along-arc compositional variations. in Harmon, 
R. S. and Rapela, C. W. (eds. ) Andean Magmatism and Its Tectonic Setting. Geological Society of 
America Special Paper 265,57-77. 

Tormey, D. R., Frey, F. A. and Lopez Escobar, L. (1995): Geochernistry of the active Azufre-Planchon- 
Peteroa volcanic complex, Chile (35"15'S): evidence for multiple sources and processes in a cordilleran 
arc magmatic system. J. Petrol. 36,265-298. 

Tsuchiyama, A. (1985): Dissolution kinetics of plagioclase in the melt of the system diopside-albite- 
anorthite, and origin of dusty plagioclase in andesite. Contrib. Mineral. Petrol. 89,1-16. 

Turner, S., Hawkesworth, C., van Calsteren, P., Heath, E., Macdonald, R. and Black, S. (1996): U-series 
isotopes and destructive plate margin magma genesis in the Lesser Antilles. Earth Planet Sci. Lett. in 
press. 

Wager, L. R. and Deer, W. A. (1939): The petrology of the Skaergaard intrusion, Kangerdlugssuag, East 
Greenland. Medd. Groenl. 105, no 4. 

Wagner, T. P., Donnelly-Nolan, J. M. and Grove, T. L. (1995): Evidence of hydrous differentiation and 
crystal accumulation in the low-MgO, high A1203 Lake Basalt from Medicine Lake volcano, California. 
Contrib. Mineral. Petrol. 121,201-216. 

Walker, G. P. L. (1973): Lengths of lava flows. Phil. Trans. R. Soc. Lond 274,107-118. 

Walker, G. P. L. (1984): Downsag calderas, ring faults, caldera. sizes, and incremental caldera growth. 
J. Geophys. Res. 89,8407-8416. 

Walker, G. P. L. and Skelhorn, R. R. (1966): Some associations of acid and basic igneous rocks. Earth Sci. 
Rev. 2,93-109. 

Walker, G. P. L., Wilson, U. N. and Froggatt, P. C. (1980): Fines depleted ignimbrite in New Zealand- 
the product of a turbulent pyroclastic flow. Geology 8,245-249. 

Walker, G. P. L., Wilson, C. J. N. and Froggatt, P. C. (1981): Anignimbrite veneer deposit; thetrail 
marker of a pyroclastic flow. J. Volcanol. Geotherm. Res. 9,409-421. 

Watson, E. B. (1982): Basalt contamination by continental crust: some experiments and models. 
Contrib. Mineral. Petrol. 80,73-87. 

Watson, E. B. and Green, T. H. (198 1): Apatite\liquid partition coefficients for the rare earth elements and 
strontium. Earth Planet. Sci. Lett. 56,405-421. 

248 



Watson, E. B. and Jurewicz, S. R. (1984): Behavior of alkalies during diffusive interaction of granitic 
xenoliths with basalt magmas. J. GeoL 92,121-13 1. 

Wilson M (1989): Igneous Petrogenesis: A Global Tectonic Approach, Harper Collins Academic, 
London. 

Wohletz, K. H. and Sheridan, M. F. (1983): Hydrovolcanic explosions II. Evolution of basaltic tuff rings 
and tuff cones. Anz. J. Sci. 283,385-413. 

Woodhead, J., Eggins, S. and Gamble, J. (1993): High field strength and transition element systematics 
in island arc and back-arc basin basalts: evidence for multi-phase melt extraction and a depleted mantle 
wedge. Earth Planet. Sci. Lett. 114,491-504. 

249 



. Appendix 1 
Analytical techniques and errors 
All whole-rock powders were made by crushing in a tungsten-carbide mill at 

Bristol University. Samples were sliced and subsequently hammered to sub-cm. sized 
granules prior to crushing. 

AM XRF 

Analyses were performed on a Philips PW1400 X-ray fluorescence 

spectrometer at Nottingham University using the methods of Harvey and Atkin (1983). 
Major and trace elements were analysed using fused glass beads and powder pellets 
respectively. Precision was monitored over three different analytical sessions between 
1992 and 1994 by analysing a dacite powder in all three sessions and two basaltic 

andesite powders in the second and third sessions (Table Al. 1). The basic samples 
were analysed in the latter two sessions. 

Relative errors expressed as one sigma standard deviation/mean (Le Maitre, 

1982, Chapter 2) for many elements used for interpretation are between 0.00-0.03. 

Higher relative errors in some cases are due to low abundance levels (e. g. P in general, 
Rb in basic rocks, Mg, Ni and Cr in silicic rocks). The relative error for Na is between 

0.04-0.07. Ba gives a relative error between 0.03-0.04. 

A1.2. ICP-MS 

Analyses were performed on a VG Elemental PlasmaQuad PQ 11 instrument at 
the University of Bristol. Instrumental techniques are similar to those described by 

Bailey et al. (1993). Sample preparation techniques are described in detail by Bailey et 

al. (1993). 200 mg of rock powder was digested in a mixture of 10 ml of 40% v/v HF 

and 2.5 ml of 72% v/v HC104. Stock solutions were made using 100 ml of 5% v/v 
HN03. Run solutions were made by mixing 5 ml of 200 ppb 5% v/v HN03 internal 

standard solution and 5 ml of stock solution. Re and Ru were used as internal standards 
for the REE and In was used for Nb and HE Calibration standard solutions were made 

at concentrations of 20,60 and 100 ppb in 5% v/v HN03- 

Problems were experienced with analytical accuracy for several REE and HE 

The origin of these problems is not fully resolved but may be a combination of matrix 
interference effects, calibration method and oxide interferences in some cases. 

