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Abstract 

 

Although caldera-forming large-scale eruptions are infrequent, they claim lives and cause 

serious damage to economic activities in their wake. It is necessary to understand the formation 

and evolution of the magma plumbing system deep beneath the volcano and the precursory 

phenomena observed during the pre-eruptive process to predict the occurrence of such large-

scale eruptions and take countermeasures against them. The 1991 Pinatubo eruption, 

Philippines is suitable for the above study. This eruption had a VEI (Volcanic Explosivity Index) 

of 6, the largest eruption since the latter half of the 20th century. Modern geophysical 

observations were made before the eruption. Although many petrological and geophysical 

studies have been conducted on this eruption, the large dacitic magma chamber formation, its 

eruptive processes, and time scales need to be re-examined. In this study, we re-examine the 

petrological and geochemical properties of the 1991 eruption to clarify the pre-eruptive process, 

its time scale, and the relationship between time scale and geophysical data. The final objective 

is to provide a guideline to monitor large-scale eruption above VEI=6. This paper is divided 

into three parts. In Part 1, petrological and geochemical studies of the 1991 eruption is carried 

out to re-examine the formation process of dacitic magma. In the previous studies, it was 

thought that a homogenous large dacitic magma chamber was injected by basaltic magma from 

below just before the eruption, and that an andesitic magma erupted by magma mixing between 

dacitic and basaltic magmas, followed by the eruption of dacitic magma. However, this study 

revealed significant compositional diversity can be explained by mixing between dacitic 

magmas of different compositions and temperatures. These mixed dacitic magma could not 

have been formed by crystallizing the basaltic magma that erupted during the 1991 eruption. 

Still, they must have been generated by partial melting of the crustal material. In this case, the 

heterogeneity of the crustal material, and the pressure and thermal gradients in the melting 

region is expected to produce a variety of silicic melts. The injection of basaltic magma 

resulting in the heterogeneous dacitic magma generation by the above process. In Part 2, we 

analyzed the diffusion profile of the compositional zoning structure of phenocryst minerals to 

estimate the pre-eruptive process time scale. The target phenocryst minerals were quartz and 

titano-magnetite. Considering the elemental diffusion rate in each crystal, we estimated the time 

scales of the formation of the dacitic magma chamber and the mixing of basaltic and dacitic 

magmas. The diffusion time obtained from the analysis of diffusion profiles is 3-400 years 
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(mostly within 30 years) for quartz in dacite, and no zoning structure was observed in titano-

magnetite in dacite. The inner part of quartz shows oscillatory zoning, which is consistent with 

the Part 1 inference, that the accumulation of silicic melts was repeated. In basalts, high-Ti rims 

are observed in quartz, and titano-magnetite in andesite showed zoning structure. Their time 

scales ranged between 1.1-3.3 days for quartz and 0.08-50 days (mostly within 3 days) for 

titano-magnetite. These results suggest that the accumulation of silicic melts started 400 years 

ago and that the magma chamber was almost completely formed 3 years before the eruption. In 

addition, the magma chamber may have proliferated 30 years before the eruption. Contrarily, 

the magma mixing due to the injection of basaltic magma started 50 days before the eruption 

and continued until just before the eruption. In particular, the growth of andesitic magma due 

to magma mixing may have proceeded rapidly 3 days before the eruption. A swarm of shallow 

low-frequency tremors and rapid increase in SO2 emission were observed in the pre-eruption 

observation data, 3 days before the eruption, is interpreted as andesitic magma rising in the 

shallow volcanic conduit. The time scale of titano-magnetite indicates that andesitic magma 

may have increased 3 days before the eruption, suggesting that magma mixing continued as it 

ascended the volcanic conduit. There is no contradiction between the magmatic processes 

inferred by material scientific methods and the interpretation of the observed data. Contrarily, 

the formation process of dacitic magma cannot be verified by observational data because it 

takes hundreds of years. Still, the rapid growth of magma chamber 30 years before the eruption 

suggests the possibility of capturing a precursor phenomenon of large-scale eruptions by 

observing order of decades, especially by geodetic methods. In Part 3, concluding remarks, we 

propose guidelines for monitoring large-scale eruptions, mentioning future research 

implications of the Pinatubo volcano. In this study, we focused on the 1991 eruption. However, 

Pinatubo volcano has been active for about one million years and has had seven silicic 

magmatic eruptions in the last 40,000 years. This suggests that a large-scale silicic magmatic 

system was present before the 1991 eruption. Therefore, clarification on pre-eruptive process 

and its time scale for the active period before 1991 could help us understand the long-term 

evolution of the magma plumbing system. In the future, it is necessary to undertake more such 

studies of large-scale eruptions to understand the evolution of the magma plumbing system and 

identify volcanoes that require priority monitoring by investigating and organizing their past 

eruptive history. Furthermore, by continuously monitoring and accumulating geophysical 

observation data for at least several decades, we may detect precursor phenomena of large-scale 
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eruptions that can predict eruptions in the future. 

3



Introduction 

 

Large-scale eruptions are those with VEI=5 or higher (Newhall and Self, 1982). Although 

they are infrequent, if they do occur, lives are lost and they have a significant impact on 

economic activities, causing tremendous damage. Past large-scale eruptions in Japan include 

the Aso-4 pyroclastic flow eruption about 90,000 years ago (Ono and Watanabe, 19850) and 

the Kikai caldera eruption about 7,300 years ago (Machida and Arai, 1978), both of which 

formed calderas by large-scale eruptions. The importance of large-scale volcanic eruptions 

began to be recognized in the new regulatory standards established in response to the nuclear 

disaster caused by the Great East Japan Earthquake in 2011. The new regulatory standards 

require monitoring of volcanoes that have had large-scale eruptions in the past, such as those 

that formed calderas, as a condition for restarting nuclear power plants. For example, Sendai 

Nuclear Power Plant in Kagoshima, south Kyushu, where many caldera volcanoes, most of 

which are distributed in Kyushu are monitored. In other words, predicting large-scale eruptions 

will be important for the safe and secure operation of nuclear power plants. 

To predict large-scale eruptions, it is necessary to understand the formation and evolution 

of magma plumbing system deep beneath a volcano and recognize the pre-eruptive process as 

a precursor phenomenon. For this, it is important to estimate the time scale by petrological 

methods, such as diffusion profiles of phenocryst minerals. The new regulatory standards for 

nuclear power plants include two criteria for the monitoring system: crustal deformation and 

magma supply rate. However, only the research results of Druitt et al. (2012) used for these two 

criteria. 

Furthermore, the Minoan eruption of the Santorini volcano in Greece, which was the subject 

of Druitt et al. (2012), occurred in 1,600 B.C. Naturally, there was no geophysical observation 

data before the eruption. In other words, the criteria for the new regulatory standards based on 

time scales estimated from petrological methods has not been proven from geophysical 

observed data. 

To solve these problems, it is necessary to clarify the pre-eruptive process time scale and 

verify the results from geophysical observations. Although there are several examples of such 

studies (Tomiya et al., 2013; Kilgour et al., 2014; Moore et al., 2014, Rae et al., 2016; Viccaro 

et al., 2016), all of them are for small- to medium-scale eruptions, and their results cannot be 

directly applied to large-scale eruptions. Therefore, it is necessary to select volcanic eruptions 
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that are enormous and for which there are geophysical observations recorded before the 

eruption. A volcanic eruption that fits this description is the 1991 Pinatubo eruption. 

Pinatubo volcano, located in the northern part of Luzon island, Philippines, experienced its 

largest eruption in the latter half of the 20th century in 1991 (Schmincke, 2004). A phreatic 

eruption on April 2 was followed by the climactic eruption on June 15, which recorded a VEI=6 

(Scott et al., 1996). In response, geophysical observations were initiated by members of 

PHIVOLCS (Philippine Institute of Volcanology and Seismology) on April 5 (Lockhart et al., 

1996). Subsequently, members of the U.S. Geological Survey entered in late April, and the 

epicenter of the volcanic earthquake was identified in early May. Thus, up to two months of 

geophysical data have been recorded before the eruption. On the other hand, although many 

petrological and geophysical studies have been carried out on the 1991 eruption, the large-scale 

dacitic magma chamber formation and eruptive processes need to be re-examined, including 

their time scales. 

In this study, we re-examine the petrological and geochemical properties of the 1991 

eruption to clarify the pre-eruptive process, its time scale, and the relationship between time 

scale and geophysical observations. The final objective is to provide a guideline for the 

monitoring of large-scale eruptions of VEI=6 and above. This paper is divided into three parts. 

In Part 1, we review the formation process of dacitic magma and discuss the pre-eruptive 

process of the magma plumbing system. In Part 2, we examine the time scale of the pre-eruptive 

process and discuss the relationship between the time scale and geophysical observations. 

Finally, in Part 3, we conclude with guideline for monitoring large-scale eruptions. 
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Part 1: 
 
 

Petrological and geochemical insight into magma plumbing model 
for the 1991 Pinatubo eruption 

  

6



Abstract 

 

The magmatic processes of the 1991 Pinatubo eruption are widely considered to be typical of 

large explosive silicic eruptions. Previous studies have shown that basaltic magma was injected 

into a homogeneous dacitic magma chamber just before eruption to form a hybrid andesitic 

magma. Ascent of the hybrid magma through the chamber generated the initial eruption, which 

was followed days later by the climactic eruption of the dacitic magma. Here, we present new 

petrological and geochemical analyses of the juvenile eruptive products, which reveal that the 

basaltic magma was injected not into a homogeneous dacitic magma, but into a hybrid dacitic 

magma. Compositional variations of plagioclase and amphibole phenocrysts and whole rock 

chemistry of dacitic pumices suggest that the hybrid dacitic magma was formed by the mixing 

of at least two distinct silicic end-member magmas. The whole-rock major and trace element 

and isotopic chemistry of the dacitic pumices suggests that these end-member magmas could 

not have been produced by the fractional crystallization of either the 1991 basaltic magma or 

the previous Buag period basaltic magma (~1.0-0.5 ka). Moreover, trace element variations 

preclude the formation of the more silicic end-member magma by factional crystallization of 

the less silicic one. Thus, the silicic end-member magmas were produced independently, but 

simultaneously, by the melting of heterogeneous crustal materials. Based on these results, we 

conceptualize the pre-eruptive processes of the 1991 Pinatubo eruption as follows. First, 

basaltic magma distinct from that of the Buag period underplated and heated the crust to form 

silicic melt pockets of varied compositions in a lower crustal mush zone. Then, these silicic 

melts were extracted from the mush, ascended through the crust, and accumulated as a silicic 

melt-rich magma at shallower depths within the mush zone. The accumulation process can be 

approximated as the mixing of two silicic end-member magmas. The formation and growth of 

the hybrid silicic magma continued from 0.5 ka until 1991, forming the 1991 shallow dacitic 

magma chamber. Just before the 1991 eruption, basaltic magma was injected into the hybrid 

dacitic magma chamber, triggering the eruption. We concluded that the pre-eruptive processes 

and the evolution of the magma plumbing system of the 1991 eruption required an unrest for 

500 years in maximum. 
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Chapter 1: Introduction 

 

Forecasting future volcanic eruptions requires an understanding the pre-eruptive processes 

from the formation and evolution of the magma plumbing system until eruption. Because large 

silicic eruptions tend to be highly explosive and hazardous, the structure of silicic magma 

chambers have been widely discussed. Several large eruptions were produced from zoned 

magma chambers in which compositional and thermal gradients were developed through silicic 

magma differentiation (e.g., McBirney et al., 1985; Streck and Grunder, 2008) and mafic 

injections, forming layers of hybrid magma (e.g., Wiebe, 1988; Bindeman and Bailey, 1994; 

Kaneko et al., 2007). Previous petrological studies of large explosive silicic eruptions have 

shown that mafic injections into large silicic magma chambers can trigger eruptions (e.g., 

Sparks et al., 1977; Pichavant et al., 2002; Eichelberger et al., 2006; Watanabe et al., 2006). 

