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The Volcaniclastic deposits of the main caldera and the evolution of the 

Galluccio Tuff of Roccamonfina Volcano, Southern Italy. 
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The south-west portion of the main caldera was mapped and a stratigraphy for the 

caldera-fill was constructed. The exact timing of formation of the main caldera is 

unclear; However, caldera collapse either predates or was synchronous with the 

eruption of the Campagnola Tuff. The proximal facies of the Campagnola Tuff exists as 

a complex relation of ignimbrite, lithic breccia and pyroclastic surge deposits. 

Overlying this the Galluccio Tuff a compound ignimbrite, ~6 km3 D.R.E, forms the 

base of the exposed caldera fill. Caldera lakes then became well established and 

following activity was predominantly phreatomagmatic. Pyroclastic surge deposits 

possess sand wave structures of several types and their migration direction was 

apparently controlled by the velocity/ flow regime of the surge rather than the 

moisutre content. The morphology of juvenile clasts "from phreatomagmatic deposits 

indicates that the eruptions were driven by a combination of vesiculation and 

magma/water interaction. The uppermost pyroclastic deposits are thought to 

represent the early phase of dome building where water still had access to the vent. 

The construction of the lava domes brought activity to a close within the main caldera. 

The Galluccio Tuff on the flanks of the volcano may be divided into three 

compositionally distinct eruptive units. The Lower Galluccio Tuff, correlated with the 

bulk of the Galluccio Tuff filling the main caldera. The Middle Galluccio Tuff 

commenced with the eruption of pumice-rich pyroclastic flows followed by flows 

enriched in both the size and amount of lithic fragments forming lithic-rich 

ignimbrite and co-ignimbrite lithic breccias of which several types exist. The Upper 

Galluccio Tuff is composed of lithic-rich ignimbrite which possess dense pumice 

fragments and are thought to be the product of a combination of both vesiculation and 

magma water interaction. 

Field relations indicate that pyroclastic flows were sometimes generated in 

quick succession and may have overrun earlier slower moving flows. Occasionally 

internal shear may have caused the overriding of portions of the same flow, these 

often coincide with lithic breccias and represent the climax of the eruptive phases. 

The grading of lithic fragments indicates that the expansion and fluidization decreased 

and yield strength increased with time in a pyroclastic flow. 
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Chapter 1 Introduction 

Southern Italy is famous throughout the world for its volcanic activity. 

Historical eruptions have ranged from catastrophic explosions to relatively quiet 

outpourings of lava. The first detailed eye witness account of a volcanic eruption, was 

of the A.D.79 eruption of Vesuvius, watched by Pliny the younger, and his name has 

subsequently been used to describe this type of explosive eruption: plinian eruptions. 

Stromboli, within the Eolian islands, which is almost continually active, has also had 

its name used for a specific type of eruptive activity: strombolian activity. Mount 

Etna, situated on Sicily, one of the most active volcanoes in the world, is on the other 

hand characterised by frequent effusive eruptions. 

Explosive volcanic eruptions are infrequent events. The number of witnessed 

explosive eruptions are few and their very nature makes observation of these 

phenomena difficult. Thus the products of such events provide a valuable opportunity 

for gaining an insight into the processes which operate during explosive activity. It is 

important to understand these processes, as the hazard aspect of explosive eruptions 

has been well illustrated in Southern Italy with the destruction of Pompeii and 

Herculaneum by pyroclastic flows and surges during the A.O. 79 eruption of Vesuvius. 

The threat is just as apparent today, and is accentuated by the increased population in 

Naples and the towns on the flanks of Vesuvius as well as within Campi Flegrei to the 

west. 

Explosive eruptions involving the ejection of large volumes of magma, 

commonly give rise to pyroclastic flows and are often accompanied by collapse of the 

overlying volcanic structure into the sub-surface void left by the erupted material, 

forming a caldera. Subsequent activity may often involve one or even several further 

episodes of caldera collapse. Studies of the products of major explosive eruptions have 

provided some insight into the mechanisms of emplacement of pyroclastic flows (e.g. 

Sparks, 1976; Wright and Walker, 198"1; Wilson and Walker, "1982; Freundt and 
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Schmincke, 1986) and the processes occurring during caldera collapse (e.g. Druitt 

and Sparks, 1982; Druitt, 1985; Druitt and Bacon, 1986). 

This work is concerned with the products of explosive volcanism on 

Roccamonfina volcano, located 50 km north north west of Vesuvius, which has 

probably not been active for several thousand years. The aims are: 

i) to describe the volcaniclastic deposits within the main caldera of Roccamonfina; 

ii) to construct a stratigraphy for the main caldera and from this reconstruct the 

volcanic history of the volcano following formation of the main caldera and 

iii) to identify, describe and correlate the different facies within the Galluccio Tuff 

(formerly the White Trachytic Tuff), a product of a major explosive eruption, which 

occurs both within the caldera-fill and on the flanks of the volcano, and to understand 

the eruptive, transport and emplacement mechanisms involved in the formation of 

these various facies. 

1.1 The Roman Province 

Roccamonfina volcano lies within the Roman Province (formerly divided into 

the Roman and Campanian regions) which is characterised by the potassic nature of its 

products. There are eleven volcanoes or volcanic centres within the Roman Province, 

extending from Vulsini ~100 km north west of Rome to the Bay of Naples where 

lschia, Campi Flegrei and Vesuvius are situated (Fig i .1 }. Monte Vulture 150 km to 

the east of Naples, is the only volcano of the Roman Province located on the eastern 

side of the Apennines. 

Nine of the volcanoes possess at least one caldera or volcano-tectonic 

depression (which range up to 15 km in diameter) and all are associated with major 

explosive activity at some time during their history (see Table1 .1). The volcanic 

activity of the Roman Province dates from ~1.5 m.a. to the present day although only 

lschia, Campi Flegrei and Vesuvius are known to have been active in historical times. 
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Volcano Age (my) Caldera (diam) Eruptive History 

Composite volcano. Caldera collapse
Vesuvius 0.3 - present 6 km 17000 B.P. Both effusive and explosive 

activity in historical times. (1 & 2) 

Eruption of Campanian lgnirnbrite 0.03 
Campi Flegrei 0.5 - present 15 km my causing caldera collapse. Activity 

since characterised by hydromagmatism(3) 

Initiated by eruption of both lavas and 
lschia pyroclastics. Later ignimbrites. Last0.15-present 8 km 

activity1302 A.D lava flow (4) 

Basal ignimbrites. Cone built up following 
explosive activity and then sector

Vulture ~1 - 0.04 3 km 
collapse.Late hydromagmatic activity.(5) 

Composite cone. Main caldera collapse
Roccamonfina 1.54 - 0.03 5.5 x 6km & 3km Several ignimbrites. Caldera lake. Lava 

domes represent final activity (12) 

Several centres dominantly explosive 
Ernici 0. 7 - 0.1 none activity. Subordinate lavas (6) 

Composite volcano built from tufts and 
0.7 - 0.03Alban Hills 10 km lavas. Caldera collapse following eruption 

of Villa Seni tuff .(7).. 

Strombolian activity built cone. Caldera 
0.4 - 0.09 6 x 10 kmSabatini collapse and the eruption of pyroclastic 

flows (8) 

Cone built from lava flows followed by
Vico 0.4 - 0.15 7 km 

four pyroclastic flow eruptions and 
caldera collapse (9) 

Rhyodacitic domes followed by eruption1.35- 0.95 noneCimino 
of pyroclastic flows. (9). 

Building of initial lava cone followed by six
Volcano-tectonic 

major ignirnbrite eruptions.caldera collapseVulsini 0.277- ? depression 
and subsequent hydromagmatic activity 

15 km (1 0& 11) 

Refs : (1) Rosi and Sbrana, 1987 (2) Sigurdsson et al, 1985 (3)Rosi and Sbrana, 1987 

(4) Poli et al, 1987 (5) Guest et al, 1988 (6) Civetta et al, 1981 (7) Ferrara et al 1985 

(8) DeRita et al, 1983 (9) Sollevanti, 1983 (10) Sparks, 1975 (11) Varekamp, 1981 

(12) Giannetti and Luhr, 1983. 

Table 1.1 Summary of the age and style of activity of the volcanoes of the Roman Province. 
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The last eruption within the Roman Province occurred in 1944 on Vesuvius. Seismic 

unrest at Campi Flegrei during both the early 1970's and in 1983/84 highlighted 

the potential for possible activity in the region. The Roman Province is only one of 

several volcanic areas in the central Mediterranean that have been active during the 

Quaternary (Fig "1 .1 ). Activity has also occurred on Sicily at Mount Etna and the 

lblean mountains; in the Straits of Sicily at Pantelleria; Graham Island and Linosa; the 

Eolian Islands and the Tuscan Province. 

The Tuscan Province includes the islands of Elba, Montecristo and Giglio as 

well as part of mainland Italy (Fig 1.1 ). The magmatism dates from 7.0-0.43 m.a. 

B.P., somewhat older than the Roman Province, although fumarolic activity still 

continues today at Monte Amiata. Compositionally the Tuscan rocks comprise mainly 

granites, granodiorites and acidic volcanics that have been demonstrated to be of an 

anatectic origin (Taylor and Turi, 1976; Vollmer, 1976 and Ferrara, 1989). 

1.2 The Regional tectonic and magmatic setting 

The tectonics of Southern Italy and the central Mediterranean are complex and 

as yet far from completely understood. Overall, the tectonics of the area have been 

governed by the convergence of the African and European plates concurrent with the 

closure of the Tethys Ocean during the Cretaceous and continental collision occurring 

during Tertiary times (Dewey et al, 1973; McKenzie, 1970; Biju-Duval et al, 1977 

and Ricou et al, 1986). The micro-plate, Apulia, defined by the aseismic Po valley, 

the Adriatic sea and Apulia itself, has been suggested to be a promontory of the African 

plate (Channell et al, 1979 and Ricou et al, 1986) as this would explain the 

curvature of the highly deformed mountain ranges which surround it e.g. the 

Apennines and Alps. It is now thought, however, to be a stable block moving within 

the broad zone of deformation between Africa and Eurasia (Anderson, 1987). 

The Tyrrhenian Sea forms a triangular area, bounded by Sardinia, Corsica, 

5 

http:7.0-0.43
https://7.0-0.43


Sicily and mainland Italy (Fig 1.1 ). The evolution of the Tyrrhenian Sea is an 

important factor in the tectonic development of the central Mediterranean. The 

Tyrrhenian basin is an area of high heat flow (Hutchison et al, 1985) and positive 

gravity anomalies which suggest that it is an area of asthenospheric elevation or an 

'asthenolithic mantle dome' (Locardi, 1985}. The sea floor is composed in part of 

tholeiitic basalts of oceanic character (Barberi et al, 1978) interspersed with 

fragments of continental crust (Heezen et al, 1979). The Tyrrhenian sea has been 

interpreted by Di Girolamo (1978) and Boccalatti et al (1984) as a marginal basin. 

The Eolian islands are a group of seven volcanic islands, of Quaternary age, 

which define an arcuate archipeligo. The volcanism may be divided into two stages a 

pre-Tyrrhenian stage (pre 200,000 B.P .) involving eruptions of calc-alkaline 

affinity and a post-Tyrrhenian stage (post 90,000 B.P.) of potassic products, with 

present activity at Stromboli being shoshonitic (Francalanci, 1989). 

Underlying the southern Tyrrhenian Sea, dipping north west beneath the Eolian 

Islands and Calabria, is a steeply inclined seismic zone (Gasparini et al, 1982; 

Anderson and Jackson, 1987) which has been interpreted as an active Benioff zone 

with the Eolian islands representing an island arc (Barberi et al, 1975; Keller, 

1980). There are however several problems with this model. First, the seamounts 

of Palinuro and Marsili, composed of calc-alkaline volcanics are of a similar age to 

the Eolian Islands but are not situated within the same arcuate arrangement (Fig 1.1 ), 

complicating the island arc hypothesis. Secondly, Barberi et al (1974) suggested that 

the Tyrrhenian Sea represents the back arc basin to the Eolian arc. The Tyrrhenian 

Sea however evolved between 7 and 5 m.a., whereas the Eolian Islands are <1 m.a. old, 

making the island arc markedly younger than the supposed back arc basin. Thirdly, 

Gasparini et al (1982) suggested that an inclined seismic zone beneath the Eolian 

Islands is the deformed remnant of a Benioff zone that once extended from the north 

Apennines to Gibraltar. However seismological evidence indicates that no strong 

deformation of the seismic zone has occurred (Anderson and Jackson, 1987). Also if 

6 



the Eolian Islands are an island arc, subduction must be almost complete as there is no 

oceanic crust in existence within the region of the fore arc basin (Wezel, 1985). It 

is clear from this that the Eolian Islands do not necessarily fit into an island arc 

model. Recent work (Peccerillo, 1985; Ellam et al, 1989), however, has shown 

that the isotopic signatures of rocks from both the Eolian Islands and the Roman 

Province are consistent with a subduction related origin (see Section 1.5.2). If a 

Benioff zone does exist beneath the Eolian Islands the precise nature of subduction is 

as yet unclear and there is no tectonic evidence for this subduction zone extending 

beneath the Roman Province. 

The Tyrrhenian is bordered to the south by Sicily on which Mount Etna is 

situated. Etna, which dates from the Pleistocene, is mainly built of mildly alkaline 

trachybasaltic products (Chester et al, 1985). The lblean volcanics to the south of 

Etna consists of both low-K tholeiitic and alkali basalts erupted during the Upper 

Miocene and Lower Pleistocene (Cristofolini, 1981 ). 

To the east of Sicily, within the Straits of Sicily, lies the island of Pantelleria. 

The island sits within a drowned continental rift and is oriented with it's long axis, 

NW-SE, parallel to the graben. Activity has been characterised by peralkaline 

products; pantellerites, trachytes and alkalic basalts and the island is dominated by a 

6 km caldera. (Mahood and Hildreth, 1983). 

1.3 Mainland Italy, tectonics and structure in relation to volcanism 

The volcanism of mainland Italy has occurred almost exclusively on the 

western border of an area of considerable crustal thickening, the Apennines, which 

stretches the length of Italy. The volcanism is situated within the sedimentary 

complexes of the Apennine orogen (Locardi et al, 1975). These range from ophiolitic 

assemblages (e.g. the Ligurides) to pelagic sediments. Some of the youngest deposits 

are thick sequences of flysch material. 
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In the early Neogene these sediments were deformed into a series of nappes with over 

thrusting in an eastward direction onto the Apulia foreland. Scandone (1979} 

estimated that this involved in the order of 100km of crustal shortening. These 

compressive tectonics of the Miocene, related to the collision of the African and 

European plates, were followed by extensional tectonism in the Lower Pliocene (Pieri 

and Mattavelli, 1986). These extensional tectonics caused the sinking of crustal 

blocks, along normal faults (by up to 1ooo m) to the west of the Apennines (Locardi 

et al, 1975), forming graben structures (complicated by crosswise oriented horsts) 

and sea transgressions with the deposition of clays and silts. During the later 

Pliocene the Tyrrhenian basin began to subside and an area between the present coast 

and the Apennines was uplifted. The acid magmatism of the Tuscan Province is related 

to this uplift, which reached a maximum during the Lower Pleistocene, following 

which it collapsed. The volcanoes of the Roman Province are related to this tensional 

tectonism. Roccamonfina is located at the intersection of two normal faults although 

further south Campi Flegrei lies within a graben structure (Rosi and Sbrana, 1987). 

1.4.1 The potassic magmas of the Roman Province; history and 

classification 

Studies of the potassic magmas of the Roman Province of Italy have played a 

major role in the controversial debate concerning the origin of potassic and 

ultrapotassic rocks. In the early parts of this century it was suggested that potassic 

magmas formed by interaction between magma and carbonate crustal rocks (Daly, 

1910; Shand, 1922 and Rittmann, 1933, 1962). Gradually, emphasis has moved 

to the role of fractional melting within the mantle in developing essential alkaline 

characteristics (high Na2o and K20 contents) e.g. Appleton (1972). The genesis of 

potassic and ultrapotassic magmas is now generally considered as a two stage process; 

firstly, partial melting of the source rocks within the mantle and secondly 
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assimilation and fractional crystallisation (AFC) within the crust (Gittins, 1979). 

The majority of potassic rocks of the Roman Province have been divided into 

two series (Appleton, 1972; Varekamp, 1980), the potassic (K) series ranging from 

trachybasalts to trachytes (the LKS of Appleton, 1972) and the highly potassic (High 

K} series ranging from leucite tephrites to leucite phonolites (HKS of Appleton, 

1972). Many of the Roman Province volcanoes display erupted products of both the K 

and the High K series, as is the case at Roccamonfina (Appleton, 1972), Vulsini 

(Varekamp, 1980 and Rodgers et al, 1985) and Vesuvius. Some centres such as the 

Alban Hills show only one magma series; in this case High K products (Ferrara et al, 

1985). Others such as lschia display only volcanism of the K series (Poli et al, 

1987). Rocks with extremely high K2o content, often termed ultrapotassic rocks 

occur within the High K magma series. 

Recently Foley et al (1987) defined ultrapotassic rocks using the chemical 

screens of K20 >3 wt%, MgO >3 wt% and K2o; Na2o >2. Ultrapotassic rocks of the 

Roman Province fall within Foley et al's Group Ill defined by a high Al2o3 content 

(>12%) which leads to a low K20/Al20 3 (generally less than 0.5) ratio and an Mg 

number which is the lowest of all the ultrapotassic rocks (rarely above 70). This 

Group Ill is termed 'Ultrapotassic rocks of active orogenic zones'. 

1.4.2 Magma petrogenesis of the Roman Province 

Following the ideas of Daly (191 O) and Shand (1922), Rittmann (1933, 

1962) proposed that the lavas of Vesuvius were the result of the assimilation of 

dolomitic limestone by a parental trachytic magma already enriched in potassium. 

This was inferred from the presence of metamorphosed carbonate xenoliths within the 

ejecta, giving clear evidence that the magma had come into intimate contact with 

carbonate rocks at depth. Rittmann suggested that the removal of soda in volcanic 
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gases produced the high K : Na ratios characteristic of these melts. The experimental 

work of Watkinson and Wyllie (1969), however, demonstra1es that the assimilation 

of limestone would consume heat from the liquid inducing crystallisation. Also, 

limestone assimilation liberates co2 which in turn removes H2o, thus dehydrating 

the magma, favouring crystallisation (Watkinson and Wyllie, 1969). Furthermore 

Foley et al (1987) considered that involvement of crustal material was popular in 

early petrogenetic models as it explained apparent contradictory compositional 

features of potassic rocks; high Mg number and Ni and Cr contents termed 'mantle 

characteristics' and high Rb, Zr and Ba being 'crustal characteristics'. A major flaw 

in the assimilation hypotheses is their inability to explain more than selected groups 

of elemental variations. For example, mixing of carbonatite and granite was proposed 

by Holmes (1950) as a mechanism to give the potassic rocks of Uganda their high 

abundances of most incompatible elements, but this could not account for high Ni and 

Cr. Recent work has shown that potassic rocks have isotopic signatures that are 

compatible with a mantle source (Cox et al 1976; Hawkesworth and Vollmer, 1979). 

More recently the abundance of geochemical data has enabled characterisation 

of the potassic rocks of the Roman province and workers have looked toward the 

mantle to explain the chemistry of these rocks. Petro logic work (Appleton, 1972) 

established that the lavas of Roccamon-fina belong to a High K series of 

leucite-bearing lavas and a K series comprising olivine basalts, trachybasalts and 

biotite augite latites. The High K series lavas are enriched in K, P, Ba, Ce, Rb, Sr, Th, 

and Zr relative to the K series lavas and possess high 8 7 Sr18 6 Sr ratios 

(0.706-0.712). Appleton explained the wide variation in K enrichment exhibited by 

the volcanics of the Roman Province in terms of two main differentiation processes. 

An intermediate or high pressure differentiation process produces the parental 

magmas with specific levels of K enrichment and associated elements, while 

generation of salic products is controlled by low pressure crystal liquid fractionation. 

Appleton also suggested that if K, Ba and Rb are retained in phlogopite in the upper 

mantle, then the high Sr isotopic 
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ratios may be explained by magma being derived directly from the mantle, by the 

process of zone refining or mantle wall rock reaction (Appleton, 1972). The zone 

refining mechanism, as advanced by Harris (1957), involves initial melting of the 

mantle material at 500 - 1000 km depth and gradual enrichment of incompatible 

elements in the rising liquid batch in accordance with their degree of incompatibility. 

Foley et al (1987) suggested that initial melting at depths of greater than 500 km 

makes this process independent of tectonic environment, so its application to 

ultrapotassic rocks, which occur in particular tectonic environments, is hard to 

defend. Also this hypothesis works on the assumption that there will be a sufficient 

density contrast between the melt and the surrounding mantle at 500 km tor the 

magma to rise. Foley and co workers state that due to high magma pressures, there 

may be a density switchover between 200 and 350 km, below which the melt would 

be unlikely to rise. 

Cox et al (1976) considered further the nature of the mantle source for the 

potassic magmas of Roccamonfina through an investigation of the isotope geology. They 

suggested that the high and variable 87Srt86sr values from 0.70682 to O. 70984 

and the high degree of enrichment of K, Rb, Sr, Ba in the lavas reflected a mantle 

source region which had undergone variable degrees of enrichment in incompatible 

elements. 

Indeed isotopic studies encompassing the whole of the Roman Province have 

shed much light on the probable source region for these magmas and also the extent to 

which the magmas have interacted with crustal material en route to the surface. Turi 

and Taylor (1976) first noted that a180 values progressively increased northwards 

through the Roman Province. From south to north the values are; 

lschia (5.8 to 7.0) 

Somma-Vesuvius and Phlegrean fields (7.3 to 8.3) 

Alban Hills (7.3 to 8.7) 

Sabatini (7.3 to 9.7) 
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Vico volcano (7.4 to 10.2) 

Vulsini (8.1 to 11.7 ) 

and are paralleled by a similar increase in 87sr;86 sr. This is suggested as 

indicating that the magmas to the north of Rome strongly interacted with continental 

crust during their ascent from the mantle. Turi and Taylor proposed a two component 

mixing model involving undersaturated magma from the upper mantle, with low a180 

87 Sr186sr and SiO2 values, mixing with anatectic melts derived from continental 

crust, with high a180, 87Sr186sr and SiO2 values. They envisaged that the anatectic 

melts mixed in greater proportions in the volcanism north of Rome than in that of 

the Alban Hills and Naples area. Hawkesworth and Vollmer (1979) also suggested that 

the rocks in the south of the Roman Province have suffered little interaction with 

crustal material, on the basis of 143NdJ144 Nd, 87sr;86 sr and REE analyses. 

Hawkesworth and Vollmer subdivide the volcanics of the Roman and Tuscan Provinces 

into three groups; 

(1) North Tuscany where magmas are thought to reflect crustal anatexis, 

(2) a central zone (between Mt Amiata and Sabatini) in which hybrid (crust/mantle) 

magmas are recognised and 

(3) a southern zone (south of Rome) where mantle derived magmas have been 

largely unaffected by interaction with the continental crust. 

Roccamonfina is included in the southern zone (3) where according to Hawkesworth 

and Vollmer the isotopic characteristics are most easily explained by a recent mixing 

event within the upper mantle. This involved metasomatism of the upper mantle 

source region by a fluid which had high 87Sr I 86 Sr and low 143Nd ;144Nd and was 

enriched in K, Rb and ligl1t REE but depleted in Sr 2+and Eu 2+. Furthermore, 

Roccamonfina is unusal in that its lavas exhibit a large range of Nd and Sr isotope 

values. 87sr;86sr varies from 0.7064 - 0.7083 in the K series and 0.7085-

0.7100 in the High K series. This enrichment of LI L elements coupled with high 87Sr 
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186sr and i 43Nd / i 44Nd ratios is attributed to metasomatism in the upper mantle. 

Taylor et al (1979), however, showed that in the lavas of Roccamonfina a180 

varies as a function of chemical composition from +5.5 to +6.5 at 46-47% SiO2 to 

over +10 at 60 % SiO2. The more primitive rock types having a18o values similar 

to those of many uncontaminated mantle derived rocks (+5.5 to +6.5 Taylor, 1968). 

This indicates that the high 87 Sr186 sr (0.7065 - 0.7096) and low 143Nd!144N d 

(0.5124-0.5122) values in these primitive rock types are not due to crustal 

contamination but reflect mantle values. The increase in a180 in the more silicic 

lavas is greater than can be readily explained by fractional crystallisation 

(Henderson, 1984), and it is likely that the more evolved magmas have interacted 

with a180 rich crust to produce the higher observed values. 

Clearly, there is a concensus of opinion that the potassic rocks of the Roman 

Province have been derived largely from the mantle {Appleton, 1972, Cox et al, 

1976, Turi and Taylor, 1976, Hawkesworth and Vollmer, 1979). Derivation of 

these potassic magmas from a typical garnet or spine! lherzolite mantle source is 

unlikely as very small degrees of partial melting <1 % are required to produce the 

extreme enrichment of incompatible elements observed (Gast, 1968, Sun and Hanson, 

1975). It has been suggested that the separation of these small volumes of melt would 

be almost impossible (Foley et al, 1987, Wilson, 1989). For this reason workers 

have looked toward the partial melting of a mantle source pre-enriched in these 

incompatible elements. As noted above, the ultrapotassic rocks of the Roman Province 

fall within Group Ill, ultrapotassic rocks of active orogenic zones of Foley et al 

(1987), which are suggested as being closely related to subduction processes and it is 

thought that the metasomatising agent responsible for enriching the mantle in 

incompatible elements is an H2O-rich fluid (Wyllie and Sekine, 1982). In fact trace 

element concentrations of Group Ill rocks show distinct depletions in Ba, Nb-Ta, Ti, p 

and enrichment in Rb, Th and K, similar to subduction related volcanic rocks (Rodgers 
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et al, 1985) (see Fig 1.2). Sun (1980) noted that the Pb isotopic compositions of the 

Roman Province rocks closely resemble those of oceanic sediments, and Wilson 

(1989) suggested that this lends support to their derivation from a mantle source 

which has been metasomatized by a subduction zone fluid, involving a component 

derived from subducted sediments. This is in agreement with Holm and Munksgaard 

(1982) who suggested that hydrous fluids, derived from subducted continental 

sediments, which were enriched in UL elements and high in 180 and 87 Sr;8 6s r 

mixed with the mantle. Furthermore, the northward trend in increasing 87Sr186sr 

and decreasing 143Nd! 144 Nd ratios in the Roman Province demonstrated by 

Hawkesworth and Vollmer (1979) who considered this to be an indication of crustal 

contamination, could alternatively be explained as being due to a heterogeneous 

mantle (Peccerillo, 1985). This heterogeneity could have been caused by fluids 

rising from the subducting lithospheric slab which was under thrusting the Apennines 

during the Tertiary (Peccerillo, 1985). 

Ellam et al (1989) support the subduction-related hypothesis, arguing that 

"the trend toward increasing 87Srt86 sr with increasing Sr (Fig 1.3) could not be 

caused either by assimilation or fractional crystallisation. They suggest that both the 

Roman Province and the Eolian Islands volcanics may be explained in terms of mixing 

of three isotopically and elementally distinct components, derived from subducted 

basalt, subducted sediment and mantle wedge material. The Roman Province also 

displays high 208Pb/204Pb and 207Pb/ 204 Pb at given 20 6Pb/204 Pb which is 

characteristic of sediments (Ellam et al 1989), lending weight to the suggestion of 

Rodgers et al (1985) that hybridization of the mantle by reaction of peridotite and 

partial melts of subducted sediment produces phlogopite which ultimately melts to 

produce potassic magmas. Francalanci et al (1989) also suggest that the mafic 

magmas of Stromboli, in the Eolian Islands, may have been generated from a mantle 

source heterogeneously enriched due to addition by subduction of varying amounts of 

crustal material. However they suggest that the geochemical data may also explain the 

14 



1000 

500 

.8Q.c1s__ 

Mantle 

10 

50 

10 

5 

3 
2 
4 
1 

5 

4 

1 
2 

Rb Ba Th Nb K La Ce Sr Nd P Sm Eu Zr Ti Tb Y Yb Lu 
(Ta) (Hf) 

Figure 1.2 Representative mantle normalised abundance diagrams for Italian 
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generation of mafic magmas by a process of assimilation of crustal material (K 

series) and fractional crystallisation (high potassium calc alkaline and shoshonites). 

Although the picture is complex it is clear that a consensus is beginning to 

emerge regarding the broad origin of the magmas of the Roman Province. Both trace 

element and isotopic data indicate that the Roman Province magmas were derived from 

a mantle source which suffered variable metasomatism as a consequence of subduction 

related processes. Although a possible Benioff zone exists below the Eolian Islands 

direct evidence for subduction beneath the Roman Province is as yet lacking. There is, 

however, geophysical evidence for continent-continent subduction that occurred 

during Tertiary times to the south of Vesuvius (Cristofolini et al 1985) which may 

explain the source of crustal material that metasomatised the mantle. The geochemical 

signatures indicate that the magmas have suffered variable contamination from 

crustal material en route from the mantle to the surface, this being most pronounced 

in the north of the Roman Province. 
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Chapter 2 Roccamonfina volcano 

Roccamonfina Volcano is located at the intersection of the Apennine, NW-SE 

and the Anti Apennine, NE-SW fault systems (Fig 2.1 a) which are related to post 

Miocene extensional tectonism (Giannetti and Luhr, i 983) and is built on Pleistocene 

lacustrine sediments which overlie Mesozoic and Cenozoic marls, arenites and 

limestones (Devoto, 1965). The volcano has a diameter of 18-22 km, and covers an 

area of ~1000 km2. The summit, which rises to an altitude of 1006 m, is truncated 

by a main caldera. There is an amphitheatre shaped depression on the northern flank 

which just cuts the rim of the main caldera (Fig 3.2), termed 'Gli Stagli' by Giannetti 

and Luhr (1983). Cole et al (in prep) propose that this structure resulted from 

both sector collapse of an old cone and subsequent modification by collapse, tentatively 

linked to the eruption of the Conca lgnimbrite (previously termed the Yellow 

Trachytic Tuff by Luhr and Giannetti, 1987). 

The volcano presently shows no sign of activity, apart from a non volcanic gas 

seepage at Suio, on the western margin of the volcano (Fig 2.1 a). A borehole drilled 

within the caldera recorded a temperature of only 35 °c at a depth of 850 m and it is 

considered that no hydrothermal system currently exists (Watts, 1987). 

The history of the volcano may be divided into two stages (Table 2.1 ). Stage I 

activity was dominantly a cone building phase and erupted leucite bearing lavas and 

pyroclastics of the High K series (HKS) (Giannetti and Luhr, 1983), with caldera 

collapse occurring towards the end of this stage. Stage II forms most of the post 

caldera activity and involved mainly pyroclastic products belonging to the K series 

(KS) characterised by the absence of leucite. 

Roccamonfina has been the site of much geological interest for well over two 

decades. Early work by Tedesco (1965) identifed several pyroclastic units on the 

volcano. These included stratified tufts interbedded with lavas, interpreted to be part 

of the old volcano construct, and 'chaotic fragmental volcanic deposits and 
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Age(my) Major Explosive events Comments 

Thought to be erupted from Campi Flegrei
0.034 Campanian lgnimbrite fills caldera and radial valleys on

(1) 
Roccamonfina (Barberi et al 1978) 

T 
Domes Mt Croce & Lattani have unclear 
age relations, however are thought to 
represent final activty.