In general, as discussed further below, accuracy for the MREE (Eu to Dy) and 
HREE (Ho to Lu) is poor and precision is also poor for most of the low abundance 
MREE to HREE (Tb, Ho, Tm). Tb, Ho, Tm and Lu have not been used in this thesis. 

The high abundance MREE to HREE (Eu, Gd, Dy, Er, Yb), for which precision is 
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within 10% relative in most cases, have been used with caution in discussing variations 
among the Sollipulli rocks but have not been used for important quantitative purposes 
and should not be used for comparison with literature data. Precision is good for the 
LREE (except La) but accuracy for all elements except Ce is questionable and 
systematically low by up to 10% relative in many cases. Because precision is better 
than 5% relative in most cases, the data are internally consistent and have been used in 
discussing variations among the Sollipulli rocks. However, only Ce has been used for 
important quantitative interpretation and reliance has been placed only on Ce for 

comparison with literature data. Figure Al. I shows a series of chondrite-normalised 
REE analyses some of which show spiky patterns among the MREE and HREE, 

reflecting the poor accuracy and precision for the low abundance REE. Chondrite- 

normalised Y, which was analysed by XRF, is higher in all cases than the HREE, which 
is also consistent with the systematic error in the HREE data. Ce/Y ratios have been 

used throughout the thesis in discussing LREE/HREE ratios. 
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FigureAl. l: The diagrams are chondrite-normalised multi-element plots using normalising factors from 
Taylor and McLennan (1985). The samples are basalts and basaltic andesites. The good precision is 
indicated by the differences between basalt sample SP230 and basaltic andesite, SP223. The systematic 
error in the HREE is demonstrated by the high Y relative to Yb and other HREE in all cases. Spiky 
patterns for the MREE to HREE were obtained in some cases (SP 177 and SP 19 1) due mainly to poor 
precision for the low abundance elements. 
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Hf is also systematically low, judging from Zr/Hf ratios which are about 10% 
higher than in typical MORB and island arc basalts in general. Hf has not been used for 
important quantitative interpretation. Accuracy for Nb is not well-determined, as Nb 

abundances in the available international standards are outside the range of the samples. 
The Nb data determined by ICP-MS agree in most cases with the XRF data within I 

ppm. Nb has not been used for important quantitative interpretation but has been used 
for qualitative comparison with literature data. 

Precision over three different analytical sessions and accuracy for the REE 

were monitored using international standard JB 1 or JB I -a, which have similar REE 

compositions to many of the basic Sollipulli rocks. Other international standards were 
also run. Precision for the REE was also monitored using a basic Sollipulli sample, 
SP222. REE results for JB I and SP222 are given in Table A 1.2. 

La showed significant fluctuations among analysed samples and is not used. 
Relative errors for elements from Ce to Eu is less than 0.06. Measured and 
recommended Ce and Eu in JB 1 are similar in most cases but Pr, Nd and Sm. are 
consistently lower in the analysed sample. However Nd and Sm do not show this effect 
consistently in other international standards analysed. The MREE-HREE give poorer 
precision, particularly the low abundance elements which are not used. Gd and Dy tend 
to be slightly higher than recommended and Gd/Dy ratios show irregular variations in 

some cases. 
TherelativeerrorforErissmall(0.01-0.03)butprecisionforYbispoor. Er 

and Yb are consistently lower, with significant discrepancies for Yb. Both elements 
also give consistently lower values than recommended in other international standards. 
Comparison of the Sollipulli data for Y and Yb with regional Andean rocks and 
MORBs also suggests that the ICP-MS data for Er and Yb are systematically low. The 
data for Er and Yb presented in Appendix 3 have been corrected by factors of between 
1.03-1.07 for Er and between 1.1-1.4 for Yb, using the JB I or JB I-a analyses to 

approximate a correction factor. The data are not considered reliable for quantitative 
purposes (Chapter 6) and have not been used in regional comparison. Y has been used 
as a HREE analogue for regional comparison and for quantitative assessment of 
fractionation processes at Sollipulli (Chapter 6). Er data are not available for the 

regional rocks. Y/Yb ratios should be similar to those in MORB, judging from the flat 

patterns from Y to Yb among the regional rocks on MORB-normalised plots (Fig. 7.6). 
Even after applying the corrections, the Sollipulli rocks have higher Y/Yb ratios than 
MORB. The Er and Yb data have been used in Chapters 4 and 6 as both elements show 

consistent variations with Y. However the data, particularly for Yb, are treated with 

great caution and are not used for important petrogenetic interpretation. 
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Nb and Hf were determined in four separate runs. Repeat analyses of JB I and 
JB2, used as the closest available international standards to the samples, are given in 
Table A 1.3. The relative error for Hf is 0.04-0.06 but there is significant fluctuation up 
to about 20% relative to the recommended value. At high abundance levels in JB 1, the 
relative error for Nb is 0.04 but the results are consistently higher by 15-25 % relative 
to the recommended value. The relative error for JB2 is high due to low abundance 
levels. 

A1.3 Sr isotopes 

Sr isotope analyses were performed by Dr. S. Moorbath at the University of 
Oxford. Techniques are described in Hildreth and Moorbath (1988) and references 
therein. Repeat analyses of one sample, SP322 gave 87Sr/86Sr values of 0.70655 and 
0.70666. Two sigma errors are ± 0.00004-0.00005. 