Such triggering processes are short-term precursor phenomena that could be detectable by 

dense geophysical monitoring networks (e.g., Tomiya et al., 2013; Rae et al., 2016; Viccaro et 

al., 2016). 

The processes by which large silicic magma bodies form have also been discussed. Hildreth 

and Wilson (2007) showed that silicic magma chambers form by the accumulation of silicic 

melt from a mushy magma body (e.g., Hildreth, 1981; Bacon and Druitt, 1988; Bachmann and 

Berganz, 2004; Marsh, 2015). The simultaneous generation of several silicic magmas via their 

independently stagnation in multiple magma chambers has also been proposed (e.g., Cooper et 

al., 2012); mixing of these distinct magmas forms large silicic chambers of hybrid composition 

(Druitt et al., 2012; Matsumoto et al., 2018). Such formation processes occur over longer 

periods, months to years or longer, preceding large silicic eruptions. To understand and properly 

evaluate possible precursor volcanic activity, these long-term processes should be carefully 

investigated for previous eruptions. 

The 1991 cataclysmic eruption of Pinatubo volcano, northern Luzon Island, Philippines 

(Wolfe and Hoblitt, 1996; Paladio-Melosantos et al., 1996), erupted ~5 km3 dense rock 

equivalent of dacitic magma (Scott et al., 1996) in the largest silicic eruption of the last century. 

Detailed petrological studies have revealed that the 1991 eruption began with the injection of 

basaltic magma into the voluminous dacitic magma chamber, which formed a hybrid andesite 

magma. This hybrid magma then ascended through the dacitic chamber and was erupted in the 

initial eruption on June 7 and 12, followed by the climactic eruption of the dacitic magma on 
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15 June (Pallister et al., 1992; Pallister et al., 1996; Daag et al., 1996; Bernard et al., 1996; 

Hattori and Sato, 1996). This model for the 1991 eruption (Pallister et al., 1992) is considered 

typical of large explosive silicic eruptions. Hammer and Rutherford (2003) and Borisova et al. 

(2014) proposed the volume and location of the magma reservoir tapped during the 1991 

eruption, and other geochemical and experimental studies have discussed the origin and 

variation of the 1991 dacitic magma (e.g., Bernard et al., 1996; Scaillet and Evans, 1999; 

Prouteau and Scaillet, 2003; Jego et al., 2005). Nonetheless, the processes by which the dacitic 

magma formed are not yet fully understood. 

To better understand the pre-eruptive processes of the 1991 eruption, it is essential to clarify 

the diversity and evolution of the erupted dacitic magma prior to eruption. Here, we 

reinvestigated the diversity of the 1991 eruptive products. Whereas previous studies considered 

the 1991 Pinatubo dacite magma to have been homogeneous (e.g., Pallister et al., 1992; Bernard 

et al., 1996), our results reveal variations of its chemical compositions, magmatic temperature, 

and storage depth. Based on these results, we propose a model for the formation and evolution 

of the magmatic plumbing system of the 1991 Pinatubo eruption. Moreover, we compare the 

1991 eruption to the previous eruption of Pinatubo, the Buag period eruption ca. 500 years ago 

(Newhall et al., 1996; Muro et al., 2008), to discuss the genesis of the 1991 Pinatubo magmatic 

system. 
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Chapter 2: Sequence of 1991 eruption and samples 

 

Pinatubo awoke in 1991 from about 500 years of quiescence since the Buag period eruption 

(Newhall et al., 1996). The 1991 eruptive sequence is summarized in Figure 1. A felt earthquake 

was reported late on March 15 (Sabit et al., 1996) and eruptive activity began with a phreatic 

eruption on April 2, 1991. A lava dome appeared at the summit on June 7 and grew over the 

following days, before being destroyed by the first Plinian eruption on June 12. The climactic 

eruption began on June 15 and continued for 9 to 10 hours; this eruptive duration was confirmed 

by the infrasonic wave at Kariya, Japan (Tahira, 1992; Tahira et al., 1996). Continues eruptive 

activity clearly decreased after an eruption on September 2. After a period of quiescence, 

another lava dome was emplaced in the summit crater from July to October in 1992. 

Here, we focus on juvenile samples from three main events of the 1991 eruption: the lava dome 

extruded on June 7, the first Plinian eruption on June 12, and the climactic eruption on June 15 

(Fig. 1). The lava dome on June 7 (hereafter. ‘June 7 lava’) contained mafic enclaves (‘June 7 

enclave’). Gray, vesicular scoria was erupted on June 12 (‘June 12 scoria’). Juvenile materials 

of June 15 climactic eruption are divided into two types of pumice, white, vesicular, phenocryst-

rich (‘June 15 Ph-rich pumice’) and gray, massive, phenocryst-poor pumice (‘June 15 Ph-poor 

pumice’). Based on Pallister et al. (1996), we use ‘Ph-rich’ and ‘Ph-poor’. Although single 

sample of the June 7 enclave was investigated, multiple samples of other types were available, 

respectively. 
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Fig. 1. Juvenile rock samples of the 1991 Pinatubo eruption used in this study. We examined 

five types of juvenile samples from three main events of the 1991 eruption: the dome lava 

extruded on June 7 (June 7 lava), a mafic enclave included in the lava dome fragment (June 7 

enclave), scoria erupted during the first Plinian eruption on June 12 (June 12 scoria), and white, 

phenocryst-rich pumices and gray, phenocryst-poor pumices erupted during the climactic 

eruption on June 15 (June 15 Ph-rich pumice and June 15 Ph-poor pumice, respectively). 
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Chapter 3: Analytical methods 

 

All samples were prepared and analyzed at Hokkaido University. 

 

3.1. Modal analysis 

Modal phenocryst contents of representative samples were determined by point counting of 

thin sections with grids drawn at intervals of 500 µm. We counted 1,000-2,000 points in each 

thin section. Following Wilcox (1954), crystals larger and smaller than 0.3 mm were counted 

as phenocrysts and groundmass, respectively. 

 

3.2. EPMA 

Mineral chemical analyses were performed using the JEOL-8800R electron probe 

microanalyzer operating 15 kV accelerating voltage and using a focused beam for all minerals; 

the beam current was set to 10 nA for plagioclase, 15 nA beam for amphibole and biotite, and 

20 nA beam current for Fe-Ti oxides, olivine, and clinopyroxene, respectively. Mineral core 

and rim compositions were determined at centers and edges of minerals. Matrix glass 

compositions of juvenile materials in dacitic pumices were determined using the same 

microanalyzer operating at 15 kV accelerating voltage and 10 nA beam current, with a 2-µm 

diameter beam scanning a 10 × 10 µm square area. To avoid Na migration, X-ray data for Na 

were counted only for the first 30s. Corrections for all analysis using the microanalyzer were 

performed using the ZAF method. 

 

3.3. XRF 

Whole rock compositions were determined by X-ray fluorescence (XRF), using a Spectris 

MagiX PRO system with a Rh tube. Major and trace elements were measured using glass beads 

prepared by fusing the sample powder with an alkali flux (a 1:4 mixture of lithium tetraborate 

and lithium metaborate); major and trace elements were measured for 30 samples with enough 

size diluted to 1:2 and only major elements were measured for 4 samples with smaller size 

diluted to 1:10. 

 

3.4. ICP-MS 

Trace and rare earth elements (REE) were determined for selected 19 samples by 
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inductively coupled plasma mass spectrometry (ICP-MS) using a Thermo Fisher Scientific X-

series device. All the samples were prepared by the alkali fusion method (Roser et al., 2000). 

About 100 mg of powdered sample was digested in a 1:1 mixture of HCl and HF. After drying, 

the residual sample was fused with 500 mg of Na2CO3 at 1050  C in a muffle furnace for ten 

minutes. The fused sample was then dissolved with 5% HNO3, HCl and small amount of HF 

with a dilution factor of 20,000. 

 

3.5. MC-ICP-MS 

The Sr-Nd-Pb isotopic compositions of the same 19 samples were determined by multi 

collector ICP-MS (Neptune plus, a Thermo Fisher Scientific) All the samples were prepared by 

the methods of Pin et al. (1994) and Noguchi et al. (2011) for Sr, Pin et al. (1994) and Pin and 

Zalduegui (1997) for Nd, and Kuritani and Nakamura (2002) for Pb. Sr and Nd mass fraction 

factors were corrected using 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. That of 

Pb was corrected using Tl as an external standard (205Tl/203Tl=2.3871: Dunstan et al., 1980). 

Our analytical accuracy and reproducibility were monitored by analyses of the NIST987 

standard for Sr, JNdi-1 standard for Nd, and NIST981 for Pb. Corrected data were normalized 

to 87Sr/86Sr = 0.710240 for NIST987, 143Nd/144Nd = 0.512117 for JNdi-1, and 206Pb/204Pb = 

16.9424, 207Pb/204Pb = 15.5003 and 208Pb/204Pb = 36.7266 for NIST981 (Kuritani and Nakamura, 

2002). The isotopic ratios of the JB-3 (Geological Survey of Japan standard) were measured 

during the present study. The obtained values were consistent with those of Kuritani et al. 

(2017). 
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Chapter 4: Petrology and Mineral chemistry 

 

   Juvenile materials of the 1991 eruption are represented by five materials, June 7 andesitic 

dome lava and basaltic enclave, June 12 andesitic scoria, and June 15 phenocryst-rich (Ph-rich) 

and -poor (Ph-poor) dacitic pumices (Fig. 1). The two types of June 15 dacitic pumices have 

the same phenocryst assemblages and chemical compositions of major phenocrysts. Similarly, 

the June 7 andesitic dome lava and June 12 andesitic scoria share the same phenocryst 

assemblages. Detailed petrographical features of these rocks were described by Pallister et al. 

(1996). Thus, we briefly describe the petrography and mineral chemistry of the five juvenile 

materials, grouped by rock name in the subsections below. 

 

4.1. Dacite - pumices from the June 15 climactic eruption 

The June 15 Ph-rich pumices (Fig. 2a) contain 11.9-22.3 vol.% phenocrysts (Table 1); the 

major phenocryst phases are plagioclase (8.0-16.6 vol.%), amphibole (1.2-8.1 vol.%), and 

quartz ( 2.8 vol.%). Minor phenocrysts are olivine ( 0.1 vol.%), clinopyroxene ( 0.3 vol.%), 

biotite ( 2.6 vol.%), and oxides minerals ( 0.4 vol.%) such as titano-magnetite and ilmenite. 

Several plagioclase (<2.4 mm) and amphibole (<2.7 mm) phenocrysts show oscillatory zonings. 

Amphibole phenocrysts are hornblende (Fig. 2f, Table 2), and some show thin reaction rims of 

cummingtonite. Biotite occurs as both isolated phenocrysts and reaction rims around 

hornblende phenocrysts. Quartz phenocrysts are ovoid to tabular, and some present resorbed 

rims. Groundmass is glassy to hyalo-ophitic with microlites of plagioclase, amphibole and 

opaque minerals. 