Conca lgnimbrite? Conca lgnimbrite restricted to the 
northern flank(Luhr & Giannetti, 1987(formerly Yellow Trachytic Tuff) 

Upper caldera fill predominantly 
phreatomagmatic, surges deposits 
abundant. 

Ephemeral caldera lakes. 

0.3 (3) Galluccio Tuff Forms base of exposed caldera fill, 
several ignimbrites some associated(formerly lower part 
plinain fall, & phreatomagmatic activityof White Trachytic Tuff) 

(Giannetti& Luhr, 1983) 

0.38(4) Thin basal pumice fall overlain 
by radially distributed ignimbrites 

Campagnola Tuff 

(Formerly upper part 
of Brown Leucitic Tuff) 

Initial Caldera Collapse
? 

(Luhr &Giannetti, 1987) 

Early activity involved mainly effusive 
activity and minor pyroclastics. Toward 
the end of Stage I explosive activity 
predominates as several ignimbrites 

1.54(2) exist beneath the Campagnola Tuff . 

Table 2.1 The general stratigraphy of Roccamonfina volcano based on previous work 

Date sources 

(1) Rosi and Sbrana (1987) C14 (av of 12) 34,134 yrs K/ Ar (av of 6) 34,775yrs 

all from Campi Flegrei. 

(2) Giannetti et al (1979) K/Ar 1.54 + 0.06 m.y. Lava from west Flank. 

(3) Giannetti and Luhr (1983) K/Ar 0.307 +/-0.004 m.y and 0.303+/- 0.024 Sanidine. 

(4) Luhr and Giannetti (1987) K/Ar 0.385+/- 0.023 m.y. Biotite from pumice. 

HKS- High potassium series of Appleton (1972) 

KS- low potassium series of Appleton {1972). However still K enriched. 
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mudflows', which were considered to have been generated during the formation of the 

main caldera. Subsequent workers (Di Girolamo, 1968; Ghiara et al, 1973) 

recognised two major pyroclastic formations, composed in large part of ignimbrite. 

The older formation is termed here the Campagnola Tuff (the Brown Leucitic Tuff of 

Giannetti and Luhr, 1983) and the younger formation is termed the Galluccio Tuff 

(the White Trachytic Tuff of Giannetti and Luhr, 1983). 

These pyroclastic deposits have been renamed for two reasons. Firstly the 

presence of leucite is not diagnostic of a particular deposit as there is more than one 

leucitic ignimbrite within the volcanic sequence. Secondly colour also is not 

diagnostic and varies markedly within a particular deposit. For these reasons the 

deposits have been renamed using the conventional stratigraphic procedure of 

utilising a place name where characteristic outcrops of the particular formation 

occur ( Fig 2.1 a, also see Chapter 3 for a full discussion). 

The Campagnola Tuff was first described by Di Girolamo (1968) who in a 

study of the volcanic products around Sessa Aurunca termed it 'flows of conglomeratic 

pyroclastics', interpreting it as an ignimbrite. Ghiara et al (1973), however, 

reinterpreted the Campagnola Tuff as a lahar. Giannetti (1979 a&b) reverted back to 

the original interpretation proposing that it was in fact an ignimbrite, suggesting that 

it was the final product of Stage I activity. Indeed, Giannetti (1979 a) considered the 

eruption of the Campagnola Tuff to be responsible for the formation of the main 

caldera. More recently, Chiesa et al (1985) proposed that the Campagnola Tuff was a 

'Mt St Helens type' rockslide avalanche which contains a large volume of leucitic 

material derived from the old volcano' and suggested that this eruption is responsible 

for the asymmetry of the caldera. Luhr and Giannetti (1987) disagree with this 

stating that no deposits of a rockslide avalanche exist and they describe the Campagnola 

Tuff as a compositionally zoned ignimbrite, estimating its volume as being between 3 

and 5 km3 with an age of 385,000 B.P. (K/Ar). A stratigraphic log of an exploratory 

geothermal borehole (Watts, 1987), in the north west part of the main caldera (Fig 
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2.1) reveals a thickness of 140 m of Campagnola Tuff toward the base of the supposed 

caldera fill which led Luhr and Giannetti (1987) to suggest that the eruption of the 

Campagnola Tuff occurred after caldera formation, rather than being generated during 

caldera formation as was previously envisaged (Giannetti, 1979a). This 

interpretation of the borehole log is, however, questionable as a narrow core sample 

would be inadequate for accurate deposit identification and certain clasts within the 

deposits may exceed the borehole width. 

The Galluccio Tuff is the first eruptive product of Stage II (Giannetti, 1979; 

Giannetti and Luhr, 1983). Di Girolamo (1968) first described the Galluccio Tuff 

proposing that it was composed partly of ignimbrite. Detailed work by Giannetti and 

Luhr (1983) showed that the Galluccio Tuff is a compositionally zoned sequence of 

trachytic ignimbrites with an estimated volume of ~10km3 and an age of ~300,000 

B.P. Within the caldera they identified the Galluccio Tuff as thinly laminated ashes 

which they considered to be the result of deposition within a caldera lake. They also 

identified peculiar horizons of large pumice blocks which they interpreted to be small 

scale versions of the 'Giant Pumice Horizons' described by Mahood (1980) and Clough 

et al (1981) from the Primavera complex, Mexico. 

The geology of the main caldera of Roccamonfina has been described by 

Giannetti (1979a and b). The stratigraphy constructed during the current study was 

based on a detailed study of field relationships and this is compared to the stratigraphy 

of Giannetti (i 979a and b) in Table 2.2. Apart from the name differences which are 

changed due to reasons discussed more fully in Section 3.3, there are four major 

differences in interpretation: 

(1) the Campagnola Tuff is observed overlying material of the Mt Atano cone and 

therefore must post-date it, 

(2) On the basis of major lithological differences the White Trachytic Tuff 

(Giannetti, 1979a and b) is divided into several units, 

(3) neither the Brown Scoria nor the Tuoroishi cone deposits were identified in this 
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study, and 

(4) the Cesapiana cone rim material is placed immediately below the Torano Member. 

Although the age relations are unclear, both of these deposits are considered to be 

derived from the Cesapiana cone which is considered to predate the Upper Garofali 

Member. 

The youngest identified major pyroclastic deposit on Roccamonfina is the 

Campanian lgnimbrite, which was first described by Tedesco (1965) who interpreted 

it as being derived from Roccamonfina itself. However, this deposit is now considered 

to be the distal facies of the Campanian lgnimbrite, erupted from Campi Flegrei 

~30,000 B.P. (Di Girolamo, 1970; Barberi et al, 1978; Cornell et al, 1979). 
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Chapter 3 The Geology of the main caldera of Roccamonfina volcano. 

3.1 Introduction 

This chapter describes, interprets and constructs a stratigraphy for the 

volcaniclastic deposits filling the main caldera. The main caldera was mapped on a 

scale of 1: 10,000 covering an area south and east of the town of Roccamonfina, out 

and on to the caldera rim. For the sake of convenience the map presented in this thesis 

is on a scale of 1: 25,000 (Fig 3.1). Only the southern part of the caldera was 

mapped as the lava domes of Mt Croce and Lattani occupy a large part of the north of 

the caldera and there is very little dissection through the caldera-fill to the north 

with exposure being almost non existent. 

3.2 The morphology of the main caldera. 

The main caldera of Roccamonfina is elliptical (Fig 3.2) in plan. The longest 

axis, 6.5 km, is oriented in a NW-SE direction and the shortest axis, 5 km, in a 

SW-NE direction. The rim of the caldera is well developed to the west and south, 

reaching a maximum height above the present day caldera floor of 286 m on the 

western edge. The north and eastern margin of the caldera is, however, poorly 

developed and difficult to trace. The interpretation of the position of the eastern rim 

is based on field observation and analysis of aerial photographs (Fig 3.2). 

Within the main caldera the most striking topographic features are the two 

lava domes of Mt Croce and Mt Lattani, which rise ~400 m above the caldera floor and 

have an approximate total volume of 900 x 106m3 (Fig 3.2). Careful examination of 

the aerial photographs of the main caldera reveals three small calderas and one crater 

which are aligned on an axis running NNE-SSW, situated to the east of the lava domes 

(Fig 3.2). The three small calderas coalesce with each other and range up to 1.5 km 

in diameter. They possess a subdued appearance, probably due to burial by deposits 
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erupted after their formation. The crater situated immediately south west of the three 

coalescing calderas and 1km south of the town of Roccamonfina, termed the Cesapiana 

Cone, has a diameter of 0.5 km and its appearance suggests that it is a cone also 

partially buried by younger deposits. At the periphery of the caldera are two cones ; 

Mt Atano immediately east of the subdued caldera rim and Mt Tuororame probably 

just inside the caldera, near the northern margin (Fig 3.2). 

3.3 Terminology and renaming of previously identified pyroclastic 

deposits 

The major pyroclastic formations identified by previous workers (e.g. 

Giannetti, 1979 a and b; Giannetti and Luhr, 1983, Luhr and Giannetti, 1987) on 

Roccamonfina, have been named utilising the so-called characteristic field colour of 

the particular deposit, for example the Brown Leucitic Tuff (B.L.T.) and White 

Trachytic Tuff (W.T.T.) (Giannetti and Luhr, i 983). In the field, however, the 

colour of the major pyroclastic formations is highly variable, for example the B.L.T. 

varies from white to yellow to orange to brown depending on the facies and the 

induration of the deposit. Similarly the W.T.T. varies between white when 

unconsolidated to brown - yellow when indurated, rendering it almost 

indistinguishable from the B.L.T. at certain localities. Colour is therefore not a useful 

criterion for characterising a particular deposit. Petrological characteristics are 

also unsuitable for nomenclature, for example the Brown Leucitic Tuff is the result of 

just one of several leucite-phyric ignimbrite eruptions of Roccamonfina, therefore 

the occurrence of leucite is not a diagnostic criterion. For these reasons the names of 

the previously identified pyroclastic deposits have been changed avoiding the use of 

colour and petrological criteria. Instead they have been assigned a place name where a 

characteristic sequence of the particular deposit is exposed. 

The upper unit of the Brown Leucitic Tuff (B.L.T.) has been renamed the 

Campagnola Tuff as characteristic exposures of the deposit occur at and 
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immediately above the town of Campagnola to the east of the main caldera (Fig 2.1 a), 

this sequence is described fully in Section 3.4.1. 

The basal part of Giannetti's (1979) White Trachytic Tuff (W.T.T.) has been 

renamed the Galluccio Tuff as an almost complete sequence is present and well 

exposed in and around the quarry at Galluccio on the northern flank of the volcano (Fig 

2.1 a) and is decribed fully in Chapter 5. 

The deposits above the Galluccio Tuff, (partly the upper section of the W.T.T.) 

within the main caldera are termed the Garofali Formation (Fig 3.3 and 3.4) as 

characteristic exposures of this formation occur around the village of Garofali. 

Lithologically distinct deposits that are confined to a particular stratigraphic horizon 

within the Garofali Formation are termed Members and are assigned a place name 

where type outcrops occur, for example Cese Member or Upper Garofali Member. 

Otherwise where the deposits are difficult to correlate with precision and in some 

cases are repetitive they are termed facies, for example lacustrine facies. 

The composite stratigraphy of the south east part of the main caldera is 

illustrated in Figure 3.3. Some identified units are not included on this composite 

stratigraphic section as they are too thin or discontinuous to be represented. These 

include some thin airfall lapilli beds and phreatomagmatic fall deposits included in the 

measured sections (Fig 3.4) and are discussed in Chapter 4. 

Throughout this work the terminology of pyroclastic deposits is identical to 

that used in Gas and Wright (1987) except that the term scoria flow, for a 

pyroclastic flow possessing juvenile scoria fragments is not used. 
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3.4.1 The Campagnola Tuff 

The Campagnola Tuff (previously part of the Brown Leucitic Tuff) is the oldest 

pyroclastic deposit associated with the main caldera. Examination of the stratigraphic 

sections both measured and composite (Fig 3.3 and 3.4) show that the lowermost 

lithology seen within the caldera-fill is the Galluccio Tuff (the base of which is not 

exposed). Recent drilling for geothermal exploration work (Watts, 1987) in the NW 

of the caldera has, however, revealed that within the main caldera, beneath a 

thickness of 230 m of Galluccio Tuff, there occurs 140 m of Campagnola Tuff. Erosion 

through the caldera-fill is therefore not sufficient to expose intracaldera Campagnola 

Tuff. Exposures of the Campagnola Tuff are restricted to the rim of the caldera with 

good exposures existing on the low eastern rim and poor exposures on the southern 

rim. 

Examination of the extensive spreads of Campagnola Tuff on the flanks of the 

volcano reveal that it is a compound ignimbrite, after the classification of Wright 

(i 981) being formed from several pyroclastic flows. On the flank of ·the volcano the 

Campagnola Tuff is characteristically brown to yellow in colour with indurated 

outcrops often appearing vesicular due to weathering out of pumices. Individual flow 

units are relatively homogeneous. Departures from this homogeneity are the normal 

grading of lithic fragments towards the base of a flow unit and the reverse graded 

pumice clasts which sometimes form distinct pumice concentration zones at the top of 

flow units. Cross-bedded pyroclastic surge deposits sometimes occur below the main 

body of the flow unit. These features are consistent with the type ignimbrite sequence 

as described by Sparks et al (1973) and Sparks (i 976). The most proximal 

Campagnola Tuff, exposed on the caldera rim, is however notably different from the 

typical ignimbrite facies observed elsewhere on the volcano. 
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3.4.2 The Campagnola Tuff of the eastern caldera rim 

The Campagnola Tuff is well exposed at two localities on the low eastern rim of 

the main caldera, Tuoro di Tavola and immediately west of Mt Atano (Fig 3.1 and 3.5). 

West of Mt Atano the Campagnola Tuff is observed draped across the caldera rim, 

indicating that deposition of this particular unit occurred after formation of the main 

caldera. The Campagnola Tuff at this locality is heterogeneous, comprising massive 

ignimbrite intimately associated with pyroclastic surge, lithic breccias and pumice 

stringers (see Fig 3.6). This overall heterogeneity of the unit is not apparent in 

small, isolated exposures. Although heterogeneous, possible flow unit boundaries may 

be distinguished (Fig 3.6) in large continuous outcrops. The base of the Campagnola 

Tuff, west of Mt Atano, is composed of a bedded lithic breccia 3 m thick. The breccia 

is matrix supported and comprises lithic clasts up to "1 .5 m in size, both rounded and 

angular, set in a pumiceous matrix which is poor in fine ash. This basal unit is 

overlain by bedded pumiceous material with low angle foreset beds which are 

interpreted as pyroclastic surge deposits. This in turn is overlain by massive 

ignimbrite, poorly sorted with a distinct lithic concentration zone towards the base. 

Therefore the ignimbrite may represents one flow unit and the underlying cross 

bedded material a preceding surge cloud (see Sparks et al ,1973). Another possible 

flow unit overlies this but differs in that a discontinuous relatively sharply bounded 

lithic breccia occupies a position equivalent to layer 2bl of Sparks et al (1973) (see 

Fig 3.6). Fines poor pumice stringers are also present within the ignimbrite and at 

the top of this exposure ignimbrite grades into bedded pumiceous material of possible 

pyroclastic surge origin. 

At Tuoro di Tavola, the Campagnola Tuff is also heterogeneous (Fig 3.7). 

Similar to the Atano exposures, although here flow unit boundaries cannot be 

identified and it occurs as a chaotic arrangement of massive ignimbrite intimately 

associated with areas strongly enriched in either pumice or lithic clasts. Lithic 
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Figure 3.7 The Campagnola Tuff exposed on the caldera rim at Tuoro di Tavola. Note: 
discontinuous lithic breccias and pumice concentration zones also extreme 
heterogeneity and lack of identifiable flow units. 
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breccias range from sharply bound layers to areas of lithic concentration gradational 

with the host ignimbrite (Plate 3.2). Pumice concentrations are similarly variable, 

occurring as stringers or pods which have sharp boundaries with the host ignimbrite 

and are poor in fines, or occur as reverse graded pumice concentrations that are 

completely gradational with the ignimbrite (Fig 3.7). The upper part of the 

Campagnola Tuff at Tuoro di Tavola is well bedded with low angle foreset beds and is 

interpreted as pyroclastic surge material. 

It is important to note that these chaotic heterogeneous exposures are 

restricted to the caldera rim. At both Mt Atano and Tuoro di Tavola the Campagnola 

Tuff may be traced away from the caldera rim and onto the flank of the volcano, where 

it grades into massive, homogeneous ignimbrite. Immediately north of Mt Atano 

~200 m east of the caldera rim the Campagnola Tuff may be observed to occupy a 

valley feature (Fig 3.8). Here, away from the valley margin, the Campagnola Tuff 

occurs as a massive ignimbrite. Towards the valley edge, however, it becomes 

stratified with coarse pumice rich, fines poor lenses and layers, which are 

interbedded with massive although finer grained layers. Small cross bedded areas 

also occur (Fig 3.8 and Plate 3. "1). This stratified or surge-like margin to the 

Campagnola Tuff is up to 9 m wide and interdigitates with the massive ignimbrite 

where it thins and pinches out. 

Approximately 250m east of Tuoro di Tavola the Campagnola Tuff crops out as 

massive ignimbrite. Here at least six thin flow units are present ranging between 

0.Sm and 2m in thickness (Plate 3.3). Each flow unit possesses a distinct fine 

grained basal layer and a thin pumice concentration zone at the top of the flow unit. 

The ignimbrite rests on slopes of up to "14° inclination. 
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Figure 3.8 The Campagnola Tuff immediately north west of Mt Atano. Away from the 
valley margin the Campagnola Tuff exists as ignimbrite, but toward the valley 
margin ignimbri te grades into a bedded facies possessing cross lamination , coarse 
pumice lenses and pods. Note: phreatomagmatic and plinian airfall beds mantling 
topography. 

Plate 3.1 Close up of the bedded pumiceous margin of the Campagnola Tuff in Fig 3 .8 
Displaying coarse pumice lens and cross lamination. Scale is in 0.5, 1 and 5 cm intervals. 
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Plate 3.2 A thin lithic breccia within the Campagnola Tuff on the caldera rim at 
Tuoro di Tavola. Scale is in 1 O cm intervals. Note: gradational lower contact of 
breccia. 

Plate 3.3 Campagnola Tuff 250 m east of (Tuoro di Tavola) the caldera rim. At least 
five flow units are present here. Note fine grained basal layers and thin pumice 
concentration zones at the top of of each flow unit. 
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3.5 The Galluccio Tuff 

The Galluccio Tuff (formerly the basal ignimbrites of the White Trachytic 

Tuff) forms the exposed base of the caldera-fill in the S.E. (Figs 3.3 and 3.4). At 

least 30m of Galluccio Tuff is exposed within the main caldera, however the base is 

not exposed and recent drilling within the NW of the caldera (Watts, 1987) has 

revealed a thickness of 230 m of what he termed White Trachytic Tuff (see also 

Chapter 2). As the top 50 m of the White Trachytic Tuff is now part of the Garofali 

Formation, a possible 150 m of Galluccio Tuff exists below the present floor of the 

caldera. 

Within the main caldera the Galluccio Tuff occurs dominantly as ignimbrite, 

always unwelded, typically massive and poorly sorted, with well vesiculated white 

pumice being the most abundant component. It varies from an unconsolidated white 

deposit to yellow-brown when indurated. Fine grained basal layers define several 

flow units, up to five occur in one section within the main caldera, however the actual 

number of flow units is undoubtably much greater. Bedded, sometimes cross 

stratified, pumiceous deposits of similar material to the ignimbrite occur between 

flow units and occasionally these bedded deposits possess bomb sags of lithic lava 

blocks which have deformed the underlying ignimbrite. These bedded units are 

interpreted as pyroclastic surge deposits. 

At a number of localities within the caldera sub-vertical sedimentary dykes 

occur within the ignimbrite of the Galluccio Tuff. The dykes are up to 15 cm wide and 

are filled with a fine white ash. These dykes are similar to those described by Wilson 

and Walker (1985) from the Taupe lgnimbrite, New Zealand. They interpreted the 

fine ash to be derived from the layer 3 deposit or co-ignimbrite ash which entered the 

fissures from above after the ignimbrite had consolidated enough to support an open 

fissure, but before layer 3 had been removed by erosion. It is likely that these dykes 

in the Galluccio Tuff formed in a similar manner to those at Taupe. 

The Galluccio Tuff is therefore a compound ignimbrite, similar to the 
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Campagnola Tuff, having been formed by several distinct pyroclastic flows. It may be 

noted (Fig 3.1} that the flow unit boundaries within the ignimbrite are rarely 

horizontal and may be observed dipping towards the centre of the caldera. Erosion is 

unlikely to have caused this feature as flow unit boundaries are frequently planar. It 

therefore seems likely that a collapse event, probably due to magma withdrawal, 

occurred at a late stage in the Galluccio Tuff eruption. 

3.6 The Garofali Formation 

The Garofali Formation includes all the caldera-filling volcaniclastics that 

overlie the Galluccio Tuff, except the Campanian ignimbrite. The boundary between 

the Galluccio Tuff and the Garofali Formation is defined as the top of the white 

ignimbrites which form the base of the caldera-fill. The base of the Garofali 

Formation comprises up to 30 m of lacustrine deposits which are thought to represent 

a hiatus in eruptive activity and the presence of intercalated soils support this. Many 

of the lithological units within the Garofali Formation are laterally discontinuous or 

are isolated to small areas (e.g. the Cese Member) and some, for example lacustrine 

facies, occur at a number of stratigraphic horizons. 

3.6.1 The Cese Member. 

South of Cese occurring stratigraphically above the ignimbrites of the 

Galluccio Tuff and below the lacustrine bed is a sequence of at least 6 metres of 

pyroclastic deposits (Fig 3.4 section '1 ). Common within this sequence are several 

bedforms which are interpreted as sand wave structures formed by deposition from a 

pyroclastic surge. These sand wave structures all share similar features; low angle 

(<1 s0 ) foreset beds and continuous extensive laminae, which indicate that they are 

not fluvial in origin. At least two types of sand wave structure are present within the 

Cese Member (see Chapter 4). Accretionary lapilli are present. However, these are 
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concentrated within individual laminae and one type of sand wave structure is built 

from laminae which alternate from being accretionary-lapilli-rich to accretionary 

-lapilli-free. Planar-bed surge facies are also present commonly interbedded with 

the sand waves and occasionally displaying low angle cross stratification. Occasional 

bomb sags within these deposits indicate that they were derived from a source to the 

north. Thin (~5 cm thick) well sorted airfall lapilli beds are also present. The 

mantling nature typical of fall deposits has been partially destroyed in some cases by 

subsequent surge activity which has eroded the underlying fall deposit. 

3.6.2 The Lacustrine facies 

Wit~1in the main caldera several types of lacustrinal deposit crop out. They are 

however not all confined to a single continuous unit and are often separated by 

pyroclastic deposits of a subaerial origin (see Fig 3.4 section 4). The earliest 

geological evidence for a caldera lake within the main caldera occurs towards the top 

of the Galluccio Tuff, where lacustrinal material is interbedded between ignimbrites 

(Figs 3.3 and 3.4). Directly overlying the ignimbrites of the Galluccio Tuff is a 

continuous sequence of lacustrinal deposits up to 20 m thick indicating that the 

caldera lake became well established after this eruption. 

The lacustrine horizon which occurs between the uppermost ignimbrite flow 

units of the Galluccio Tuff has a thickness of 3 m (Figs 3.3 and 3.4). This lacustrine 

material comprises thin 10-20 cm beds of alternating silt-clay grade material, often 

rich in sub-cm pumices, interbedded with coarser lithic rich layers. At the base of 

the unit resting on the ignimbrite are a number of relatively large lithic clasts, 

12-15 cm in size. The uppermost ignimbrite is unusual in that it is relatively fine 

grained with only occasional large pumice clasts and contains abundant accretionary 

lapilli. The pumices within the uppermost ignimbrite flow unit are grey whereas the 

underlying ignimbrites possess white pumices. Also of note within the uppermost 

ignimbrite are pods, up to 1 m in diameter, comprising well rounded white pumice. 
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These pods appear to be derived from the lacustrine deposits below. Capping the 

deposit is a 10cm thick bed of fine ash, rich in accretionary lapilli. This is probably 

a co-ignimbrite ash fall deposit. The features displayed by this ignimbrite are 

consistent with a phreatomagmatic origin, where the uprising magma came into 

contact with water. It is quite feasible that the caldera lake was the source of this 

water. 

The most common lacustrine deposit occurring within the caldera comprises 

alternating fine grained laminated beds of silt-clay grade material interbedded with 

coarser (clasts up to 0.5cm) lithic rich beds (Fig 3.9). Pumice clasts (commonly < 

1 cm) are occasionally included within the laminated clay-silt material. These beds 

are often rich in diatoms. Where present, pumice clasts are usually of a similar size 

within the same bed, lithic and pumice clasts, however, are rarely present together 

within the same bed. The lithic rich beds are typically massive and structureless, 

although cross bedding is sometimes observed. This cross bedding is thought to be 

derived from influxes of epiclastic material into the caldera lake. 

The clay and silt layers are seen to be convoluted and deformed at two localities 

within the caldera, immediately adjacent to the eastern caldera rim and secondly at 

Torano. These convolutions and deformations are interpreted as being caused by 

slumping generated on the slopes of the caldera lake margins. Loading of the fine 

grained sediments on steep margin slopes by epiclastic material might be the cause of 

this deformation. Torano, therefore, may mark the approximate position of a caldera 

lake margin. 

Faulting within the lacustrine deposits is a common phenomenon. Both 

reverse(Fig 3.9) and growth faults are frequently observed indicating that seismic 

activity was common during the life of the caldera lake. 

The alternating fine-laminated beds and coarser lithic-rich material are thought 

to represent periods of eruptive quiesence and explosive activity respectively. On 

eruption, pyroclastic material would reach the caldera lake either by a surge or fall 

42 



0c______ __._________Jso cm 

......• ,· . . ·~·~c:~ 

,--~ .-

--
1 

.,- /·~: -:}:FCf/; :.~· 
.· -.. ·.~ ,· ' ·/. _::- . . - ---- -

.-:: ~-..--.:·-

Figure 3.9 Typical lacustrinal deposits consisting of massive lithic rich layers 
(representing eruptions) interbedded with thin la minated clay layers 
(representing eruptive quiescence)Note: common reverse faults . Locality 113 

43 



transport mechanism (dense pyroclastic flows are known to behave as coherent flows, 

Cas and Wright, 1987). On entering the lake, material of differing densities, that is 

pumice and lithic fragments, will separate. Lithic fragments will sink immediately 

(e.g. large lithics at the base of lacustrine material within the Galluccio Tuff ), hence 

the deposition of lithic rich layers with rare pumice. Any material less dense than 

water will float, for example, most pumice fragments. The pumice which is floating 

on the lake surface will gradually become waterlogged and sink. The rate at which the 

pumices become waterlogged and sink should be related to the size of the pumice clast, 

if vesiculation was homogeneous. Larger pumice clasts have smaller surface 

area/volume ratios therefore larger clasts will take longer to become waterlogged and 

sink. This would then result in pumice beds with clasts of a similar size. Each 

massive lithic-rich layer then represents a separate eruption, whereas the fine 

laminated beds indicate periods of quiescence. The abundance of fine-grained ash grade 

lithologies within the lacustrine deposits indicates that the dominant activity, 

contemporaneous with the existence of the caldera lakes, was phreatomagmatic. 

Prominent within the lacustrinal material of the caldera are a number of 

horizons which are composed of large pumice clasts (up to 1 m in size) ranging from 

clast supported to matrix supported lithologies, arranged in a matrix of diatomaceous, 

fine grained clay/ silt material which is often draped around the pumice clasts. These 

deposits are termed giant-pumice horizons and are similar in many respects to the 

deposits described by Clough et al (1981) from La Primavera complex, Mexico and 

Wilson and Walker (1985) from Lake Taupo, New Zealand. A number of giant pumice 

horizons have been identified within the Garofali Formation , these are frequently 

thin (<1 m), often being only one clast thick, and are laterally discontinuous and are 

therefore difficult or impossible to correlate. One giant pumice horizon, however, is 

up to 1Om thick and may be correlated some distance across the caldera. It has small 

lithics included between the pumice clasts and large lithic clasts up to ~1 m in size 

are occasionally observed at the base of the deposit. The pumice clasts are notably 
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reversely graded throughout the whole thickness and this bed is similar to other 

pumiceous lacustrinal deposits in that clasts within a particular horizon are 

generally of a similar size. The smallest pumices at the base are frequently matrix 

supported whereas the larger clasts at the top of the sequence are commonly clast 

supported. 

The giant pumice beds at La Primavera Mexico (Clough et al, 1981) and Lake 

Taupo, New Zealand (Wilson and Walker, 1985) possess pumice blocks several 

metres in size and cannot be readily explained by normal pyroclastic processes. 

Clough and co workers suggested that these giant pumice deposits were formed by the 

underwater eruption of lava domes, giving rise to the large pumice blocks. At 

Roccamonfina however, pumice blocks never exceed 1 m in size and normal 

pyroclastic processes are therefore adequate to explain the giant pumice horizons as 

pumice clasts of this size are common within the proximal areas of plinian fall 

deposits (Sparks et al, i 980; Walker, i 980). Although pumice clasts of 1 m size are 

not observed within actual plinian deposits on Roccamonfina, probably due to poor 

proximal exposure, pumice clasts up to 40 cm are observed 6-7 km from source, on 

the eastern flank. The giant pumice horizons within the main caldera of Roccamonfina 

are therefore thought to be derived from proximal plinian fall-out on to the caldera 

lake, the presence of occasional lithic fragments within and at the base of the horizons 

lends weight to this argument as lithics are likely to be absent from the underwater 

eruption of lava domes. The reverse grading of the giant pumice horizons would be 

caused by a similar process to that described above, with the smallest clasts becoming 

waterlogged and sinking first followed by larger clasts. The giant pumice beds then 

represent periods of 'magmatic explosivity' in the form of plinian eruptions when 

water was denied access to the vent. 

At a number of localities within the main caldera exposures of massive fine ash 

deposits crop out which possess abundant reed casts and impressions. These reed 

deposits are often associated with lacustrinal pumice deposits or laminated ashes. A 
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good exposure of this occurs at G.R.170,713 (Fig 3.10). Here two lacustrinal pumice 

layers underlie the reed bearing fine ash. The pumice layers possess notably well 

rounded pumice clasts set in a fine silt matrix and each rests on a poorly developed 

palaeosol. The upper pumice layer has a secondary mineralisation of botryoidal 

manganese oxide developed both within the pumices and the surrounding matrix. The 

two pumice layers are separated by 1 m of thin fine grained accretionary lapilli-rich 

mantling fallout beds, of a probable phreatomagmatic origin. 

The presence of reed impressions within these deposits indicates that the 

caldera lake was at the time of deposition shallow possibly due to the proximity of this 

locality to the margin of the lake. This is supported by the presence of palaeosols 

(albeit weakly developed) indicating periods of emergence, reflecting fluctuating 

water levels within the lake. The presence of palaeosols indicates that there was a 

significant hiatus in eruptive activity. 