AIA Electron microprobe 

Analyses were performed at Bristol University on a JEOL JXA-8600 four 

spectrometer instrument with LINK analytical X-ray analysis system and LEMAS 

automation. Online data reduction used the ZAF model. Run conditions for mineral 
analyses were 15 kV accelerating voltage, beam current of 15 nA and minimum probe 
diameter (-I gm) in most cases. Counting times were 15 s on the peak and 8s on the 
background. Calibration was performed with a lOgm beam to avoid Na-loss. Glass 

analyses used a7 nA beam current and a 10-15 gm. defocused beam or in some cases a 
rastered beam at a magnification of about X7000 to minimise Na-loss. 

The data were obtained over a period of more than three and a half years. 
Most of the analyses used the following standards: olivine for Mg and Fe, albite for Na 

and Si, spinel (MgA1204) for Al, wollastonite for Ca, adularia for K, ilmenite for Ti, 
Cr203 for chromium, MnO for Mn, NiO for Ni and apatite for P. Accuracy was 
checked before and during runs by analysing secondary standards. Accuracy and 
precision for most elements is less than 2-3% relative. In the case of Ca in Opx, 
important for pyroxene thermometry, abundance levels are significantly lower (1-2% 
CaO) than in the wollastonite standard. Repeat analyses are within 0.1% CaO absolute, 
which approximates to about 0.002% Wo. Ca contents of 01 are an order of magnitude 
lower than in Opx resulting in poor precision. Ni also shows some significant 
fluctuation. Neither Ca nor Ni contents of 01 have been used quantitatively here. 
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SP149 SP222 

Kun KI KL KJ Mean NtL)ev NtL)ev/ 
Mean 

R2 R3 Mean StDev StDev/ 
Mean 

sio, 68.73 68.48 68.7 68.64 0.14 0.00 51.71 51.79 51.75 0.06 0.00 
TO 6 0.55 0.52 0.54 0.54 0.02 0.03 0.96 0.96 0.96 0.00 0.00 
Al 3 14.95 15.15 15.42 15.17 0.24 0.02 19.31 19.42 19.37 0.08 0.00 
Fe2B 3.76 3.71 3.78 3.75 0.04 0.01 8.54 8.51 8.53 0.02 0.00 
Mad 0,09 0.09 0.08 0.09 0.01 0.07 0.12 0.13 0.13 0.01 0.06 
mgO 0.8 0.79 0.87 0.82 0.04 0.05 5.58 5.63 5.61 0.04 0.01 
cao 2.39 2.32 2.29 2.33 0.05 0.02 8.62 8.61 8.62 0.01 0.00 
Na 0 5.45 5.63 5.18 5.42 0.23 0.04 3.72 3.54 3.63 0.13 0.04 6 2.95 2.94 2.89 2.93 0.03 0.01 0.98 0.99 0.99 0.01 0.01 FB 
Lb? 0.11 0.12 0.11 0.11 0.01 0.05 0.34 0.34 0.34 0.00 0.00 

. 0.05 0.23 0.23 -0.15 0.01 
Total 99.74 99.98 100.1 99.73 99.97 

Ba 694 676 642 671 26.4 0.04 391 376 384 10.6 0.03 
Cr 8 5 <3 7 2.1 0.33 52 50 51 1.4 0.03 
Nb 7 8 8 8 0.6 0.08 6 5 6 0.7 0.13 
Ni 5 2 3 3 1.5 0.46 36 33 35 2.1 0.06 
Rb 74 73 74 74 0.6 0.01 13 15 14 1.4 0.10 
Sr 240 231 231 234 5.2 0.02 839 831 835 5.7 0.01 
v 25 29 26 27 2.1 0.08 165 
y 36 33 35 35 1.5 0.04 22 21 22 0.7 0.03 
Zr 270 270 267 269 1.7 0.01 128 127 128 0.7 0.01 

SP305 
Run R2 R3 Mean KtIvv --- S =tv 

Mean 

sio, 53.1 53.02 53.06 0.06 0.00 
TO 0.66 0.65 0.64 0.01 0.01 
A] 63 18.79 18.76 18.78 0.02 0.00 
Fe2ý 7.56 7.64 7.6 0.06 0.01 
Mad 0.13 0.14 0.14 0.01 0.05 
MgO 6.02 6.11 6.07 0.06 0.01 
Cat) 9.66 9.75 9.71 0.06 0.01 
Na 0 3.13 2.85 2.99 0.20 0.07 
K26 0.76 0.75 0.75 0.01 0.01 
P00.16 0.15 0.16 0.01 0.06 LB? 0 0.15 
Total 99.97 99.97 

Table ALI: Repeat XRF analyses of Sollipulli samples from different analytical sessions. Means, one 

sigma standard deviations and relative errors arc also given. Beads and pellets were remade from the 

same powder for each run. 
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JB1 Rec RI R3 R3 Mean StDev StDev/ 
Mean 

La 38.00 41.76 41.17 43.78 42.24 1.37 0.03 
Ce 67.00 67.78 64.61 68.82 67.07 2.19 0.03 
Pr 7.50 6.94 6.60 6.97 6.84 0.21 0.03 
Nd 27.00 24.22 23.42 24.83 24.16 0.71 0.03 
Sm 5.00 4.25 4.50 4.72 4.49 0.24 0.05 
Eu 1.52 1.51 1.57 1.69 1.59 0.09 0.06 
Gd 4.70 4.85 4.86 5.34 5.02 0.28 0.06 
Th 0.76 0.60 0.74 0.75 0.70 0.08 0.12 
Dy 4.00 3.42 4.31 4.37 4.03 0.53 0.13 
Ho 0.70 0.83 0.74 0.74 0.77 0.05 0.07 
Er 2.20 2.00 2.11 2.10 2.07 0.06 0.03 
Tm 0.35 0.38 0.29 0.31 0.33 0.05 0.14 
Yb 2.10 1.53 1.81 1.89 1.74 0.19 0.11 
LU 0.31 0.31 0.32 0.23 0.29 0.05 0.17 