The June 15 Ph-poor pumices (Fig. 2b) are gray vesicular to massive, and contain 3.2-5.7 

vol.% phenocrysts (Table 1). As in the Ph-rich pumices, the major phenocryst phases are 

plagioclase (2.5-3.7 vol.%), amphibole (0.3-1.1 vol.%), and quartz (0.2-1.0 vol.%). Minor 

phenocrysts are olivine ( 0.1 vol.%) and Fe-Ti oxides (titano-magnetite and ilmenite,  0.1 

vol.%), but, in contrast to the Ph-rich pumices, biotite and clinopyroxene are not observed. 

Major phenocrysts usually appear broken and are smaller (plagioclase,<1.3 mm; 

amphibole,<0.8 mm) than those in the Ph-rich pumices (Table 1). Amphibole phenocrysts are 

hornblende, but have only thin cummingtonite reaction rims. Quartz phenocrysts are 

recognizably broken. Groundmass is glassy to hyalo-ophitic with microlites of plagioclase, 

amphibole and opaque minerals. 
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The cores of plagioclase phenocrysts have a broad, skewed distribution of An# (100 × 

Ca/(Ca+Na+K)) with a single peak at An# = 30-40 and a tail of calcic phenocrysts (An#>40) 

(Fig. 3). Plagioclase phenocrysts with An#<35 usually show reverse zoning, whereas those with 

higher An# tend to be normally zoned (Fig. 4). The cores of amphibole phenocrysts have a 

broad distribution of Si content (atoms per formula unit, pfu) with a single peak at 6.8-7.1 and 

phenocrysts with less Si (<6.8) are rarely observed (Fig. 3). In the Si vs. (Na+K)A diagram (i.e., 

Na + K content in the amphibole A site), many amphibole phenocrysts plot as hornblende, 

whereas those with higher (Na+K)A values (>0.2) and less Si (<6.5) plot in the tschermakite 

field (Fig. 5). Although hornblende phenocrysts containing more Si (>6.8) show weak reverse 

zoning, those with less Si show normal zoning (Fig. 6). The cores of titano-magnetite 

phenocrysts show a narrow distribution of Mg/Mn ratios with a single peak at Mg/Mn = 3-5 

(Fig. 3). 

 

4.2. Andesite – June 7 lava dome fragments and June 12 scoria 

Andesitic samples include June 7 lava and June 12 gray, vesicular scoria (Fig. 1). Although 

the phenocryst content of the 7 June lava dome (29.4 vol.%) is greater than that of 12 June 

scoria (15.9 ~ 19.1 vo.%; Table 1), the petrography and mineral chemistry of both are similar. 

Thus, we describe the petrography of the dome lava and scoria together. 

Major phenocryst phases (Figs. 2c, d) are plagioclase (10.2-17.1 vol.%), amphibole (3.6-

6.0 vol.%), olivine (0.7-2.6 vol.%), clinopyroxene (0.2-1.1 vol.%) and quartz (0.3-2.5 vol.%). 

Minor phenocrysts are Fe-Ti oxides (titano-magnetite and ilmenite,  0.2 vol.%) and biotite 

( 0.3 vol.%). Pallister et al. (1996) also reported the presence of anhydrite phenocrysts. 

Amphibole phenocrysts are generally isolated phenocrysts of hornblende or pargasite, but 

several hornblende phenocrysts have pargasite reaction rims (Fig. 2g). Crystal clots comprising 

plagioclase, hornblende, and Fe-Ti oxide minerals are also observed. Plagioclase (< 4 mm) and 

hornblende (< 3.8 mm) phenocrysts commonly show oscillatory zoning, although some 

plagioclase phenocrysts have dusty outer rims. Olivine phenocrysts are completely mantled by 

pargasite reaction rims (Fig. 2c). Quartz phenocrysts are oboid and show rim textures. 

Groundmass is glassy to hyalo-ophitic with microlites of plagioclase, amphibole and Fe-Ti 

oxides (Figs. 2c, d). 

Plagioclase phenocryst cores show a skewed unimodal An# distribution with a peak at An# 

= 30-40 and a tail of more calcic phenocrysts (Fig. 3). Although normal and reverse zoned 
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plagioclase phenocrysts coexist as in the dacite sample, those with cores of lower An# (<35-

40) obviously show strong reverse zoning with rims of An#>50 (Fig. 4). The Si contents of 

amphibole phenocryst core range from 5.9 to 7.1, showing two distinct compositional peaks at 

6.8-7.1 and 5.9-6.2 (Fig. 3) corresponding to hornblende and pargasite, respectively (Fig. 5). 

Although the cores of titano-magnetite phenocrysts show a broad distribution of Mg/Mn ratios, 

many have Mg/Mn = 4-5 (Fig. 3). The cores of olivine and clinopyroxene phenocrysts in the 

dome lava show similar compositional variations with Mg# (100 × Mg/(Mg+Fe)) = 82-89, 

whreas clinopyroxenes are less magnesian (Mg# = 79-87) than olivines (Mg# = 85-90) in the 

scoria (Fig. 3). 

 

4.3. Basalt - mafic enclaves hosted in the June 7 lava dome fragments 

We obtained a single mafic enclave (SiO2 = 53.1 wt.%) hosted in the 7 June dome lava (Fig. 

1). This porphyritic sample contains plagioclase (8.8 vol.%), amphibole (6.4 vol.%), olivine 

(2.9 vol.%) and clinopyroxene (1.4 vol.%), quartz (0.7 vol.%) and titano-magnetite (0.1 vol.%) 

phenocrysts, and the intersertal groundmass comprises acicular plagioclase and amphibole 

microlites. Almost all plagioclase phenocrysts (<4.2 mm) show honeycomb structures. 

Pargasite dominates the amphibole phenocrysts (<1.7 mm), but hornblende phenocrysts 

mantled by pargasite are often present. Olivine phenocrysts are always surrounded by pargasite 

reaction rims (Fig. 2h). Quartz phenocrysts are ovoid and show corona structures (Sato, 1975). 

Titano-magnetite phenocrysts are smaller than 0.7 mm. 

Although it was difficult to determine the chemical compositions of plagioclase phenocrysts 

due to their honeycomb structures, the few analyses that we were able to perform highlight a 

broad compositional range with An# varying from 30 to 84 (Fig. 3). Most amphibole 

phenocrysts are pargasite with 6.0-6.4 Si pfu, and hornblende phenocrysts are rare (Fig. 3). The 

Mg/Mn ratios of titano-magnetite phenocryst cores are varied, ranging from 3 to 11 (Fig. 3). As 

in the andesitic scoria sample, clinopyroxene phenocrysts are less magnesian (Mg# = 76-88) 

than olivine phenocrysts (Mg# = 83-90; Fig. 3). 
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Fig. 2. Photomicrographs of juvenile materials from the 1991 eruption. (a-e) and (f-h) show 

cross-polarized light and back-scattered electron images, respectively. (a) June 15 Ph-rich 

dacitic pumice; (b) June 15 Ph-poor dacitic pumice; (c) June 7 andesitic lava dome fragment; 

(d) June 12 andesitic scoria; (e) basaltic enclave included in the June 7 dome lava; (f) isolated 

hornblende phenocryst in the June 15 Ph-rich dacite pumice; (g) hornblende phenocryst with 

pargasite reaction rim on June 12 andesitic scoria; and (h) olivine phenocrysts with pargasitic 

amphibole reaction rims in the basaltic enclave. 
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Fig. 3. Distributions of the core compositions of plagioclase, amphibole, titano-magnetite, 

olivine and clinopyroxene phenocrysts in juvenile materials from the 1991 eruption. 

Abbreviations: An#, plagioclase anorthite content expressed as 100 × Ca/(Ca+Na+K); Si, Si 

atom per formula unit (pfu) in amphibole and the corresponding classification between 

hornblende and pargasite, based on Deer et al. (1992); Mg#, magnesium number in olivine and 

clinopyroxene expressed as 100 × Mg/(Mg+Fe). 
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Fig. 4. Core vs. rim diagram of plagioclase in dacite and andesite samples. (a) Open and filled 

circles are from the June 15 Ph-rich (J15-R) and Ph-poor (J15-P) dacitic pumices, respectively. 

(b) Open and filled triangles are from the June 12 scoria (J12-S) and June 7 lava (J7-L), 

respectively. 
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Fig. 5. Classification of amphibole cores in the juvenile 1991 samples. Classification 

boundaries and end-members are from Deer et al. (1992). This figure shows Si (pfu) against 

(Na+K) in the amphibole A site in the cores of amphibole phenocrysts, calculated for 13 cations 

(Leake et al., 1997). End-members are: Ed, edenite; Pr, pargasite; Hb, magnesio-hornblende; 

and Ts, Tschermakite. (a) Open and filled circles are from the June 15 Ph-rich (J15-R) and Ph-

poor (J15-P) pumices, respectively. (b) Enlarged view of the area in (a) near the hornblende 

end-member. (c) Open and filled triangles are from the June 12 scoria (J12-S) and June 7 lava 

(J7-L), respectively, and the filled squares are from the June 7 enclave (J7-E). 
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Fig. 6. Core vs. rim diagram of Si contents (pfu) in the 1991 dacitic samples. Open and filled 

circles are from the June 15 Ph-rich (J15-R) and Ph-poor (J15-P) pumices, respectively. 
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Chapter 5: Whole rock geochemistry 

 

5.1. Major and trace elements 

As in previous studies (Daag et al., 1996; Pallister et al., 1996; Bernard et al., 1996; Hattori 

and Sato, 1996), our new data clarifies that the juvenile materials of the 1991 Pinatubo eruption 

comprise dacite, andesite and basalt (Table 2, Fig. 7). SiO2 contents of almost all June 15 Ph-

rich and Ph-poor pumices range from 64.0 to 66.4 wt.%; only two samples have lower SiO2 

contents of 62.0 and 62.8 wt.%. The SiO2 contents of the June 7 lava are nearly the same as 

those of the June 12 scoria, both within the range 59.5-60.1 wt.%. The SiO2 contents of the June 

7 enclave from within the dome lava is basaltic, at 53.1 wt.%. Compatible elements of these 

rocks (such as TiO2, MgO, CaO and Cr) decrease with increasing SiO2 contents. In contrast, 

some incompatible element concentrations (such as K2O and Rb) are nearly constant, regardless 

of SiO2 contents (Table 2, Fig. 7), whereas others (such as Zr and Ba) slightly increase with 

increasing SiO2 contents (Fig. 7). Basaltic rocks from the Buag period (Muro et al., 2008) are 

also plotted in Figure 7; their chemical compositions, especially incompatible element 

concentrations such as K2O, Rb and Zr, clearly differ from that of the basaltic enclave from the 

1991 eruption, whereas the Ba contents of both basalts are similar. 

 

5.2. Rare earth elements 

Chondrite-normalized rare earth element (REE) contents of the basaltic enclave (J7-E) are 

notably higher than those of the andesites (J7-L and J12-S) and dacites (J15-R and J15-P) (Fig. 

8). The REE patterns are characterized by high values of light/heavy REE ratios (L-REE/H-

REE), low medium/heavy REE ratios (M-REE/H-REE), and weak Eu anomalies that increase 

from the basaltic to dacitic samples. These patterns are almost parallel and decrease from the 

basaltic to the dacitic samples (Fig. 8). For comparison, The H-REE contents of Buag period 

basalts are similar to those of the 1991 basaltic sample, whereas the L-REE/H-REE ratio of the 

1991 basalt is much higher than those of the Buag period (Fig. 8). 