3.6.3 Repetitive tall and surge facies. 

Common within the caldera-fill volcaniclastics are these thin repetitive 

deposits (see sections 3 and 4, Fig 3.4). Stratigraphically they almost always overlie 

lacustrinal material (see section 3 and 4; Fig 3.4 ). Each unit comprises two layers: 

(i) a thin, <1 0 cm thick, mantling ash fall layer, rich in accretionary lapilli which 

are concentrated at the top of the layer, (Fig 3.11) and is sharply overlain by, 

(ii) a massive, structureless bed devoid of accretionary lapilli, up to 30 cm in 

thickness although more usually 5 -10 cm thick, (Fig 3.11) which thickens into 

depressions. Several of these layers may be observed to form sand waves and low 

angle cross stratification indicating that these massive beds were derived from 

relatively dilute pyroclastic surges. The upper surface of these massive surge layers 

is frequently cut by erosional channels suggesting that there was at least a small time 

gap between the deposition of each unit. This sequence of (i) ash fall and (ii) surge, 

is repeated several times, (See Fig 3.11) at least fourteen units have been counted in 
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one exposure. Coarse lithic and crystal rich surge deposits occasionally punctuate 

these repetitive units and commonly form small sand wave structures (Fig 3.12). 

Occasional bomb sags within the deposits indicate a source to the west in the region of 

the most southerly of the coalescing calderas. 

The fine grain size and the abundance of accretionary lapilli indicate that the 

ash fall deposits were the product of 'wet' phreatomagmatic eruptions. Although the 

accretionary lapilli are never observed in the massive units these are also relatively 

fine grained, all clasts < 0.5 cm , and are also postulated to be of a phreatomagmatic 

origin. The close association of these deposits with the lacustrine units suggests that 

the lake may have provided the water source for water : magma interaction. 

3.6.4 The Filorsi Member 

This particular unit has been identified at a number of localities (see Fig 3.4, 

sections 2 and 3), however, a complete section through the sequence occurs above 

Filorsi. The Filorsi Member occupies a position immediately below the Torano 

Member and is up to 15 m in thickness. The base of the unit comprises a 

heterogeneous ignimbrite up to 5 m in thickness. This grades upwards into fine 

grained, poorly bedded, accretionary lapilli-rich material, ~4.5 m thick. The 

presence of occasional low-angle cross stratification indicates that this poorly bedded 

material is of a pyroclastic surge origin and may be termed transitional between a 

massive and planar facies. The upper 6 m of the Filorsi Member is well bedded, 

possesses abundant bedforms with sand wave structures and low-angle cross 

stratification being common. Accretionary lapilli are however rare and are not 

usually observed within the bedforms. At least three types of sand wave structure are 

present (see Chapter 4). 

The Filorsi Member sequence records a relatively continuous deposition of 

material as the different facies grade into each other and few erosive contacts are 

observed within the sequence. The eruption initially produced dense pyroclastic flows 
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producing the ignimbrite. This was followed by phreatomagmatic pyroclastic surges 

which were relatively wet as indicated by the abundance of accretionary lapilli in the 

planar-massive facies. The progressive decrease of accretionary lapilli and increase 

in the occurrence of bedforms upwards through the sequence suggests that the 

pyroclastic surges became drier and more dilute as the eruptions proceeded. This may 

have been caused by a decrease in the water/magma ratio due to the water source 

becoming progressively depleted as the eruption progressed. 

3.6.5 The Torano Member and the Cesapina cone material 

This deposit separates the Filorsi Member from the Upper Garofali member 

(Fig 3.3 and 3.4). The deposit is up to 7 m thick and rests on a strong erosive surface 

cut into the Filorsi surge unit. The base of the Torano Member is characterised by 

occasional large (up to1 m) lithic blocks which have deformed the underlying Filorsi 

surge deposits. The lithic blocks were probably derived from a 'throat-clearing' 

event during the initial stages of the eruption when loose lithic fragments were 

ejected. The basal 1 m of the deposit is relatively fine grained with scoria clasts 

rarely exceeding lapilli size (6.4 cm). However, the overlying portion is less well 

sorted with scoria clasts up to 40 cm in size, although 10-15 cm is typical. The 

deposit may be observed to mantle the topography indicating an airfall origin and was 

probably derived from strombolian activity. The bomb sags at the base of the unit 

indicate a source to the north west, probably from the Cesapiana Cone. 

The deposits which occur on the rim of the Cesapiana Cone are composed 

dominantly of airfall material. However, a variety of grain sizes are present from 

lapilli grade, containing scoria clasts, to ash grade of a probable phreatomagmatic 

origin. Coarse grained lapilli grade beds, up to 30 cm thick, often alternate with the 

fine grained ash grade beds usually 1-4 cm thick. Numerous bomb sags are present, 

the orientation of which are all consistent with these deposits being derived from the 

Cesapiana Cone. Lithic fragments as small as 1.5 cm are observed to have deformed 
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the underlying ash fall deposits suggesting that the ash fall deposits were wet. These 

deposits observed on the rim of the cone probably represent a phreatomagmatic phase 

of activity, whereas the Torano Member represents magmatic strombolian activity. 

3.6.6 The Upper Garofali Member 

The Upper Garofali Member occurs directly above the Torano Member and 

forms the uppermost deposit within the Garofali Formation east of the Sierra Favone 

gorge (see Figs 3.3 and 3.4). It is characterised by sand-wave-facies pyroclastic 

surge deposits, however deposits of both fall and flow origin are also present. A 

distinctive relatively coarse grained pyroclastic surge deposit crops out 

approximately 2 m above the Torano Member and invariably occurs as sand wave 

facies of which several types of sand wave structure have been noted (see Chapter 4). 

This coarse grained surge deposit is both underlain and overlain by massive, fine 

grained, structureless deposits. These massive deposits may be observed to pond into 

depressions, where a maximum thickness of 6 m occurs. Scoria clasts up to 20 cm in 

size may be observed up to 3 m above the base of the deposit and it is postulated that 

these scoria clasts were derived or 'picked up' from the Torano Member below. It is 

proposed that these massive units are mass flow deposits,whether these were primary 

pyroclastic flows or mudflows formed from remobilised tephra is, however, unclear. 

Above these massive deposits, fine grained pyroclastic surge beds are 

abundant, again the sand wave facies predominates and a number of sand wave types 

are observed (see Chapter 4). lnterbedded with these surge deposits are massive, 

mantling, accretionary lapilli-rich ash fall deposits. The abundance of accretionary 

lapilli and their fine grain size indicate a wet phreatomagmatic origin for these 

surges. Bomb sags and sand wave beds indicate that the Upper Garofali Member was 

derived from a source somewhere in the region of the Mt Croce lava dome (Fig 3.13). 

It is possible that the Upper Garofali Member represents an early phase of 

phreatomagmatic activity followed by the building of the Mt Croce and Lattani lava 
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domes once water/magma interaction had ceased. 

3.6.7 The Fontanafredda Member. 

Situated approximately 1km south of Fontanafredda within the south western 

portion of the caldera a short, but informative sequence is exposed and is illustrated 

in Fig 3. i 4. The base of the sequence comprises at least 4 m of well bedded relatively 

fine grained epiclastic sediments. These have been interpreted as reworked 

volcaniclastics rather than pyroclastic surge deposits for the following reasons: 

(1) laminae are discontinuous, being 0.3-1 .2 m in length, whereas in pyroclastic 

surge deposits laminae tend to be continuous over greater distances, 

(2) numerous erosive channels occur up to 1 m wide and 20 cm deep, which are 

distributed randomly throughout the deposits, these are thought to be formed by 

fluvial activity, 

(3) the deposits are exceptionally crystal rich with no evidence of any juvenile 

material, 

(4) lithic blocks up to 45 cm in size show no evidence of associated impact structures 

which would suggest ballistic transport and 

(5) the proximity of this locality to the caldera wall would readily facilitate the 

deposition of epiclastic sediments. 

Approximately 2 m of pyroclastic surge deposits overlie the epiclastic 

material. The surge deposits possess continuous blanketing beds, low-angle cross 

stratification and lithic bomb sag structures. Above this an airfall lapilli bed ~1 m 

thick with a thin layer of undulating pyroclastic surge deposits is sharply overlain by 

a distinctive ignimbrite. The ignimbrite ranges between 2 and 4 m thick and 

possesses abundant juvenile scoria clasts of a basaltic trachyandesite composition, 

similar to the Domes (see Appendix Table 1). The clasts are up to 60 cm in size, 

although most are 2-3 cm, and often display normal grading. The larger scoria clasts 

often resemble spindle bombs and are oriented parallel to the base of the ignimbrite. 

Lithic clasts, composed mainly of lava, are present up to 70 cm in size 
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and occur up to 3 m metres above the base. A prominent feature of this ignimbrite is 

that abundant gas escape pipes are present (Plate 3.4}. The pipes are on average 2 cm 

wide and commonly 0.5-1 m although up to 2 m in length, and are distributed within 

the upper area of the ignimbrite. The gas pipes may be considered to be formed 

entirely from intraflow gas sources during emplacement of a coarse near vent 

ignimbrite facies (Cas and Wright, 1987). Due to the limited exposure within the 

caldera it is unclear how the Fontanafredda unit correlates with the rest of the 

caldera-fill. However, it seems likely that this sequence is late stage and may be 

related to the growth of the lava domes of Mt Croce and Lattani. If this was the case 

then the presence of both airfall lapilli, pyroclastic surges and ignimbrite represent 

explosive phases during dome building. 

3.7 The Campanian lgnimbrite 

The Campanian lgnimbrite forms the youngest pyroclastic deposit within the 

main caldera (Fig 3.3). Within the caldera the Campanian lgnimbrite may be 

observed filling topographic depressions, a feature typical of ignimbrites. The Sierra 

Favone gorge, within the caldera, is completely filled by the Campanian lgnimbrite 

(see Fig 3:1). 

The Campanian lgnimbrite is massive and poorly sorted, and it is finer grained 

than many of the other ignimbrites on the volcano, however, this is probably a 

function of the distal nature of this ignimbrite. The ignimbrite has the composition of 

a nearly saturated potassic trachyte (Barberi et al, 1978). It is composed of pumice 

lapilli, considered to be juvenile, up to 3 cm in size set in a fine grained grey ash 

matrix. Lithic fragments are rare. The ignimbrite is commonly indurated, probably 

due to incipient welding and frequently displays good columnar jointing. 

The Campanian lgnimbrite is considered to have been erupted from Campi 

Flegrei region about 30,000 B.P. (Di Girolamo, 1970; Barberi et al, 1978; Cornell 

et al, 1979). It occupies an area of at least 7,000 km2 from Roccamonfina in the 

56 



Plate 3.4 
The scoriaceous ignimbrite of the Fontanafredda Member. Note 

'abundant gas pipes (upper half of Photo) and large, 70 cm, 
lithic block 3 m above the base of the flow unit. 
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north to Sorrento in the south and travelled over mountains, at least 500 m in height, 

east of Casserta. Although the caldera of Roccamonfina is ~600m 0.D. and over 50 km 

from Campi Flegrei, pyroclastic flows are quite capable of surmounting such 

topograhic obstacles. Several other instances have been reported of pyroclastic flows 

which have travelled over 100 km and surmounted obstacles as high as a thousand 

metres (Yokoyama, 1974; Miller and Smith, 1977; Wilson, 1985). 

3.8 The petrology of the caldera-fill sequence. 

To establish the petrological evolution of a volcano the stratigraphy must first 

be constructed. One of the objectives of this project has been to construct a 

stratigraphy for the main caldera-fill and by making use of published analytical data 

(Appleton, 1972; Giannetti 1979a ; Giannetti and Luhr, i 983) and data generated as 

part of the colaborative project (see Appendix) it is possible to make some 

preliminary statements regarding changes in petrology since the formation of the 

main caldera. 

The petrography of the pyroclastic products of the main caldera are 

summarised in Table 3.1 and the chemical composition of a representative range of 

eruptive products of the main caldera are plotted on a total alkali-silica diagram (Fig 

3. i 5) incorporating the classification system of Le Bas et al (1986). Some lavas of 

the First Stage, (HKS), are included for comparison. These HKS lavas and the 

Campagnola Tuft plot in the tephriphonolite, trachyandesite and basaltic 

trachyandesite fields. The Campagnola Tuff may have been associated with caldera 

collapse and forms the last major eruptive product of the first stage. The 

post-caldera activity involved exclusively the eruption of KS products. The Galluccio 

Tuff, the first products of the second stage (KS) plot in the trachyte field overlapping 

into the trachyandesite field. The Galluccio Tuff samples from within the caldera are 

all of the Lower Galluccio Tuff (see Chapter 5), however, some samples of the Upper 
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Table 3.1 Summary of the petrography of material in th~ main caldera-fill.. The top ignimbrite of the 
Galluccio Tuff (sample 246) is possibly U .G.T. For sample locations see Fig 3.1 and 3.14 
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Galluccio Tuff from the flanks are included in Figure 3.15 for comparison. Samples 

from the overlying' Garofali Formation plot exclusively within the basaltic 

trachyandesite field as do the lava domes of Mt Croce and Lattani. Only the Molare 

basalt, which is thought to be younger than the Mt Lattani lava dome, plots within the 

basalt field. 

Subsequent to the trachytic pyroclastics of the Galluccio Tuff the eruptive 

products of the main caldera have been markedly more basic with the domes and 

associated lavas, amoung the youngest volcanic events of Roccamonfina, trending 

towards basalt in composition. There are insufficient data to establish whether the 

compositional gap clearly seen in Figure 3.15 between the Galluccio Tuff and the 

Garofali Formation is real or is an artefact of insufficient samples. Giannetti and 

Luhr (1983) in their geochemical investigation of the Galluccio Tuff argue that this 

eruption was fed by a compositionally zoned magma reservoir. They suggest that the 

trachytic- trachyandesite system involved in the eruption of the Galluccio Tuff was 

underlain by more basic magmas which were erupted subsequently, presumably this 

later activity includes the Garofali Formation and the lava domes. There is, however, 

little direct evidence as yet to support this proposal that one compositionally zoned 

reservoir fed all the activity since the onset of the Galluccio Tuff eruption. It is quite 

possible that the more basic volcanics represent the influx of new primitive magma 

into the volcanic system. 

In assessing the magmatic evolution of Roccamonfina after the eruption of the 

Galluccio Tuff, it is important to also consider the Conca Crater activity of the 

Northern caldera. The Conca Crater eruption, which post dates the Galluccio Tuff, 

generated trachytic ignimbrites as well as plinian airfall of mixed pumice and scoria 

(Guest and Duncan pers corn). How the activity of the main and northern calderas are 

related in terms of the plumbing of the volcano is, however, unclear. 
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3.9 The Eruptive history of the main caldera of Roccamonfina volcano 

3.9.1 Caldera formation 

The elliptical nature of the main caldera (Fig 3.2) suggests that prior to 

formation there were two cones, a main one and a smaller cone to the south east (Fig 

3.15). An alternative hypothesis is that a rift zone extended down the south east flank 

causing the extension to the south east. 

The precise timing of the formation of the main caldera is still unclear. 

Caldera collapse must either predate the Campagnola Tuff eruption or have occurred 

during an early phase of that eruption, as the Campagnola Tuff may be observed to 

drape the low eastern caldera rim. Several ignimbrites exist beneath the Campagnola 

Tuff on the flanks of the volcano and the possibility exists that caldera collapse was 

related to one of these earlier explosive eruptions. An alternative explanation is that 

the main caldera was formed as the result of a number of eruptions which caused 

incremental caldera collapse. Walker (1984) has proposed that many calderas may 

form by a process of incremental collapse. Another possibility is that a number of 

smaller calderas have subsequently coalesced to form the main caldera. 

3.9.2 Post caldera eruptive activity 

The post caldera eruptive activity of the main caldera may be divided in to 

three broad phases: 

PHASE 1 intermediate volume ignimbrite eruptions. ~5-10 km,3 

PHASE 2 caldera lake, dominantly phreatomagmatic activity, 

PHASE 3 dome building. 

Following formation of the main caldera there were at least two intermediate 

volume compound ignimbrite eruptions: the Campagnola Tuff and the Galluccio Tuff. 

These eruptions were of a similar volume ~5 km3 (see also Chapter 6 for Galluccio 
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Tuff volume estimates) and produced several voluminous pyroclastic flows which 

formed ignimbrite both within the caldera and on the flanks of the volcano. During the 

Galluccio Tuff eruption, which within its final stages must have become sporadic, a 

caldera lake was in existence (Fig 3.17). This lake was at first small, but became 

well established after the Galluccio Tuff eruption. There is evidence that the lake was 

ephemeral and it is likely that as time progressed and the lakes were filled with the 

volcaniclastics of the Garofali Formation and it may be that a number of small 

localised lakes existed rather than a single caldera lake (see Fig 3.17). As the caldera 

lakes receded 'wet' phreatomagmatic activity predominated, characterised by 

numerous repetitive eruptions of a similar style and magnitude. Phreatomagmatic 

activity continued, although at a reduced water/magma ratio, represented by the 

surges of the Filorsi Member. Occasional magmatic activity is represented by lapilli 

beds interbedded with the phreatomagmatic products. The Cesapiana Cone involved 

early phreatomagmatic activity followed by a later magmatic strombolian phase of 

activity. The subdued appearance of the Cesapiana cone is thought to be due to its 

burial by the Upper Garofali Member. The final phase of activity within the caldera 

was probably the building of the lava domes of Mt Croce and Lattani (see Fig 3.18). 

The Upper Garofali Member unit is tentatively suggested as representing an early 

phreatomagmatic period during the embryonic phase of dome building when external 

water was interacting with the uprising magma. Although this dome building phase 

must have involved the extrusion of dominantly degassed magma there is evidence at 

Fontanafredda of explosive activity associated with the domes, representing the 

eruption of gas rich batches of magma, which is not unusual during dome formation. 
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Figure 3.16 A sketch reconstruction of Roccamonfina volcano ~400,000 B. P., prior to the 
formation of the main caldera, looking from the east north east. The elliptical nature of the 
main caldera (see Fig 3.2) suggests that a second cone existed south east of the main cone as is 
shown here. An alternative hypothesis is that a rift zone extended south eastwards from the 
summit region. Based on reconstructions by J.E. Guest and P.O. Cole 
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Fig 3.18 A sketch drawing of Roccamonfina volcano looking from the east north east, 
showing the present day morphology of the volcano. Note: the lava domes of Mt Croce and 

lattani that dominate the main caldera. 



Chapter 4 Eruptive, transport and emplacement mechanisms of the 

pyroclastic deposits of the main caldera. 

This chapter interprets the deposits of the main caldera in terms of the 

eruptive, transport and emplacement mechanisms that were responsible for the 

formation. The Galluccio Tuff is omitted from this chapter as a thorough study of this 

particular formation was made over the whole volcano and this is discussed separately 

in Chapters 6 and 7. 

4.1 The Campagnola Tuff: emplacement mechanisms of the proximal 

facies. 

The Campagnola Tuff of the caldera rim is characterised by a number of 

distinctive facies, intimately associated with massive ignimbrite, each of which must 

be accounted for in the emplacement mechanism, these include: 

(1) co-ignimbrite lithic breccias; both sharply bound and gradational with the host 

ignimbrite and frequently discontinuous, 

(2) abundant pyroclastic surge deposits and, 

(3) discontinuous pumice stringers or pumice concentration zones frequently poor in 

fine ash. 

Co-ignimbrite breccias associated with proximal ignimbrite facies have been 

recognised at a number of volcanoes; Acatlan (Wright and Walker, 1977 and 1981), 

Santorini (Druitt and Sparks, 1982), Crater Lake (Bacon, 1983; Druitt and Bacon, 

1986), Valles Caldera (Self et al, 1986). Several types of co-ignimbrite breccia 

have been described. Wright and Walker {1977 and 1981) identified a 

co-ignimbrite lag fall deposit in the Acatlan ignimbrite which they interpreted as 

being formed at or near the site of continuous column collapse through accumulation of 

clasts that were too heavy for the pyroclastic flow to support. Co-ignimbrite breccias 

emplaced by flow processess have also been identified. Druitt and Sparks (1982) 

67 



describe co-ignimbrite lag breccias where the segregation of lithics takes place 

through the body of the flow and they suggest that these are the near vent equivalent of 

a lithic concentration zone (2bl). Walker et al (1981) identified lithic breccias 

which segregate from the well fluidized flow head of the pyroclastic flow and are then 

overridden by the body of the flow, these are termed ground layers or ground breccias. 

Co-ignimbrite breccias have subsequently been recognised at more distal locations 

(Roobol et al, 1987) and some coincide with changes in substrate topography 

(Freundt and Scmincke, 1985b). Co-ignimbrite lithic breccias are discussed further 

in a more detailed study of the Galluccio Tutt in Chapters 5, 6 and 7. 

These previously described co-ignimbrite breccias described above are 

generally thicker and more extensive than any of the lithic breccias identified within 

the Campagnola Tuff. The basal lithic breccia that occurs west of Mt Atano (see Fig 

3.5), is poor in fines, which would be expected if it was deposited from a turbulent 

medium. The presence of an airfall lapilli bed beneath this breccia, with no evidence 

of a time break, indicates that a Plinian column was in existence at the beginning of 

the eruption. This was followed by a phreatomagmatic phase which deposited the 

phreatomagmatic layer shown in Figure 3.8. One explanation for the basal lithic 

breccia may be that it was deposited during the initial collapse of the eruption 

column. The deflation zone of this initial collapse may have been greater than at a 

later stage of the eruption (Fig 4.1 a), as the height of the collapsing column would be 

greatly reduced possibly to a low fountaining column (Fig 4.1 c) as the eruption 

proceded; such a mechanism has been proposed for pyroclastic flow forming 

eruptions at Laacher See (Freundt and Schmincke, 1985a). For this reason the 

turbulent deflation zone may well have been widest during initial collapse and it is 

proposed that the basal fines depleted lithic breccia was deposited from the turbulent 

deflation zone during initial collapse. The absence of the phreatomagmatic layer west 

of Atano is may be due to erosion by the turbulent flow contemporaneous with 

emplacement. Erosion by pyroclastic flows is a common phenomena (Wilson and 
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Figure 4.1a Convecting plinian eruption column. 

This was followed by a phreatoplinian 
phase. 

Figure 4.1 b Wholesale Collapse of the eruption 

column. The deflation zone (collapsing 

region) would be at it"s widest during 

initial collapse. 

Figure 4.1 c Low fountaining column. The deflation 

zone is markedly narrower than during 

initial collapse. Note: turbulent surge 
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Walker, 1982; Druitt and Sparks, 1982; Freundt and Scmincke, 1985b) and would 

be increased with turbulent flow. 

Following this initial collapse the deflation zone, which was initially wide, 

would probably decrease as the now overloaded collapsing column lowered in height. 

Therefore, after the initial stages, the turbulent collapsing column would deflate into 

discrete dense flows before reaching the caldera rim (represented by individual flow 

units at the Atano exposure). The dense pyroclastic flows were, however, probably 

preceded by a substantial turbulent surge cloud (see Fig 4.1 b), as indicated by the 

abundance of pyroclastic surge deposits within the caldera rim facies of the 

Campagnola Tuff. 

The occurrence of sharply bounded lithic breccias both at Tuoro di Tavola 

(Plate 3.2) and Atano (Fig 3.5) within the massive ignimbrite may be explained by 

the following model. Due to the proximity of the caldera rim to the vent, it is likely 

that the pyroclastic flows were still well fluidized during their passage over the 

caldera rim. This would then have facilitated the concentration of lithic clasts towards 

the base of the flows. On rising up to travel over the caldera rim the flows would 

become compressed and the density of the flows would increase, the effect of this would 

be greatest at the base of the flows due to the increased lithic concentration. This rise 

in density would also increase frictional resistance and this may have caused the lithic 

accumulations to slow down and become deposited on the inside slope of the caldera and 

on the caldera rim. The remainder of the flow would detach from and override the 

lithic accumulations, travelling out of the caldera onto the flank of the volcano. A 

similar model is used by Freundt and Schmincke (1985b) to explain the origin of the 

proximal lithic breccias at Laacher See volcano, Germany. 

The pods and stringers of pumice abundant within the caldera rim exposures of 

Campagnola Tuff, are often poor in fines and relatively well sorted. One explanation 

may be that these are pumiceous fallout which became incorporated into the moving 

pyroclastic flow. The frequent elongate 'stringer' nature of these pumice 
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concentrations may be due to laminar flowage causing the pumice bodies to be distorted 

into horizontal layers or stringers. 

The occurrence, east of Tuoro di Tavola, of thin ignimbrite flow units (Plate 

3.3) resting on steep slopes up to 14° is of interest. One possible mechanism by 

which thin ignimbrite flow units may originate, suggested by Sparks (1976), is that 

as the flows pass over steep slopes only the basal portions of the flow may adhere to 

the slope as a smear. Successive flows would then build up a succession of thin 

ignimbrites. An alternative explanation for these ignimbrites is that each flow unit, 

defined by a fine grained basal layer and thin pumice concentration zone, was a 

discrete laminae that moved independently within a thicker flow. This could have 

been caused by the steep slopes inducing exteme laminar flow. Therefore, several thin 

flow units may, in this case, represent one pyroclastic flow. 

The stratified margin to the Campagnola tuff north of Mt Atano cannot be 

readily explained as an ash cloud surge (Fisher, 1979) or an ignimbrite veneer 

deposit (Walker et al, 1980) as the stratified margin occurs adjacent to the valley 

edge and grades laterally into massive ignimbrite, whereas ash cloud surge and 

ignimbrite veneer deposits occur on interfluves grading downslope into the massive 

valley filling ignimbrite. The stratified nature of the deposit formed by the presence 

of alternating coarse and fine grained laminae is similar to those developed within 

pyroclastic surge deposits. It is therefore possible that this stratified marginal 

deposit also originated from a turbulent medium similar to a pyroclastic surge. One 

possible explanation for this stratified margin is that turbulence was induced at the 

margin of the flow at the valley sides, this would have been promoted by surface 

roughness, as is suggested for pyroclastic flows on St Kitts (Roobol et al, 1987). 

Turbulence would also be enhanced by the high velocity in the proximal region. It is 

likely that once formed, the body of the dense pyroclastic flow travelled either in 

laminar or plug flow (Sparks, 1976). Near source, as in this case, laminar flow 

probably occurred with turbulent areas at the margin of the flow (Fig 4.2). The fines 
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Fig 4.2 Diagramatical representation of the pyroclastic flow occupying the valley 

travelling away from the volcano. The near source central portion is travelling by 

laminar flow (several small arrows). Further downstream the flow may travel by plug 

flow (large thick arrow). The margin of the flow is turbulent (small circles). Thin 

interdigitating fingers possibly caused by momentary increases in velocity. 
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poor layers may be observed to interdigitate with the massive ignimbrite away from 

the valley edge (Fig 3.7) and are thought to highlight the complex interactions 

between the turbulent zone at the margin of the flow and the laminar moving central 

portion. 

4.2 Bedforms in pyroclastic surge deposits within the Garofali 

Formation. 

Pyroclastic surge deposits form a large component of the volcaniclastic 

deposits filling the main caldera (see Chapter 3). One facies common within 

pyroclastic surge deposits is the sand wave facies (Sheridan and Updike, i 975). This 

section describes the different sand wave structures occurring within the pyroclastic 

surge deposits of the main caldera and considers the transport and depositional 

mechanisms that took place during their emplacement. 

In a review of pyroclastic surge deposits, Allen {1984) proposed a 

classification of sand wave types, based on the successive crestal positions within a 

particular structure (see Fig 4.3). He defined 'progressive' bedforms where 

successive crests migrate away from source (or downstream), 'regressive' 

structures where crests migrate towards the source {or upstream) and 'stationary' 

structures where there is no net migration. This classification system is used 

throughout this section. 

4.2.1 Sand wave Types 

Within the main caldera three members contain pyroclastic surge deposits 

with abundant sand wave structures. These are the Cese Member, the Filorsi 

Member, and the Upper Garofali Member. Within these surge deposits five different 

sand wave types are identified (Fig 4.4): 
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Fig 4.4 Sand wave types observed within the Garofali Formation (not to scale) 
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Type a (Fig 4.4a): These sand waves comprise progressively steepening lee side 

layers which have built up from planar beds. They often consist of alternating coarse 

and finer grained layers. The lee side layers are truncated and overlain by beds which 

are continuous from stoss to lee sides (Fig 4.4a). These continuous beds or layers 

may thicken on lee sides, migrating away from source and be 'progressive' or 

sometimes thicken on stoss sides, migrating toward source being 'regressive'. This 

type of structure is similar in some ways to a type of low angle cross stratification 

described by Fisher and Waters (1970) from Zuni Salt Lake, New Mexico, U.S.A. 

However at Roccamonfina the structures differ in that the continuous layers often 

show preferential thickening on either stoss or lee side. They are also similar to the 

Type IV dune structures of Schmincke et al (1973). 

Type b (Fig 4.4b): These sand waves are again built from planar beds with 

progressively steepening layers. The structure is asymmetrical possessing thin stoss 

side layers and considerably thicker lee side layers. Close inspection reveals that 

stoss side layers are steeper and possess fewer individual laminae than lee side layers 

due to internal truncations of lee side laminae (Fig 4.4b). Sand wave crests which are 

broad always migrate away from the probable source (i.e. downstream), therefore 

this is a progressive structure. This structure is similar to those described by 

Fisher and Waters (1970) and Crowe and Fisher (1973) from Ubehebe Craters, 

Death Valley, California, where downstream migration is also a common feature. It is 

also similar to Type 111 dune structures described by Schmincke et al (1973) from 

Laacher See, Germany. However at Laacher See upstream migration is more common 

and the structures are larger. 

Type c (Fig 4.4c): These sand waves are similar to Type b, however individual 

laminae are thicker ( ~5-10cm) and alternate between distinct coarse and fine 

grained lithologies. Again lee side layers are thicker than stoss side layers, however, 

unlike Type b sandwaves, no internal truncations occur (Fig 4.4c). The crests of 

successive layers are observed to migrate away from source (downstream) and these 
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are therefore progressive structures. This structure is similar to the type A1 

structure of Allen (1984). 

Type d (Fig 4.4d): These sand waves comprise steeply dipping, up to 35°, stoss side 

or backset layers which are sigmoidal in shape. The stoss side layers pass laterally 

into considerably thinner lee side layers. These structures migrate towards the 

source or upstream and may be termed 'regressive' and is similar to the Type II dune 

structure or 'chute and pool' structure described by Schmincke et al (1973) from 

Laacher See, Germany, although the Laacher See structures are larger (see below for 

description of examples). 

Type e (Fig 4.4e): These sand waves are similar to Type d. The lee side layers, 

dipping at 10-12° are extensive and appear to have dominated initial deposition. 

Stoss side layers are also present, dipping up to 35o, and are discontinuous, 

completely overlying the lowest lee side laminae whilst abutting against later lee 

layers. Stoss side deposition appears to have dominated the final deposition. 