SP222 RI R2 R3 Mean StDcv StDev/ 
Mean 

La 16.37 20.88 19.22 18.82 2.28 0.12 
Ce 43.44 44.68 44.71 44.28 0.72 0.02 
Pr 5.59 5.25 5.54 5.46 0.18 0.03 
Nd 21.25 20.87 21.67 21.26 0.40 0.02 
Sm 4.79 4.76 4.69 4.75 0.05 0.01 
Eu 1.47 1.40 1.38 1.42 0.05 0.03 
Gd 3.46 3.99 3.94 3.80 0.29 0.08 
Tb 0.48 0.59 0.54 0.54 0.06 0.10 
Dy 3.13 3.14 3.12 3.13 0.01 0.00 
Ho 0.61 0.56 0.59 0.59 0.03 0.04 
Er 1.66 1.64 1.66 1.65 0.01 0.01 
Tm 0.20 0.24 0.22 0.22 0.02 0.09 
Yb 1.30 1.45 1.61 1.45 0.16 0.11 
LU 0.23 0.27 0.25 0.25 0.02 0.08 

Table AI. 2: REE analyses of international standard 113 1 and Sollipulli AT basaltic andesite SP222 from 
three different analytical sessions (RI-R3). Recommended values for JB I are given in Column 2. 
Means, one sigma standard deviations and relative errors are also given. 

JB1 Rec RI R2 R2 R3 R4 R4 Mean StDev StDev/ 
Mean 

Nb 34.5 38.34 38.29 38.89 37.91 39.08 42.18 39.12 1.42 0.04 
Hf 3.4 3.5 3.46 3.73 4.11 3.51 3.08 3.56 0.31 0.09 

JB2 
Nb 0.8 0.93 1.03 0.66 0.87 0.19 0.22 
Hf 1.4 1.45 1.47 1.61 1.51 0.09 0.06 

Table A. 1.3: Nb and Hf analyses of international standards IB I and 1132 from four different analytical 
sessions. Recommended values are given in Column 2. Means, one sigma standard deviations and 
relative errors are also shown. 
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Appendix 2 
Sample locations 

Table A2 below lists locations (Figs. 2.1-2.3)of samples used for whole-rock 
analyses. Sample locations are shown on. The samples are ordered here according to 
sample number. Column 2 gives a key which gives the order of samples in the whole- 
rock geochernical appendix, Table A. 3.1 Locations of a few samples which have been 

analysed only by microprobe are also given. 

Sample 
No. 

Key Unit Sample type Locality 

SPI02 97 AP Accessory lithic, ignimbrite Alpehud valley, 25 
SPI03 98 AP Accessory lithic, ignimbrite AlPehud valley, 25 
SPI04 106 AP Juvenile lithic, ignimbrite Alpehud valley, 25 
SPI21A 77 AP Pumice, ignimbrite Rio Blanco valley, 28 
SP121L 104 AP Intermediate nodule, ignimbrite Rio Blanco valley, 28 
SPI24A 99 AP Accessory lithic, ignimbrite Alpehud valley, 26 
SP124B 100 AP Accessory lithic, ignimbrite Alpehud valley, 26 
SP126A 78 AP Pumice, ignimbrite Alpehud valley, 26 
SP126B 79 AP Pumice, ignimbrite Alpehu6 valley, 26 
SP126C 80 AP Pumice, ignimbrite Alpehud valley, 26 
SP126D 81 AP Pumice, ignimbrite Alpehud valley, 26 

SP126E 82 AP Pumice, ignimbrite Alpehu6 valley, 26 

SP127 83 AP Pumice, ignimbrite Alpehud valley, 26 

SP128 84 AP Pumice, ignimbrite Alpehud valley, 26 

SP129 85 AP Pumice, ignimbrite Alpehud valley, 26 

SP139 23 NW Lava North west flank, 23 

SP142 7 NW Mingled lava North west flank. near 23 

SPI44 107 AP Juvenile lithic, airfall North west flank, loose deposit, near 23 
SP145 III AP Plutonic xenolith, airfall North west flank, loose deposit, near 23 
SP147B 4 NW Magmatic inclusion North-west caIdera rim, just west of 21 

SP 148 8 NW Mingled lava North-west caldera rim, just west of 21 
SP149 101 AP Accessory lithic, airfall North-west caldera rim, just west of 21 
SPI50 9 NW Mingled lava North-west caldera rim, 21 

SP151 10 NW Mingled lava North-west caldera rim, 21 
SP152 112 AP Plutonic: xenolith, airfall North-west caldera rim, loose deposit, 21 
SP153 113 AP Plutonic xenolith, airfall North-west caldera rim, loose deposit, 21 

SP154 72 CO Massive lava North-west caldera rim, draping flow, I 

SP156A 73 CO Massive lava North-west caldera rim, I 

SP156B 74 CO Vesicular lava North-west caldera rim, I 

SP157 124 VC Scoria Remobilised deposit on ice, 5 

SPI64 86 AP Pumice, ignimbrite Alpehud valley east side. 27 

SP168 87 AP Pumice, ignimbrite Alpehud valley east side, 27 

SP169 88 AP Pumice, ignimbrite Alpehud valley east side, 27 

SP 170 89 AP Pumice, ignimbrite Alpehud valley east side, 27 

SP171 90 AP Pumice, ignimbrite Alpehud valley east side, 27 

SP173 91 AP Pumice, ignimbrite Alpehud valley east side, 27 

SP174A 92 AP Pumice, ignimbrite Alpehud valley east side, 27 

SP174B 93 AP Pumice, ignimbrite Alpehud valley east side, 27 

SP177 125 VC Scoria East caldera, possibly primary airfall, 8 
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Sample 
No. 