 

5.3. Isotopic chemistry 

The Sr-Nd-Pb isotopic compositions of the juvenile materials of the 1991 eruption (Table 

2) change (beyond analytical errors) with increasing whole-rock SiO2 content as follows (Fig. 

9): 87Sr/86Sr decreases from 0.704335 to 0.704177, 143Nd/144Nd increases from 0.512795 to 
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0.512927, 206Pb/204Pb decreases from 18.4593 to 18.4220. The isotopic compositions of the 

dacitic samples define linear trends in each SiO2 vs. isotope ratio diagram, but their slopes differ 

from those defined by the andesite and basalt samples (Fig. 9). 
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（a） 

 

(b) 

 

 

Fig. 7. Whole rock major and trace element compositions of Pinatubo volcanic rocks. (a) The 

shaded area outlines previous data in 1991 basaltic rocks (Daag et al., 1996; Pallister et al., 

1996; Bernard et al., 1996; Hattori and Sato, 1996). In this study, we used exclusively our data 

on the 1991 basalt because previous data were scattered. Open squares represent the Buag 

period basalt (Buag-B, ~1.0-0.5 ka; Muro et al., 2008). (b) These figures focus on the 

composition of dacite. The vertical and horizonal bars show the analytical error. 
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Fig. 8. REE patterns of Pinatubo volcanic rocks normalized to C1-chondrite (Sun and 

McDonough, 1989). Buag period basalts (~1.0-0.5 ka) from Muro et al. (2008) are plotted for 

comparison. 
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(a)                                    (b) 

 

 

 

Fig. 9. Sr-Nd-Pb isotopic compositional variations of 1991 Pinatubo samples. (a) Dotted lines 

show approximately linear fits to the basalt and andesite samples and to the dacite samples only. 

(b) These figures focus on the composition of dacite. The vertical and horizonal bars show the 

analytical error.
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Table 2. Whole-rock major (wt.%) and trace (ppm) elements and isotopic compositions of 

representative 1991 samples. 

Unit J7-E J7-L J12-S J15-R J15-R J15-R J15-R J15-P 
Sample 
name 

P22892-
1A 

CN6791-
D 

P22892
-3 

120801C-
O 

121202C-
H 

120801MP
-d 

121202C-
B1 

121202C
-C 

SiO2 53.08 59.89 59.63 62.05 65.23 63.77 66.72 65.38 

TiO2 0.90 0.67 0.67 0.65 0.57 0.55 0.50 0.51 

Al2O3 14.85 15.91 15.64 16.46 16.20 16.51 16.24 16.85 

Fe2O3
t*1 8.78 6.26 6.29 5.58 4.81 4.64 4.18 4.23 

MnO 0.16 0.13 0.13 0.12 0.11 0.11 0.10 0.10 

MgO 8.44 4.83 4.82 3.69 2.51 2.56 2.27 2.24 

CaO 9.70 7.05 7.04 6.20 4.95 5.33 4.65 5.04 

Na2O 3.19 3.94 3.91 4.31 4.45 4.53 4.48 4.65 

K2O 1.53 1.57 1.54 1.35 1.53 1.47 1.62 1.48 

P2O5 0.31 0.25 0.25 0.2 0.22 0.19 0.18 0.18 

Total 100.04 99.87 99.30 100.06 100.11 99.66 100.94 100.23 

V 243 166 165 148 120 116 103 103 

Cr 313 154 150 129 46 48 38 43 

Co 33 23 23 20 16 15 14 13 

Ni 101 52 51 39 20 20 18 17 

Rb 46 48 44 36 43 39 47 41 

Sr 561 572 559 571 539 573 541 577 

Y 19 16 18 17 16 16 14 16 

Zr 99 111 108 116 126 116 117 118 

Nb 1.3 2.1 2.3 2.5 3.5 2.7 3.5 2.5 

Ba 343 420 421 435 482 462 512 472 

La 22.2 18.8 18.3 14.9 16.1 14.9 15.2 15.0 

Ce 47.2 38.4 37.7 30.1 32.3 30.1 30.3 29.5 

Nd 24.8 18.9 18.9 15.0 15.5 14.6 13.8 13.7 

Sm 5.37 3.98 3.98 3.22 3.17 3.02 2.77 2.79 

Eu 1.48 1.05 1.07 0.91 0.83 0.81 0.73 0.79 

Gd 4.67 3.49 3.51 2.96 2.86 2.76 2.51 2.48 

Tb 0.64 0.49 0.50 0.43 0.42 0.41 0.36 0.37 

Dy 3.41 2.69 2.72 2.55 2.39 2.34 2.09 2.09 

Ho 0.67 0.54 0.55 0.52 0.49 0.48 0.43 0.43 

Er 1.83 1.50 1.51 1.47 1.40 1.34 1.22 1.22 

Tm 0.26 0.23 0.22 0.22 0.21 0.21 0.19 0.19 

Yb 1.67 1.44 1.46 1.38 1.35 1.31 1.20 1.23 

Lu 0.25 0.22 0.23 0.21 0.22 0.23 0.19 0.20 
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(continued) 

Unit J7-E J7-L J12-S J15-R J15-R J15-R J15-R J15-P 
Sample 
name 

P22892-
1A 

CN6791-
D 

P22892
-3 

120801C-
O 

121202C-
H 

120801MP
-d 

121202C-
B1 

121202C
-C 

87Sr/86Sr*2 0.704335 0.704237 
0.70424

3 
0.704177 0.704200 0.704189 0.704219 0.704191

143Nd/144N

d 
0.512795 0.512839 

0.51284

5 
0.512918 0.512919 0.512918 0.512915 0.512919

206Pb/204Pb 18.4593 18.4395 18.4394 18.4302 18.4234 18.4238 18.4232 18.4223

207Pb/204Pb 15.6005 15.5938 15.5948 15.5913 15.5901 15.5899 15.5897 15.5899

208Pb/204Pb 38.6501 38.6161 38.6199 38.6049 38.5953 38.5949 38.5940 38.5932

V-Ba and La-Lu were analyzed by XRF and ICP-MS, respectively. 
*1 Total Fe expressed as Fe2O3

t. In Harker diagrams (Fig. 7), total Fe is expressed as FeOt = FeO + 0.8998Fe2O3 

and normalized to 100%. 
*2 Maximum standard errors are 0.000008 for Sr, 0.000005 for Nd, 0.0003 for 206Pb and 207Pb, and 0.0008 for 208Pb. 
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Chapter 6: Discussions 

 

6.1. Magma mixing and the end-member magmas recorded in the 1991 eruptive rocks 

Previous studies have suggested that the paroxysmal eruption of the 1991 Pinatubo activity 

on 15 June was triggered by an injection of basaltic magma into the voluminous dacitic magma 

chamber, attributing the andesitic scoria emitted during the preceding eruption on 12 June to 

the magma mixing of basaltic and dacitic magmas (e.g., Pallister et al., 1996; Bernard et al., 

1996). Our new whole-rock and mineral chemistry dataset supports that conclusion: The 

andesite samples from both 7 and 12 June plot along mixing lines between the basaltic enclave 

and the 15 June dacite in whole-rock (Fig. 7) and Sr-Nd-Pb isotope silica variation diagrams 

(Fig. 9). 

Here, based on the compositional distribution of phenocrystic minerals in the juvenile 

products of the 1991 eruption (Fig. 3), we discuss the phenocryst assemblages and mineral 

chemistries of the end-member basaltic and dacitic magmas. Plagioclase and amphibole 

phenocrysts in the dacitic samples show nearly unimodal compositional distributions with 

peaks that match those of the andesitic rocks (Fig. 3). Thus, as the most silicic magma observed, 

the dacitic magma erupted on 15 June can be identified as one of the two end-member magmas. 

In both the phenocryst-rich and phenocryst-poor dacitic rocks, plagioclase phenocrysts with 

lower An# (<50) and hornblende phenocrysts with higher Si (>6.7 pfu) dominate (Fig. 3). In 

addition, the dacitic magma contains titano-magnetite phenocrysts with Mg/Mn = 4-5, which, 

according to their Mg/Mn ratios, are in equilibrium with coexisting ilmenite (Bacon and 

Hirschmann, 1988). Moreover, quartz phenocrysts are dominant in the dacitic rocks and do not 

show corona structures as observed in the basaltic sample. Thus, quartz was a phenocrystic 

minerals in the dacitic end-member magma. Considering these petrographical features, we 

estimate the phenocryst assemblage of the dacitic end-member magma to have been less calcic 

plagioclase + hornblende + quartz + titano-magnetite + ilmenite ± minor biotite. 

In contrast, the basaltic and andesitic samples contain magnesian olivine phenocrysts (up to 

Mg# = 90, Fig. 3), which are representative of primitive basaltic magmas (Bernard et al., 1996; 

Pallister et al., 1996). In these samples, olivine always occurs as an isolated phenocryst; the 

basaltic end-member magma must therefore have contained olivine phenocrysts. 

However, the basaltic and andesitic samples include other, less-silicic phenocryst phases, 

such as clinopyroxene and pargasite, that are absent in the dacitic end-member magma. 
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Although clinopyroxene phenocrysts in the basalt are relatively magnesian (Mg# = 78-88, Fig. 

3), the Fe-Mg distribution coefficient between olivine and clinopyroxene (Obata et al., 1974) 

dictates that these phenocrysts could not have coexisted with magnesian olivine phenocrysts. 

Thus, the basaltic and andesitic samples must be the product of magma mixing, and their 

phenocrysts assemblages, including clinopyroxene, must represent minerals crystallized after 

the basaltic and dacitic end-member magmas mixed. In addition, because pargasite reaction 

rims around olivine have similar compositions to pargasite phenocrysts (Fig. 2h), it seems that 

pargasite phenocrysts also crystallized from the mixed magma (Coombs and Gardner, 2004; 

Kiss et al., 2014). Moreover, calcic plagioclase phenocrysts (An# >80) are common in the basalt 

sample (Fig. 3). These plagioclase phenocrysts must also be derived from the mixed magma, 

because magnesian olivine phenocrysts do not form crystal clots with plagioclase. Thus, we 

conclude that the phenocryst assemblage of the basaltic end-member magma included solely 

olivine. 

 

6.2. Diversity of the dacite end-member magma 

Although previous studies have reported the whole-rock chemical compositions of the 

dacitic samples (Daag et al., 1996; Pallister et al, 1996; Bernard et al., 1996; Hattori and Sato, 

1996; Castillo and Punongbayan, 1996; Fournelle et al., 1996; Luhr and Melson, 1996), 

chemical variations among the dacitic samples have not been discussed. However, our new 

dataset clarifies possible geochemical and petrographical variations in the dacite. 

The 15 June dacitic samples clearly form a linear compositional trend in silica variation 

diagrams of major and trace element and Sr-Nd-Pb isotope. However, these trends do not 

extrapolate toward the andesitic and basaltic rocks in almost all diagrams (Figs. 7, 9). Therefore, 

the compositional variations of the dacitic magma cannot be attributed to the injection of the 

basaltic magma into the dacitic end-member magma; it seems that the variations in the dacitic 

magma existed prior to the basaltic injection. We thus conclude that the dacitic magma, into 

which the basaltic magma was injected, was heterogeneous. 

Although the amount of phenocryst in phenocryst-rich and phenocryst-poor pumice varies 

greatly (Table 1), the whole rock compositions of them are similar (Figs. 7, 9; Table 2). Figure 

10 shows the relationship between the amount of phenocryst and the whole rock compositions 

of 1991 samples. The whole rock composition of each pumice does not increase or decrease 

with the amount of phenocryst, plagioclase and amphibole (mainly hornblende) contents, 
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whereas it shows a scattered distribution. In other words, there is no correlation between the 

amount of phenocryst and the whole rock composition. Therefore, the heterogeneity of dacitic 

magma is could not formed by the difference of the amount of phenocryst. 