A detailed description of the sand wave types occurring within the Cese, Filorsi 

and Upper Garofali members is given below: 

The Cese Member 

Within the Cese Member two types of sand wave structure have been observed; 

Type a of which several examples exist (Fig 4.5) and Type c(Fig 4.6). Type a sand 

waves, up to 3 m in wavelength and 60 cm in amplitude, show no net migration as the 

continuous upper layers are of equal thickness on both stoss and lee side. The Type c 

sand wave (Fig 4.6), 2 m in wavelength and 70 cm in amplitude, is built on an 

inclined surface, possibly a channel margin, causing the whole structure to dip toward 

the source. It is built from alternating layers of coarse pumiceous ash and fine ash 

with frequent accretionary lapilli, indicating that abundant moisture was present 

within the surge cloud. Successive crests of this structure may be observed to migrate 

in a southerly direction, that is away from source or downstream. 
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Fig 4.5 Type a Sand waves exposed within the Cese Member Note: Sand waves are built 

from lee side layers and continuous stoss to lee layers. Flow direction is from left to riqht. 

Locality 60 
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Fig 4.6 Type a (top) and Type c (base) sand waves exposed within the Cese Member 

Type c contains accretionary lapilli rich laminae and migrates downstream (right). Flow 

direction is from left to right. Locality 60 
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The Filorsi Member 

At the top of the unit where sand wave structures are common at least three 

different types are present, Types a, b and d. Sand wave Types b (Fig 4.7) 

(progressive),are up to 4 m in wavelength and 70 cm in amplitude, and d (Fig 4.8) 

(regressive), up to 1 m in wavelength and 50 cm in amplitude, are observed at the 

same locality only 5 m apart horizontally and without any major erosional breaks 

separating the two. Accretionary lapilli occur, but are rare within these surges. 

The Upper Garofali Member 

Three types of sandwave structure occur within the distinctive lower coarse 

surge horizon Types a, c and e. Sand wave Type a (Fig 4.9) 7 m in wavelength and 1 

m in amplitude, is built from alternating coarse and fine grained lee side layers which 

are truncated and overlain by continuous stoss to lee layers which thicken on the 

leeward side. The structure is therefore progressive, migrating away from source. 

Sand wave Type e (Fig 4.1 O) occurs adjacent to, but closer to source than Type a sand 

wave described above (Fig 4.9). This sand wave, 6 m in wavelength and 85 cm in 

amplitude, contains both progressive and regressive elements as pointed out above. 

Accretionary lapilli are never observed within these deposits. This lower coarse 

surge deposit occurs as one horizon of sand waves only and is probably the result of 

one eruption as they are interbedded with finer grained, thick, massive deposits 

suggesting a change in eruptive style. 

The youngest part of the Upper Garofali Member is formed by numerous sand 

wave structures of which two types occur, Types a (Plate 4.1) and d. Accretionary 

lapilli are abundant within these deposits. Soft sediment deformation is also observed. 

These surge deposits are probably the result of numerous eruptions as several bedsets 

exist. 
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Fig 4.7 Type b sand wave exposed within the Filorsi Member Note: downstream (right) 

migration of sand wave crests and numerous internal truncations. Flow direction is from 

left to right. Locality 76 
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Fig 4.8 Type d sand wave or 'chute and pool' structure exposed within the Filorsi Member 

Note: building toward source Flow direction is from right to left. Locality 76 
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Fig 4.9 Type a sand wave exposed within the distinctive coarse grained surges of the upper . 
Garofali Member Note: lee side layers overlain by continuous stoss to lee side layers 

which thicken away from sourcemaking the structure progressive. Flow direction is from 

left to right. 
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Fig 4.1 OType e sand wave exposed immediately upstream from the sand wave illustrated in 

figure 4.9 Note:extensive lee side layers overlain by later stoss side layers. 
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Plate 4.1 Type (a) sand wave exposed within the Upper Garofali Member 
Note: truncation of progressively steepening lee side laminae 

overlain by continuous stoss to lee side layers. Scale is in 5, 1 and 
0.5 cm intervals. Locality 36 
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4.2.2 Discussion 

Fisher and Waters (1970) and Waters and Fisher (1971) in early work on 

bedforms in pyroclastic surge deposits were impressed by their similarity to 

fluvially derived structures. They termed these surge bedforms 'antidunes' due to the 

laminae having lee and stoss angles of less than 1s0 . They suggested that these 

pyroclastic surge bedforms were formed in an ultra high flow regime in a similar 

manner to fluvial antidunes. This similarity to fluvial systems has been well 

demonstrated by Schmincke et al (1973) whose field evidence from Laacher See 

supports a hydrodynamic interpretation for surge derived bedforms. Within 

proximal areas at Laacher See bedforms are analogous to structures produced in chute 

and pool flow (Jopling and Richardson, 1966) within the highest flow regime. Chute 

and pool flow consists of a 'chute' where the flow accelerates with a Froude nQ >1*, 

terminating in a hydraulic jump. Downstream of this, the flow passes into a 'pool' of 

tranquil flow where the Froude n2<1 and sediment is deposited as high angle stoss side 

beds. Schmincke and co workers suggest that 'chute and pool' structures form at 

hydraulic jumps where the surge passes from a supercritical state (Fr nQ >1) to 

subcritical (Fr n2 <1 ). These 'chute and pool' structures are also similar to Type d 

and e sand waves described above from Roccamonfina. 

These comparisons of pyroclastic surges to fluvial systems have been 

criticised by Allen (1984) and Cas and Wright (1987) who highlighted the important 

difference between the two systems, namely the density difference between the 

transporting medium and the sediment. In pyroclastic surges this density difference 

*Froude number is a dimensionless number which may be thought of as the ratio of 

gravitational force to inertial force. Valentine (1987) defined the Froude number as ratio of 

flow velocity to internal wave speed 
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is much greater than in fluvial systems. Secondly, in 'wet' pyroclastic surges a three 

phase system exists with the added presence of water vapour causing the grains to be 

cohesive. Allen (1984) suggests that the presence of upstream facing or regressive 

structures is no guarantee that supercritical flow occurred when there is also 

evidence of cohesion. It is proposed by Allen (1984) that progressive (downstream 

migration) structures are only formed in hot/dry surges whereas regressive 

(upstream migration) structures form in cool/wet surges. Several lines of field 

evidence from this study indicate that this is not always the case: 

(1) both the Filorsi and the Upper Garofali Members contain pyroclastic surge 

deposits that possess progressive and regressive sand wave structures with little 

evidence of any change in surge type, 

(2) Within the Cese Member, progressive sand waves are observed which possess 

laminae rich in accretionary lapilli indicating that abundant moisture was present and 

that this was a 'wet' surge, 

(3) sand wave structures with a significant regressive element, Type e, occur in the 

Upper Garofali Member lower coarse surge horizon where there is no evidence for 

cohesion. 

Fisher and Schmincke (1984) argue that at Laacher See sand wave migration 

direction is related to both velocity and flow regime. In proximal areas, regressive 

'chute and pool' structures occur whereas in distal areas progressive sand waves 

exist, all within the same deposit though several kilometres apart, indicating that the 

flow decelerated from supercritical in proximal areas to subcritical in distal areas. 

Druitt (1989) suggests that a similar situation exists for the May 18, 1980, Mt St 

Helens blast deposit, with bedforms migrating upstream where the blast was 

accelerating and downstream where it was decelerating. At Roccamonfina, however, 

both progressive and regressive structures are observed within metres of each other. 

A similar situation has also been observed within the Sugarloaf Mountain tephra, 

Arizona, USA. The Sugarloaf Mountain tephra forms a tuff ring and possesses material 
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of a surge and airfall origin (Sheridan and Updike, 1975). The pyroclastic surge 

deposits are relatively coarse grained and contain no accretionary lapilli and there is, 

therefore, little evidence for the presence of moisture and these may be termed 'dry' 

surges. In quarries on the east flank of Sugarloaf Mountain, Location C of Sheridan and 

Updike (1975), occasional sand wave structures are observed. These structures are 

both progressive and occasionally regressive. One example has both progressive and 

regressive structures within the same bedset (Plate 4.2). The regressive structure 

(Plate 4.4) occurring 3 metres upstream of the progressive structure (Plate 4.3). 

This demonstrates that the two different structures were deposited contemporaneously 

within a 'dry' pyroclastic surge. 

Several lines of field evidence indicate that the type of sand wave developed 

within pyroclastic surge deposits is not neccessarily dependent on whether the surge 

is hot and dry or cool and wet. Examples from other volcanoes, such as Laacher See 

and Mt St Helens indicate that the type of bedform is related to the flow regime in a 

similar manner to fluvial systems. Models such as that of Allen (1984) are clearly 

too simple to fully explain the processes that govern bedform development. Changes in 

flow regime, hydraulic jumps for example, have been suggested as important in 

governing bedform migration direction (Schmincke et al 1973; Valentine, 1987) and 

may occur over a large lateral distance as is indicated at Laacher See. However, the 

presence of both progressive and regressive structures within metres of each other 

indicates that changes in 1'1ow regime may also occur on a small (metre sized) scale. 

Undulations or erosional channels formed either by preceding fluvial activity or by 

the surge itself maybe enough to cause fluctuations in the velocity of the flow, hence 

the flow regime and the type of bedforms developed. Also, the sand waves themselves 

may, once formed, cause subsequent variations in flow velocity and migration 

direction. Many workers (Fisher and Waters, 1971; Sigurdsson et al, 1987) 

consider pyroclastic surges to be pulsatory with rapid and frequent fluctuations in 

surge velocity. The position of the changes in flow regime, in relation to the vent, 
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Plate 4.2 Both regressive (REG-see plate 4.2) and progressive (PRO-see plate 4.1) sand wave 

structures developed within the same bedset in pyroclastic surge deposits on the east flank of 

Sugar loaf mountain, Arizona. Note: The laminae from the regressive structure on the left maybe 

traced laterally into the progressive structure on the right. Flow direction is from left to right. 



Plate 4.3 Progressive (downstream migrating) sand wave exposed in a quarry east of 

Sugarloaf Mountain,Arizona. This structure is similar to type c sandwaves described here. 

Flow direction is from left to right 

Plate 4.4 Regressive (upstream migrating) sand wave located 3 metres upstream of plate 

4.1. Flow direction is from left to right. This structure is similar to typed described here. 

Note: These two sand waves occur within the same bedset i.e. laimnae from the regressive 

structure may be traced laterally downstream into the progressive structure. The two 

structures must therefore have been deposited contemporaneously. 
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may vary rapidly thereby changing the migration direction of bedforms occurring at a 

specific distance from the vent. This may then cause bedforms to migrate first in one 

direction and then the other (e.g. Type e sand waves). 

4.3 Phreatomagmatic fall deposits within the main caldera. 

A common phenomenon within the main caldera fill is the occurrence of thin, 

3-20 cm thick ash beds, commonly rich in accretionary and armoured lapilli. They 

may be observed to mantle the topography indicating a fallout origin. These fine 

grained ash fall beds occur at a number of positions within the Garofali Formation 

they occur: 

(1) associated with the repetitive fall and surge facies, forming the ash-fall beds 

with accretionary lapilli concentrated at the top of the bed (see Fig 3.4, section 4 and 

Fig 4.12, PCR 87) 

(2) above or below the repetitive fall and surge, occurring simply as numerous beds 

of ash fall ( see Fig 3.4 section 3, PCR 67c and 73)and 

(3) as isolated exposures of numerous ash fall beds ( see Fig 3.4, section 1, PCR 28, 

46). 

The fine-grained nature of these deposits suggests that they were formed by 

phreatomagmatic activity, as a high degree of comminution is a common feature of 

magma/water interaction (Self and Sparks, 1978). The presence of accretionary and 

armoured lapilli also testify to the presence of excess moisture on eruption. To 

investigate and characterise the grain size, six of these deposits were dry sieved at 

half phi intervals. The results are presented on wt% versus grainsize histograms 

(Fig 4.12) to display the grainsize distribution of each particular deposit. To 

compare the deposits with those from other volcanoes they are plotted on Md0 versus 

sorting plots (Fig 4. i 3). 

The grain size distribution of samples from each of the deposits is displayed in 
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Figure 4.12. It is clear that the distributions are polymodal. Several factors may 

have contributed to produce this feature. First, a peak maybe observed on all six of 

the deposits at the coarse end, usually at -2 phi (4mm) but the range is from 1.5 - 3 

phi (3-8mm). This is most probably caused by the abundance of armoured and 

accretionary lapilli in these deposits. The size and breadth of the peak being entirely 

dependent on the amount and size of accretionary lapilli present, for example PCR 87, 

sampled from the accretionary lapilli rich top of the bed, and PCR 46 have large and 

broad peaks compared to samples 73 and 28 which have narrow and small peaks, due 

to fewer accretionary lapilli. A peak is also usually present at the fine end due to the 

large amount of fine ash (>4 phi) retained within the deposit. This would be expected 

in phreatomagmatic deposits as the abundance of moisture present within the eruption 

cloud, which promoted the formation of accretionary lapilli, probably caused cohesion 

of grains preventing winnowing of fines. The lack of fine ash in PCR 87 may be 

explained by the unusual abundance of accretionary lapilli in this sample, the 

formation of which may have scavenged a large proportion of fine ash therefore 

redistributing the grainsize distribution to the coarse end. 

All six of the samples are poorly sorted, all >2 and is demonstrated in Figure 

4.13. This is typical of 'wet' phreatomagmatic fall deposits (Walker and Croasdale, 

1972 Heiken and Wohletz, 1985) and is undoubtably caused by moisture forming 

accretionary lapilli and retention of fines as discussed above. All six samples fall 

within the field of Surtseyan ashes of Walker and Croasdale (1972). There may 

however be large differences between true Surtseyan eruptions formed from the 

interaction of basaltic magma and sea water, and the eruptions which produced these 

deposits, where uprising magma, normally basaltic trachyandesites, interacted either 

with groundwater or with water from the caldera lake. Nevertheless the grainsize of 

these deposits is similar to Surtseyan ashes indicating that the fragmentation 

mechanism may have been similar. 

Clasts from a number of these phreatomagmatic fall deposits were examined 
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under the scanning electron microscope, to provide further insight into the 

fragmentation mechanism involved. Examination of these clasts reveals that many 

grains have undergone extensive secondary alteration, palagonitization for example, 

which has obscured the primary pyroclast morphology. Some grains, however, 

although altered still display their original surface morphology. A description of a 

number of grains from several of the deposits is given below: 

PCR 28 - massive ash -accretionary lapilli bearing 

Juvenile pyroclasts from this deposit show a range of vesicularities, from moderately 

to poorly vesicular (Plates 4.5-4.7) indicating that magma vesiculation was 

heterogeneous. Broken surfaces frequently form the clast faces forming common 

blocky clasts, indicative of a magma fragmented by phreatomagmatic explosions 

(Wohletz, 1983). Alteration, occurring as solution pitting and glass hydration, is 

commonplace (Plates 4.5 and 4.6). Solution pitting may have been followed by glass 

hydration as grains having suffered only minor alteration display only solution pitting 

(e.g. Plate 4.6). Occasionally clasts display partial alteration (Plate 4.6) with 

solution pitting only present in vesicle hollows. This maybe due to moisture being 

readily retained within vesicle hollows, promoting initial alteration within the 

hollows. 

PCR 87- accretionary lapilli rich fall-out of repetitive fall and surge 

Common within this deposit is the extensive solution pitting which occurs over many 

of the clasts (Plates 4.8 and 4.9) giving the clasts a 'pseudo vesicular' appearance. 

Original clast morphologies are, however, still visible. Clasts are dominantly poorly 

vesicular (Plates 4.8 and 4.9) and due to this clast shapes are again blocky and 

chunky indicating that this deposit was derived from water interacting with a poorly 

vesiculating magma. 

PCR 46 - massive ash fall accretionary lapilli bearing 

Juvenile clasts from this deposit range from being highly vesicular (Plate 4.1 O} to 

moderately vesicular (Plate 4.11} indicating that the magma was at an advanced 
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Plate 4.5 Plate 4.6 

Moderately vesicular juvenile clast Poorly vesicular juvenile clast showing 

showing both solution pitting and glass broken faces characteristic of 

hydration. Locality 70. hydromagmatism. Note solution pitting 

in vesicle hollows. Locality 70. 

Plate 4.7 

Poorly vesicular juvenile clast showing 

abundant solution pitting. Locality 70. 

Plate 4.9 

Poorly vesicular blocky juvenile clast 

with abundant solution pitting. Locality 

133. 

Plate 4.8 

Poorly vesicular blocky juvenile 

fragment, abundant solution pitting 

producing 'Pseudo vesicular texture'. 

Locality 133. 

Plate 4.1 o 

Highly vesicular juvenile pyroclast 

with delicate/fragile nature indicative 

of a fall origin. Locality 88. 

Plate 4.11 

Moderate-poorly vesicular juvenile 

pyroclast. Note alteration minerals 

(Zeolites) radiating from vesicle 

hollows. Locality 88. 



4.8' 

Plates 4.5-4.11 Scanning electron micrographs of 
juvenile ctasts from the phreatomagmatic ash-fall 
deposits within the main caldera. 
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state of vesiculation on eruption. This indicates that the eruption may not have been 

soley driven by magma-water interaction and the exsolution and decompression of 

magmatic volatiles or 'magmatic' explosivity (Kokelaar, 1986) may also have been 

involved. This could have occurred with magmatic explosivity initially disrupting the 

magma, some distance from the surface, followed by interaction with water nearer the 

surface which produced the high degree of comminution reflected in the grainsize of 

the deposits. This explanation is similar to the one envisaged for phreatoplinian 

eruptions (Self and Sparks, 1978). Highly vesicular clasts often possess delicate 

angular shapes (Plate 4.6) confirming the airfall origin of this deposit as such fragile 

clasts are likely to have been destroyed during transport in a pyroclastic surge or 

flow. 

4.4 Repetitive fall and surge facies: eruptive mechanisms 

The repetitive nature of these deposits indicates that they were formed from 

many eruptions of a similar nature and magnitude. The lithic and crystal rich surge 

deposits which occasionally punctuate the repetitive deposits probably represent 

phreatic eruptions where very little or no juvenile component was involved. Some 

sequences have this coarse 'phreatic' surge at the base, indicating that the eruption or 

sequence of eruptions was initiated with a phreatic event. Following this the sequence 

comprises an ash fall deposit overlain by a massive surge bed, which is repeated many 

times. Due to the fine grain size of the ash-fall beds it seems likely that the ash fall 

bed was deposited from a phreatomagmatic eruption column. Pyroclastic surges may 

be generated directly from the vent Cas and Wright (1987) and the massive surge 

deposits are considered to have been formed in this way. The occurrence of 

accretionary lapilli typically concentrated at the top of the ash-fall beds indicates that 

the lapilli were formed at a late stage, probably relatively high in the convecting 

eruption column, as they represent the last material to be deposited. This could have 
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been caused by an influx of water into the vent which may have introduced large 

quantities of steam into the eruption column, promoting the formation of accretionary 

lapilli high in the column. The absence of accretionary lapilli in the massive surge 

units lends weight to this argument. 

4.5 The Fontanafredda Member: the emplacement mechanisms of the 

scoria ignimbrite. 

A distinctive scoriacous ignimbrite occurring within the Fontanafredda 

Member is interbedded between pyroclastic surge and airfall lapilli beds. The 

juvenile material in the surge and airfall beds are petrographically similar to the 

scoria in the ignimbrite. The alternation between 

airfall-surge-ignimbrite-airfall-surge-airfall suggests that this ignimbrite was 

derived from the collapse of a dominantly convecting eruption column. Scoria clasts 

within the ignimbrite commonly display normal grading (Fig 3.15) which can only 

be produced if the density of the scoria clasts was greater than the density of the 

moving pyroclastic flow. This can be caused either by the scoria clasts being 

relatively dense or by the moving pyroclastic flow having a relatively low density; 

that is relatively well expanded. The presence of abundant gas pipes indicates that the 

pyroclastic flow from which this ignimbrite was derived was well fluidized (Wilson, 

1980) and this would support the proposal that the flow was well expanded and had a 

low density. Occasional lithic fragments up to 60 cm are present ~3m above the base 

of the ignimbrite suggesting that the flow had a high yield strength. However, this 

rather contradicts the suggestion that the flow was well fluidized as such flows will 

tend to have a low yield strength (Wilson, 1980). One explanation may be that this 

lithic block was introduced into the pyroclastic flow as the flow was coming to rest, 

immediately prior to emplacement, when the yield strength had increased preventing 

it moving to the base of the flow (see Chapter 7 for a full discussion on pyroclastic 
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flow emplacement). 
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Chapter 5 The Galluccio Tuff 

5.1 Introduction 

This chapter describes the Galluccio Tuff occurring on the flanks of the 

volcano including the different spatial and temporal facies variations and attempts to 

correlate them both around the volcano and with the intracaldera Galluccio Tuff. The 

mechanisms by which these different facies originated are discussed in Chapter 6 and 

7. Similar to the intracaldera facies, the Galluccio Tuff on the flanks of the volcano is 

composed predominantly of ignimbrite although subordinate amounts of pyroclastic 

surge, plinian airfall and phreatomagmatic material occur. 

5.2 Stratigraphy 

The Galluccio Tuff on the flanks of the volcano may be divided into three 

separate eruptive units, here termed the Lower Galluccio Tuff (L.G.T.), Middle 

Galluccio Tuff (M.G.T.) and Upper Galluccio Tuff (U.G.T) (Fig 5.1 ). The term 

eruptive unit is used as defined by Freundt and Schmincke (1985a) as 'a set of 

successive pyroclastic flow units that formed during a short time interval and are 

compositionally relatively homogeneous'. The L.G.T. contains white frothy, well 

vesiculated, crystal poor (~5 wt% crystals) pumices; the M.G.T contains white, 

frothy, well vesiculated, crystal-rich (~16 wt% crystals) pumices and the U.G.T. 

contains predominantly grey, relatively dense, crystal-rich (11.5-18.5 wt%) 

pumices fragments (See Fig 5.2 for density measurements). All three eruptive units 

are never observed together at any one locality due either to erosion between units or 

the varying directional nature of the various eruptive pulses. The deposit is named 

after the town of Galluccio where a representative sequence is exposed. At Galluccio 

the U.G.T. is present overlying the L.G.T. (see Fig 5.3 section 1). This sequence of 
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Fig 5.1 The Composite Stratigraphy of the Galluccio Tuff on the flanks of the volcano 
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U.G.T. overlying the L.G.T. may be observed at a number of localities around the 

volcano (Fig 5.3). On the south west flank U.G.T. is present overlying M.G.T.. The 

Lower and Middle Galluccio Tuff , however, have not been recorded exposed at the same 

locality. It is suggested that the M.G.T. postdates the L.G.T. because of the similarity in 

both crystal content and mineralogy of the pumices in the M.G.T. and U.G.T. The 

Galluccio Tuff within the main caldera possesses pumices which are frothy and crystal 

poor (4-7 wt%) and is therefore correlated with the L.G.T. of the flanks. The Cese 

Member contains frothy, crystal-rich pumices (see Fig 3.3 and Table 3.1) similar to 

those of the M.G.T. and may relate to the same eruptive event. The uppermost 

ignimbrite flow unit of the Galluccio Tuff (see Fig 3.3, section 2) is interbedded 

between lacustrine deposits, which contains grey, crystal-rich, dense pumices and 

may correlate with the U.G.T. There are several possible explanations for this 

absence or near absence of M.G.T. and U.G.T. within the main caldera: 

1. L.G.T. filled the main caldera to such an extent that the pyroclastic flows of the 

M.G.T. and U.G.T. simply flowed out onto the flanks of the volcano and ignimbrite was 

not emplaced within the main caldera. 

2. The intracaldera facies of the M.G.T. and U.G.T. is not ignimbrite. For example, as 

suggested above, the Cese Member which contains pumice that is mineralogically 

similar to the M.G.T. may be the intracaldera facies of the eruption reflecting 

turbulent proccesses operating near the vent. 

3. Erosion has subsequently removed the U.G.T. and M.G.T. 

As the Galluccio Tuff is poorly exposed within the main caldera one or any combination 

of the three factors listed above may account for the absence of the M.G.T. and U.G.T. 

within the caldera. 
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5.3 Petrology 

The petrology and geochemistry of the Galluccio Tuff has been described by 

Giannetti and Luhr (1983). They established that the Galluccio Tuff, which they 

termed the White Trachytic Tuff, ranged in composition from evolved white 

crystal-poor pumice with 66 wt % SiO2 and 1.2 wt % Cao, which probably 

corresponds to the L.G.T., to grey crystal-rich pumice with 60% SiO2 and 3% CaO, 

which probably corresponds to the U.G.T. This chemical trend is confirmed by 

analytical data from samples collected during this investigation, see Table 1 in the 
I 

Appendix. Giannetti and Luhr indentified four distinct pumice types: Type I - white 

and crystal-poor; Type II - grey and crystal rich; Type Ill - white with abundant 
. I 

\ 
I 

grey inclusions and Type IV - white pumices rich in feldspar crystals. Giannetti and 

Luhr (1983) state that all pumices contain crystals of sanidine, plagioclase, 

clinopyroxene, biotite, titanomagnetite and apatite. The co-existence of two varieties , 1 

of clinopyroxene; salite and diopside coupled with the presence of dark trachyandesite 

inclusions within white pumice are interpreted by Giannetti and Luhr as evidence for 

widespread mixing of trachytic and more basic magmas prior to or during the 

eruption of the Galluccio Tuff. Giannetti and Luhr argue that this eruption was fed 

from a compositionally zoned magma reservoir ranging from trachyte to 

trachyandesite in composition. 

Most pyroclastic deposits exceeding 1 km 3 in volume show a range in 

composition (Smith, 1979) indicating that they were erupted from compositionally 

zoned magma reservoirs. Although most of the major studies on zonation of 

pyroclastic deposits have been on large silicic systems, for example the Bishop Tuff 

(Hildreth, 1979), small-volume alkalic systems such as that at Laacher See, Eifel 

Germany, also show mineralogical and chemical zonation of major and trace elements 

(Worner and Schmincke 1984). The composition of the Laacher See tephra ranges 

from virtually crystal-free phonolite representing the cupola to a less differentiated 
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phenocryst-rich phonolite erupted from a lower portion of a zoned crustal magma 

column. 

The stratigraphic position of the M.G.T. is reinforced by the chemical data (see 

Appendix, Table 1} as the analyses yield values between the L.G.T. and U.G.T. 

A petrographic description of the pumices from the L.G.T., M.G.T. and U.G.T. is 

given below. 

Lower Galluccio Tuff 

Pumices from the L.G.T. are generally crystal poor containing ~5 wt% crystals 

(Fig 5.2). Sanidine is the only mineral phase common to all L.G.T. pumices, 

clinopyroxene is sometimes present and biotite occurs only occasionally. The sanidine 

usually occurs as euhedral-subhedral laths, which rarely exceed 1 mm in size, and 

may display carlsbad twinning, however, large untwinned sanidine crystals are 

common and frequently occur as small glomerocrysts. Clinopyroxene occurs as 

minute anhedral-subhedral grains and at least two varieties are present: a dark 

'bottle' green Fe-rich salite and a pale green Mg-rich diopside. The presence of both 

salite and diopside has been suggested by Giannetti and Luhr (1983} to be evidence of 

magma mixing either prior to or during the eruption. These pumices are probably the 

Type I pumices of Giannetti and Luhr (1983) which they described as being 

crystal-poor. 

Middle Galluccio Tuff 

Pumices of the M.G.T. are notably richer in crystals than the L.G.T. and have a 

different mineralogy. Sanidine, plagioclase, biotite and clinopyroxene are always 

present and amphibole and sphene are occasionally observed. The sanidine crystals 

are notably larger than in the L.G.T. being commonly 1-2 mm in size although 

crystals up to 3 mm are present and range from being euhedral to completely 

anhedral. Plagioclase is less common than sanidine, occurring as small subhedral 

laths <1 mm and frequently displays oscillatory zoning. Biotite is abundant occurring 

as flakes up to 3 mm long. Frequent anhedral-subhedral grains of clinopyroxene 

occur and again both salite and diopsidic varieties are present. Clinopyroxene is often 
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associated with the feldspars commonly occurring as glomerocrysts with both sanidine 

and plagioclase. Amphibole is occasionally present, possessing a composition similar 

to ferrohastingsite, occurring as pleochroic light-dark brown sub-euhedral prisms. 

The M.G.T pumices are considered to be the Type IV pumices of Giannetti and Luhr 

(1983). 

The Upper Galluccio Tuff 

Pumices of the U.G.T. possess a very similar mineralogy to those of the M.G.T. 

and similarly are richer in crystals than pumices of the L.G.T. Sanidine remains the 

most abundant mineral phase, as with the L.G.T and M.G.T., with euhedral-subhedral 

laths occurring up to 4 mm in size, but plagioclase, however, is more common and 

occurs up to 2 mm in size and commonly displays Albite twinning. Clinopyroxene is 

present as anhedral-subhedral grains and again both salite and diopside are present. 

Olivine is occasionally present as anhedral equant grains. Giannetti and Luhr (1983) 

consider that these forsteritic olivines are xenocrysts. The U.G.T. pumice is probably 

the Type II pumice of Giannetti and Luhr (1983). 

5.4 Distribution 

The Galluccio Tuff is, as a whole, distributed radially around the volcano apart 

from a shadow zone on the north west flank. Two factors may have caused the absence 

of deposits on the north west flank (Fig 5.4). Firstly the caldera rim is highest on the 

west and north west edge and may have acted as a barrier. Secondly, the slopes are 

relatively steep on the north west flank which may have inhibited ignimbrite 

emplacement. The former is considered the less likely explanation as relatively thick 

ignimbrites occur on the west flank and therefore pyroclastic flows must have 

surmounted the western caldera rim, where it is highest. 
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Lower Galluccio Tutt Middle Galluccio Tuff Upper Galluccio Tuff 

Fig 5.5 The distribution of the Lower, Middle and Upper eruptive units of the Galluccio Tuff. 



The L.G.T. is the most extensive of the three eruptive units, being distributed 

to the west, south and in an almost continuous spread from east to north (Fig 5.5). 

The M.G.T. occurs exclusively in the south west being confined to a restricted sector, 

although one isolated exposure has been identified ~1 km east of the caldera (Fig 5.5). 

The U.G.T. crops out on the south west, west, north and north east flanks of the volcano 

but is apparently absent from the southern and eastern flanks. The possibility exists 

that erosion may have removed this upper unit from many places. 

5.5 The Lower Galluccio Tuff 

The Galluccio Tuff is underlain by two palaeosols separated by a fine-grained 

ignimbrite, (Figs 5.1 and 5.3) ~1 m thick, indicating that a small volume pyroclastic 

flow was erupted which was both preceded and followed by long periods of inactivity. 

Basal phreatomagmatic and magmatic fall. 