Key Unit Sample type Locality 

SP178 65 CC Lava clast VC deposit East caldera, loose clast in scoria, 8 
SP179 75 CO Massive lava Flow across caldera, 18 
SP184 76 CO Columnarjointed lava Flow across caldera, 18 
SPI 88 43 CC Massive lava North caldera rim, between 3-4 
SP189 44 CC Vesicular lava North caldera rim, between 3-4 
SP190 45 CC Vesicular lava North caldera rim, between 3-4 
SP191 46 CC Massive lava North caldera rim, between 3-4 
SP192 II NW Mingled lava North caldera rim, between 3-4 
SP197 12 NW Mingled lava North west flank, near top, north of 22 
SP200 5 NW Magmatic inclusion North west flank, third flow down, - 300 m south of 22 
SP201 13 NW Mingled lava North west flank, third flow down, - 300 m south of 22 
SP205 2 NW Magmatic inclusion North west flank, near 24 
SP207A 6 NW Mingled lava North west flank, near 24 
SP207B I NW Magmatic inclusion North west flank, near 24 
SP210 14 NW Mingled lava North west caldera rim, 20 
SP213 15 NW Mingled lava North west caldera rim, between 20-21 
SP214B 94 AP Banded pumice, airfall North west caldera rim, between 20-21 
SP215 24 NW Lava North west flank, 23 
SP217 16 NW Lava North west flank, 23 
SP222 26 AT Lava East caldera, north of gap, lower flow 10 
SP223 27 AT Lava East caldcra, north of gap, lower flow 10 
SP224 40 AT Lava East caldera, north side of gap, 10 
SP225 41 AT Lava East caldera, north side of gap, 10 
SP226 42 AT Lava East caldera, north side of gap, 10 
SP228 28 AT Dyke East caldera, south side of gap, 10 
SP229 29 AT Dyke East caldera ,II 
SP230 30 AT Scoria, pyroclastic deposit East caldera, II 

SP233 62 CC Lava East caldera, top, 12 

SP234 31 AT Lava East caldera, near top of AT sequence, 12 

SP235 32 AT Scoria, pyroclastic deposit East caldera, near top of AT sequence, 12 
SP238 68 CC Lava South-east caldera, top, 13 

SP240 69 CC Lava dome South caldera, 14 

SP241 70 CC Lava dome South caldera, 14 

SP242 52 CC Lava South caldera, lava overlying dome, 17 
SP243 53 CC Lava South caldera, lava overlying dome, 17 

SP244 71 CC Lava dome South caldera, dome, 17 

SP245 54 CC Lava South caldera, lava overlying dome, 17 

SP252 95 AP Banded pumice, proximal Alpehu6 vent, 18 

S11269 47 CC Lava North caldera, upper lava flow, 4 

SP270 48 CC Lava North caldera, lower lava flow, 4 

SP272 33 AT Vesicular lava North caldera, lower part of thin aa lava sequence, 6 

SP273 34 AT Lava North caldera, lower pan of thin aa. lava sequence, 6 

SP274 35 AT Vesicular lava North caldera, upper part of thin aa. lava sequence, 6 

SP275 55 CC Lava North caldera, thick lava overl AT sequence, 6 

SP243 53 CC Lava South caldera, lava overlying dome, 17 

SP244 71 CC Lava dome South caldera, dome, 17 

SP245 54 CC Lava South caldera, lava overlying dome, 17 

SP252 95 AP Banded pumice, proximal Alpehud vent, 18 

SP269 47 CC Lava North caldera, upper lava flow, 4 

SP270 48 CC Lava North caldera, lower lava flow, 4 

SP272 33 AT Vesicular lava North caldera, lower part of thin aa lava sequence, 6 
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Sample 
No. 