The compositional distributions of plagioclase and amphibole in the 1991 heterogeneous 

dacitic magma are nearly unimodal, and dominantly comprise phenocrysts with An# = 30-50 

and 7.1-6.6 Si pfu, respectively (Fig. 3). However, many plagioclase and hornblende 

phenocrysts with higher An# (>40) and lower Si (<6.7 pfu) cores, respectively, are normally 

zoned, whereas those with lower An# and higher Si cores, respectively, mostly show reverse 

zonations (Figs. 4, 6). Figure 11 shows representative zoning profiles of plagioclase 

phenocrysts in the June 15 dacite. The phenocryst in Figure 11a has a core that is normally 

zoned from An#   50 at the center of the core to An#   30 at the core-rim boundary, whereas 

that in Figure 10b has a core that is reversely zoned from An#   30 at the core center to An#   

50 at the core-rim boundary. Father towards their outer rims, both phenocrysts change chemical 

compositions to be An# = 30-50. These features can be explained by the mixing of two end-

member magmas: A hotter, less silicic magma containing plagioclase phenocrysts with An#   

50 cores, and a cooler, more silicic magma containing plagioclase phenocrysts with An#   30 

cores. The zonal structure of these phenocrysts indicates that their outer rims grew to have 

compositions corresponding to the mixed magma (Fig. 11). Thus, there was sufficient time for 

the outer rims to grow to considerable thickness after mixing occurred. 

Combined with the liner compositional variations of the dacitic samples in silica variation 

diagrams, these two populations of zoned plagioclase and hornblende phenocrysts strongly 

indicate that the 1991 heterogeneous dacite was the product of the mixing of at least two silicic 

end-member magmas prior to the injection of the 1991 basaltic magma. 

 

6.3. Magmatic temperature of the silicic end-member magmas 

Previous studies calculated the magmatic temperature of the 1991 dacite using the 

compositions of coexisting Ti-magnetite and ilmenite phenocrysts (Pallister et al., 1996; 

Rutherford and Devine, 1996). However, based on our above results, those estimates reflect the 

temperature of the product of mixing of at least two silicic end-member magmas. Thus, we here 

estimate magmatic temperature and storage depth of the two silicic end-member magmas. 

Based on the normally and reversely zoned plagioclase and hornblende phenocryst 

populations (see section 6.2), we can estimate the chemical compositions of plagioclase and 
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hornblende phenocrysts in each silicic end-member magma; we can then estimate magmatic 

temperatures of both magmas from plagioclase-amphibole pairs showing the same zonation by 

using the method of plagioclase-amphibole thermometer (Holland and Blundy, 1994). We 

calculated magmatic temperatures by using the average chemical compositions of three types 

of plagioclase-hornblende pairs: normally (An# = 43.7-52.8, Si = 6.59-6.74 pfu), reversely 

(An# = 32.0-33.9, Si = 6.82-7.04 pfu), and weakly zoned pairs (An# = 34.4-35.8, Si = 6.80-

6.94 pfu). Moreover, we estimated the storage pressures of these pairs based on the average 

hornblende compositions by the method of Mutch et al. (2016) (Table 3). We obtained 

temperatures and pressures of 765-807  C and 293-352MPa, 694-722  C and 199-273 MPa, and 

708-735  C and 245-287 MPa for the normally, reversely, and weakly zoned pairs, respectively 

(Fig. 12). Both the temperature and pressure of the normally zoned pairs are greater than those 

of the reversely zoned pairs, which are similar to those of the weakly zoned pairs. 

 

6.4. Origin of the 1991 heterogeneous dacitic magma 

The origin of the 1991 Pinatubo dacitic magma has been extensively discussed (Bernard et 

al. 1996; Rutherford and Devine, 1996; Scaillet and Evans, 1999; Prouteau and Scaillet, 2003). 

Bernard et al. (1996) concluded that the interaction of a basaltic magma that stagnated in the 

crust with surrounding crustal materials formed the 1991 Pinatubo dacite, which can be 

classified as the partial melting of lower crustal materials. In contrast, Prouteau and Scaillet 

(2003) rejected the partial melting of crustal materials on the basis of melting experiments and 

proposed that the dacite was formed by high pressure fractionation of a basaltic magma. In this 

section, based on our new data, we discuss the origin of the 1991 heterogeneous dacitic magma. 

Bernard et al. (1996) suggested that the 1991 Pinatubo dacite could not have been produced 

by the fractional crystallization of a coexisting basaltic magma. Our new data supports their 

conclusion: the K2O and Rb contents of both the basaltic and dacitic magmas are similar, 

regardless of their incompatible element contents (Fig. 7). In addition, the REE contents of the 

basaltic enclave are higher than those of the dacitic samples (Fig. 8) and the Sr-Nd-Pb isotopic 

compositions of the basalt and dacite samples are distinct (Fig. 9). Thus, the silicic end-member 

magmas of the 1991 dacitic magma could not have been generated by the fractional 

crystallization of the basaltic magma related to the 1991 eruption. 

We also consider the possibility that the previous basaltic magma erupted at Pinatubo volcano 

(the Buag period basalt) could have produced the dacitic magma. The K2O and Rb contents of 
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the Buag period basalt (Muro et al., 2008) are lower than those of the 1991 dacites (Fig. 7), 

which might suggest that the 1991 silicic end-member magmas resulted from the fractional 

crystallization of the Buag period basaltic magma. However, the REE patterns of the Buag 

basalt show gentler slopes than those of the 1991 dacite samples and intersect those of the 

dacites between Ce and Nd (Fig. 8), indicating that the dacite samples could not have been 

produced by the fractional crystallization of the Buag basalt. Therefore, the 1991 heterogeneous 

dacitic magma must have an origin distinct from that of basaltic magmas at Pinatubo, 

suggesting that it was produced by the partial melting of crustal materials. 

In contrast, Prouteau and Scaillet (2003) compiled experimental metabasaltic melts and 

indicated that they are inconsistent with the chemical compositions of the 1991 Pinatubo dacite. 

However, they compared the experimental melts with the whole-rock chemistry of the dacite, 

which contains phenocrystic minerals. The chemical compositions of matrix glasses in 1991 

Pinatubo dacitic pumices are similar to those of experimental melts produced by dehydration 

and/or water-saturated melting at 100-1,000 MPa (Beard and Lofgren, 1991; Rapp et al., 1991; 

Wolf and Wyllie, 1994) (Fig. 13, Table 4). The Al2O3 contents of the experimental melts 

increase with decreasing SiO2 content as the melting temperature and/or H2O content of the 

crustal materials increase (Winther, 1996). Moreover, the pressure of melting increases with 

increasing Al2O3 content (Fig. 13) to 800-1,000 MPa, corresponding to 30-50 km depth, the 

maximum crustal thickness reported on Luzon Island (Wu, 1979; Mooney et al., 1998). Thus, 

the partial melting of crustal materials at various depths could have generated the 1991 

heterogeneous Pinatubo dacite. 

Because the 1991 heterogeneous dacite is the product of mixing between at least two silicic 

end-member magmas (see section 6.2), we here investigate their compositional relationship. 

Although their chemical compositions might be estimated by extrapolating the linear trends of 

the 1991 dacitic samples in silica variation diagrams (Figs. 7, 9), it is difficult to determine the 

chemical compositions without making unreasonable assumptions, because the chemical 

compositions of their phenocrystic minerals are similar (Figs. 4, 6). Thus, to discuss the origin 

of these silicic magmas, we assumed two silicic end-member magmas: ‘D1’, the least silicic 

magma observed (63.97 wt.% SiO2), and ‘D2’, the most silicic (66.37 wt.% SiO2; Fig. 14). We 

calculated other major and trace element contents of the D1 and D2 magmas from the 

approximately linear relation in the SiO2 variation diagrams (Table 5). 

We investigated whether the more silicic D2 magma could be produced by fractional 
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crystallization of the less silicic D1 magma. We performed a major element mass balance 

calculations (Tsune, 2005) by choosing the average composition of plagioclase, amphibole and 

titano-magnetite, contained in the dacite. We obtained relative proportions of melt and minerals 

by best fit, with the sum of square of residuals (SSR) = 0.05 and the root mean square of 

residuals (RMSR) = 0.07, sufficiently small compared to the recommendation of Tsune (2005), 

i.e., SSR < 1 and RMSR < 0.5. We obtained plagioclase: amphibole: magnetite proportion of 

62:36:2, which differs from the modal proportions obtained by point counting. Then, based on 

the mineral proportions determined by mass balance and using bulk partition coefficients, we 

used the Rayleigh fractional crystallization model to determine the end-member trace element 

contents (Fig. 15). We used the mineral-melt partition coefficients of Matsumoto and Nakagawa 

(2010) for all trace elements, because they studied similar silicic magma. Although the 

fractional crystallization of the D1 magma can explain the observed variation of the Y/Rb ratio 

of the dacite samples and the estimated silicic end-member magmas, it cannot explain the 

observed variations of the Zr/Rb and Ba/Rb ratios, indicating that the D2 magma cannot be 

derived from the D1 magma. 

Our model calculation thus suggests that the two silicic end-member magmas are not 

genetically related. Thus, it is plausible that crustal melting separately but simultaneously 

produced at least two silicic end-member magmas (e.g., Feeley et al., 1998; Hansen et al., 2002; 

Toya et al., 2005). Matsumoto and Nakagawa (2010) proposed that the partial melting of crustal 

materials could generate heterogeneous silicic melts. They assumed that mafic magmas might 

underplate the lower crust, modifying the crustal materials. In the case of crustal melting due 

to a single heat source, the temperature shows a logarithmic decreasing with distance from the 

thermal source (Hanson, 1992). Because of this thermal gradient, the hotter regions are limited 

to the crustal materials near the thermal source, resulting to the formation of smaller amounts 

of partial melts with higher degree of partial melting. In contrast, the wider and cooler regions 

far from the thermal source could produce larger amounts of partial melts with lower degrees 

of partial melting (Matsumoto and Nakagawa, 2010). If above process applies to the 1991 

dacitic magma, higher degree of partial melting causes the small amounts of melt (= D1) at near 

boundary of heat source, whereas lower degree of melting does the large amounts of melt (= 

D2) at far distance from boundary. Moreover, distinct silicic melts might be also produced by 

partial melting of heterogeneous crustal materials. This speculated process might occur beneath 

Pinatubo volcano. 
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The calculated temperatures and pressures of the normally and reversely zoned mineral pairs 

differ beyond errors, suggesting that the magmatic temperatures and depths of the silicic end-

member magmas were distinct. That is, silicic magmas with variable temperatures and 

accumulated at different depths and subsequently mixed to form the hybrid silicic magma.  We 

consider that the cooler, more silicic magma stagnated at the shallower crust, whereas the hotter, 

less silicic magma stagnated at deeper level. According to our calculated depths, the deeper 

silicic magmas ascended must have ascended to mix with the shallower ones, forming the 1991 

heterogeneous dacitic magma at approximately the storage depth of the more silicic end-

member magmas. 

 

6.5. Formation and evolution of magma plumbing model in 1991 eruption 

Based on our new analysis of juvenile materials of the 1991 Pinatubo eruption, we 

conceptualize the pre-eruptive processes as follows (Fig. 16). 