The base of the Galluccio Tuff comprises a sequence, 1.5-2.5 m in thickness, of 

alternating fine grained grey ash layers ~30 cm thick and well sorted pumice lapilli 

beds ~10-20 cm thick (Fig 5.6a). Both the pumice lapilli beds and the massive grey 

ash appear to mantle pre-existing topography indicating that they are of a fallout 

origin. The massive grey ash sometimes possesses accretionary lapilli; Occasionally 

it displays poorly developed laminations or bedding and although predominantly 

composed of ash contains scatered pumice clasts (Plate 5.1 ). The number of 

individual beds and consequently the total thickness of these fallout beds varies 

markedly over small distances and occasional thin (5 cm) discontinuously laminated 

fine ash beds are present in the sequence. These thin, discontinuous beds are probably 

reworked ash, and erosion probably accounts for the variable number of individual 

beds and thickness of the sequence. The alternating ash and lapilli beds are possibly 

the result of alternating phreatomagmatic and magmatic explosions respectively, as 
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Fig 5.6 (a) Measured section of the base of the Galluccio Tuff 1 km north-west of Carbonara 
showing alternating phreatomagmatic and magmatic fall deposits. 
(b) Composite slratigraphic section of the plinian fall deposits toward the top of the Lower 
Galluccio Tull. Symbols as for Fig 5.3. 



Plate 5.1 The base of the Lower Galluccio Tuff on the east flank. The lower 
massive ash (phreatomagmatic) has an erosional upper surface, and is 
overlain by a medium to fine grained lapilli bed. Note pumice clasts, up to 
9cm, in the upper fine ash bed. Trowel is 25cm long and rests on soil. 
Locality 276. 

Plate 5.2 Climbing sand waves developed within the basal pyroc!astic surge 
deposits of the Lower Galluccio Tuff immediately west of Aorivo!a on the 
road between Poza and Aorivola. Flow direction from right to left. The scale 
is 1 m long in 10cm divisions. Locality 402. 

Plate 5.3 lgnimbrites of the Lower Galluccio Tuff exposed wilhin the Galluccio 
Quarry. Three flow units are present. Note ground surge at base, pronounced 
LCZ at base of the lowermost flow unit, fine grained basal layers defining the 
flow unit boundaries and thin ground surge at base of uppermost flow unit 
which correlates with the ground surge in Plate 5.5. Flow direction is from 
right to left. The scale is in 10cm intervals. Locality 411. 
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indicated by the variation in grainsize, as a dramatic increase in comminution is a 

common product of phreatomagmatic activity. This sequence of alternating 

phreatomagmatic and magmatic deposits is distributed to the north east and east only 

(Fig 5.7a) and this probably reflects a prevailing wind from the south west. 

Pyroclastic surge deposits 

Overlying the basal fallout beds are a sequence of pyroclastic surge deposits 

(Figs 5.1 and 5.3). Their thickness is highly variable, up to 6 m, although more 

commonly ~3 m, and they are composed of relatively coarse pumice lapilli and ash, 

usually present in alternating coarse and fine grained laminae. The deposits 

commonly display sand wave structures (Plate 5.2) and low-angle cross 

stratification, although distal exposures sometimes display reversely graded planar 

beds. The coarse-grained nature of these surge deposits, the presence of well 

vesiculated frothy pumice lapilli together with the absence of accretionary lapilli 

indicates that these surges were derived from an eruption driven by magmatic 

fragmentation rather than by magma-water interaction. These pyroclastic surges 

have a similar distribution to the initial fallout deposits and are present only on the 

east and north east flank (Fig 5.7 b). 

lgnimbrites 

A sequence of up to 13 m of ignimbrite overlies the pyroclastic surges and 

forms the most widespread phase of the L.G.T. (Figs 5.1 and 5.3). The contact between 

the ignimbrites and the underlying surges is occasionally erosive, but never 

gradational and a thin 2-5 cm fine ash bed sometimes separates the two, possibly 

representing a co-surge ash. Several ignimbrite flow units are present, at least eight 

have been counted on the south-west flank (Plate 5.4) although only three are present 

at the type locality at Galluccio (Plate 5.3). Fine grained layers are commonly 

observed at the base of flow units and boundaries between successive flow units may 

be gradational or planar but are rarely erosional and occasionally a thin layer of fine 
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Fig 5.7 (a) The distribution of the plinian airfall deposits near the top of (b) The distribution of the pyroclastic surge deposits near the base of the 
the Lower Galluccio Tuff. lower Galluccio Tuff. 



Plate 5.4 lgnimbrites of the Lower Galluccio Tuff exposed on the road 
between Lauro and Rongolisi. At least eight flow units are present here. 
Note the two thin 50cm flow units (Centre) and reverse graded flow unit 
thickening to the right. Faint stratification of the pumices in flow unit 2. 
The scale is 1 m long. Flow direction is from right to left obliquely out of the 
camera. Locality 413. 

Plate 5.5 Ground surge deposits in the l.G,T. within· the Galluccio Quarry. 
Note the sand wave is gradational with the overlying ignimbrite flow unit and 
thins (leftwards) away from source. The scale is in 10cm intervals. Flow 
direction is from right to left. Locality 411. 
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ash is present between flow units. These fine ash layers are probably co-ignimbrite 

ash-fall deposits of the type described by Sparks and Walker (1977) and where 

present indicate that there was at least a short time gap between flow units. 

Pyroclastic surge deposits are present at the base of some flow units and are 

commonly gradational with the overlying ignimbrite indicating that these are ground 

surge deposits. They probably formed from a dilute turbulent surge cloud which 

immediately preceded the pyroclastic flow, in a similar fashion to that described by 

Sparks and Walker (1973). These ground surge deposits are up to 70 cm in 

thickness and almost always consist of thin, ~5 cm, alternating coarse and fine 

grained laminae of pumice, lithics and ash, which are commonly inclined at low angles 

(~0°-10°)in the direction of flow (Plates 5.3 and 5.5). In extensive outcrops (e.g. 

Galluccio Quarry) large wavelength (1 O m), low amplitude, (50 cm) sand wave 

structures may be observed (Plate 5.5) which give the ground surge deposit a 

discontinuous outcrop pattern. Pyroclastic surge deposits observed interbedded 

between ignimbrite flow units (Plate 5.5) are gradational with the overlying 

ignimbrite and are occasionally separated from the underlying flow unit by a thin ~1 O 

cm co-ignimbrite ash deposit and are thus also interpreted as of a ground surge 

origin. 

The ignimbrites themselves are typically massive, unwelded, poorly sorted and 

frequently display coarse tail grading which is especially well developed in thin, 

~1-2 m, thick flow units (Plate 5.3). Pumice clasts are commonly reverse graded 

forming a pumice concentration zone (PCZ) at the top of a flow unit and sometimes 

they form a faint horizontal stratification (Plate 5.4). Lithic fragments are often 

normally graded forming a lithic concentration zone (LCZ), commonly matrix 

supported at the base of the flow unit above the fine grained layer (Plate 5.3) 

consistent with the type sequence described by Sparks et al (1973). However, a 

common feature of the L.G.T. ignimbrites are weak but distinct matrix supported 

lithic concentrations observed well above, ~3 m, the base of the flow unit (Plate 
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5 -1 O). These 'intraflow' lithic concentrations commonly exist as laterally 

continuous, >100 m, horizontal trains of lithic fragments which grade both up and 

down into the surrounding ignimbrite with no indication of any fine grained layer 

which would suggest that they are typical basal LCZ's occurring just above a flow unit 

boundary. Occasionally pod-shaped lithic concentrations occur, again a number of 

metres above the base of the flow unit, as matrix supported pods of lithic clasts which 

are wholly gradational with the host ignimbrite. 

At a locality ~3.5 km east of the caldera rim immediately south west of 

Carbonara massive ignimbrite may be traced laterally into a sequence of 7-8 m of 

heterogeneous stratified deposits (for location see Fig 5.8). In detail thin, ~1 m, 

massive, fine grained ignimbrites occur interbedded with pyroclastic surge deposits 

(Plates 5.6 and 5.7). The ignimbrites thin and the surge deposits become more 

extensive northwards. The surge deposits display sand wave structures, many 

erosional truncations and bomb sags of lithic fragments up to 25 cm in size (Plate 

5.6) and their gradational contact with overlying ignimbrite indicates that they are 

closely related . This sequence is underlain by at least 6 m of sand wave facies 

pyroclastic surge deposits which are thought to represent the surge deposits that 

occur at the base of the L.G.T. (Fig 5.1 ). 

Plinian airfa/1 deposits 

lnterbedded with the ignimbrites of the L.G.T. towards the top of the sequence 

are two airfall lapilli beds, probably derived from plinian activity (Figs 5.1 and 5.3, 

Plate 5.8). These plinian fall beds display a restricted distribution to the east, 

similar to that of the initial fall and pyroclastic surge (Fig 5.7b). The lower lapilli 

bed is up to 11 o cm thick 6 km from the centre of the caldera, however its thickness 

and nature are variable over small areas (Fig 5.6b). The base of the lower plinian 

fall bed comprises a thin, ~20 cm, lapilli layer which rests on a strong erosional 

surface developed on the underlying ignimbrite (Plate 5.9). This is erosively 

overlain by a massive poorly sorted layer of pumice, lithics and ash, 30 cm thick, 
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Plate 5.6 Thin (1 m) fine grained L.G.T. ignimbrite flow units interbedded 
with thin pyroclastic surge deposits occurring immediately west of 
Carbonara. Note: The ignimbrite thins rapidly and the surge deposits thicken 
dramatically north eastwards (right) also see plate 5.7. Also bomb sag 25 cm 
diam above the tape which is 1 m long. Flow direction is from left to right 
obliquely out of the photo. Locality 279. 

Plate 5. 7 Sand wave facies pyroclastic surge deposits which thin south 
eastwards (out of the photograph toward camera) where ignimbrite becomes 
predominant (See Plate 5.6). Tape is 1 m long. Flow direction is from left to 
right. Locality 279. 
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Plate 5.8 Typical lower plinian lapilli bed 3.5 km E of the caldera rim. Note 
finer grained basal portion and reverse grading with coarse central-upper 
zone showing pumice clasts up to 30cm. Reworked deposits overlie the lapilli 
bed and may account for the absence of the fine grained top observed 
elsewhere. Locality 270. 
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Plate 5.9 The lower plinian fallout sequence 5 km east of the caldera rim. 
Note strong erosional surface on the underlying ignimbrite. Possible 
reworked area below tape measure, fine grained base and and coarse grained 
central section (above tape measure) containing fine ash possibly indicating 
contemporaneous reworking. locality 255b. 

Plate 5.10 Relatively fine grained accretionary lapilli bearing ignimbrite 
separating the lower (not visible) and upper plinian fall layers. Note thin 5cm 
fine ash layer between lapilli bed and ignimbrite probably co-ignimbrite 
ash-fall also note intraflow unit lithic concentration just above hammer. The 
lapilli bed has also deformed the top of the ignimbrite. Locality 277. 
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which occasionally displays coarse tail grading. This in turn is overlain by the lapilli 

bed proper which is reversely graded, being coarsest at the centre, and has a fine 

grained top (Plate 5.8). The fine grained base is sometimes absent, causing the lapilli 

bed to appear normally graded with a coarse grained base, which occasionally 

possesses a fine ash matrix (Plate 5.9). The variation in character of the base of the 

lower lapilli bed, the presence of numerous erosion surfaces, the absence of the basal 

part of the lower lapilli bed in some exposures and the occasional presence of a fine 

ash matrix suggests that erosion and reworking was occurring contemporaneous with 

deposition. The lower and upper plinian deposits are separated either by reworked 

volcaniclastics or by an ignimbrite up to "140 cm thick (Fig 5.6b). This ignimbrite 

is distinctive in that it possesses accretionary lapilli and has an intra-flow-unit 

LCZ, ~50 cm above the base, one or two clasts thick and has a PCZ at the top which 

grades into an accretionary lapilli bearing co-ignimbrite fine ash layer (Plate 5.10). 

The upper plinian fall deposit, which has in places deformed into the underlying 

ignimbrite, comprises two discrete lapilli beds separated by a thin layer, ~1 0cm, of 

massive ash with reverse grading of pumice fragments (Fig 5.6b). The upper plinian 

fall deposit is overlain by another ignimbrite which is relatively fine grained and is 

at least 3m thick. 

5.6 The Middle Galluccio Tuff 

5. 6. 1 Pumice-rich lgnimbrite 

The M.G.T. rests on the two distinctive soils also identified underlying the 

L.G.T. The base of the M.G.T. comprises up to 2 m of pyroclastic surge deposits (Fig 

5.3 and 5.9) which are gradational with the overlying ignimbrite indicating that they 

are ground surge deposits which preceded the pyroclastic flows rather than being a 

separate eruptive episode. They have an intermittent, pinching and swelling outcrop 

pattern, are composed of relatively fine grained pumice and ash and display abundant 

sand wave structures and low-angle cross stratification. Their fine grain size 
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is probably a product of deposition, rather than indicating any phreatomamgmatic 

activity. Occasionally where steep drops in the palaeotopography occur this basal 

ground surge occurs as a massive pumice breccia comprising large pumice clasts, up 

to 20 cm set in a fine ash matrix (Fig 5.1 0 a). The ignimbrites, which are associated 

with, and overlie, the basal ground surges, are typically massive, unwelded, poorly 

sorted and are richer in pumice than the later flow units. They usually possess fine 

grained basal layers which are well developed especially beneath the lowermost flow 

unit. Reverse coarse-tail grading of pumice clasts is occasionally observed, however, 

lithic concentration zones within the basal pumice-rich ignimbrites are rare. In a 

more distal exposure, 1km south west of Sessa Aurunca, 6 km from the caldera rim, 

up to ten flow units may be counted, the boundaries of which, are always gradational. 

There is no evidence of any erosive surface or co-ignimbrite ash which would 

represent a significant time gap between successive flow units. In medial to proximal 

areas, 4-3 km from the caldera rim, flow unit boundaries within the ignimbrite 

sequence, marked by fine grained layers and ground surge beds, are laterally 

discontinuous and grade into massive ignimbrite. Ground surge deposits in medial 

areas comprise thin, 5-10 cm, laterally discontinuous layers of well sorted, rounded 

pumice lapilli which dip downslope away from the volcano (Plate 5.11 and Locality 

500 Fig 5.10). These well sorted lapilli layers alternate with more poorly sorted 

material which is gradational with the coarser ignimbrite above. Also on relatively 

steep slopes, 10-12°, flow units may be observed to merge downslope. The flow units 

are at least several metres thick as defined by fine grained basal layers and can be 

traced from the base of the sequence (see Figs 5.1 0 and 5.11) into the body of the 

ignimbrite. The fine grained basal layers maybe traced subhorizontally for ~20 m 

until they grade into massive ignimbrite (Fig 5.1 Ob). Up slope from medial locations 

this basal pumice-rich ignimbrite thins and pinches out at approximately 2.5 km 

from the caldera rim although the ground surge continues up slope toward the volcano 

(Fig 5.11 ). These basal pumice-rich ignimbrites are overlain by a sequence of 
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Plate 5.11 Pyroclastic surge deposits exposed within the Middle Galluccio 
Tuff immediately north of Sessa Aurunca. The well sorted pumiceous layers 
are discontinuous and pinch out laterally. They dip gentley away from source. 
Note the fine grained laminae are wholey gradational with the overlying 
ignimbrite. Flow direction is from right to left. Locality 500. 



127 



lithic-rich ignimbrites and co-ign imbrite lithic breccias (Figs 5.9, 5.10 and 5.11 ). 

5.6.2 Lithic-rich ign;mbrites and co-ignimbrite lithic breccias 

A sequence of lithic-rich ignimbrites and co-ignimbrite lithic breccias are 

exposed within the upper part of the M.G.T. The lithic breccias crop out between at 

least 2.5 km and 3.0 km from the caldera rim (Fig 5.1 0). Due to lack of exposure no 

information is available on the extent of lithic breccias in more proximal locations. 

The lithic breccias are considered to be of a primary pyroclastic origin as they grade 

both vertically and horizontally into lithic-rich ignimbrite. Three types of lithic 

breccia have been recognised, defined by their relative position within the associated 

ignimbrite flow unit. They are Basal Breccias, Intra-flow-unit Breccias and Channel 

Breccias. 

Basal Breccias 

Basal breccias occur at the base of a flow unit and may be either gradational 

with (Plates 5.13 and 5.16) or sharply overlain by lithic-rich ignimbrite (Plate 

5.12, Fig 5.9 sections 1 and 2). The breccias rest on the underlying deposits, 

sometimes with an erosive contact, and usually do not possess a fine grained basal 

layer. Where sharply overlain by ignimbrite, the breccias are sometimes fines 

depleted similar to the ground layers or breccias described by Walker et al (1980). 

However, they pass laterally into breccias which are gradational with the overlying 

ignimbrite and are not fines depleted. Similar field relations have been described for 

lithic breccias associated with the pyroclastic flows formed on May 18 at Mt St Helens 

(Criswell, 1987). The breccias are commonly massive in nature, between 0.3 and 2 

m in thickness and are usually matrix supported although occasional clast supported 

varieties exist. They are heterolithologic containing clasts of leucite phyric and 

trachyte lava, thermally indurated ignimbrite clasts probably derived from the 

Campagnola Tuff are common and are sometimes the dominant lithic type. 
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Plate 5.12 Basal breccia which emanates directly from the erosional surface 
(right) where there ls no fine grained basal layer, further downtsream a thin 
breccia and fine basal layer underlies the main breccia. Note the relatively 
sharp contact with overlying ignimbrite, the two palaeosols and the ground 
surge at base of the exposure. Tape is 1 m long. Braccia grades laterally into 
channel filling facies shown in 5.13. Flow direction was from right to left. 
Locality 302. 

Plate 5.13 Basal Breccia thickening into a channel cut into basal ground 
surges. Note: Gradational contact with overlying ignimbrite and pumiceous 
lens at base.Tape is 1 m long. Flow direction toward the camera. Locality 302. 

Plate 5.14 The stratified lithic rich deposits resting on steep, ~12°, slopes 
100 m downslope of Plate 5.13. Note flow unit boundaries commence from 
these steep slopes and continue downslope also normal faulting which was 
probably contemporaneous with the eruption. Tape is 1 m long. Flow direction 
from right tp __left. Looality 302 



At the most proximal exposures, 2.5 km from the caldera, basal breccias are 

exposed resting with an erosive contact on the initial ground surge deposits of the 

M.G.T.. Here the breccia is ~1 m thick, rests on low angled ~3-4° palaeoslopes and 

varies between being sharply overlain by or gradational with the overlying 

ignimbrite (Locality 302 Plates 5.12 and 5.14.). Cross-sectional exposures reveal 

that in places the base of the breccia possesses a channel like morphology ~1 m deep, 

however the breccia is not confined to this channel (Plate 5.13). The breccia is 

laterally discontinuous and on palaeoslopes of ~12° it grades into a finer grained 

lithic-rich deposit possessing discontinuous stratification, caused by grainsize 

changes, and elongate fragments show a parallel orientation with the base of the 

deposit (Plate 5.14). Where the slopes become less steep the breccias crop out again. 

Massive ignimbrite flow units may be observed to commence from these 

stratified lithic-rich deposits which may be traced subhorizontally downslope where 

the massive ignimbrite grades into several thin 50 cm thick flow units. In summary 

the field relations are heterogeneous and variable. Flow units are discontinuous and 

appear to commence from steep slopes rather than being continuous up slope. 

A basal breccia sharply overlies the early pumice-rich ignimbrite at Locality 

401, 2.5 km from the caldera rim, (Fig 5.10). It is however heterogeneous and may 

be observed to split into two breccia layers downslope (Plate 5.15), the upper of 

which may be termed an intraflow unit breccia (see next section). Approximately 50 

m up slope from these exposures the palaeosol at the base of the Galluccio Tuff may be 

observed dipping steeply, 30°, away from the volcano. As the breccia-ignimbrite 

boundaries are subhorizontal it may be assumed that the ignimbrite and breccias 

were deposited on more gentle slopes, probably immediately downstream from a break 

in slope. At its most proximal position the breccia is ~1 m thick and sharply overlies 

the pumice-rich ignimbrites but as the breccia is traced in a southerly direction 

away from the volcano it thickens to ~2 m where it displays a crude normal grading. 

Further downslope the breccia begins to segregate into two layers separated by ~1 m 
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Plate 5.15 The most proximal basal breccla at loc 401 which grades from 
being 1 m thick (right) to 2m thick (Centre) and segregates into two breccias 
(left) where the breccias are connected by 'bars' of breccia dipping upslope. 
Note crude normal grading where the breccia begins to split into two. Flow 
direction from right to left. 

Plate 5.16 The two lithic breccias further downstream. The basal breccia 
has sunk into the underlying pumice-rich ignimbrite which has produced 
upstanding fingers of ignimbrite which have been deformed downslope 
(leftwards). Note gradational lower contact of upper intraflow unit breccia 
(top) with underlying ignimbrite and gradational contact of basal breccia with 
overlying ignimbrite. Flow direction is from right to left. Locality 401. 

Plate 5.17 The two lithic breccias at the same exposure as Plate 5.16. Note 
gradational upper contact of basal breccia with ignimbrite. Load structures 
deformed downstream (leftwards) gas pipe which cuts both underlying 
pumice-rich ignimbrite and ignimbrite above. The scale is in 10cm divisions. 
Flow di~ction is from right to left. Locality 401. 
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of ignimbrite (Plate 5.15). Initially this ignimbrite occurs as pods separated by 

sheets of breccia which connect the two layers (Fig 5.10, Plate 5.15). Exposures 50 

m downslope show two separate breccia layers separated by ~1 m of ignimbrite which 

displays gradational contacts with both the upper and lower breccia layers. Here the 

lower 'basal' breccia has sunk into the underlying pumiceous ignimbrite causing load 

structures of upstanding 'fingers' of ignimbrite which have been deformed downslope 

away from the volcano (Plate 5.16 and 5.17), and this indicates that some lateral 

movement downslope occurred after the breccia sank into the ignimbrite. Gas pipes 

are common, cutting through both the pumice-rich ignimbrites and the gradational 

breccia/ignimbrite above. Downslope the two breccia layers thin, become 

intermittent and pinch out within 300 m, with the ignimbrite between the two 

thickening to 3 m. 

Good exposures of more distal basal breccias are however present at Locality 

303, 3 km from the caldera rim (Figs 5.9 section 3 and 5.10). Here the 

pumice-rich ignimbrite is overlain by a lithic-rich ignimbrite which possesses 

small piles or clots of lithic clasts, ~50 cm high and 0.5-1 m wide, at the base of the 

flow unit (Plates 5.18 and 5.19). Lithic clasts within the breccias are composed 

predominantly of thermally indurated ignimbrite and are usually 10-20 cm in size 

although clasts up to 30 cm occur. In the lithic-rich ignimbrite clasts up to 30 cm 

are isolated 50 cm above the base of the flow unit (Plate 5.20) and lithic segregation 

pods and gas pipes are abundant, occasionally emanating from isolated lithic clasts. 

The presence of abundant gas pipes and segregation pods is considered indicative of 

strong tluidization (Wilson, 1980). The lithic-rich ignimbrite is overlain by 

' another lithic breccia and the isolated lithic clasts are thought to be derived from this, 

having sunk into the underlying ignimbrite. This intermittent basal breccia may be 

observed to thicken and become continuous up slope toward the volcano whilst 

remaining gradational with the overlying ignimbrite. Similar field relations between 

lithic breccia and ignimbrite have been reported from the Tosu pyroclastic flow 
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Plate 5.18 lntermitent basal breccia and lithic-rich ignimbrite overlying the 
pumice-rich ignimbrite. The basal breccia thickens up s~ope_ an~ becomes 
continuous (leftwards). Tape measure is 1m long. Flow d1rect1on 1s from left 

to rig.ht. Locality 303. 

Plate 5.19 Typical sharply bound clot of basal breccia within the 
intermittant basa! breccia. Each pod or clot usually possesses this shape 
displayed here with a steep, near vertical stoss side and a more gradually 
tapering downstream side. The breccia is mildly fines depleted. Lens cap is 
5.5cm across. Flow direction is from left to right. Locality 303. 

Plate 5.20 Lithic-rich ignimbrite and gradational Basal Breccia. Lithic-rich 
ignimbrite possesses large 25 cm lithic clasts of thermally indurated 
ignimbrite. Note gas pipes emanating from lithic clasts. Flow direction is 
from left to right. Locality 303. 
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deposit, Japan (Suzuki-Kamata and Kamata, 1990) where the lower breccia is 

interpreted to have been 'intruded' into the overlying lithic-rich ignimbrite 

Although most exposures on the proximal slopes comprise several flow units 

occasionally the lithic-rich M.G.T is present as one flow unit. At locality (417) to 

the west of the main breccia site a basal breccia is present which is sharply overlain 

by a single ignimbrite flow unit 6 m thick which has a well developed PCZ ,1 m thick, 

on its upper surface (Fig 5.10). 

Intra-flow-unit Breccias 

Lithic breccias are present occurring well above (up to 2.5 m) the base of a 

flow unit. These intra-flow-unit breccias always possess a gradational lower contact 

with the underlying ignimbrite (Fig 5.9 section 2 Plates 5.21, 5.22 and 5.23 ), 

demonstrating that these are co-ignimbrite breccias that were emplaced 

contemporaneously with the respective pyroclastic flow. The upper contact may be 

either gradational or sharp. These breccias in places grade laterally into ignimbrite. 

They are variable in both thickness, up to 2 m, and grainsize with lithic clasts, up to 

(rarely) 80 cm in size although more usually 10-20 cm. The breccias are 

commonly matrix supported, although clast supported varieties occasionally occur. 

Gas pipes are often abundant within the ignimbrite above these breccias and individual 

pipes may be observed emanating from the breccias (Plates 5.21 and 5.22). These 

breccias are not fines depleted and possess an ignimbritic matrix. 

Channel Breccias 

A number of distinctive lithic breccias occur, 2.5 km from the caldera rim, 

which occupy a channel feature (Fig 5.9 and 5.10). These are termed here Channel 

Breccias. These breccias are completely contained within a channel feature being 

distinct from some basal breccias (Plate 5. i 3) which may possess a channel 

morphology are not confined to the channel. A good example of a channel breccia is 
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Plate 5.21 Thin intraflow unit breccia showing a gradational lower and upper 
contact with the lithic-rich ignimbrite below. This breccia thickens laterally 
to ~1 m where clasts up to 80 cm are present. Note gas pipes in ignimbrite 
above breccia. The scale is in 10cm divisions. Flow direction is from right to 
left. Locality 305 

Plate 5.22 lntraflow unit breccia same as above but sharply overlain by 
ignimbrite which is devoid of lithic clasts greater than 2 cm demonstrating 
the heterogeneity of the breccias. Note thin 1 cm gas pipe in ignimbrite 
emanating from the lithic breccia. The scale is in 5 and 1 cm divisions. 
Locality 305. 
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in Plate 5.23. Only the edge of one side of the channel is exposed but the channel or 

valley filling nature of the breccia is clearly visible. The contact between the breccia 

and the host ignimbrite is sharp and the breccia is underlain by a fine grained basal 

layer and the host ignimbrite may be traced out of the channel into a thinner 

'overbank' type facies {Plate 5.23). This differs from the overbank facies of 

ignimbrites described by Schumacher and Schmincke (1990) from Laacher See in 

that here the overbank facies is simply thinner than the channel facies. At Laacher 

See the overbank facies does not immediately resemble ignimbrite and possesses 

different grain size characteristics. 

The channel breccia varies from being clast to matrix supported and possess an 

ignimbritic matrix which is not fines depleted. The breccia thins to 70 cm toward 

the edge of the channel where it displays normal coarse tail grading, but thickens to at 

least 3 m towards the centre of the channel where the base of the breccia cuts down 

into the palaeosol and the underlying deposits. The centre of the channel is not exposed 

therefore the maximum thickness of the lithoc breccia is unknown but is certainly 

more than 3 m. The overlying ignimbrite grades upwards into an intraflow unit 

breccia so that they form a stack or multistory type of arrangement, similar to that 

described for lithic breccias from St Kitts (Roobol et al, 1987). 

The uppermost flow unit of the M.G.T. displays a channel breccia at the base of 

the flow unit underlain by a fine grained basal layer (Fig 5.10 and Plate 5.12). The 

channel breccia is matrix supported, ~1 m thick and contains clasts up to 45 cm in 

size and may be observed to grade laterally into a lithic concentration zone . Similar 

occurrences of gradation of lithic breccia into a typical LCZ and vice versa have been 

described from pyroclastic flow deposits at Laacher See {Freundt and 

Schmincke, 1985). 
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Plate 5.23 The edge of the sharply bound channel breccia above tape 
displaying vague normal grading (right). The ignimbrite above shows reverse 
grading of lithic fragments and grades info an intraflow unit breccia which 
also grades laterally into ignimbrite. Tape is 1 m long and flow direction is 
toward the camera. Locality 302 
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5.7 The Upper Galluccio Tuff 

The U.G.T. is composed almost entirely of ignimbrite, apart from thin 

phreatomagmatic and reworked deposits at the base of the sequence. Up to eight flow 

units have been identified at the type locality at Galluccio (Fig 5.3). Ground surges 

are never obseNed associated with the U.G.T. ignimbrites. 

A sequence of up to 3 m of fine grained phreatomagmatic volcaniclastics are 

always present at the base of the U.G.T. (Figs 5.1 and 5.3). The base of this fine 

grained material is formed by a thin -25 cm accretionary-lapilli-bearing, fine 

ash-fall bed, which rests on an erosional surface. This is overlain by up to 3 m of 

heterogeneous, mainly ash grade material, possessing abundant accretionary lapilli 

and pumice fragments rarely greater than 1cm in size. In places the deposits are 

massive; elsewhere they display discontinuous bedding caused by reworking. 

Occasionally more continuous bedding is present, often forming sand wave structures 

and low-angle cross stratification and they are interpreted as primary pyroclastic 

surge deposits. 

The ignimbrites at the base of the U.G.T. are fine grained, massive, 

exceptionally lithic-rich and are up to 1.5m thick (Fig 5.3). Pumice fragments 

never exceed 1 cm in size and accretionary lapilli are abundant. Occasional rip up 

clasts of the underlying deposits are also present. The deposits have a valley-filling 

nature typical of dense flow deposits and the scarcity of pumice and the abundance of 

accretionary lapilli are indicative of a phreatomagmatic origin. It is unclear, 

however, whether these are the deposits of primary pyroclastic flows or lahars 

comprising remobilised phreatomagmatic tephra derived from more proximal 

locations. These exceptionally lithic and accretionary lapilli rich flow deposits are 

only present at the type locality at Galluccio. 

Overlying these lithic-rich deposits are ignimbrites characterised by the 

presence of dense pumice fragments, although some frothy well vesiculated pumice 
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clasts are also present. At Galluccio up to eight flow units are present with initial 

flow units 1-2 m thick followed by thicker flow units up to 8 m. Pumice clasts are 

occasionally normally graded and samples from the base of one flow unit on the south 

western flank show that both the frothy and the dense pumices are normally graded 

indicating that this is not a function of the greater density of the pumices. At the top of 

some flow units there are pumice rafts, which rest on the upper surface (Plate 

5.24). These rafts are always composed entirely of frothy pumice and occasionally in 

thin flow units pumices display reverse grading which grade into the pumice rafts. 

The pumice rafts are clast supported, often matrix free, and are always discontinuous 

usually <1 m long tapering at either edge. The rafts probably formed ridges on the 

upper surface of the pyroclastic flows. 