Key Unit Sample type Locality 

SP273 34 AT Lava North caldera, lower part of thin aa lava sequence, 6 
SP274 35 AT Vesicular lava North caldera, upper part of thin aa lava sequence, 6 
SP275 55 CC Lava North caldera, thick lava overl AT sequence, 6 
SP281 3 NW Magmatic inclusion North-west flank, just below peak of 21 
SP298 25 NW Dyke North-west flank, cuts NW mixed dacites, near 23 
SP305 49 CC Lava dome South caldera, 15 
SP307 56 CC Lava dome South caldera, about 100 m north of 15 
SP308 57 CC Scoria pyroclast South caldera, pyroclastic deposit over dome of SP307 
SP309 58 CC Lava dome (mixed) South caldera, near locality 16 
SP310 63 CC Lava dome South caldera, dome between 16 and 17 
SP311 64 CC Lava South caldera, just east of Alpehu6 vent, 18 
SP312 59 CC Lava South caldera, above 16 
SP313 60 CC Lava South caldera, above 16 
SP315 50 CC Lava North-east caldera, flow below peak of 7 
SP316 66 CC Lava North-east caldera, peak of 7 
SP317 67 CC Lava North-east caldera, about 100 m south of 7 
SP319 61 CC Lava North-east caldera, peak of locality 8 
SP321 51 CC Lava North-east caldera, between localities 8 and 9 
SP322 36 AT Lava East caldera, 9 
SP323 37 AT Dense pyroclast East caldera, II 
SP325 38 AT Dense pyroclast East caldera, II 
SP326 39 AT Dense pyroclast East caldera, II 
SP328 17 NW Mingled lava North-west flank, bottom flow, 22 
SP330 18 NW Mingled lava North-west flank, I st main ridge up, 22 
SP331 19 NW Mingled lava North-west flank, 2nd main ridge up, 22 
SP332 20 NW Mingled lava North-west flank, 4th flow from top, 22 
SP335 21 NW Mingled lava North-west flank, second flow from top, 22 
SP336 22 NW Mingled lava North-west flank, top flow, 22 
SP338 log AP Marc nodule, proximal Alpehud vent, 18 
SP339 114 AP Plutonic xenolith, proximal Alpehu6 vent, 18 
SP347 96 AP Banded pumice North west caldera rim, between 20-21 
SP350 115 AP Plutonic xenolith, airfall North west caldera rim, between 20-21 
SP351 116 AP Plutonic xenolith, airfall North west caldera rim, between 20-21 
SP353 117 AP Plutonic xenolith, airfall North west caldera rim, between 20-21 
SP355 118 AP Plutonic xenolith, airfall North west caldera rim, between 20-21 
SP356 119 AP Plutonic xenolith, airfall North west caldera rim, between 20-21 
SP357 108 AP Juvenile lithic, airfall North west caldera rim, between 20-21 
SP359 102 AP Accessory lithic, airfall North west caldera rim, between 20-21 
SP360 103 AP Accessory lithic, airfall North west caldera rim, between 20-21 
SP361 110 AP Marc nodule, airfall North west caldera rim, between 20-21 
SP366 105 AP Intermediate nodule, airfall. North-west flank, deposit, ridge east of 23 
SP368 120 AP Plutonic xenolith, airfall North-west flank, loose deposit, ridge east of 23 
SP376 121 AP Plutonic xenolith, airfall North-west flank, loose deposit, ridge east of 23 
SP377 122 AP Plutonic xenolith, airfall North-west flank, loose deposit, ridge east of 23 
SP378 123 AP Plutonic: xenolith, airfall. North-west flank, loose deposit, ridge east of 23 
NSPI 14 126 NdeS Lava Rio Miraflores valley, below AP ignimbrite, 30 
SP120A AP Pumice, ignimbrite Rio Blanco valley, 29 
SP120A AP Pumice, ignimbrite Rio Blanco valley, 29 
SP120A AP Pumice, ignimbrite Rio Blanco valley, 29 
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Appendix 3 
Mineral chemistry 

Tables A3. I-A3.6 give representative mineral analyses. Abbreviations are 
given in Table 3.5. Other abbreviations used are MP for microphenocryst, Gm for 

groundmass, MG for megacryst, C for core and R for rim. In a few cases outer (OR) 

and inner rim (IR) compositions are reported. Where no suffix is given, there is no 
consistent difference between core and rim. Analyses of Plag and Px in the NW and 
AP rocks marked with an asterisk are associated in clots with Amph. Most analyses 
reported are averages of individual crystals. The number of analyses is given in Row 4. 

For Px, 01 and Plag, the cation proportions are calculated with all Fe as Fe2+ 
Averages, maxima and minima of the principal simple components are given. In the 

case of Plag and Px, mole fractions rather than percentages are given for legibility. In 

the case of Cpx compositions used for thermometry, the components calculated from 

the QUILF program (see Chapter 5) for the average composition are given. 
Temperatures from single-pyroxene thermometry are also tabulated. Amph 

compositions are recalculated after Holland and Blundy (1994). Fe-Ti-oxides and Sp 

are recalculated after Stormer (1983). The Fe-Ti oxides are presented in pairs as used 
for thermo-oxybarometry. Maximum and minimum Ulv and Ilm components for each 
crystal are given as well as temperatures and oxygen fugacities for the average 

composition. 
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Appendix 4 
Whole-rock analyses 

Table A4.1 gives whole-rock XRF analyses and Table A. 4.2 gives ICP-MS 

data for the full sample set used here. The major elements are presented as raw data. 
All discussion throughout the thesis refers to these analyses recalculated to 100% 

volatile free with Fe203 first converted to FeO using a conversion factor of 0.8998. 
Row I gives a key for cross-reference with Table A2. Row 2 gives the stratigraphic 
unit and in some cases a further sub-classification as used in the text (Table 3.5). AP 

accessory lithics (APAL) marked with an asterisk are believed to be derived from the 
CC unit. Table A4.3 gives Sr isotope analyses. 
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Samp 
No 

Unit 87Sr/86Sr Sr Rb Si02 

SP205 NWI 0.70372 635 9 51.61 
SP207B NWI 0.70377 632 13 50.98 
SP197 NWMD 0.70386 215 74 67.09 
SP139 NVVT 0.70391 386 48 63.36 
SP269 CC 0.70374 579 13 53.93 
SP270 CC 0.70378 604 13 53.66 
SP305 CC 0.70384 621 12 53.52 
SP275 CC 0.70382 563 21 53.85 
SP238 CC 0.70388 237 69 69.57 
SP149 APAL* 0.70395 234 74 69.04 
SP222 AT 0.70375 835 14 52.25 
SP223 AT 0.70372 773 13 52.24 
SP228 AT 0.70389 583 12 51.15 
SP230 AT 0.70360 816 15 52.00 
SP234 AT 0.70373 665 21 54.55 
SP235 AT 0.70367 721 16 52.91 
SP272 AT 0.70368 831 15 52.39 
SP274 AT 0.70368 864 15 51.95 
SP322 AT 0.70365 843 14 52.52 
SP224 AT 0.70393 181 83 68.71 
SP126A APD 0.70396 254 82 68.60 
SP126E APD 0.70400 250 83 68.54 
SP347 APBP 0.70398 469 22 54.37 
SPI04 APR 0.70399 74 119 74.04 
SP351 APX 0.70538 320 77 66.54 
SP356 APX 0.70489 234 49 76.24 
SP353 APX 0,70393 771 3 46.12 
SP376 APX 0.70397 294 71 66.82 
SP157 VC 0.70390 460 14 53.12 
SP177 VC 0.70387 506 17 53.43 
NSPI 14 NdeS 0.70391 491 29 53.62 