(1) Partial melting of crustal materials by basaltic magmas. After the Buag period (~1.0-0.5 

ka), a basaltic magma distinct from the Buag basalt ascended and stagnated beneath the 

lower crust. This magma heated the overlying crustal materials, forming zones of silicic 

mush (Fig. 16a). 

(2) The formation of heterogeneous silicic end-member magmas. By melting heterogeneous 

crustal materials under thermal gradient, heterogeneous silicic melts with variable 

chemical compositions and magmatic temperatures were produced at various depths and 

accumulated into melt lenses to form a crystal mush chamber. The melt lenses grew into 

magma pockets and/or chambers in the mush (Fig. 16b). In general, cooler, more silicic 

magmas accumulated at shallower depths within the mush, and hotter, less silicic magmas 

at greater depths. 

(3) The formation of a large, silicic magma chamber. Small magma pockets in the mush zone 

were gradually extracted and ascended through the mush, accumulating to form a large 

silicic magma chamber in the upper part of the mush zone (Hildreth and Wilson, 2007), 

eventually developing into the 1991 silicic magma chamber (Fig. 16c). Our new dataset 

of the 1991 dacite suggests that the formation of a large chamber can be considered as a 

mixing process between at least two silicic end-member magmas (Fig. 16d), such as D1 

and D2 in Figure 14. This large, hybrid magma chamber was situated between 6 and 14 

km depth according to geophysical investigations (Mori et al., 1996; White, 1996) and 
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previous petrological studies (Rutherford and Devine, 1996; Pallister et al., 1996; 

Hammer and Rutherford, 2003). Moreover, it is estimated that uneruptable materials at 

4-6 km depth (Rutherford and Devine, 1996; Hammer and Rutherford, 2003) correspond 

to the top of the mush zone (Fig. 16d). 

(4) Triggering of the 1991 eruption (Pallister et al., 1992, 1996). Just prior to the 1991 

eruption, the 1991 basaltic magma was injected into the dacitic magma chamber. This 

generated the andesitic magma, which ascended and was extruded as the lava dome on 

June 7, which, in turn, was destroyed by the Plinian eruption on June 12 (Fig. 16e). 

Finally, the 1991 dacitic magma occupying the chamber was erupted during the June 15 

climactic eruption. 

Previous studies of the 1991 Pinatubo eruption have focused on the processes that triggered 

the explosive eruptions, such as the injection of the basaltic magma into the voluminous silicic 

magma chamber (Pallisters et al., 1992; Pallister et al., 1996). This process is recognized as 

evidence of mixing and mingling between the basaltic and silicic magmas. Our results reveal 

that the formation and evolution of the silicic magma chambers was recorded by phenocrystic 

minerals in the silicic eruptive materials, and further investigation of the zonal structures of 

those phenocrystic minerals could constrain the timescale of pre-eruptive processes of the 1991 

Pinatubo eruption. However, we cannot confirm the detailed genesis of the 1991 dacitic magma 

because whole rock compositions from past eruptive periods at Pinatubo (Buag, Maraunot, etc.) 

are limited (Muro et al., 2008), although the whole rock compositions of the 1991 and Buag 

period dacitic magmas are similar. Thus, we speculate that the generation of silicic end-member 

magmas, like the D1 and D2 magmas in this study, has occurred repeatedly in the Pinatubo 

magma plumbing system. In contrast, the 1991 basalt is distinct from the Buag basalt (Figs. 7, 

8), suggesting that voluminous silicic eruptions at Pinatubo are controlled by the formation of 

basaltic magmas in the mantle wedge beneath the volcano. Although our study revealed the 

formation and evolution of the magma plumbing system during at most the 500 years following 

the Buag period, the long-term (since 40 ka) evolution of the modern Pinatubo stage (Newhall 

et al., 1996) has not yet been revealed. Considering the similarity of the whole rock 

compositions produced during each huge eruption, it should be possible to determine the long-

term (i.e., several thousand to ten thousand years) formation and evolution of the magma 

plumbing system based on geochemical research. To this end, it is essential to reveal all possible 

variations among the silicic magmas, as shown in this study.  

37



 

 

 

Fig. 10. Relationship between the amount of phenocryst contents (wt.%) and bulk compositions 

(wt.%) of 1991 samples. The amount of phenocryst content includes total phenocryst (Ph-total), 

plagioclase (Pl) and amphibole (Amp).  
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Fig. 11. Representative zoning profiles of plagioclase phenocrysts in dacitic samples. 

Plagioclase phenocrysts with cores having An#   50 are normally zoned, reaching An#   30 at 

the core-rim boundary (a), whereas those with cores having An#   30 exhibit reverse zonations, 

reaching An#   50 at the core-rim boundary (b). 
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Fig. 12. Magmatic temperatures calculated for the 1991 dacitic magma. (top) Temperatures 

obtained using the magnetite-ilmenite geothermometer by Andersen and Lindsley (1988) and 

Ghiorso and Evans (2008). The original temperatures of Andersen and Lindsley (1988) are 

lowered by 30  C in accordance with Geschwind and Rutherford (1992). The average absolute 

deviations (aad) of Andersen and Lindsley (1988), and Ghiorso and Evans (2008) are ±33  C 

and ±44  C, respectively (gray bars). (bottom) Magmatic temperatures calculated on our sample 

using the plagioclase-amphibole (Thermometer B; add ±40 ; gray horizon bar) of Holland and 

Blundy (1994). We used the average chemical compositions of plagioclase-hornblende pairs 

showing normal, reverse, or weak zoning (see Table 3). Pressure values were calculated by 

Mutch et al. (2016; aad±60 MPa, gray vertical bar). 
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Fig. 13. Comparison of matrix glass compositions in dacitic pumices with experimental melts 

obtained by the dehydration melting (DM) or water-saturated melting (WM) of crustal materials. 

Black and gray dashed polygons outline the results for dehydration and water-saturated melting 

experiments, respectively, at 100-690 MPa (Beard and Lofgren, 1991). Black dotted and solid 

polygons outline the results of dehydration melting experiments at 800 MPa (Rapp et al., 1991) 

and 1,000 MPa (Wolf and Wyllie, 1994), respectively. Gray filled and black open circles show 

the matrix glass compositions of phenocryst-poor (J15-P) and -rich (J15-R) pumices, 

respectively. The gray shaded area outlines the bulk composition of dacitic pumices. 
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Fig. 14. Representative whole-rock major, trace and isotopic compositions of the 1991 dacites 

and two silicic end-member magmas. We assumed two end-member magmas with SiO2 

contents taken as the extreme values of the observed dacites: D1, the less silicic magma (63.97 

wt.% SiO2, left diamond and dotted line), and D2, the more silicic magma (66.37 wt.% SiO2, 

right diamond and dotted line). The other elemental isotopic compositions of the end-member 

magmas were calculated from linear fits to the observed data (blue dashed lines). The vertical 

and horizonal bars show the analytical error. 
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Fig. 15. Rb concentrations and Rb-normalized trace element contents of 1991 dacites and the 

D1 and D2 end-member magmas. Gray lines show the results of a Rayleigh fractional 

crystallization model calculated based on the mineral proportion in the D1 and D2 magmas 

(determined by mass balance between the two magmas, see section 6.4). Numerical values 

along the gray lines show the proportion of fractional crystallization. The end-member D2 

magma does not plot along the fractional crystallization trend, and thus could not have been 

generated by the fractional crystallization of the D1 magma. 
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Fig. 16. Schematic representation of the magma plumbing system of the 1991 Pinatubo 
eruption.: (a) Partial melting of crustal materials due to basaltic magma underplating. New 
basaltic magma ascended and stagnated beneath the lower crust, heating the crustal materials 
and forming silicic melt lenses. Dashed blue lines show isothermal contours. Cooler, more 
silicic melt lenses formed at shallower depths within the crystal mush, whereas hotter,less silicic 
ones formed at greater depths. (b) The formation of heterogeneous silicic end-member magmas. 
Due to the heterogeneity of crustal materials and the thermal gradient, heterogeneous silicic 
melts were produced. Smaller melt lenses grew to form small magma pockets and/or chambers 
within the mush. (c) The formation of a large silicic magma chamber. The gradual extraction, 
ascent, and accumulation of smaller magma pockets formed a large magma chamber at 
shallower depths within the crystal mush zone. (d) Continued magma extraction, ascent, and 
accumulation formed the hybrid 1991 silicic magma chamber, which is considered as magma 
mixing of at least two silicic end-member magmas, such as D1 and D2. (e) Triggering of the 
1991 eruption. Just before the 1991 eruption, basaltic magma injected into 1991 dacitic magma 
chamber to produce andesitic magma that was extruded as a lava dome on June 7. The dome 
was subsequently destroyed by the June 12 Plinian eruption. 
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Table 5. Estimated bulk major (wt.%) and trace (ppm) elements, and isotopic compositions of 

two silicic end-member magmas. 
End-member D1 D2 

SiO2 63.97 66.37 

TiO2 0.56 0.52 

Al2O3 16.84 16.15 

FeOt*1 4.29 3.86 

MnO 0.11 0.10 

MgO 2.59 2.2 

CaO 5.44 4.53 

Na2O 4.58 4.46 

K2O 1.43 1.62 

P2O5 0.20 0.18 

Total 100.00 100.00 

Rb 39.1 46.4 

Sr 572 544 

Y 17 14 

Zr 128 121 

Nb 4.1 4.2 

Ba 455 510 

La 14.9 15.6 

Ce 29.9 31.2 

Nd 14.4 14.2 

Sm 3.0 2.9 

Eu 0.83 0.74 

Yb 1.3 1.2 

Lu 0.2 0.2 

87Sr/86Sr 0.704187 0.704195 

143Nd/144Nd 0.512918 0.512919 

206Pb/204Pb 18.4232 18.4235 
*1 Total Fe is expressed as FeOt. 

Abbreviations: D1, less silicic end-member; D2, more silicic end-member (see text for detail). 
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Chapter 7: Conclusions 

 

We analyzed the petrology and geochemistry of juvenile eruptive products of the 1991 

Pinatubo eruption to re-evaluate the role of magma mixing during the pre-eruptive formation 

and evolution of the magma plumbing system. Our main conclusions are as follows. 

 

1. The basaltic magma that triggered the eruption was injected into a hybrid dacitic magma. 

The compositional variations of phenocrysts, such as plagioclase and amphibole, and 

the whole rock compositions of dacitic pumices suggest that the hybrid dacitic magma 

was the products of various dacitic melts and/or magmas, which can be approximately 

considered as the mixing of at least two similar, but distinct, silicic end-member 

magmas; here, we considered a hotter, less silicic magma (D1) and a cooler, more silicic 

one (D2). 

2. Our new data confirm that the hybrid dacitic magma could not have been produced by 

the fractional crystallization of the injected 1991 basaltic magma. Thus, the dacitic 

magmas must have been generated by the partial melting of crustal materials due to 

heating by the underplating basaltic magma. 

3. We showed that is not possible to form the more silicic end-member magma by 

fractional crystallization of the less silicic one. Thus, these silicic end-member magmas 

must have been produced independently, but simultaneously. We attribute the 

heterogeneous silicic melts to the melting of heterogeneous crustal materials at various 

temperatures and depths. 

4. The pre-eruptive processes of the 1991 Pinatubo eruption can be divided into the 

formation of the hybrid dacite magma and the triggering of the eruption. The former 

was initiated by the formation of heterogeneous silicic melts in a crystal mush zone 

within the crust. The extraction and accumulation of these melts produced a large hybrid 

silicic magma chamber. The injection of the basaltic magma into the chamber then 

triggered the eruption. 