At the Galluccio Quarry within the thickest flow unit, ~ 3.5 km from the 

caldera rim, an intra-flow-unit breccia crops out about 6 m above the base of the 

ignimbrite (Fig 5.3, Plate 5.25). The underlying ignimbrite shows crude reverse 

grading of lithic fragments and has a gradational contact with the overlying lithic 

breccia. The breccia is 1 -1.5 m thick, displays normal grading and is sharply 

overlain by ignimbrite which is depleted in lithic fragments >5 cm in size. The 

breccia may be traced for at least 300 rn away from the volcano where it pinches out 

abruptly (Fig 5.12). A lithic breccia also occurs within the U.G.T. on the south west 

flank, up to 4.5 km from the caldera rim (Fig 5.3), at a similar stratigraphic 

position and shows almost identical field relations to those at Galluccio. 

Occasionally intra-flow-unit lithic concentration zones, similar to those 

within some of the L.G.T. and M.G.T. ignimbrites, are present where lithic clasts up 

to 15 cm in size are concentrated within the central parts of flow units. The lithic 

concentrations are matrix supported and are usually gradational with the host 

ignimbrite. These gradational concentration zones, however, maybe traced laterally 

where it becomes reverse graded and underlain by a fine grained layer, similar to a 

typical basal LCZ (Fig 5.12). 
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Plate 5.24 A pumice raft occurring on the upper surface of an U.G.T. 
ignimbrite flow unit. The rafts are composed from mainly frothy well 
vesiculated pumice. The scale is in 1 and 5cm intervals. Locality 411. 

Plate 5.25 The lower part of the Upper Galluccio Tuff in the Galluccio Quarry 
showing 6m thick ignimbrite with abundant crudely reverse graded lithics and 
a normally graded lithic breccia which is gradational within the underlying 
ignimbrite. Note the ignimbrite above the breccia is devoid of large lithics. 
Flow direction is from right to left. Locality 411. 
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The uppermost flow unit at Galluccio displays a typical lithic concentration 

zone at the base of the flow unit, 20 cm thick, underlain by a fine grained basal layer. 

The LCZ may be observed to thicken up to 1 m into depressions where it cuts down into 

the underlying ignimbrite and the fine grained basal layer is absent (Fig 5.12). 

This flow unit is underlain by a fine ash layer up to 30 cm thick commonly 

rich in accretionary lapilli. This is thought to be a co-ignimbrite ash-fall, deposited 

from the dilute ash cloud which was derived from and accompanied the pyroclastic 

flow. The presence of a co-ignimbrite ash-fall layer between the flow units indicates 

that there was a significant time gap between the last pyroclastic flows of the U.G.T. 

On the south west of the volcano, 2.5 km of the caldera rim, several flow units 

may be observed thinning rapidly (Plate 5.26). One flow unit may be observed to 

pinch out within 200 m, from 2m thickness. Normal grading of pumices is common 

within these thin flow units (Plate 5.27) and pumice rafts are frequently present on 

their upper surfaces. A thin 2-3 cm fine ash layer separates each flow unit, 

indicating that there was a time gap between each pyroclastic flow. This rules out an 

overlapping lobate flow hypothesis for these thin ignimbrites as it is unlikely that a 

co-ignimbrite ash could be deposited in the time it takes for the lobes overlap each 

other. 
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Plate 5.26 The rapidly thinning U.G.T. flow units approx 2.5 km from the 
caldera rim on the south west flank. Note some flow units pinch out just off 
the right edge of the photo. The scale is 1 m long. Flow direction is from left 

to right. Locality 305. 

Plate 5.27 Normal grading of pumice clasts within the thin U.G.T. flow units 
on the south west flank shown in plate 5.24, at least three flow units are 
present. The uppermost flow unit shows reverse grading. Each flow unit is 
separated by a thin 1-2 cm fine ash layer (co-ignimbrite ash). The scale is in 
1 and 5cm intervals. Locality 305. 
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Chapter 6 The Grain size, lithology and texture of the Galluccio Tuff 

This chapter provides a grain size, lithological and textural analysis of the 

different facies of the Galluccio Tuff. These facies are compared in terms of spatial 

relationships, granulometric parameters, component analysis, juvenile clast 

vesicularity, microscopic clast morphologies and crystal concentrations. The 

implications of these parameters are discussed in terms of eruption, transport and 

emplacement mechanisms. 

6.1 Granulometric analyses 

Sixty samples from the various facies described in Chapter 5 were dry sieved, 

41 from the ignimbrites, 9 from the surge deposits and 11 from the lithic breccias ; 

only the <-40 fraction was sieved. The proportion of clasts coarser than -50 was 

calculated from photographs using an area-measurement technique (see Appendix). 

The results were plotted on Md0 versus sorting (Fig 6.1 a) of Walker (1971 ), Md0 

versus wt% <1/16 mm (Fig 6.1 b) and wt% <1 /16 mm versus wt% <1 mm (Fig 

6.1 c) to examine the effects of fines depletion. Different ignimbrite facies are mostly 

indistinguishable on the Md0 versus sorting plot, although the intracaldera samples 

appear particularly poorly sorted. On the Md0 versus wt% <1/16 mm and wt% 

<1/16 mm versus wt% <i mm plots distinctive fields for the different ignimbrite 

facies may be recognised. The ignimbrites of the L.G.T., particularly the intracaldera 

facies, possess a larger amount of fine ash (wt% <1 /16 mm) than the ignimbrites of 

Middle and Upper Galluccio Tuff (Figs 6.1 b and 6.1 c). lgnimbrites of the Middle and 

Upper Galluccio Tuff possess similar amounts of fine ash, however the ignimbrites of 

the M.G.T. are coarser than the ignimbrites of the U.G.T. They show larger Md0 (Figs 

6.1 a and b) and a smaller wt% <1 mm (Figs 6.1 b and c). The coarse-grained nature 

and lack of fine ash of the ignimbrites of the M.G.T. may indicate that they were better 
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fluidized than the ignimbrites of the Upper and Lower units. lgnimbrites of all 

eruptive units plot within the field of ignimbrites defined by Walker (1983). Lithic 

breccias are distinctively coarser than the ignimbrites (Figs 6. 1 a and b) and two 

samples show markedly better sorting (~20) than the other breccias (~3.2 - 3.45 

0). Only the well sorted lithic breccias and a gas pipe are strongly fines depleted 

(Fig 6.1c) and plot within the field of fines depleted ignimbrites of Walker (1983). 

The field relations of these well sorted, fines depleted breccias are similar to ground 

layers as defined by Walker et al (1981) (see Chapter 5) and from their grain size 

characteristics it seems likely that they were deposited from a well fluidized flow 

head. However, the patchy nature of this fines depletion indicates that the flow head 

was not well developed and fluidization was not particularly strong. 

Pyroclastic surges plot in two main fields one coarser and better sorted (<20) 

than the ignimbrites, similar to the better sorted ground layer field, and one within 

the ignimbrite field; corresponding to the coarse and fine grained laminae 

respectively. 

6.2.1 Component Analyses 

Jgnimbrites 

To characterise the components of the ignimbrites and various facies within 

each eruptive unit the pumice : lithic ratio (> 1mm) was calculated for a number of 

samples considered to be representative of each facies (Fig 6.2a). Several samples 

were separated into juvenile pumice/glass, crystals and lithics down to +30, and in 

some samples +40, to examine the effects of gas sorting and crystal concentration 

within the deposits. Samples of ignimbrites were always collected from the 

homogeneous central zone of flow units so that the sample was representative and 

unaffected by either lithic or pumice concentrations. On a Md0 v pumice : lithic ratio 

diagram (Fig 6.2a) ignimbrites of the various eruptive units plot in distinctive 

146 



• • • 

• • 

" 

+ + 

a i, 
\ \ 

20 

E 
§ 

" 
u 
£ LGT 
~ ., 

+ 
E 
.II 
::, + 
a. 

+ 
1 0 

MGT 
Prich 

0.0 -+-----~---------------
-2 -1 2 

Mdo 

Pumice 

b 

12 

C 

10 

8 

.Q 
"§ 
u 

~6 
.!! 
E 
:::, 

0. 

4 

2 

0 +-~-r---r---,---,--,---.--.,.---.---.--~ 
-3 -2 0 2 

Mdo 

o LGT lntracaidera 1gn1rnbr11e 

+ LGT Extracaldera rgnrmbrrle 
C MGT Pumice rrch ,g nn,bcrte 

I!! MGT L1th1c rich 1qr11mbr1te 

■ MGT Lithic breccias 

/:, UGT ignimbrrte 

X pyroclas11c surg~ 

0 
+ 

+ 
+ 

□□ 
0 

t, Cl + 
□ 

CJ 
.it. 

I:, I:, 

Ill Ill • Ill 
t. 

• 
• 

Ill 

\/
\! 

\ i 
\ I 

¥ 
□ 

Uthics 
Crystals 

Figure 6.2 
(a) Pumice: Lithic ratio <1 mm versus Md0 for iQnimbrites. (b) Ternary plot of pumice, crystals and lithics f~r all deposits 

down to and including 30 (125 µm). (c) Pumice : Lithic ratio <i rnrr versus Mdc, for pyroclastic surges and associated 

ignimbrites. Tie lines connect surges with associated ignimbrite. [., Jtted line=Basal pyroclastic surges of Lower Tuff 

147 



fields. The L.G.T. ignimbrites are almost always pumice-rich, whereas the Middle and 

Upper Galluccio Tuff are usually lithic-rich. The early ignimbrites of the M.G.T. are, 

however, generally richer in pumice than those associated with the lithic breccias. 

On a ternary (pumice, lithic, crystal) plot (Fig 6.2b} the different facies show 

similar distributions to Figure 6.2a, although the distinction between the Upper and 

Lower Galluccio Tuff is less marked because of the similarity of the components in the 

finer grainsizes (20 and 30). The intracaldera ignimbrites have a notably lower 

crystal content than the extracaldera ignimbrites. 

Pyroclastic Surges 

The ground surge deposits show either similar pumice/lithic ratios or are 

markedly enriched in pumice compared to their associated ignimbrites (Fig 6.2c). 

Where both the coarse and fine grained laminae of the surge deposits were sampled, 

the fine grained laminae show similar characteristics to the associated ignimbrite in 

terms of Md0 and pumice/lithic ratio, whereas the coarse grained laminae are 

invariably coarser than the ignimbrite and are up to an order of magnitude richer in 

pumice. This pumice enrichment of ground surges is an interesting feature as several 

workers have reported that ground surge deposits are enriched in lithic and crystal 

fragments relative to their associated ig nimbrite (Walker 1971, Self, 1972, 1976 

and Sparks, 1976). It is proposed that this pumice enrichment of the ground surges 

is related to their formation mechanism (see Chapter 7 for further discussion). 

Middle Galluccio Tuff 

To examine the effects of fluidization on the matrices of the different facies of 

the M.G.T. component analyses were made and the results plotted on a ternary diagram 

(pumice, crystals and lithics) (Fig 6.3). Gas sorting, the preferential removal of 

light constituents (pumice) compared to dense (crystals and lithics) by the 

throughput of gas, will depend on the fluidization history of each facies. Gas pipes 
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which are formed by the channelling of gas through the ignimbrite should show some 

enrichment of dense constituents compared to the host ignimbrite. The gas pipe is 

only slightly enriched in dense constituents in the 1 /2 mm fraction, but this 

difference increases with decreasing grain size. This implies that fluidization was 

weak and that gas could not remove particles greater than 1/4 mm. A similar pattern 

occurs with the lithic-rich ignimbrite and lithic breccia. Within the 1/2 mm 

fraction they are indistinguishable in pumice content, however in the 1/4 mm 

fraction the lithic-rich ignimbrite is slightly enriched in pumice and this difference 

is greatest in the 1/8 mm fraction. The lithic breccias show the greatest enrichment 

in dense components, but are less enriched than the gas pipe indicating that 

fluidization and gas sorting was poor. Within the 1/8 mm fraction, the distinction 

between ignimbrites and lithic breccias is most distinct, but both show a range of 

values and the two fields overlap (Fig 6.3, 1/8 mm fraction). This range in values is 

thought to highlight the variation in fluidization within the lithic-rich ignimbrites 

and breccias. One implication of the variation is that some of the ignimbrites 

underwent variable degrees of gas sorting where they show enrichment in dense 

components. In the 1/2 mm and 1/4 mm grain size fractions the lithic-rich 

ignimbrites and breccias are always richer in crystals and lithics than the early 

pumice-rich ignimbrites. This difference may be a function of stronger fluidization 

and gas sorting within the lithic-rich ignimbrites and breccias removing some of the 

pumice. 
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6.2.2 Lateral Variations in both grainsize and components within the 

Galluccio Tuff 

The variation in both grainsize and components of samples of the Lower and 

Middle Galluccio Tuff with distance from the centre of the caldera is illustrated in 

Figure 6.4. Within both the Lower and the Middle Galluccio Tuff there is a decrease in 

the amount of coarse pumice with increasing distance, whereas the lithic distribution 

stays approximately the same. One process which may have occurred within the 

pyroclastic flows to give this observed pumice depletion with distance, is attrition. As 

pyroclastic flows are dense particulate flows, grain-grain interactions will be 

common and fragile pumice may be readily abraded and broken up by this process. 

Attrition will increase with distance travelled, therefore the most distal ignimbrites 

will have undergone greater attrition than the more proximal facies. Hence the 

observed lack of coarse pumice in the distal samples. This should cause a 

redistribution of pumice into the fine grain sizes. There is, however, in the 

ignimbrites a decrease in the amount of pumice generally with distance suggesting that 

this was lost into the dilute co-ignimbrite as~1 cloud. The greatest crystal enrichment 

should occur, therefore, within the most distal ignimbrite, as vitric loss should 

increase with distance. The most distal ignimbrites, however, often show a lower 

crystal enrichment than the more proximal deposits (see Table 6.1 ). An alternative 

explanation is that the proportions of components in the erupted material changed 

with time during the eruption. Initial material may have been more lithic rich, than 

at a later point, due to vent clearing. Thus, the most distal ignimbrite may represent 

the earliest erupted material which was richer in lithics than later material. One 

possibility is that the initial stages of the eruption may have been phreatomagmatic, 

which would enhance magma fragmentation producing a fine grained pumice 

distribution, as is observed in the distal deposits. None of these explanations alone 

seem adequate to explain the observed features and it may have been a 
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combination of a number of factors that produced the observed lithic-rich crystal 

poor deposits (see Section 6.5 for further discussion on the crystal enrichment 

within the ignimbrites). 

All three eruptive units show a common trend of a decrease in lithic size with 

increasing distance from the vent (Fig 6.5a), although this is step like and non-linear 

and distinct changes in lithic size occur between 6-7 km. A decrease in lithic size 

with increasing distance has been shown to be a common feature of ignimbrites 

(Sparks, 1975; Wright, 1981) and suggests that lithics are able to sink through the 

moving flow. It indicates also that the flows travelled by laminar flow for a 

significant period. Within the Lower and Middle Galluccio Tuff beyond 6.5 km from 

the centre of the caldera the lithic size remains approximately constant. A similar 

trend was also recognised within the ignimbrites of Laacher See by Freundt and 

Schmincke (1986) who suggested that this is representative of strength dominated 

transport during the later part of flow. This indeed may indicate plug flow in the later 

stages of transport. Within the M.G.T. all coarse lithics have been removed from the 

pyroclastic flows by 5.5 km from the vent. This is probably caused by the segregation 

of lithics into lithic breccias which terminate ~5.5 km from the vent. 

Within the Lower and Middle Galluccio Tuff pumice clasts show a decrease in 

maximum size with an increase in distance (Fig 6.5b), similar to the lithic clasts. 

The U.G.T., however, shows no such trend. This is probably caused by the vesicularity 

of the pumice clasts, both the Lower and Middle Galluccio Tuff possess well vesiculated 

pumice that is easily abraded. The U.G.T. possesses abundant dense poorly vesiculated 

pumices which probably resisted abrasion and retained their size. 

6.2.3 The variation in components through the eruption sequence 

The variation in components through the sequence at the type locality at the 

Galluccio quarry is illustrated in Figure 6.6. To minimise the effects of processes 
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occurring during emplacement, each sample was collected from homogenous 

ignimbrite flow units well away from lithic and pumice concentration zones. 

Secondly, all samples were collected from the same locality, the Galluccio quarry, 

further reducing the effects of emplacement on the grain size distribution of each 

component. Therefore the variation in grainsize distribution of components between 

samples is thought to be representative of differing eruptive conditions including 

mechanisms of fragmentation. The most noticeable variation is the decrease in 

juvenile/lithic ratio from the L.G.T. to the U.G.T.. This difference may be seen to be 

greatest in the coarse tail of the samples. Therefore, as well as an increase in amount 

of lithic material generally, it is suggested that there is a preferential fragmentation 

of the juvenile fraction within the U.G.T.. Magma/water interaction will normally 

cause an enhanced magma fragmentation (Self and Sparks, 1978), and Barberi et al 

(1989) have demonstrated how the juvenile/lithic content of pyroclastic deposits 

decreases from magmatic to phreatomagmatic phases of explosive eruptions on 

Vesuvius. They also noted that the phreatomagmatic products showed a preferential 

fragmentation of the juvenile fraction. Although most of the deposits examined by 

Barberi et al (1989) were 'fall' deposits which would be largely unaffected by 

emplacement processes, both ignimbrite and surge deposits were also analysed and 

showed similar component distributions to the 'fall' deposits. Barberi et al (1989) 

suggested a number of possible mechanisms which would account for the abundance of 

lithic fragments in phreatomagmatic deposits: 

(a) preferential fragmentation of the aquifer hosting rocks due to explosive 

vapourisation of groundwater; 

(b) vent flaring and craterization due to overpressuring caused by entrance of steam 

into the conduit; 

and (c) indirect enrichment of crystals and lithics by removal of juvenile fines from 

the eruption cloud. 

Evidence within the main caldera of a caldera lake, in the form of thick lacustrine 
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deposits exists at the top of the sequence and overlying the L.G.T.. However it is 

unlikely that surface water interacting with the uprising magma would generate the 

large amounts of lithics observed. A decrease in the discharge rate toward the end of 

the eruption caused by a lowering of the gas content of the magma combined with a 

thick permeable sequence of pyroclastics surrounding the vent, would allow the 

uprising magma to come into contact with groundwater a significant distance below the 

surface. Hence although the caldera lake provided the water source, magma-water 

interaction occurred when the magma encountered groundwater within the rocks 

surrounding the conduit. Therefore processes (a) and (b) of Barberi et al (1989} are 

likely to have generated the large amounts lithics observed. The component analyses 

indicate therefore that the Lower Galluccio Tuff was derived from magmatic activity, 

whereas the U.G.T. was derived from eruptions which involved the interaction of water 

with the uprising magma. 

The grain size and component variations through the L.G.T., at Carbonara on the 

east flank, are shown in Figure 6. 7. Similar precautions were taken to minmise the 

effects of emplacement mechanisms on the grain size and component distribution as 

for Figure 6.6. Both samples 253 and 220 are pumice-rich, and are probably 

correlatable with samples 426 and 428 of the L.G.T. at the type locality at Galluccio 

(see Fig 6.6). The ignimbrite above the upper plinian fall bed at the top of the L.G.T. 

sequence is, however, poorer in pumice. This pumice depletion is greatest in the 

coarse fraction, similar to the ignimbrites of the U.G.T. in Figure 6.6 and may also 

reflect an enhanced magma fragmentation due to magma/water interaction toward the 

end of the Lower Galluccio phase. 
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6.3 Pumice Vesicularities 

Information on the fragmentation mechanism and the role of magmatic volatiles 

versus external water may be gained from the vesicularities of juvenile clasts in 

PYroclastic deposits. Houghton and Wilson (1989) have shown that a magma 

fragmented at the peak of vesiculation, that is entirely by magmatic explosivity, will 

result in a more or less uniform assemblage of clasts containing 70%-80% vesicles, 

(similar to that predicted theoretically by Sparks (1978}}. The number of juvenile 

clasts collected from each of the eruptive units was insufficient for a fully 

quantitative study on vesiculation (Houghton and Wilson, 1989). The data presented 

in Figure 5.2 are, however, sufficient for a qualitative study of the variation in 

vesiculation amongst the eruptive units. The Lower and Middle Galluccio Tuff have 

vesicularity indices (average vesicularity} of 82% and 77%, respectively, and 

vesicularity ranges of 73%-87% (Lower) and 71 %-87% (Middle) (see Fig 5.2) 

which are consistent with eruptions driven by magma fragmention at the peak of 

vesiculation. The U.G.T., however, has a vesicularity index of 60% and ranges from 

45% to 85%, markedly lower and with a wider range than the Middle and Lower 

Galluccio Tuff (Fig 5.2). This average vesicularity of 60% is appreciably lower than 

that theoretically predicted theoretically by Sparks (1978) for fragmentation of the 

magma by bursting of bubbles, the upper limit of 85%, however, indicates that part 

of the magma was capable fragmentation by bursting. It is suggested that either the 

magma had degassed significantly by the time of the U.G.T. eruption or that later 

(deeper) magma had a lower gas content and the low vesicularity index indicates that 

the eruptions are unlikely to have been driven by magmatic explosivity alone. It is 

likely that both vesiculation and interaction of external water with the magma were 

responsible for driving the U.G.T. eruptions. 
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6.4 The variation in microscopic clasts morphologies within the 

Galluccio Tuff 

It has been demonstrated that the juvenile material {pumice) decreases 

markedly in vesicularity from the Lower and Middle to the U.G.T. (Fig 5.2). This 

difference should also be present on a microscopic scale. To test this grains from the 

30 (125 µm) sieve fraction were examined under an electron microscope. To 

quantify the variation in grain morphologies between the three eruptive units counts 

of 300 juvenile grains were made of the 30 grain mounts. 

Results 

The Lower and Middle Galluccio Tuff, which both possess relatively uniform 

pumice vesicularities on a macroscopic scale (Fig 5.2), show a wide variation in the 

morphology of the juvenile grains on a microscopic scale (Plates 6.1-6.4). Grains 

range from being highly vesicular (Plates 6. i and 6.4) to poorly to non vesicular 

(Plate 6.2). The U.G.T. also shows a large variation in the morphology of microscopic 

juvenile grains with a range of both vesicular (Plate 6.5) and poor-non vesicular 

grains (Plate 6.6-6.8). 

Wit.bin all units the shape of vesicles is also variable. Vesicle shape varies 

from spherical (Plate 6.7 and 6.8) to ovoid (Plate 6.3 and6.6) to tubular (Plate 6.1 

and 6.5). The proportion of grains with tubular vesicles decreases from 37% within 

the L.G.T. to 13% within the U.G.T.. The number of ovoid vesicles however stays the 

same at 17% within both the L.G.T. and U.G.T. The larger proportion of tubular 

vesicles within the Lower unit concurs with the abundant macroscopic 'pipe' pumice 

present within the ignimbrites of the L.G.T.. Pipe pumice is thought to be caused by 

extreme laminar flow in the vent on eruption (Heiken and Wohletz, 1985). To 

quantify the proportions of different grains within each of the eruptive units grains 

were defined as being either vesicular (magmatic) or poor-non vesicular 

(hydromagmatic) in a similar fashion to Valentine et al (1989). There is a marked 

160 



Plate 6.1 Plate 6.2 

Juvenile pyroclasts from the L.G.T. Poorly vesicular juvenile pyroclasts 

showing well developed tubular or from the L.G.T. Locality 411. 

'pipe' vesicles. Locality 284. 

Plate 6.3 

Moderately vesicular juvenile 

pyroclasts from the L.G.T. 

showing abundant round and 

ovoid vesicles. Locality 284. 

Plate 6.5 

Well vesiculated pumice pyroclast from 

the U.G.T. Locality 411. 

Plate 6.7 

Poorly vesicular blocky juvenile 

pyroclast from the U.G.T. Locality 305. 

Plate 6.4 

Typical 'Y' shaped glass shard from the 

M.G.T. Note abundant ahering material. 

Locality 299. 

Plate 6.6 

Poorly vesicular pyroclast from the 

U.G.T.Note crystalline overgrowths. 

Locality 305. 

Plate 6.8 

Blocky poorly vesicular juvenile 

pyroclast from the U.G.T. Locality 411. 
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decrease in vesicular (magmatic) grains in the U.G.T. compared to the Lower and 

Middle units (Fig 6.8), which also parallels an increase in the lithic content within 

the > 1mm fraction (as discussed in section 6.23). The increase in poorly vesicular 

to non vesicular (hydromagmatic) grains within the U.G.T. is consistent with 

derivation from a magma that had a low gas content and eruption involving 

magma/water interaction. The abundance of poorly vesicular grains may be a function 

of suppressed vesiculation where the uprising magma encountered water before 

reaching the vesiculation fragmentation level as has been suggested for some basaltic 

maar volcanoes (Heiken, 1971 ). 

6.5 Crystal concentrations within the Galluccio Tuff 

Several workers (Hay, 1959; Lipman, 1967; Walker, 1972) have shown that 

ignimbrites are commonly enriched in crystals compared to artificially crushed 

pumice. lgnimbrites are frequently associated with fine grained ash fall deposits 

which are depleted in crystals which are termed 'co-ignimbrite' ash (Sparks and 

Walker, 1977). Therefore during ignimbrite forming eruptions a significant volume 

of fine material fails to be included in the resulting ignimbrite and is deposited as 

'co-ignimbrite' ash. Sparks and Walker (1977) calculated that on average 

ignimbrites have lost ~35% of the original juvenile material which is represented as 

the co-ignimbrite ash. Sparks and Walker (1977) proposed three processes which 

could enrich the ignimbrite in crystals and lithic fragments: 

(1) during column collapse fine ash may escape from the top of the gas jet column 

forming a convective plume; 

(2) during segregation of the initial dilute turbulent flow into a concentrated dense 

pyroclastic flow and an upper turbulent cloud and crystals and lithics because of their 

higher density will preferentially enter the dense flow; and 

(3) during travel, fluidization within the pyroclastic flow will elutriate fine ash. 
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To examine the effects of crystal concentration and vitric loss within the 

Galluccio Tuff component analyses were made of both intra and extracaldera 

ignimbrites and the results are displayed in Table 6.1. The results show that the 

ignimbrites are always enriched in crystals relative to the artificially crushed 

pumice. The extracaldera ignimbrites have lost over twice as much vitric material 

as the intracaldera ignimbrites and this difference is undoubtably a function of the 

distance travelled by the pyroclastic flow. The intracaldera ignimbrites either 

represent the tails of pyroclastic flows which were derived from the waning stages of 

the eruptions where the eruption column was low or they may simply represent 

pyroclastic flows that were derived from short-lived, low, fountaining eruption 

columns and did not have the mobility to travel out of the caldera. A corollary is that 

the intracaldera ignimbrites contain abundant fine ash suggesting that these were 

more passive flows that were poorly fluidized and travelled at a low velocity. 

Pyroclastic flows that have undergone strong fluidization commonly show a marked 

depletion in fine ash (Walker et al 1980; Walker, 1985; Turbeville and Self, 1988). 

Extracaldera L.G.T. ignimbrites were collected from the top and from the base 

of the eruptive unit in two instances (426 and 428, Fig 6.6 ; 253 and 220 Fig 6.7). 

If it is assumed that the ignimbrite at both the top and base of the eruptive unit 

travelled the same distance and their emplacement mechanisms were similar then any 

variation in crystal concentration should be related to variations in the amount of 

vitric material lost within the eruption column, which should increase with a rise in 

the height of the eruption column. In both cases the ignimbrite from the upper part of 

the L.G.T. yields a larger crystal enrichment factor and vitric loss than the ignimbrite 

at the base (see Table 6.1 ). This may indicate that the eruption column increased in 

height during the L.G.T. eruption which caused the greater vitric losses for the later 

ignimbrites. This is supported by the fact that plinian airfall layers crop out 

immediately above the upper ignimbrite (220) on the east flank. This suggests that 

the change over from eruption column collapse to convection may have been 
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Table 6.1 Crystal enrichment data for ignimbrites. 

C2- weight% crystals < 2mm in ignimbrite 
P2- weight% glass< 2mm in ignimbrite 
C1- weight% crystals in artificially crushed pumice. 
P1 -weight % glass in artificially crushed pumice. 
0- distance from centre of caldera. 
E.F. -enrichment factor 
ig< 2mm -weight% ignimbrite <2mm. 
V loss- weight% vitric material lost. 

For explanation of calculations see Appendix. 

165 



transitional. On average the L.G.T. extracaldera ignimbrites yield a vitric Joss of 

48%, significantly higher than the average of 35% of Sparks and Walker (1977) and 

higher than the Middle and Upper Galluccio Tuff. This suggests that these flows were 

particularly well fluidized and were probably derived from a high eruption column. 

The M.G.T. ignimbrites yield variable crystal enrichment factors ranging from 

1.28 to 4.14. The greatest enrichment factors occur in the lithic rich ignimbrite 

associated with the Lithic Breccias. The early pumice-rich ignimbrites show low but 

variable enrichment factors with the lowest enrichment factors 1.28 occurring in the 

most distal exposures. A decrease in crystal concentration with increasing distance 

has also been documented for the Taupo ignimbrite (Wilson, 1985). Wilson suggested 

that this is due to vitric material lost from the proximal part of the flow being 

redistributed and reappearing as distal ignimbrite. The Taupe ignimbrite is, 

however, the result of a very violent pyroclastic flow which was significantly better 

fluidized and probably moved at a much greater velocity than the pyroclastic flows 

forming the Galluccio Tuff. It is suggested, therefore, that low enrichment factors in 

the distal ignimbrite are more likely to be due to the initial flows being derived from 

a low eruption column and as the eruption progressed column height increased 

therefore increasing the amount of vitric ash lost from the eruption column. 

The U.G.T. shows relatively uniform crystal enrichment factors 2.0-2.7 

although vitric loses vary more widely 29.9-44.7. The U.G.T. has however lost on 

average 32.7% vitric material compared to 48% in the L.G.T.. This may well be 

caused by the pyroclastic flows being derived from lower eruption columns. Pumice 

vesicularity measurements (Fig 5.2 and Section 6.4 and 6.5) indicate that during the 

U.G.T. eruptions the magma was significantly poorer in gas and that magma/water 

interaction may have caused explosive fragmentation. Therefore the lower gas content 

of the magma during the U.G.T. eruptions may well have contributed to lower eruption 

columns and consequently less vitric loss. 
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6.6 Temperature of the pyroclastic flows of the Galluccio Tuff. 

The ignimbrites of the Galluccio Tuff are invariably non-welded. Even within 

the main caldera there is no evidence for welding or flattening of pumices in any of the 

ignimbrites. Within the Galluccio quarry beneath the lowermost pyroclastic flow of 

the L.G.T. the remains of a tree have been exposed that is now completely decomposed. 

There are, however, no gas pipes stemming from this tree mould and indeed moulds 

found elsewhere in the L.G.T. and the M.G.T. show no evidence of gas pipes . If the logs 

were not carbonised, as seems likely, then the pyroclastic ·flows may have been cooler 

than the temperature at which wood was carbonised, ~ 300° C, on emplacement. The 

problem of the variation in temperature of different ignimbrites was addressed by 

Walker (i 983), he termed welded ignimbrites 'high grade' and completely unwelded 

ignimbrites 'low grade'. The ignimbrites of the Galluccio Tuff are clearly 'low grade' 

but the mechanism by which they were cooled on eruption is problematical. Cooling 

could have occurred in the high eruption column due to mixing with air. A tall 

eruption column is suggested on account of the high crystal enrichment factors, vitric 

losses of the ignimbrite and the interbedded plinian fall deposits of the L.G.T.. Air 

ingested at the flow head could have further cooled the pyroclastic flows. The 

intracaldera ignimbrites, however, yield enrichment factors and vitric losses over 

50% lower than the extracaldera ignimbrites indicating that they originated from a 

lower eruption column. It seems unlikely therefore that the low tempreature of the 

intracaldera pyroclastic flows can be explained through being derived from a high 

eruption column. 