Table A4.3: Sr isotope results. 
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Appendix 5 
Matrix analyses 

Representative matrix analyses are presented below in Table A. 5. All analyses 
are normalised to 100% with all Fe as FeO. Analytical techniques are described in 
Appendix 1. The AP analyses are all of microlite-free glasses. Most of the other 
samples contain sparse tiny quench microlites (<1-2[tm in width) which have been 
included in the analyses to give an average melt composition. 

NWD NWI ATD 
SP217 SP217 SP224 

No. An&IL 97 10 
sio, 72.07 71.99 72.89 
TiO2 0.67 0.88 0.28 

A1203 13.57 13.30 13.65 
FcOO 2.85 2.54 2.60 

mno 0.12 0.09 0.13 
MSO 0.39 0.42 0.32 
Cat) 1.29 1.01 0.86 
Nn2O 4.07 4.31 5.02 
K20 4.85 5.12 4.22 

P203 0.13 0.13 0.04 
Total WOO) IMAX) 100.00 

APJL APBP APBP 
SP357 SP214A SP214B 

No. AnalL 20 14 4 

sio, 73.95 72.49 65.61 

TiO2 0.23 0.33 0.89 

A1203 14.17 14.37 15.50 

FCO* 1.57 2.23 5.08 

MnO 0.09 0.06 0.17 

M80 0.23 0.44 1.22 

CHO 1.07 1.60 2.89 

Na2O 4.5 1 4.47 5.55 

K20 4.16 3.89 2.66 

P205 0.03 0.12 0.43 

Total IWAX) 100.00 100.00 

CCA CCLSD CCLSD 
SP233 SP244 SP310 

27 26 28 
71.96 73.16 73.63 
0.58 0.79 0.75 
14.43 13.73 13.12 
2.34 3.01 3.19 
0.09 0.12 0.12 
0.23 0.35 0.32 
1.49 1.44 1.24 
4.77 3.47 3.36 
3.88 3.80 4.11 
0.16 0.12 0.17 
100.00 100.00 100.00 

APRL APRL APIN 
SP137 SPI04 SP121 

444 
74.50 76.97 75.78 
0.18 0.09 0.07 
14.22 12.37 13.29 
1.04 1.02 1.08 
0.04 0.02 0.05 
0.06 0.04 0.07 
0.93 0.37 0.56 
4.91 4.12 4.19 
4.12 4.96 4.86 

0.04 0.05 
100.00 1000) 100.00 

CCHSD CCHSD APD 
sp316 SP238 SP120A 

28 55 4 
75.01 73.81 73.96 
0.43 0.53 0.24 
12.56 11.70 13.89 
2.10 2.18 1.64 
0.10 0.09 0.07 
0.21 0.21 0.22 
0.94 1.35 1.05 
3.98 3.94 4.54 
4.42 4.08 4,27 
0.25 0.11 0.12 

IM. (X) IIX). (X) [MM 

APMN VC 
SP361 SPIS7 

15 44 
71.63 53.71 
0.32 1.06 
15.23 17.21 
2.11 8.67 
0.11 0.18 
0.31 5.56 
1.28 9.37 
4.64 3.23 
4.29 0.75 
0.08 0.26 

1 (X). (i) 1 (AMD 
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Appendix 6 
Partition coefficients 

Table A6.1 and A6.2 list partition coefficients used in Rayleigh fractionation 

and AFC modelling in Chapter 6. Two sets of coefficients have been used, one for the 
basalt to basaltic andesite stage (Table A6.1) and another for the stage from evolved 
basaltic andesite to high-Si dacite ((Table A6.2). Because there is little variation in 

temperature from andesite to dacite among the CC rocks, the same coefficients have 
been used. Literature partition coefficients determined for rhyolitic melts (e. g. Nash 

and Crecraft, 1985) are generally significantly higher for many elements and are 
unlikely to be applicable here in relatively high temperature dacites. The partition 

coefficients used give excellent fits for the low-Si to high-Si dacite stage among the 

probably cogenetic crystal-poor CC dacites. Because the model for the intermediate 

stage (Section 6.2.2) does not fit regardless of what partition coefficients are used, the 

applicability of the partition coefficients used is difficult to test. However the values 

used for the incompatible elements in AFC modelling are little affected. 
The partition coefficients used for Rb and K are not critical as these elements 

are highly incompatible in all phases. A value for K in Plag was calculated from the 

mineral analyses here and is within the range of typical literature values. Ba 

partitioning depends on compatibility in Plag. Partition coefficients for Ba (and Sr) in 

Plag are calculated using the formulae of Blundy and Wood (1992). The partition 

coefficients used for Zr and Hf are generally not critical, as Plag dominates over all 
other phases. Even at the dacite stage where partition coefficients >1 for Zr and Hf in 

Ilm, (Blundy, 1996, unpublished data) have been used the effect is niinor and bulk 

partition coefficients remain close to 0.1. Rb, K, Ba and Zr are the main elements used 
in modelling petrogenesis by AFC of the Sollipulli magmas. 