5. We conclude that the pre-eruptive formation and evolution of the magma plumbing 

system of the 1991 eruption required at most 500 years, i.e., since the former Buag 

period. 
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Part 2: 
 
 

Time scale of pre-eruptive processes of the 1991 Pinatubo 
eruption: Investigation into diffusion profile of phenocryst 

minerals 
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Abstract 

 

Pinatubo volcano is the only one that erupted in 1991, the largest eruption in the latter half of 

the 20th century. Although geophysical data before the eruption exist, there are no examples of 

studies that verify the time scales of pre-eruptive processes inferred from petrological methods 

based on geophysical observation data. In this study, we estimated the time scales of the 

formation and evolution of the magma plumbing system in the 1991 eruption from the diffusion 

profiles of phenocryst minerals and verified the results with geophysical data to investigate the 

relationship between the magmatic processes and the precursor phenomena. The main 

magmatic processes in the 1991 eruption are the accumulation of compositionally and thermally 

heterogeneous silicic melts produced by partial melting and magma mixing between hybrid 

dacite and ascending basalt. The time scales of each magmatic process were estimated by 

investigating the diffusion profiles of quartz in dacitic pumice for the accumulation and titano-

magnetite in andesitic scoria for the magma mixing. As a result, the accumulation of silicic 

melts started more than 400 years ago and continued until 3 years before the eruption. 

Furthermore, the shallow magma chamber may have grown rapidly from 30 years before the 

eruption. On the other hand, the magma mixing started less than 50 days before the eruption 

and continued until 2 hours ago. Andesitic magma may have grown rapidly 3 days before the 

eruption. Furthermore, the time scale of magmatic process was verified from geophysical 

observations, and the timing of the rapid growth of andesitic magma is consistent with the 

swarm of shallow low-frequency tremor and rapid increase of SO2 emission. The inflation of 

magma mixing and the rise of its mixed magma may be observed as shallow low-frequency 

tremor in the conduit. Moreover, this is preceded the swarm of deep long period earthquakes as 

basaltic magma ascent. Thus, geophysical observations on the order of weeks or months may 

be sufficient to assess whether the eruption is imminent. 
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Chapter 1: Introduction 

 

   In many volcanoes, precursor phenomena such as crustal deformation, seismic activity, 

thermal anomalies, or changes in the composition of volcanic gases and hydrothermal fluids 

are often observed before an eruption (e.g., Daag et al. 1996; Sakai et al. 2001; Umakoshi et al. 

2001; Yoshida et al. 2002). If we can understand how these geophysical and geochemical 

observations correspond to the magmatic processes at the depths of volcanoes revealed by 

petrology, we can not only understand volcanic eruptions but also contribute to eruption 

prediction. For this understanding, it is essential to inscribe the time axis of magmatic processes 

using petrological methods. In this context, there are several previous studies that have tried 

geophysical observations against the time scales of magmatic processes estimated from 

petrological methods (Tomiya et al., 2013; Kilgour et al., 2014; Moore et al., 2014; Rae et al., 

2016; Viccaro et al. 2016). However, these studies are currently limited to recent small- to 

medium-scale eruptions with observational cases (VEI 4 or less; Newhall and Self, 1982). 

   On the other hand, due to the lack of geophysical observation of large-scale eruptions that 

form calderas with VEI greater than 6, the time scales of magma plumbing systems have been 

investigated mainly by petrological methods (e.g., Wark et al., 2007; Druitt et al., 2012; 

Matthews et al, 2012; Chamberlain et al., 2014; Matsumoto et al., 2018). These studies have 

revealed that the time scale between magma injection into magma chamber and eruption that 

triggers large-scale eruptions is on the order of years to centuries (Wark et al., 2007; Matthews 

et al., 2012; Tomiya et al., 2013; Matsumoto et al., 2018). In some volcanoes, eruptions are 

triggered not only by mafic magma but also by the injection of silicic magma (Morgan et al., 

2006; de Silva et al., 2008; Saunders et al., 2010; Druitt et al., 2012). These results point to the 

importance of long-term geophysical observations prior to eruptions in large-scale eruptions 

such as those that form calderas (Druitt et al., 2012). In order to verify the pre-eruptive process 

of these unrecorded past large-scale eruptions, it is necessary to compare the time scales of the 

formation and evolution of the magma plumbing system estimated by petrological methods 

with those of geophysical observations before the eruption, and to clarify the relationship 

between them. 

   Pinatubo volcano located in the northern part of Luzon Island, Philippines (Fig. 1), which 

erupted in June 1991 with a VEI=6, ejecting a large amount of dacitic magma (Scott et al., 

1996). Since Pinatubo volcano had been in a quiescent phase for about 500 years, no 
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geophysical observations had been made, but the phreatic eruption two months before the 

climactic eruption triggered observations by PHIVOLCS (Philippine Institute Volcanology and 

Seismology) and USGS (U.S. Geological Survey) (Lockhart et al, 1996). Thereby, geophysical 

observations have been recorded for up to two months until climactic eruption on June 15. This 

eruption was one of the largest eruptions of the second half of 20th century, and many studies 

were conducted after the eruption (e.g., Pallister et al. 1992, 1996; Bernard et al. 1996; Luhr 

and Melson, 1996; Muro et al. 2008; Borisova et al, 2014), which revealed the structure of the 

magma plumbing system before the eruption and magmatic processes during the eruption. The 

1991 eruption was triggered by the injection of basaltic magma into a shallow dacitic magma 

chamber just before the eruption (Pallister et al., 1992, 1996). In addition to that, basaltic 

injection was assumed based on the seismic activity before the eruption (White, 1996), but the 

contrast between magmatic processes and observational data with clear time scales by 

petrological methods has not been studied. Later, U-Th dating was used to estimate the age of 

phenocryst mineral formation (King et al., 2016), but the magmatic processes and their time 

scales have not yet been clarified. 

  Recently, the evolution of the magma plumbing system and the eruptive process of the 1991 

eruption have been re-examined, and not only the magmatic process immediately before the 

eruption but also the evolutionary process of the dacitic magma chamber has been clarified 

(Part 1). In order to clarify the time scale of the formation and evolution process of the magma 

plumbing system of 1991 eruption, we analyzed the compositional zoning structure of quartz 

and titano-magnetite in volcanic products. We then contrast the geophysical data recorded 

before the eruption with the magmatic processes revealed by petrological methods, and discuss 

the relationship between them. 
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Fig.1. Location map of Pinatubo volcano at the north part of Luzon Island, Philippines. WVC 

and EVC show western and eastern volcanic chains, respectively. Pinatubo volcano belongs in 

WVC, and is labeled as black triangle. Gray triangles show other volcanoes. This figure was 

modified after Borisova et al. (2014). 
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Chapter 2: History of activities in Pinatubo volcano 

 

Pinatubo volcano started its activity about 1 million years ago, and is divided into ancestral 

and modern activities after the formation of the Tayawan caldera about 40,000 years ago (Delfin, 

1983, 1984; Newhall et al., 1996). The ancestral activity is due to andesitic to dacitic magma, 

with pyroclastic flow deposits and multiple vents associated with the formation of the Tayawan 

caldera. On the other hand, the modern activity produced six pyroclastic flow eruptions except 

for the 1991 eruption, all of which were dominated by dacitic magma (Fig. 2). The interval 

between the six eruptions tends to decrease with age, and the quiescent period before the 1991 

eruption was about 500 years (Newhall et al., 1996). 
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Fig. 2. Volcanic periods and bulk compositions of Pinatubo volcano during past 40,000 years. 

Bulk compositions before 1991 eruption were taken from Newhall et al. (1996). 
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Chapter 3: Outline of the 1991 Pinatubo eruption 

 

The 1991 activity began with a phreatic eruption on April 2, which was preceded by felt 

earthquake on March 15 (Sabit et al., 1996). Thereafter, small eruptions emitting volcanic gas 

and ash continued intermittently until the end of May. In June, it continued to erupt on a small 

scale, and a lava dome of andesitic magma appeared on June 7. The first plinian eruption 

occurred on June 12, ejecting andesitic magma. A dozen more eruptions of the vulcanian type 

followed (Hoblitt et al., 1996), and finally a climactic eruption occurred on June 15. This 

eruption lasted for 9-10 hours (Tahira, 1992; Tahira et al., 1996), ejected a large amount of 

dacitic magma, and was the largest eruption in the second half of the 20th century (Schmincke, 

2004). 

Geophysical observations were initiated by PHIVOLCS on April 2 following the phreatic 

eruption on April 2 (Fig. 3; Lockhart et al., 1996; Sabit et al., 1996). After April 26, USGS 

began to install instruments, and the epicenters of volcanic earthquakes began to be identified 

around May 7 (Lockhart et al., 1996; Mori et al., 1996). SO2 emissions in volcanic gases were 

also measured by COSPEC (correlation spectrometer) once every 3-4 days after May 13 (Daag 

et al., 1996). Observations around the summit by tiltmeter began on June 1, although only at 

one location, and continued until June 13 when the instrument was destroyed (Ewert et al., 

1996). On the other hand, several USGS seismic instruments were damaged by small eruptions 

that occurred before June 12, and furthermore, all instruments installed around the mountain 

body were destroyed until the climactic eruption on June 15 (Lockhart et al., 1996). However, 

before the first plinian eruption on June 12, the epicenter locations of volcanic earthquakes were 

identified and their time trends were investigated (Hoblitt et al., 1996; Mori et al., 1996). 
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Fig. 3. Transitions of eruptive activity and geophysical observations at Pinatubo volcano in 

1991. This figure was based on Harlow et al. (1996), Sabit et al. (1996), Lockhart et al. (1996), 

Daag et al. (1996), Ewert et al. (1996). 
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Chapter 4: Magma plumbing system of the 1991 eruption 

 

The main magmatic events of the 1991 eruption were the appearance of a lava dome on 

June 7 and the first plinian eruption on June 12 by andesitic magma and the subsequent 

climactic eruption on June 15 by dacitic magma. The andesitic lava on June 7 contains basaltic 

enclaves, and it has been clarified that the andesitic magma was produced by mixing between 

basaltic magma of this enclave and dacitic magma of the climactic eruption (Pallister et al., 

1992, 1996). 

The 1991 climactic eruption was caused by the injection of basaltic magma into a magma 

chamber of dacitic magma just before the eruption (Pallister et al., 1992, 1996). The basaltic 

injection caused magma mixing with the dacitic magma, and then the andesitic magma was 

produced and ejected on June 7 for lava dome and June 12 for first plinian. Subsequently, the 

dacitic magma also released as climactic and large-scale eruption (Pallister et al., 1996). 

For the dacitic magma of the 1991 eruption, it was recently pointed out that the dacitic 

magma is heterogeneous based on the whole rock composition and contained phenocryst 

mineral composition, and that these diversities can be approximated by magma mixing of at 

least two silicic end-member magmas (Fig. 4; see Part 1). As a result, heterogeneous silicic 

magmas were generated due to the heterogeneity of the crustal material and the temperature 

gradient from the heat source, and these magmas accumulated to form the dacitic magma of 

1991 (see Part 1). The 1991 eruption was preceded by the formation of heterogeneous silicic 

melts due to partial melting of crustal materials, the accumulation of these melts to produce a 

large amount of hybrid dacitic magma at shallow level, and the injection of basaltic magma into 

this magma. 
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Fig. 4. Chemical compositions of phenocrysts (a) and whole rocks (b) in the 1991 Pinatubo 

eruption. See Part 1 for detail. 
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Chapter 5: Samples 

 

5.1. Rock samples 

Petrological characteristics of the rock samples used in this study are summarized in Table 

1. The rock samples are basaltic enclave in the June 7 andesitic lava dome fragments, the June 

12 andesitic scoria, and the June 15 dacitic pumice. Basaltic enclave shows whole rock 

composition of SiO2 = 53.1 wt.% and contain plagioclase, hornblende, olivine, and 

clinopyroxene as major phenocryst, and quartz and opaque minerals (titano-magnetite only) as 

minor phenocryst (Table 1; see Part1). 