Walker ("1983) has speculated that 'low grade' ignimbrites could develop 

where the magma was water-cooled on eruption. If the water/magma ratio was 

insufficient to generate a phreatomamgatic eruption then the water may simply have 

acted as a coolant. Self (i 983) has proposed that the Oruanui lgnimbrite, New 

Zealand, was the product of such phreatomagmatic activity and this explains the lack 
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of evidence for a high temperature. Perhaps the L.G.T. was water cooled although 

generally water was not involved in fragmentation of the products. The presence of 

phreatomagmatic fall deposits at the base of the sequence and accretionary lapilli 

bearing, lithic-rich ignimbrite near the top indicate that water/ magma interaction 

did occur during the L.G.T. It is possible that low discharge rates and abundant water 

within the caldera during the initial stages of the eruption allowed the correct 

water/magma ratios for true phreatomagmatic activty whereas as discharge rates 

increased and/or water levels decreased water may have simply acted as a coolant on 

the erupting material. 

The U.G.T. possesses abundant evidence for water/magma interaction. These 

include a number of fine ash fall beds rich in accretionary lapilli which are 

interpreted to be of a phreatomagmatic origin. The basal ignimbrite flow units are 

exceptionally lithic-rich and are sometimes abundant in accretionary lapilli. In 

addition to this the relatively high pumice densities (see Fig 5.2) suggest that 

water/magma interaction was responsible for driving the U.G.T. eruptions (see 

Section 6.4). Thus one possible mechanism explaining the lack of welding in the 

ignimbrites of the Galluccio Tuff may be water cooling. 

6.7 Volume of the Galluccio Tuff 

The Lower Galluccio Tuff 

Based on its present day distribution (Fig 5.5), the L.G.T. is assumed as having 

an approximately radial initial distribution with an average distance travelled of 1 O 

km from source, and an average thickness of 20 m (Fig 5.1 and 5.3). The 

intracaldera Galluccio Tuff which is almost entirely L.G.T. is ~150 m thick, inferred 

from borehole data Watts (1987), and is assumed as having a 2.5 km radius, slightly 

less than the present caldera diameter. Lithics constitute 40 wt% on average of the 

ignimbrite (Fig 6.2b) and have a density 5.5 x that of pumice (Fig 5.2). The average 
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vitric loss for the L.G.T. ignimbrites is ~50 wt% (Table 6.1 ). This yields a volume of 

~ 3 km3 D.R.E of magma and ~0.65 km3 lithics. 

The Middle Gafluccio Tuff 

As the M.G.T. crops out almost exclusively on the south west flank of the 

volcano (Fig 5.5) it is assumed to have had a original distribution of ~ 0.25 of the 

sectorial area of the volcano. An average distance of travel of ~1 okm is assumed (Fig 

5.5) and an average thickness of 15 m (Fig 5.1 and 5.3). Lithics constitute ~60 wt% 

on average of ignimbrite (Fig 6.2b) and have a density 4.4 x that of pumice (Fig 5.2}. 

The average vitric loss is ~35 wt% (Table 6.1). This yields ~0.28 Km3 D.R.E of 

magma and ~0.17 km3 of lithics. 

The Upper Galluccio Tutt 

Based on its present day distribution {Fig 5.5) the U.G.T. is assumed to have 

had an original distribution of ~0.5 the area of the volcano. The average distance 

travelled is assumed at 1 O km and an average thickness of 20 m (Fig 5.1 and 5.3). 

Lithics constitute ~ 65% wt% of ignimbrites and have a density 2.5 x that of pumice. 

The average vitric loss is ~ 30 wt%. This yields ~1 km3 of magma and 0.68 km3 

D.R.E. of lithic material. 

Based on these the above calculations, the total volume of magma erupted 

during the Galluccio Tuff eruption is ~4.25 km3. Due to the heavily dissected nature 

of the volcano and the partial preservation of the deposits as erosive remnants, these 

calculations can only be considered as rough approximations. If it is assumed that 

only 10% of the magma chamber volume can be erupted in one pyroclastic eruption 

(Smith, 1979}, then the magma chamber volume would have been ~42.5 l<m3. For a 

spherical-tabular magma chamber a radius of 2-3 km is realistic. This then 

indicates that the magma chamber may have had a diameter similar to that of the 

present caldera 5-6 km. Any collapse that may have occurred as a result of the 
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Galluccio Tuff eruption may well have modified the pre~existing caldera structure. 
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Chapter 7 The emplacement mechanisms of the pyroclastic surges and 

flows forming the Galluccio Tuff. 

This chapter provides an interpretation of the various mechanisms involved in 

the transportation and emplacement or deposition of the various facies of the 

Galluccio Tuff. The emplacement of the Galluccio Tuff within the broader framework 

of current ideas on the genesis and emplacement of pyroclastic flows and associated 

deposits is also discussed. 

7.1 Pyroclastic surge deposits. 

Pyroclastic surge deposits occur towards the base of the L.G.T. and as ground 

surge deposits associated with ignimbrites of the Lower and Middle Galluccio Tuff 

(pumice-rich early flows only). 

Basal pyroclastic surge deposits 

The pyroclastic surge deposits overlying the basal fallout beds are thought to 

have been derived from an eruption driven by magmatic explosivity (see Chapter 5). 

Pyroclastic surge deposits are considered to be deposited from dominantly turbulent 

flows of gas/particle systems where the particle concentration is low (Wright et al, 

1980}. Cas and Wright (1987) suggest that pyroclastic surges may be generated by 

several mechanisms: 

(1) by direct blast from the vent, 

(2) partial collapse of a maintained eruption column, 

(3) by projection from the head of moving pyroclastic flows, 

The surge deposits at the base of the Galluccio Tuff are never observed interbedded 

or associated with ignimbrite and it therefore seems unlikely that they are ground 

surges derived from or associated with dense pyroclastic flows. The pumiceous 
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and relatively lithic poor nature of the surges (Fig 6.2c) and the thickness, ~6 m, 

also rules out a direct blast origin for these surges, as this would produce a thin 

relatively lithic-rich deposit. Carey et al (1988) in a study of collapsing eruption 

columns from experimental studies on particle laden plumes suggested that minor 

intraplinian flows or surges could be generated : 

(1) from the plume margins, 

(2) collapse of the whole column by momentary cessation e.g vent blocking, 

(3) possibly by high asymmetric collapse of a fountaining column. 

Although these basal surges are significantly thicker than minor intraplinian surges, 

asymmetric collapse of a high fountaining column is a possible mechanism which may 

have generated these deposits. The distribution of both the basal fallout sequence and 

the plinian airfall beds (Fig 5. 7) near the top of the Galluccio Tuff to the east and 

north east only, indicates that throughout the eruption of the L.G.T. a westerly or 

south westerly wind prevailed. A high eruption column wavering between collapse and 

convection may well be influenced by the prevailing wind direction causing it to 

preferentially collapse towards the east, with an asymmetric bent over plume similar 

to those observed experimentally by Carey et al (1988}. This assymetrically 

fountaining eruption column could conceivably have continued for a period of time, 

rather than being a momentary or transitional phase between convection and low 

fountaining collapse as envisaged by Carey et al (1988). 

Ground surge deposits 

Ground surge deposits crop out at the base of ignimbrite flow units within the 

Lower and pumice-rich Middle Galluccio Tuff. The pumice-rich nature of the ground 

surges and their gradational relationships with the overlying ignimbrite indicates 

that they may have been derived from the dense pyroclastic flow itself rather than 

being deposited from an independently generated surge cloud. The lithic and crystal 

enrichment of many ground surges (Walker 1971, Self, 1972, 1976 and Sparks, 
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1976) may be due to their derivation from the initially collapsing margins of the 

eruption column, which may well have been enriched in dense constituents. 

One process that might cause pumice enrichment is the ingestion of cold air or 

vegetation at the flow front {Fisher, 1979; Wilson and Walker, 1982), instant 

heating of air will cause it to expand violently and may produce enough momentum and 

kinetic energy to eject forward a turbulent surge cloud which would be immediately 

overridden by the parent pyroclastic flow. Such a process is envisaged to generate the 

pumice enriched layer 1 P of the Taupo lgnimbrite (Wilson and Walker, 1982). 

Experimental work (Huppert et al, 1986), however, suggests that jetting due to 

expansion of ingested gases is improbable as it would require the ingestion of 

unrealistic quantities of air. 

The generation of a dilute pyroclastic surge from a dense flow, by a mechanism 

of flow separation, has been suggested by Fisher et al (1980) and Fisher and Heiken 

(1982) for the 1902 Mt Pelee block and ash flow deposits. Detailed observations of 

the August 7th pyroclastic flow of Mt St Helens, however, led Hoblitt (1986) to 

expand on this mechanism for the formation of a pyroclastic surge from the upper 

part of the moving pyroclastic flow. After formation the pyroclastic flow segregates 

into a dense basal part (flow) and a more dilute upper part (surge). Frictional 

resistance is likely to be greater in the dense basal flow than in the dilute surge, 

therefore the dilute surge will move ahead of the dense basal flow. Hoblitt (1986) 

also proposed that breaks in slope, which would cause the basal flow to decelerate, 

would enhance the process of the separation of the surge and flow and hence the 

deposition of abundant surge deposits. It is proposed that the ground surges of the 

Galluccio Tuff were formed by this mechanism where low concentration pumice-rich 

material segregated from the top of the pyroclastic flow and moved ahead of the dense 

underflow. Deposition of material would dilute the surge cloud causing it to decelerate 

and be overridden by the dense flow. It is thought that this process would occur many 

times during flow, explaining why the ground surges are pumice-rich, possessing an 
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intermittant, pinch and swell outcrop pattern. 

Typically the ground surges rarely exceed 50 cm in thickness. At one locality 

within the L.G.T., however, thin ignimbrite is interbedded with thick pyroclastic 

surge deposits (Plate 5.7). Examination of the sketch map of the eastern flank (Fig 

5.8) indicates that this exposure probably overlies an old lava flow. The ignimbrite 

thins and the surge deposits thicken toward the probable position of this lava flow. 

This ridge or upstanding feature of lava may have diverted the pyroclastic flows 

around and possibly over it, leaving thin ignimbrites. The pyroclastic flow may have 

decelerated as it approached the lava remnant, whereas the dilute cloud segregating 

from the upper surface would have continued on relatively unhindered by topography 

depositing the thick surge deposits observed. The lava remnant may also have induced 

turbulence by entrapping air into the flow promoting the generation of voluminous 

turbulent surge clouds. Lithic fragments, up to 25 cm in size, occasionally observed 

deformed into the surge deposits, are thought to have been carried by the dense 

pyroclastic flow until it met the upstanding lava remnant which induced turbulence 

and the lithics were then deposited from a turbulent medium. It is therefore proposed 

that it was the palaeotopography that influenced the deposition of these unusually thick 

surge deposits and thin ignimbrites. The presence of ~20 m of ignimbrite, 

comprising three flow units and the absence of any surge deposits, within a quarry 

300 m to the south east lends weight to this hypothesis. 

7.2 lgnimbrites and associated facies 

General discussion on grading styles within ignimbrites 

Throughout the Galluccio Tuff lithic concentrations have been classified 

relative to their position within the host ignimbrite flow unit. As both lithic 

concentrations and lithic breccias were emplaced by pyroclastic flows and as they 

differ only in size and amount of lithic clasts, their emplacement can be considered 
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together. Three types of lithic concentration are recognised: 

1. Concentrations of lithic clasts at the base of an ignimbrite flow unit similar to the 

lithic concentration zone within layer 2 (2bl) of Sparks et al (1973) are commonly 

observed within the L.G.T.. The breccia equivalents are termed basal breccias and are 

common within proximal situations within the M.G.T. 

2. Concentrations of lithic clasts occur well above the base of the host ignimbrite flow 

unit. These are termed intraflow unit lithic concentrations or breccias and are 

frequently observed within the proximal parts of the M.G.T., although they are also 

present within the L.G.T. and U.G.T. 

3. The occurrence of lithic concentrations contained within a channel. These are only 

present as lithic breccias and are termed channel breccias and are separated from the 

underlying deposits by a fine grained basal layer. Channel breccias are only observed 

in proximal situations in the M.G.T. 

Where lithics are concentrated at the base of a flow unit as in the basal and 

channel breccias grading is generally interpreted to be gravitational (Cas and Wright, 

1987). That is the lithic clasts have sunk through the moving pyroclastic flow, 

indicating that the density of the pyroclastic flow must have been less than the lithic 

clasts for a significant period and therefore the pyroclastic flow was relatively well 

expanded and possessed a low yield strength. Where lithic clasts are concentrated 

some distance above the base of the flow unit, as within intraflow unit breccias, the 

pyroclastic flow must have had a significantly higher density indicating that it was 

poorly expanded and had a significant yield strength. The expansion of a pyroclastic 

flow is closely related to the degree of fluidization (Gas and Wright, 1987). 

Therefore the presence of basal lithic concentrations within ignimbrite suggests that 

the flows were moderately fluidized, Type 2 or 3 flows of Wilson (i 980), however 

the presence of intra flow unit lithic concentrations and breccias indicates that the 

flows were poor-non fluidized, Type 1 flows of Wilson {1980) which had a 

significant yield strength. 
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The fluidization and consequently the expansion of the pyroclastic flow will 

vary with time (Freundt and Schmincke, 1986; Beget and Limke, 1989). Both 

during and immediately after column collapse the flow will be deflating from a 

turbulent system to dense non-turbulent flows (Sparks et al, 1978), having the 

ability to readily ingest air. However, as the flow decelerates with run out distance 

less air is ingested at the flow front and also intraflow gas sources (i.e. release of gas 

either by diffusion or attrition from pumice) will decrease therefore reducing 

fluidization. The expansion of a pyroclastic flow will then decrease and the density and 

yield strength will increase with run out distance and time. So although fluidization 

and expansion may vary between different flows, it is also time dependent within a 

particular flow. This will be accentuated in pumice poor flows as intraflow gas 

sources will be low, therefore fluidization of the flow will be dependant on air 

entrained during flow. 

lgnimbrites within the Galluccio Tuff sometimes show contradictory grading 

features. Such features are both a basal lithic breccia indicative of a well expanded 

pyroclastic flow and an intraflow unit breccia suggesting that the flow was poorly 

expanded, occurring within the same flow unit (see Plates 5.15-5.17). One 

explanation for these contradictory features may be the time in the history of the 

pyroclastic flow at which lithic clasts were introduced into the flow. If lithic clasts 

were introduced late in the flow's history then the density of the flow may have 

increased markedly due to a reduction in fluidization immediately prior to 

emplacement. This increased density would hinder gravitational settling of lithic 

clasts and they would remain some distance above the base of the flow unit. Several 

methods exist by which lithics could be introduced into a flow other than from 

inclusion on eruption and by picking up from the ground surface : 

(1) An initial pyroclastic flow may be rapidly followed by a second faster moving 

flow (Fig 7.1 ). This second flow would then overrun the first (Fig 7.1 b). As the 

second flow decelerates the two flows may merge (Fig 7.1 c). The second flow may 
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decelerate more rapidly than the first due to the high temperature of the first flow 

preventing strong fluidization of the flow head (Druitt and Sparks, 1982) as air 

entrained by the second flow will be hot and would therefore be unlikely to expand. 

The fluidization and consequently the expansion of the first flow may have decreased 

due to a reduction in velocity. This increase in density will prevent lithic clasts, 

occurring as a basal lithic concentration within the second flow, from sinking through 

to the base of the first flow. The resulting deposit will then possess an intraflow unit 

lithic concentration, some distance above the base of the flow representing the second 

flow and a basal lithic concentration representing the first flow (Fig 7.1d). A similar 

situation, where a second flow was generated soon after the first, has been proposed 

for the initial blast of the May 18 1980 eruption of Mt St Helens, although not 

generated by column collapse. Several workers (Moore and Rice, 1984; Rosi, 1989 

and Hoblitt, 1989) give evidence for a second explosion occurring soon after the first 

which generated a second higher velocity flow which overran the first. The resulting 

deposits differ from those proposed above due to the turbulent nature of the Mt St 

Helens blast. Turbulent flows would merge together quickly unlike flows moving 

under laminar or plug flow which may remain as coherent flows for some time. 

(2) Small to intermediate volume pyroclastic flows generated from volcanic cones 

will travel initially down steep slopes which become progressively less steep away 

from source. The velocity of pyroclastic flows are known to be affected by slope 

gradient (Hoblitt, 1986). A pyroclastic flow in such a situation may decelerate from 

the front to the rear, as the front of the flow may reach slopes of a lower angle and 

decelerate whereas the rear of the flow may still be travelling on steep slopes at a 

higher velocity (Fig 7.2b). Therefore as the density increases, due to reduced 

fluidization and rapid deceleration, internal shear may occur due to the velocity 

difference between the front and rear of the pyroclastic flow. This shearing may cause 

the rear of the flow to override onto the decelerating frontal portion (Fig 7.2c). Once 

this overidding has occurred the two flows, if still in motion, will probably quickly 
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Figure7.1 Cartoons illustrating the sequence of events involved in the generation of 
two pyroclastic flows with the second flow travelling at a higher velocity than the first 
and the two merging together. 
(a) Initial flow (b) second flow generated with larger velocity than first. 
(c)The two flows merge but due to high yield strength of first flow lithics are retained 

and prevented from sinkinq. (d) Final deposit with intraflow lithic concentration and 
basal lit hie concentration. 
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(a) 

(d) 

Figure 7.2 Cartoons illustrating internal shear occurring within a pyroclastic flow. 
(a) Initial flow travels down steep slopes. High velocity causes stong fluidization and 
lithics move to the base of the flow. 
(b) On reaching shallower slopes the front of the flow may decelerate rapidly and the rear 
may shear onto the front accomodating the velocity difference. 
(c) As the flow decelerates the yield strength increases and prevents lithics from sinking 
through to the base of the lower flow forming an intra-flow-unit breccia/ lithic 
concentration. 
(d) The final deposit possesses two lithic breccias an intra-flow-unit breccia 
representing the overridding rear and the basal lithic breccia representing the flow front. 

179 



merge. The poor expansion, high density and high yield strength of the lower flow 

(front) may well prevent the lithics at the base of the upper flow (rear) from 

sinking to the base of the lower flow (Fig 7.2d). 

Two additional situations other than gradual slope change are envisaged that 

could promote this velocity difference from front to rear of the flow. Firstly, changes 

in flow regime such as hydraulic jumps, which may occur at breaks in slope, 

(Freundt and Schmincke, 1985b; Roobol et al, 1987) may cause a dramatic decrease 

in the velocity of the flow encouraging the rear of the flow to override onto the front. 

Secondly, rapid increases in discharge rate at times of vent erosion or caldera collapse 

(Druitt, 1985) may cause a rise in velocity and volume from the rear to the front of 

the flow. Therefore as the front of the flow decelerates, rapid increases in eruption 

rate may cause the rear of the flow to shear over the front. This process requires that 

the pyroclastic flow is being continually fed by a collapsing eruption column as 

envisaged by Freundt and Schmincke (1986). 

This section has discussed the types of grading of lithic fragments observed 

within ignimbrites and how these relate to the expansion, fluidization and yield 

strength of the parent pyroclastic flow. The manner in which fluidization varies with 

time in a pyroclastic flow and processes that may occur within pyroclastic flows to 

generate various grading features are considered. 

The following section discusses the various grading styles observed within the 

ignimbrites of the Galluccio Tuff and highlights the evidence that suggests that they 

were formed by the processes discussed above. 

7.2.1 The Lower Galluccio Tuff 

Five ignimbrite flow units have been recognised within the L.G.T. on the flanks 

of the volcano (Fig 5.3). These ignimbrites commonly display typical normal grading 

of lithic fragments causing a lithic concentration zone at the base of the flow unit 
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suggesting that these flows were moderately to well fluidized. The high crystal 

enrichment factors and correspondingly high vitric loss (see Fig 6.1) also indicates 

that these ignimbrites were moderately to well fluidized. Within at least one flow unit 

however lithic clasts are concentrated both in pods and in horizontal bands at least 4 

m above the flow unit boundary indicating that this flow was poorly expanded I 

fluidized. Component analyses of this particular flow unit (sample 220) yield a 

figure of ~48% vitric loss which is consistent with the average vitric loss for the 

L.G.T. and a moderate to well fluidized flow regime. Introduction of lithic fragments 

into the pyroclastic flow at a late period in its history after substantial vitric loss and 

subsequent deflation which led to a higher density and yield strength is a possible 

explanation for these contradictory features. The lithic fragments may have been 

derived from a second higher velocity flow or from overlapping of flows immediately 

prior to emplacement as illustrated in Figs 7.1 and 7.2. 

7.2.2 The Middle Galluccio Tuff 

Pumice-rich early flow units 

The early pumice-rich ignimbrites show flow units, defined by fine grained 

basal layers, which commence from the ground surface on steep slopes. They may be 

traced away from source downslope where they grade into massive ignimbrite. This 

may indicate that immediately prior to emplacement internal shear occurred causing 

the rear of the flow to shear onto the front portion. This is probably caused by the 

front of the flow decelerating more rapidly than the rear. Preservation of shear 

planes, represented by fine grained basal layers indicates that this shearing occurred 

actually on emplacement and that no lateral movement occurred after shearing. 

Lateral termination of flow unit boundaries may be due to these overlapping flows 

being lobate and discontinuous rather than occurring as continuous sheets. The lateral 

pinching out of surge deposits interbedded with ignimbrite, into massive ignimbrite 
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also favours a lobate flow hypothesis. 

Lithic-rich ignimbrite and !ithic breccias 

These deposits must represent an increase in both the amount and size of lithic 

clasts within the erupted material of the M.G.T. eruption. This was probably caused 

by a dramatic increase in the rate of vent erosion. The presence of abundant 

thermally indurated ignimbrite, possibly Campagnola Tuff, lithic clasts testifies that 

much of the lithic material was derived from the vent region. The lithic breccias are, 

however, not thought to have been emplaced within the deflation zone of a collapsing 

eruption column, a mechanism described by Walker (1985), as they generally 

possess a fines rich matrix suggesting emplacement from relatively dense 

non-turbulent pyroclastic flows. They are therefore not considered to be typical lag 

breccias. 

Like the pumice-rich lower flow units, the later lithic-rich ignimbrites and 

lithic breccias display exceptionally heterogeneous field relations (Fig 5.9, 5.1 O and 

5.'1'1 ). On relatively steep slopes ,~12°, flow units commence from the ground 

surface, similar to the early pumice-rich flow units (see Fig 5.1 i) indicating a 

similar shearing mechanism on emplacement. The presence of abundant gas pipes, 

ground layers, albeit patchy, and high crystal concentration values indicate that these 

flows were well expanded and at least moderately fluidized flows. The presence of 

frequent basal lithic breccias in proximal areas is consistent with a well expanded 

flow hypothesis. 

On the steep proximal slopes the flows were probably well expanded and lithic 

clasts would move quickly to the base of the flows. As the flows reached more shallow 

slopes the velocity of these high density lithic concentrations decreased, due to their 

greater density and frictional resistance, whereas the upper lithic poor part of the 

flow continued downslope. The gradational contact of the basal breccia with the 

overlying ignimbrite indicates that the accumulation of lithic clasts was continuous as 
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the upper part of the flow pas d h . . 
se over t e breccias. This indicates that velocity 

gradients within the flows were high, a fact supported by the absence of fine gralned 

basal layers beneath the breccias. Freundt and Schmincke (1985b) suggest that ihe 

absence of fine grained basal layers is indicative of high velocity gradients within 

pyroc1ast;c flows. These features and the parallel orientation of elongate fragments 

within the lithic-rich ignimbrites all suggest that the lithic-rich pyroclastic flows 

travelled under laminar flow. 

The presence of an occasional, patchy, fines depleted ground layer at the base of 

the lithic-rich ignimbrite and weak gas sorting (Fig 6.3) may indicate that the head 

of the pyroclastic flow was at least occasionaily well expanded. However, during the 

early stages of flow the head may have been well expanded and non depositional, 

eroding the underlying deposits, but leaving no deposits. The presence of channel 

breccias suggests that the flow was erosive and non depositional and if the iiow head 

was highly inflated and any deposits jetted or sedimented from it would be immediately 

eroded as the flow passed over them. A similar situation is proposed by Freund! and 

Schmincke (1985b) for pyroclastic flows at Laacher See and Roobol et al (1987) for 

pyroclastic flows on St Kitts. 

The termination of the M.G.T. lithic breccias 3 km from the caldera rim, is 

possibly due to a combination of the change from initially steep to more gentle slopes 

and the pyroclastic flows travelling by laminar motion. As the flow travelled down the 

flanks and approached more shallow angled slopes lithics concentrated at the base of 

the flow would decelerate more rapidly than the remainder of the overlying 

lithic-poor pyroclastic flow. Emplacement of the lithic concentrations is thought to 

occur by laminar flow, where the upper part of the flow detaches from and travels on 

downslope as the lithic concentrations come to rest. A reduction in fluidization due to 

a decrease in velocity is also likely, as less air will be ingested in the flow head, thus 

inhibiting the formation of a ground layer that is occasionally present ln proxima! 

areas. The gradational upper contact of basal breccia with the overlying ignimbrite 
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contacts suggest that lithic clasts continued to accumulate as the upper part of the flow 

passed by. A similar situation was envisaged by Freundt and Schmincke (1 985b) for 

lithic breccias at Laacher See. 

Evidence exists at locality 401 (Fig 5.9: Plates 5.15-5.17) which supports 

the proposal that internal shear occurred and the rear of the pyroclastic flow 

overrode onto the more rapidly decelerating front portion. At locality 401 the basal 

breccia splits into two, forming both a basal breccia and an intraflow unit breccia 

further downslope. The formation of these breccias may have occurred in the following 

manner. Although internal shearing has already been discussed in the last section, it 

is considered again here emphasising grading styles of lithic fragments. The flows, as 

discussed earlier, would approach the shallower slopes with the majority of large 

lithic fragments concentrated at the base (Fig 7.2a). On reaching the shallower slopes 

rapid deceleration occurs from front to rear decreasing fluidization and increasing the 

density and yield strength of the flow (Fig 7.2b}. This, possibly coupled with an 

increase in discharge rate, caused the rear of the flow to shear over the decelerating 

front portion (Fig 7.2c). The two flow lobes probably merged quickly, as evidenced 

by gradational breccia-ignimbrite contacts, however the increased yield strength 

hindered the settling of lithic clasts. At some localities, 303 for example {Plates 

5.18-5.20), large lithic clasts are isolated well above the base of the flow unit. 

These are interpreted to have been derived from the overriding rear of the flow where 

the yield strength was low enough to allow the lithics to sink some way into the 

underlying flow. Also at locality 303 the basal breccia is intermittent. The clots or 

piles of breccia (Plate 5.18 and 5.19) are thought to be the product of deformation by 

the overlying ignimbrite. The breccia was probably originally continuous but thin, 

immediately prior to emplacement the ignimbrite may have deformed it into piles 

producing the typical sub-vertical stoss sides and gradually tapering lee side of the 

breccia piles. 

In several places gas pipes are present within the ignimbrite above the lithic 
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breccia. At locality 401 gas pipes are developed within both the pumice-rich 

ignimbrite and the lithic-rich ignimbrites associated with the spectacular load 

structures. The gas pipes are thought to have been formed by the breccias sinking into 

the pumice-rich ignimbrite causing rapid degassing, due to the weight of the breccias 

on the partially degassed pumice-rich ignimbrite. At locality 304 (Plates 5.21 and 

5.22) numerous gas pipes are present in the ignimbrite above the intraflow unit 

breccia and are also thought to be caused by the weight of the breccia forcing gas out of 

the underlying deposits. This process was proposed by Valentine and Wohletz (1989) 

as being a product of dense lithic-rich deposits coming to rest on pumiceous material 

causing rapid degassing. 

The overriding of pyroclastic flows or the merging of two or more flows and 

the variation of fluidization, expansion and consequently the yield strength of 

pyroclastic flows with time, is considered important in the generation of many of the 

grading features observed. Some of the intraflow unit breccias such as those at 

locality 304 are probably also derived from a similar mechanism of introducing 

lithic clasts into the flow at a late stage in its history. At locality 304 (Plate 5.21) 

lithic clasts are concentrated within a 1 m thick horizon ~2.5 m above the base of the 

flow unit. This indicates that these lithic clasts were not present on eruption but 

were derived from a second lithic-rich better fluidized flow which merged with the 

first (Fig 7.4). The random orientation of lithics in the ignimbrite below the breccia 

indicates that this second flow is unlikely to have been formed from internal shearing 

and overriding of the same flow. 

The lithic breccias, both channel and intraflow unit, which display a type of 

stack or 'multistorey' arrangement seen at locality 302 (section 1, Fig 5.9; Plate 

5.23) may also be interpreted in terms of overriding and merging of pyroclastic 

flows (Fig 7.3). The channel breccia may represent the first flow where lithic clasts 

became concentrated towards the base, in this case within a channel feature (Fig 

7.3a), possibly due to erosion of the underlying deposits by the turbulent flow head. 

185 



(a) The first flow travels down the flank highly charged with lithics, the 
erosional but non-depositional flow head carves a channel in to 1he underlying 
deposits. Lithics become concentrated in the channel depression. 

(b) The first flow begins to decelerate as a second flow is generated lithics move 
to the base of the flow. 

(c) The second flow decelerates and the two flows merge destroying any 
boundary between the flows creating a gradational contact with the ignimbrite 
beneath. The two flows possibly moving as a rigid plug immediately prior to 
emplacement. 

/ 
/ 

Figure 7.3 Sketches illustrating the sequence of events leading to the formation 
of the stack or 'multistorey' arrangement of a channel and intraflow unit 
breccia as illustrated in Plate 5.23. Tl)in arrows in (a) and (b) indicate laminar flow 
whereas thick arrow in (c) indicates plug flow 
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The intraflow unit breccia above this may represent either the overriding of the rear 

of the same flow or the superposi1ion of a second higher velocity flow (as shown in 

Figure 7.3b) whilst the first was still moving but with a higher yield strength. 

Roobol et al (1987) have described lithic breccias occurring in pyroclastic flows on 

St Kitts. The breccias on St Kitts sometimes occur in a 'multistorey' arrangement 

similar to that in Plate 5.23 where they possess gradational upper and lower contacts 

and have no visible planar flow unit boundary between them. Roobol et al (1987) 

suggested that these flows may have been derived from several flows generated in 

quick succession. Indeed I suggest that these breccias may have formed from two or 

three flows which merged together. This may have occurred at a late stage in the flows 

history when the yield strength had increased only a short time before emplacement. 

This relatively high yield strength would prevent the lithic clasts from sinking to the 

base of the flow, preserving a breccia horizon that corresponds to each flow. 