In the case of Nb, Ilm. has by far the most significant effect and a partition 
coefficient of 50, taken as an approximate value from the unpublished data of Blundy 
(1996) gives a good fit in the late stages. The partition coefficients for the REE are 
taken mainly from Fujimaki et al (1984) from basaltic andesite and andesite 

compositions and Fujimaki (1986) for Apt. Where partition coefficients for some 

elements are not reported, values have been extrapolated, shown by asterisks in Table 
A. 6. The values for Plag are more important than for the other silicates because Plag 
dominates the assemblage. The very good fit including Eu among the CC dacites 

suggests that the partition coefficients used for Plag and Apt are applicable. 
In general little weight has been placed on compatible elements for 

quantitative modelling because the partition coefficients used are very important and 
there are often very large ranges in literature values. Sr gives an excellent fit in the 
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dacite stages using the formula of Blundy and Wood (1992), as Plag is the dominant 

control with Apt having a minor effect. Ni gives a good fit in the early stages using a 
value of 10 for 01, recommended by Elthon (1989). Cr is very difficult to model 
because Sp compositions are very variable. Early stage V partitioning in Sp is strongly 
dependent on oxygen fugacity and a value was chosen to fit the model. Maximum 
literature values of Sc in Cpx and Sp from Hom et al. (1994) are required to generate 
flat or decreasing trends observed among the basic AT rocks. 

Table 6A. 1 lists partition coefficients for the basaltic to basaltic andesite stage 
and Table A6.2 gives partition coefficients for the stage from evolved basaltic andesite 
to high-Si dacite. The numbers in the adjacent columns give the sources as follows: 

1. Compilation of Gill (198 1) 
2. Fujimaki et al. (1984) 
3. Pearce and Norry (1979) 
4. Recommended value of Elthon (1989) 
5. Compilation of Rollinson (1993) 
6. Data and compilation of Hom et al. (1994) 
7. Compilation of Pearce and Parkinson (1993) 
8. Value for K in Plag calculated from mineral data here. 
9. Calculated from formulae of Blundy and Wood (1991) 
10. Fujimaki (1986) 
11. Watson and Green (19 8 1) 
12. Jon Blundy (1996) unpublished ion microprobe data on Mt. St. Helen's dacites. 
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01 Cpx Plag Sp 

K 0.01 1 0.02 1 0.1 8 
Rb 0.01 1 0.02 1 0.04 1 
Ba 1 0.01 1 1 0.02 11 0.14 9 1 
Zr 1 0.005 2 1 0.131 2 0.009 2 0.06 6 
Hf 1 0.004 2 1 0.121 2 0.009 2 0.05 6 
Nb 0.01 3 0.100 3 0.01 3 0.08 6 
Ce 0.008 2 0.125 2 0.028 2 
Nd 0.006 2 0.287 21 0.018 2 
Sm 0.005 2 0.477 21 0.013 21 
Eu 1 0.005 21 0.562 2 0.022 2 
Gd 1 0.005 21 0.595 2 0.013 2 
Dy 0.006 2 0.622 2 0.011 2 
Er 0.006 2 0.636 2 0.012 2 
Yb 0.007 2* 0.601 

- 
2 0.016 2 

y 0.01 3 07 3 0.03 3 
Sr 0.010 11 0.08 1 1.36 9 
v 0.010 3 6 22 6 
Ni 10 4 2.5 71 10 
Cr 0.7 5 10 7 200 
Sc 0.16 6 3 61 1 0.5 6 

Table A6.1: Basalt to basaltic andesite 

Opx Cpx Plag Tmt Apt Ilm 
K 0.002 1 0.02 1 0.100 8 0.01 1 0 12 
Rb 0.003 1 0.02 1 0.040 1 0.01 1 0 

1 

12' 
Ba 0.003 1 0.02 1 0.290 9 0.01 1 0 12' 
Zr 0.047 2 1 0.162 2 0.013 2 0.20 3 0.636 10 1.3 12 
Hf 0.051 2 0.173 2 0.015 2 0.20 3 0.73 1.3 121 
Nb 0.35 3 0.3 3 0.025 3 1.00 3 50 12 
Ce 0.028 2 0.084 21 0.221 2 0.20 1 21.1 10 0 12 
Nd 0.028 2 0.183 2 0.149 2 0.2* 

- 
F -32.8 101 0 12 

Sm 0.028 21 0.377 2 0.102 2 0.30 1 46 101 0 12 
Eu 1 0.028 21 0.4* 21 1.214 2 0.25 1 25.5 101 0 121 
Gd 0.039 2 0.583 2 0,0&f-- -2 0.25* 1 43.9 10 0 121 
Dy 0.076 2 0.774 2 0.050 2 0.25* 1 34.8 10 0 12 
Er 1 0.153 2 0.708 2 0.045 2 0.25* 1 22.7 10 

1 

0 12 
Yb 1 0.254 2 0.633 2 0.039 2 0.25 1 15A 10 0 12 
y 0.45 31 1.5 31 0.060 3 550 3 22* 10 T2 
Sr 0.032 1 0.08 1 1 2,54 9 

- 
2 12 

v 0.9 61 
_31 

6 1 1 30.0 
d 
12 12 

Table A6.2: Basaltic andesite to high-Si dacite 

UNWERSITY 
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