Alternatively, internal shearing may have occurred which caused overriding of the 

rear of the flow onto the front portion. This could occur at changes in slope gradient 

which may induce hydraulic jumps and therefore rapid deceleration of the front of the 

flow which would promote internal shear and overriding. 

7.2.3 The Upper Galluccio Tuff 

As with the L.G.T. and M.G.T. the U.G.T. ignimbrites show a variety of grading 

styles (Fig 5.12}, indicating that fluidization and expansion fluctuated between flows. 

The early flow units, only exposed at the type locality at Galluccio, are ungraded 

indicating that they represent poor-non fluidized pyroclastic flows. However thin 

flow units on the south west flank possess basal lithic concentrations which have 

accumulated on the stoss side of substrate undulations (Fig 5.12a) indicating that the 

flows were at least moderately expanded. The absence of a fine grained basal layer 

indicates steep velocity gradients and suggests that laminar flow was the dominant 
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method of transport. 

The prominent intrafl · b 
ow unit reccia occurring within the U.G.T. (Fig 5.12 

and Plate 5.25) has been observed at several locations around the volcano (Fig 5.3) 

suggesting that this breccia is not simply related to topography but represents a 

change in eruptive conditions. The lithic breccia contains frequent lithic clasts > so 

cm in size, larger than any observed within the ignimbrite or other lithic breccias 

wi th in the U.G.T. Druitt (1985) suggests that increased vent pressures a~d vent 

erosion may result in the increase in size and amount of lithic fragments. Therefore 

this breccia may indicate a period of increased vent erosion possibly representing the 

climax of the U.G.T. phase. The emplacement mechanism described below reinforces 

this hypothesis that overriding could be promoted at times of rapid increases in 

discharge rate. 

It is proposed that the intraflow unit breccia and the surrounding ignimbrites 

were formed in the following way. A pyroclastic flow with low velocity and relatively 

high yield strength travelled down the flanks of the volcano (Fig 7.4a). This was 

quickly followed by a faster moving more expanded flow which was highly charged 

with lithic fragments. The lithic fragments, due to the degree of expansion of the flow, 

moved quickly to the base of the second flow (Fig 7.4b). As the second flow overtook 

the first the dense lithic breccia slowed and merged with the underlying flow 

travelling as one for the remaining distance, whereas the upper part of the flow now 

depleted in lithic fragments may have detached from the breccia and moved on to be 

emplaced further downslope due to laminar flow (Fig 7.4c). 

lgnimbrite flow units above this (Fig 5.12) also contain intraflow unit lithic 

concentrations. This may indicate that the merging of pyroclastic flows generated in 

quick succession or overriding of the rear part onto the front of the flows occurred a 

number of times during the U.G.T. phase. The uppermost flow unit was apparently 

moderately fluidized as it displays a typical basal lithic concentration underlain by a 

fine grained basal layer. Perhaps the most difficult feature to explain is the presence 
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(a) Relatively slow moving high yield strength flow. 
Lithics randomly distributed. 
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(b) Increase in discharge rate rapidly generates a second flow highly charged 
with coarse lithics, with a high velocity. Moderate fluidization causes lithics to 
move to the base of the flow. 
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(d) Final deposit has a lithic depleted ignimbrite above . the breccia lithic 
breccia retained in a horizon althougth the contact with the ignimbrite below is 
gradational as the two flowed together as a plug, giving a reverse graded 
appearance. 
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Figure 7.4 Schematic diagrams illustrating the sequence of events leading to the 
formation of lntraflow unit. Lithic breccia as shown in Plates 5.21 and 5.22 in 
the Middle Galluccio Tuff and 5.24 in the Upper Galluccio Tuff. 
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in some flow units of normally graded pumice clasts, best developed in the most 

proximal U.G.T. on the south west flank. This normal grading of pumice clasts is not 

simply a function of the high density of the pumices within the U.G.T. as the density of 

the pumices was measured and showed a range of values. Normal grading of pumice 

clasts within ignimbrites on St Lucia has been described by Wright et al (1984) and 

they concluded that the normal grading of pumice clasts could be attributed to extreme 

fluidization of the pumice flows where most of the flow behaved essentially as an 

inflated flow head. To test the fluidization state of the flows, component analyses were 

carried out on samples from the base and top of two flow units showing normal grading 

of pumices. 

The results of the component analyses (Fig 7.5) show that within the thick 

flow unit (Fig 7.5 section a}, apart from an increase in coarse pumice toward the 

base caused by coarse tail grading, the matrix of base and top are essentially the same 

suggesting that intraflow gas sources were low (Wilson, i 980; Wright and Walker, 

i 981; Wright et al , 1984). Samples from the normally graded rapidly thinning flow 

unit (Fig 7.5 section b), however show a significant increase in the crystal 

enrichment and vitric loss, from 2.0 and 29.9 in the pumice-rich base to 2.7· and 

40.8 in the upper massive part. This demonstrates that vitric loss was ~30% greater 

for the upper part of the flow unit than the base, even though intraflow unit gas 

sources were similar in both the the thick (Fig 7.Sa) and thin flow units (Fig 7 .Sb). 

Perhaps the thin nature of this flow ~1 m allowed substantial amounts of vitric 

material to be removed from it, even with low intraflow gas sources. One explanation 

for the normal grading of pumice within the ~4 m thick flow unit is that the large 

clasts settled to the base during initial collapse when the flow was at its most dilute. 

This strong fluidization during early flow would affect the whole of the flow evenly. 

Rapid de-flation and a dramatic increase in density of the flow may have prevented any 

redistribution of the pumices. 
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Figure 7.5 Measured stratigraphic sections through the Upper Galluccio Tuff on the southern flank. All locations are ~5 km from 

the centre of the caldera. E.F.= crystal enrichment factor V.l.=vitric loss. 
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7.3 Eruption Narrative 

7.3.1 The Lower Galluccio Tuff 

The Galluccio Tuff eruption commenced with phreatomagmatic activity which 

alternated with phases of magmatic activity, depositing the grey massive ash and the 

lapilli beds respectively. The relatively fine grained nature of the lapilli layers may 

suggest that some water was interacting with the vesiculating magma. Erosive 

surfaces between beds and the variability in number and thickness of individual units 

suggests that the transition from phreatomagmatic to magmatic activity and vice versa 

was not continuous and pauses in eruptive activity may have occurred. Rainstorms 

contemporaneous with the phreatomagmatic eruptions are envisaged for some 

phreatoplinian eruptions (Walker, 1981 a) and are one possible cause of rapid 

erosion. 

The borehole drilled within the caldera revealed 12 m of siltstone directly 

beneath the Galluccio Tuff (Watts, 1987) suggesting that a caldera lake was in 

existence prior to the Galluccio Tuff eruption and it may have been water from this 

lake that gained access to the vent during the opening stages of the eruption. The 

fluctuation from phreatomagmatic to magmatic activity may be due to rapid expulsion 

of lake water during the phreatomagmatic eruption leading to reduced lake water 

levels and magmatic activity. A rise in lake level during a hiatus in activity would 

favour a return to phreatomagmatic activity. It is likely that a convecting eruption 

column deposited the basal fallout deposits, whether this eruption column was of 

plinian dimensions (Walker, 1981 b) is however uncertain as, due to poor exposure, 

no accurate data on the dispersal area can be gained. 

The sequence of pyroclastic surges overlying the the basal fallout beds may 

have been derived from asymmetric collapse of a high fountaining eruption column, 

similar to that produced experimentally by Carey et al (1988), with the direction of 
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collapse, to the east, being influenced by the prevailing wind direction. 

A short pause in activity followed the deposition of the basal surges, as 

evidenced by the co-surge ash layer between them and the overlying ignimbrites. The 

extensive ignimbrites of the L.G.T. were probably formed from pyroclastic flows 

derived from a high collapsing eruption column giving rise to the large crystal 

enrichment factors and vitric losses. The pyroclastic flows were associated with 

intermittent dilute tubulent surge clouds which travelled in front of and were 

probably derived from the upper part of the flows by flow separation, generating the 

pumice-rich ground surges associated with the ignimbrites. When the dense flows 

encountered obstacles such as lava flow remnants they probably decelerated and were 

either diverted over or round it, enhancing the segregation of the dilute surge from 

the top of the flow depositing the abundant surge deposits around the lava flow at 

Carbonara. Early flow units were thin, 1-2 m, and display basal lithic 

concentrations were followed by thicker flow units possessing intraflow unit lithic 

concentrations suggesting an increase in discharge rate. 

Crystal concentration factors also increase up the sequence suggesting that the 

collapsing eruption column, forming the pyroclastic flows, may have increased in 

height with time during the eruption. This and the plinian fall deposits interbedded 

with ignimbrite towards the top of the sequence indicate that the eruption column may 

have fluctuated from collapse (ignimbrite) to convection (airfall). According to the 

model of Wilson et al (1980) a change from collapse to convection necessitates either 

a decrease in vent radius or an increase in gas content of the magma. A decrease in 

vent radius could be caused by faulting or a minor collapse event at the vent (Wilson 

et al, "I 980). The most likely process for reinstatement of a convecting plinian 

column is one of minor collapse around the vent region causing a reduction in the vent 

radius. During the plinian phase, conditions also wavered between collapse and 

convection as evidenced by minor intraplinian surges interbedded with the airfall 

lapilli and the general reverse grading of the lower plinian layer and such features 
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may be attributed to vent widening occurring through the plinian phase (Wilson et al, 

1980). Fluvially reworked layers interbedded with the fall deposits and the erosional 

channels on which the fall deposits rest indicate that rainstorms were 

contemporaneous with the plinian phase. The uppermost ignimbrite of the L.G.T. may 

have been formed by magma/water interaction, as indicated by its lithic-rich / 

pumice-poor nature compared with the bulk of the L.G.T.. Fisher et al (1983) 

suggest that magma/water interaction may cause the collapse of eruption columns. 

They suggest that the moisture and fines produced as a result of magma/water 

interaction could increase the density of the eruption causing collapse. It is possible 

that magma/water interaction induced the collapse of the plinian eruption column, 

forming the fine-grained lithic-rich ignimbrite (sample 256 Fig 6.7). An 

accretionary lapilli bearing ignimbrite is also interbedded between the upper and 

lower plinian beds lending weight to the hypothesis that collapse of the eruption 

column during this period may have been caused by magma/water interaction. 

7.3.2 The Middle Galluccio Tuff. 

The Middle eruptive phase commenced with relatively pumice-rich (~55% 

lithics) pyroclastic flows which were immediately preceded by dilute pyroclastic 

surges. There is no evidence of any airfall material at the base of the sequence. 

However, as the M.G.T. only occurs on the south west flank a prevailing wind from the 

south would prevent any deposition beneath the observed sequence. It is therefore 

unclear whether any plinian column existed prior to column collapse. Crystal 

enrichment factors increase upwards through the sequence, from the pumice-rich 

unit to the upper lithic-rich unit, suggesting that the collapsing eruption column 

rose in height with time as the eruption progressed. The pumice-rich flows were 

then followed by pyroclastic flows which were enriched in both size and amount of 

lithic fragments, marking intense vent erosion and possibly caldera collapse, 

generating the lithic-rich ignimbrite and co-ignimbrite lithic breccias. The lithic 
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breccias were mainly deposited from dense non-turbulent pyroclatic flows moving 

under laminar flow. The presence of patchy fines depleted ground layers, however 

suggests that the flow head was occasionally well fluidized. Field relations indicate 

that internal shear occurred which caused overriding of pyroclastic flows. It is also 

suggested that flows were generated in quick succession and merged to form the 

multiple grading styles. A rapid increase in discharge rate is likely to have 

accompanied vent erosion and may have promoted the overlapping and overidding of 

pyroclastic flows. The discharge rate, however, diminished towards the end of the 

eruption as evidenced by a co-ignimbrite ash layer below the uppermost flow unit. 

7.3.3 The Upper Galluccio Tuff 

The U.G.T. is composed almost entirely of ignimbrite. On the basis of the low 

vesicularity index of the juvenile clasts and the consistently lithic-rich (~70% 

lithics) and pumice poor nature of the ignimbrites it is suggested that the eruption 

was driven by magma/water interaction. The absence of 'Layer 1' deposits, for 

example ground surges or ground layers, the presence of reverse graded lithic 

fragments, in some flows, and the on average low vitric losses, all indicate that the 

eruption columns were relatively low and gave rise to mainly slow moving poorly 

fluidized pyroclastic flows. 

Early flow units are thin, 1-2 m, and are overlain by thicker up to 8 m thick 

flow units with no evidence of a time break. Within the U.G.T. the thickest flow units 

coincide with intraflow unit breccias and lithic concentrations which are thought to be 

formed by pyroclastic flows generated in rapid succession. These features are 

consistent with an increase in discharge rate with time during the eruption. 

Co-ignimbrite ash layers, which are rare within the U.G.T., occur beneath the 

uppermost flow unit indicating that the discharge rate may have decreased towards the 

end of the eruption. The normal grading of lithic fragments within this flow suggests 
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that it was at least moderately fluidized. 

7.4 Eruption model 

There are several patterns and features which are common to at least two if not 

all the eruptive units of the Galluccio Tuff which suggest a model for Roccamonfina 

type ignimbrite / pyroclastic flow forming eruptions. 

(1) There is evidence for an increase in eruption column height with time in both the 

Middle and Lower Galluccio Tuff. Within both the Middle and Lower Galluccio Tuff 

crystal concentration factors increase upward through the sequence suggesting that 

the eruption column may have increased in height with time (Fig 7.6). Also within 

the L.G.T. airfall lapilli beds are interbedded with ignimbrite near the top of the 

sequence suggesting that the eruption may have changed transitionally from column 

collapse to convecting plume . 

(2) Flow units in both the Lower and Upper Galluccio Tuff increase in thickness 

upwards. The thickest flow units often possess intraflow unit lithic concentrations 

suggesting overriding of pyroclastic flows which may have been produced by high or 

rapidly increasing discharge rates. This suggests that discharge rates increased with 

time during the eruption (Fig 7.6). 

(3) Within all eruptive units there is evidence indicating either that flows sheared 

and overrode onto themselves or that several flows were formed in quick succession. 

Within the Middle and Upper Galluccio Tuff the ignimbrites that show evidence for 

overriding or having been generated in quick succession typically possess coarse 

lithic breccias. The coarse lithic breccias may also represent times of extreme vent 

erosion which would increase discharge rate (Druitt, 1985). It is therefore 

proposed that the overidding of flows coupled with the presence of coarse lithic 

breccias represents the peak or climax of the eruptive episode. 

(4) In all eruptive units co-ignimbrite ash layers occurring interbedded between 
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flow units are rare indicating that pyroclastic flows were formed in rapid succession. 

Co-ignimbrite ash layers are, however, always present beneath the uppermost flow 

unit of all the eruptive units suggesting that the discharge rate had decreased 

somewhat and the eruptions had become more sporadic towards the end of an eruptive 

phase. The presence of basal breccias or lithic concentrations within the uppermost 

flow units of the Middle and Upper Galluccio Tuff indicates that although discharge rate 

had decreased the flows were at least moderately fluidized. 

This evidence suggests that each eruptive unit followed a similar cycle 

commencing with low discharge rates which increased with time probably due to vent 

erosion (Fig 7.6). Each eruptive unit culminated in the production of several flows in 

quick succession. Alternatively, the increased discharge rate may have caused the 

overriding of flows contemporaneous with the production of coarse lithic breccias 

representing the climax of the eruption which may have been concurrent with some 

type of caldera collapse. The L.G.T. although showing evidence of an increase in 

discharge rate differs from the Middle and Upper Galluccio Tuff in that it changed from 

an ignimbrite phase to an airfall phase. This is suggested as being due to a minor 

collapse event at the vent which decreased the vent radius. Toward the end of the 

eruption discharge rates waned again producing more intermittent flows (Fig 7.6). 

This model bears some similarities to those proposed for larger volume ignimbrite 

eruptions where the eruption progressed from a single vent phase to multiple or ring 

vents marked by the eruption of coarse lag breccias possibly contemporaneous with 

caldera collapse (Bacon, 1983; Druitt, 1985; Self et al, 1986). Apart from the 

occurrence of coarse lithic breccias, there is little evidence to support the formation 

multiple or ring vents during the Galluccio Tuff eruption. 
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Chapter 8 Conclusions 

1. The main caldera of Roccamonfina is an old feature, at least two intermediate 

volume ignimbrite eruptions occurred after initial formation, the Campagnola Tuff 

and the Galluccio Tuff. Collaborative geomorphological work with J.E. Guest has 

revealed three small coalescing calderas nested within the main caldera. The Galluccio 

Tuff forms the base of the exposed caldera-fill. A caldera lake became well established 

towards the end of and after the eruption of the Galluccio Tuff as is evidenced by thick 

lacustrine deposits. Following this the caldera lakes became ephemeral and more 

localised. Activity at this time was dominantly phreatomagmatic and characterised by 

frequent repetitive 'wet' eruptions of similar style and magnitude. Phreatomagmatic 

activity continued, occasionally punctuated by magmatic strombolian and plinian 

activity. The final event within the main caldera is considered to be the growth of the 

lava domes of Mt Croce and Lattani, the initial stage of which may have been 

phreatomagmatic producing the Upper Garofali member which consists of abundant 

surge deposits. The surge and airfall beds together with the scoria ignimbrite of the 

Fontanafredda Member indicate that gas-rich explosive activity occurred at a late 

stage in the post-caldera history of Roccamonfina. It is possible that the explosive 

volcanism represented by the Fontanafredda Member may be related to the growth of 

the lava domes. 

2. The Campagnola Tuff exposed on the caldera rim differs from the homogeneous 

exposures on the flanks as it shows chaotic and heterogeneous field relations 

comprising abundant discontinuous lithic breccias, pyroclastic surge deposits as well 

as massive ignimbrite. The complex field relations are interpreted to be a function of 

both the change in topography over the caldera rim and the proximity to the vent 

giving rise to abundant turbulent surge clouds and deposition of some breccias within 

the deflation zone during initial collapse. 
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3. Sand wave structures developed within pyroclastic surge deposits of the Garofali 

Formation in the main caldera show several different types. Sand wave structures 

may be observed to migrate both away from source (progressive) and towards source 

(regressive). The occurrence of both progressive and regressive structures within 

the same deposit and in some cases within the same bedset suggests that the migration 

direction of sand waves is governed by the flow regime of the surge cloud, which may 

vary over only a few metres, rather than the temperature/moisture content of the 

flow as has been previously suggested (Allen, 1984 and Cas and Wright, 1987). 

4. Phreatornagmatic ash fall deposits within the main caldera show similar grain size 

characteristics to 'surtseyan' ashes and a similar eruption mechanism is suggested. 

The ash shows a polymodal grain size distribution which is considered to be indicative 

of abundant moisture on eruption. Scanning electron microscope studies on the 

morphology of juvenile clasts indicate that the magmas varied from being gas-poor 

where the eruption was driven by water/magma interaction alone, to gas-rich where 

fragmentation may have been caused by both vesiculation and water magma 

interaction. 

5. The Galluccio Tuff is composed predominantly of ignimbrite and may be divided into 

three distinct eruptive units. The sequence records the eruption of magma that was at 

first gas-rich and crystal-poor (L.G.T.) which became more crystal-rich (M.G.T. and 

U.G.T.) and possibly gas-poor (U.G.T.) with time. The ignimbrites of the Galluccio 

Tuff also vary in their components. The L.G.T. is commonly pumice-rich, whereas the 

M.G.T. and U.G.T. are lithic-rich. The presence of pumice-rich ignimbrites and 

well-vesiculated pumice indicates that the ignimbrites of the L.G.T. were derived from 

eruptions dominantly driven by magma vesiculation. A similar situation is envisaged 

for the M.G.T., however, the lithic-rich ignimbrites and associated lithic breccias 

are considered to be a product of extreme vent erosion. The combination of a large 

'199 



proportion of poorly vesicular juvenile material and the presence of lithic-rich 

ignimbrites of the U.G.T. suggests that both magma/water interaction and magma 

vesiculation were important in driving the eruptions. 

6. The absence of welding in the ignimbrites of the Galluccio Tuff may be explained 

either by cooling in a high eruption column (extracaldera L.G.T.) or possibly by water 

cooling (intracaldera L.G.T. and U.G.T.) 

7. Ground surges associated with the ignimbrites of the LG.T. are richer in pumice 

than their host ignimbrite, in contrast with previously described deposits that are 

usually enriched in dense lithics and crystals. It is proposed that this pumice 

enrichment is due to the ground surges being derived from the upper part of the 

pyroclastic flow which then moved ahead of the flow, depositing material and was 

subsequently overridden by the dense flow. 

8. Within the ignimbrites of the Galluccio Tuff three types of lithic concentration 

zone or lithic breccia have been identified: basal breccias or lithic concentrations 

indicating moderate-well fluidized pyroclastic flows, channel breccias where lithics 

concentrated in a channel feature possibly formed by erosion by the flow head and 

intraflow unit breccias and lithic concentrations. It is suggested that the 

intra-flow-unit breccias formed as a result of overriding or merging of rapidly 

generated pyroclastic flows. Overridding of moving pyroclastic flows could be 

generated in two ways. Firstly, internal shear occurring within a flow could cause the 

rear to override onto the front. Secondly, a second faster moving flow may be 

generated quickly after the first. The second flow would overrun the first, an 

increased yield strength in the first flow may prevent lithics sinking to the base. 

9. The emplacement of lithic breccias in proximal to medial areas and a decrease in 

lithic size out to medial positions suggests that the pyroclastic flows of the Galluccio 
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Tuff travelled by laminar flow during the initial flow. The presence of intraflow unit 

lithic breccias and LCZ's indicates that the expansion, fluidization decreased and the 

yield strength increased with time in a pyroclastic flow. This and the constant lithic 

size from medial to distal locations indicates that the latter part of transport was by 

plug flow. 
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Appendix 

Granulometric Techniques 

All samples studied were dry sieved on a stack of Endecott test sieves. To 

prevent breakage of pumice this sieving was done by hand. All samples were sieved at 

10 intervals apart from the phreatomagmatic fall deposits (Chapter 4) that were 

sieved at 0.5 0 intervals. To ensure accurate representation of the coarse grainsizes 

~ 1 kg of ignimbrite was collected, however for lithic breccias the proportion of 

material coarser than -40 was obtained by calculating the area of different size 

classes determined from a photograph of the outcrop. These were then combined with 

the sieve data to give a grain size array. 

The raw data were plotted as cumulative frequncy curves on log probability paper and 

neccessary statistics were calculated from this. All statistics are as given by Inman 

(1952): 

Md0= 0 50 

Sorting = (0 84 -0 16)/2 

To negate the effects of the coarse lithics on the content of fine ash {ie fines 

dilution), the raw data were then recalculated so that 100% of the sample was finer 

than 8 mm. These data were utilised for Figs 6.1 b and c where the content of fine ash 

is an important variable. 

Component Analyses 

The different proportions of juvenile pumice, crystals and lithics were 

calculated by a variety of techniques depending on the grain size. For grain sizes 00 

{1 mm) and coarser the components were separated by hand picking, in the -10 and 

00 fractions this was aided by water panning of the light pumice and subsequent hand 
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picking. In the +i 0 and +20 fractions light pumice was again removed by water 

panning and grain mounts were prepared of the remainder of grain sizes +1, +20 and 

the whole of splits +30 and +40 which were cut into thin sections. Point counting of 

500 -700 grains determined the proportion of components. These were converted 

into a weight % by assuming that crystals and lithics possess the same density and that 

in the +10 and +20 grain sizes pumice/ glass density was 1.2 g cm3 (50% magma 

density, coversion factor of 0.5), and for +30 and +40 i .8 g cm3 (75% magma 

density, conversion factor of 0.75). These are similar to those used by Cornell et al 

(1980) and Barberi et al (1989). 

Crystal Concentration Data 

To calculate the enrichment of juvenile crystals within the various ignimbrite 

facies of the Galluccio Tuff the magmatic crystal content had to be calculated (i.e. wt% 

of crytsals in pumice). The procedure as described by Walker (1972) and Sparks 

and Walker (1977) was followed. As the crystal content of the pumices varies 

between eruptive units and also significantly within the Upper Galluccio Tuff several 

pumices, >16 mm, were crushed from each eruptive unit to ensure that the magmatic 

crystal content was correct for the relevant ignimbrite. 

The magmatic content of the pumice was then combined with the content of 

crystals within in the ignimbrite calculated by component analysis and is expressed as 

an enrichment factor E.F. given by 

where c11P1 is the weight of free crystals to glass in artificially crushed pumice and 

c21P2 is the same as the ratio in the ignimbrite. 

The weight percent of vitric material lost during the eruption and 
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emplacement of ignimbrite ia given by 

V.L. = K (P1 _ C1 P2) 

100 c2 

where K is the weight % of ignimbrite finer than 2 mm (as crystal concentration data 

applies only to the matrix). 

Scanning Electron Microscopy (S.E.M.) 

Several samples were examined under the scanning electron microscope to 

examine the surface morphologies. To clean the grains the procedure outlined by 

Heiken and Wohletz (1985) was followed. First the grains were seived and splits 

were taken from the 30 (125~Lm) fraction. The grains were then washed in dilute HCI 

for 5 minutes under a moderate heat. The grains were then rinsed in distilled water 

and dried in acetone. The grains were mounted using double sided tape. 

Pumice vesicularities 

To calculate the density of the pumice clasts, they were first dried, and 

weighed. The pumices were then wrapped in a small sheet of cling film so that the 

pumice was completely sealed. The pumices were then immersed under water and 

weighed. From this their density was calculated and subsequently their vesicularity 

was calculated using the method of Houghton and Wilson (1989) 

vesicularity= 100 (D.R.E. density - clast density) 

D.R.E density 

Where D.R.E density is the Dense Rock Equivalent density, assumed to be 2.4 gm3. 
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Extracaldera lntracaldera 

Campagnola Tuff L.G.T. ~-9,T; u.q.r. 
)•-. 

L.G.T. U.G.T.? Garofali Formation 

Sample 641 97c 602A 6028 435 240 255 418 268 433 63 69 92 246 252 51 108 

SiO2 55.28 55.99 60.67 57.52 63.21 62.86 63.39 58.71 58.71 59.64 60.68 63.82 61.22 56.10 61.00 60.42 51.50 

TiO2 0.59 0.52 0.26 0.29 0.22 0.21 0.22 0.34 0.44 0.46 0.30 0.75 0.29 0.56 0.37 0.45 0.84 

Al2o3 24.00 19.12 18.14 16.99 17.43 17.58 17.53 20.00 19.90 18.63 17.82 17.40 18.22 18.08 18.09 17.75 18.01 

Fe2O3T 3.84 4.06 1.72 2.07 2.04 2.02 2.06 2.40 3.23 2.98 2.00 1.66 2.19 5.38 3.69 3.95 8.30 

MnO 0.14 0.12 0.14 0.12 0.21 0.20 0.20 0.10 0.09 0.13 0.17 0.16 · 0.19 0.12 0.14 0.14 0.15 
MgO 0.40 0.82 0.01 0.44 ,0.00 0.02 0.00 0.19 0.49 0.42 0.18 0.04 0.14 2.30 0.79 1.02 3.99 
C;t) 2.31 3.84 1.63 2.4 1.14 1.10 1.17 2.10 3.06 2.56 1.91 1.24 1.78 5.34 3.00 3.52 8.73 

N'½O 1.42 2.02 4.31 4.35 4.97 5.32 4.95 4.24 3.37 3.36 4.41 5.37 4.48 3.14 3.72 4.25 2.79 

K2o 4.41 6.27 6.63 7.25 6.75 6.04 6.74 7.91 8.05 8.27 6.07 5.85 5.78 5.25 6.16 5.99 4.45 

P2O5 0.12 0.13 0.06 0.08 0.09 0.10 0.10 0.13 0.16 0.15 0.05 0.01 0.04 0.26 0.20 0.19 0.45 
LOI nd 5.88 4.94 6.78 3.54 4.01 3.54 3.45 2.11 3.06 4.54 2.80 4.77 3.07 3.09 2.24 0.77 

I\) Total 92.51 98.77 98.51 98.29 99.59 99.47 99.91 99.58 99.62 99.66 98.13 98.56 99.10 99.60 100.25 99.93 99.98 
0 
----J Ba 520 900 45 107 121 14 115 

Ce 90 167 213 180 242 233 269 
Co 16 24 7 8 5 3 14 
La 87 88 109 119 170 160 187 
Nd 71 80 65 59 79 70 75 
Cr 12 11 16 15 12 36 10 9 19 
Cu 3 8 8 14 13 63 26 13 48 
Ga .23 23 20 18 18 17 19 20 18 
Nb ;37 37 36 31 27 22 35 45 16 
Ni 4 7 4 4 4 15 8 6 18 

Pb 52 42 70 60 91 94 87 65 47 58 62 68 40 57 68 19 

Rb 127 289 458 469 538 566 436 373 334 438 413 484 234 372 428 227 
Sr 767 1230 97 289 55 39 386 882 633 171 49 157 766 556 512 1268 

Th 55 37 78 65 72 75 72 46 29 93 85 110 22 51 66 7 

V 64 88 34 44 15 22 43 58 51 40 26 38 129 51 58 193 

y 44 33 31 28 40 42 35 30 39 54 48 57 35 44 44 30 

Zn 76 76 104 71 104 100 73 73 76 87 80 98 87 69 82 94 

Zr 439 267 548 472 675 699 416 305 319 700 637 784 285 403 461 178 

Appendix Table 1 Whole rock chemical analyses. 



641 Campagnola Tuff-pumice north flank G.R. 134,772* 

97c Campagnola Tuff- pumice from the bedded margin N of Mt Atano G.R. 175,712* 

602A Pumice from lower F. Unit of L.G.T at Aulpi (West flank) G.R. 085,699* 

6028 Pumice from Upper F. Unit of L.G.T at Aulpi (West flank) G.R. 085,699* 

435 Pumice from lowermost F. unit of L.G.T. in Galluccio Quarry G.R. 132,777 " 

11240 Pumice from lower plinian fall bed of L.G.T. W. of Carbonara G.R. 210,706 

255 Pumice from lowermost f. unit in quarry at Casale E. flank. G.R. 214,704 " 

418 Pumice from pumice-rich M.G.T. ignimbrite S.W. ·flank G.R. 127,668 " 

268 Pumice from U.G.T. ignimbrite S.W. flank G.R. 127,675 " 

11433 Pumice from raft in lower U.G.T in Galluccio Quarry G.R. 132,777 

63 Pumice from L.G.T. ignimbrite in main caldera G.R. 162,702* 

69 Pumice from lowermost L.G.T. ignimbrite in main caldera G.R. 167,707* 

92 Pumice from L.G.T. ignimbrite in main caldera G.R. 153, 693* 

246 pumice from uppermost Galluccio Tuff F. Unit in main caldera G.R. 153,693 " 

252 pumice from giant pumice horizon within Garofali Formation G.R. 152,699 " 

1151 Pumice from ignimbrite possibly in Filorsi Member G.R. i 44,696 

108 Scoria from ignimbrite in Fontanafredda Member G.R. i 30,703 " 

* analysed at Liverpool University by pressed pellet X.R.F. 

11 analysed at Keele University by fused bead X.R.F. 

Samples 641, 602A and 6028 collected by A.M. Duncan, J.E. Guest and D.K. Chester 

all other samples collected by P.D. Cole. 
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