Andesitic scoria has whole rock composition of SiO2 = 59.5-60.1 wt.% and contains 

plagioclase, hornblende, olivine, and clinopyroxene as major phenocryst and quartz, biotite, 

and opaque minerals (magnetite + ilmenite) as minor phenocryst (Table 1). Although the June 

7 lava dome fragment was not used in this study, it is of the same origin of andesitic magma 

because it shows similar phenocryst mineral assemblage and whole rock composition as the 

andesitic scoria on June 12 (Pallister et al., 1996; Part 1). 

Dacitic pumice shows whole rock composition of SiO2 = 62.0-66.4 wt.% and contains 

plagioclase, hornblende, and quartz as major phenocryst and opaque minerals (magnetite + 

ilmenite) as minor phenocryst (Table 1). It also rarely contains olivine, clinopyroxene, and 

biotite phenocrysts. There are also two types of pumice, gray with massive and white with 

vesicle (Pallister et al., 1996). Although the amount of phenocryst mineral in each type differs 

(Table 1), the whole rock composition and isotopic composition are similar, indicating the same 

origin of dacitic magma (Pallister et al., 1996; Part 1). 

 

5.2. Focused minerals 

In this study, we analyze the compositional zoning structure of quartz and titano-magnetite 

phenocryst minerals in all types of products from the 1991 eruption to examine the time scale 

of magmatic processes. These two minerals, together with common hornblende and low Ca 

plagioclase, are phenocryst minerals that were in equilibrium with dacitic magmas (Part 1), and 

quartz and titano-magnetite in andesitic to basaltic samples are dacitic end-member magma-

derived phenocryst minerals according to magma mixing. In addition, the zoning structure of 

titano-magnetite could not be examined because the zoning structure of basaltic enclave is 

modified by cooling after eruption. The zoning structure of quartz could not be also examined 
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because the amount of this phenocrysts in andesitic scoria was small and a clear zoning structure 

could not be confirmed due to the cutting surface during the preparation of thin sections. 
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Chapter 6: Methods 

 

6.1. Analytical methods 

   Quartz and titano-magnetite phenocrysts were not only found in thin sections, but in the 

scoria and pumice samples, the samples were crushed, the minerals were collected, and the 

quartz and titano-magnetite were separated by hand-picking and embedded in thin section for 

analysis. 

For the quantitative analysis of Ti content in quartz crystal, field emission electron probe 

microanalyzer (FE-EPMA; JEOL JXA-8530F) with good analytical accuracy was used. The 

measurement conditions were 15 kV accelerating voltage and 200 nA beam current. Correction 

for analysis using the microanalyzer was performed using the ZAF method. Zoning structure 

of quartz was observed by using cathodoluminescence images (hereafter referred to as “CL 

image”). The color contrast expressed in CL images is linearly and positively correlated with 

the amount of Ti content in quartz (e.g., Peppard et al., 2001; Wark and Spear, 2005; Rusk et 

al., 2008). Using this relation, we converted CL image to grayscale and estimated Ti content in 

other quartz crystals using the results of quantitative analysis of some quartz. The procedure 

from grayscale to estimation of Ti content is shown in Appendix A. 

The chemical composition of titano-magnetite was analyzed using electron probe 

microanalyzer (EPMA; JEOL JXA-8800R). The measurement conditions were 15 kV 

accelerating voltage and 20 nA beam current. Correction for analysis using the microanalyzer 

was performed using the ZAF method. Zoning profiles were analyzed at intervals of 2-4 µm, 

considering the size of each crystal. 

 

6.2. Diffusion profiles 

   The analysis of the diffusion profile of quartz follows the methods of previous studies (e.g., 

Cherniak et al., 2007; Wark et al., 2007; Gualda et al., 2012; Matthews et al., 2012), and the 

detailed analysis procedure is shown in Appendix B. The diffusion time is calculated for all 

quartz used in this study, but the calculated diffusion time is the maximum value because the 

quartz was not cut with parallel to c-axis. 

   The analysis of titano-magnetite diffusion profile follows the methods of previous studies 

(e.g., Nakamura, 1995; Tomiya et al., 2013; Matsumoto et al., 2018), and the detailed analysis 

procedure is shown in Appendix C.  
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Chapter 7: Zoning structure of quartz 

 

7.1. Petrography of quartz 

   Quartz in dacitic pumice is 1.9 mm in maximum grain size and 2.8 vol.% in maximum 

content. The shape of phenocryst is elliptical, but partially fragmentary (Figs. 5a-f). On the 

other hand, quartz in basaltic enclave has a maximum grain size of 2.3 mm and 0.7 vol.% in 

content. The surroundings of phenocryst are markedly uneven and irregularly shaped (Figs. 5g-

i). 

 

7.2. Core and rim of quartz 

   Core and rim compositions of quartz in dacitic pumice and basaltic enclave are shown in 

Fig. 6. Quartz in dacitic pumice shows Ti = 65-162 ppm in the core and Ti = 69-170 ppm in the 

rim. The core and rim tend to be comparable or the Ti content in the rim is slightly higher (Fig. 

6). On the other hand, the basaltic enclave of quartz shows Ti = 91-124 ppm in the core and Ti 

= 190-195 ppm in the rim. Ti content of the rim is much higher than that of the core and shows 

a clear reverse zoning structure (Fig. 6). Ti content of the rim is very much higher than that of 

the quartz rim of dacitic pumice. 

 

7.3. Zoning pattern of quartz 

According to CL images of quartz phenocryst, most of them show oscillatory zoning 

structures (Fig. 5a-f). The number of zoning band varies from crystal to crystal. Some crystals 

are euhedral, while others are fragmented. On the other hand, regardless of whether the crystals 

pass through the center or not, all crystals have zoning band at outer rim (Fig. 5). 

Quartz of basaltic enclave is similar to that of dacitic pumice in that it has crystals with 

oscillatory zoning structure (Fig. 5g), but the outer rim in crystals have a very bright rim (Fig. 

5g-i). This is a feature not found in dacitic pumice quartz. 

The compositional profile of quartz shows compositional changes from core to rim (Fig. 7). 

Dacitic pumice quartz shows repeated increases and decreases in Ti content (Fig. 7a-f), 

corresponding to the color variation in the CL images. The amount of variation ranges roughly 

from 50 ppm to 170 ppm, with most of the variation within 150 ppm. Similar to dacitic pumice, 

quartz of basaltic enclave may also show oscillatory zoning structure or, conversely, a 

homogeneous composition inside (Fig. 7). However, as in the core-rim diagram (Fig. 6), quartz 
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in basaltic enclave shows very high Ti content in outer rim. This feature is not found in quartz 

of dacitic pumice. 
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Fig. 5. Cathodoluminescence images of quartz in juvenile materials from the 1991 eruption. (a) 

to (f) are crystals in dacitic pumice and (g) to (i) are crystals in basaltic enclave. The black bar 

in the image shows the scale of 100 µm. 
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Fig. 6. Core-rim diagram of Ti content in quartz. Open circle and solid square show quartz in 

dacitic pumice and in basalt enclave, respectively. 
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Fig. 7. Compositional profiles of quartz. (a) to (f) and (g) to (i) show the composition of quartz 

in dacitic pumice and basaltic enclave, respectively. 
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8. Zoning structure of titano-magnetite 

 

8.1. Petrography of titano-magnetite 

   Titano-magnetite in andesitic scoria has a maximum grain size of 0.6 mm and a maximum 

of 0.2 vol.% in content. This phenocryst shows a short columnar shape, but some of the 

surroundings is partially deformed into a curved to concave shape (Fig. 8a-f). BSE image shows 

a color change at the outer rim of crystal (Fig. 8a-f). This color variation ranges from a few µm 

to several tens of µm. Titano-magnetite in dacitic pumice shows a maximum grain size of 0.8 

mm, a maximum of 0.1 vol.% in content, and a short columnar shape (Fig. 8g-i). On the other 

hand, titano-magnetite in dacitic pumice shows homogeneous coloration from core to rim. 

 

8.2. Core and rim of titano-magnetite 

   Core and rim compositions of titano-magnetite in andesitic scoria and dacitic pumice are 

shown in Fig. 9. Titano-magnetite in andesitic scoria shows TiO2 = 3.7-4.6 wt.% (some with 

6.4-7.0 wt.%) and Al2O3 = 1.5-2.4 wt.% in the core, and TiO2 = 3.8-7.7 wt.% and Al2O3 = 1.7-

3.8 wt.% in the rim. Because the core is relatively homogeneous and the rim has a wide range 

of compositions, titano-magnetite rim of andesitic scoria shows a reverse zoning structure (Fig. 

9). On the other hand, titano-magnetite of dacitic pumice shows a relatively homogeneous 

composition with TiO2 = 3.7-4.6 wt.% and Al2O3 = 1.6-2.0 wt.% in both core and rim, similar 

to the composition of titano-magnetite core of andesitic scoria (Fig. 9). 

 

8.3. Zoning pattern of titano-magnetite 

   The compositional profile of titano-magnetite is shown in Fig 10. Titano-magnetite in 

andesitic scoria shows a clear reverse zoning structure at outer rim, while that in dacitic pumice 

shows a homogeneous composition from core to rim. The compositional variation in the profile 

is the same as the core-rim feature shown in Fig 9. 

   In titano-magnetite rim of andesitic scoria, the position at which compositional change 

begins depends on the element (Figs. 8a-f): TiO2 and Al2O3 change at 10-20 µm inside the rim, 

whereas MgO changes at 30 µm or more inside the rim. Compared to TiO2 and Al2O3, the 

composition of MgO changes more to the inner side. In addition, some crystals have a 

compositional change further out than the inner zoning structure (Fig. 10f). In this case, the 

compositional change outside outer rim is of the same width for all elements.
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Fig. 8. Back-scattered electron images of titano-magnetite. (a) to (f) and (g) to (i) show titano-

magnetite in andesitic scoria and dacitic pumice, respectively. The white bar in this image 

shows the scale of 100 µm. 
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Fig. 9. Core-rim diagram of TiO2 content of titano-magnetite. Cross and black circle show the 

compositions of titano-magnetite in andesitic scoria and dacitic pumice, respectively. 
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Fig. 10. Compositional profiles of titano-magnetite. (a) to (f) and (g) to (i) show the 

composition of titano-magnetite in andesitic scoria and dacitic pumice. Black solid, gray solid 

and gray dashed lines show TiO2, Al2O3 and MgO contents, respectively. 
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9. Time scales of diffusion profiles 

 

9.1. For dacite 

   Diffusion time estimated continuously from core to rim in quartz contained in dacitic 

pumice is shown (Fig. 11). Some crystals show a tendency of decreasing diffusion time from 

core to rim, while others do not show a clear decrease in diffusion time (Fig. 11). Since the 

diffusion time is expected to decrease gradually from core to rim in crystal growth, we 

considered the error of F-Ti oxides geothermometer (±33°C; Blundy and Cashman, 2008, see 

Appendix B for details). As a result, the diffusion time shows a similar or decreasing trend from 

core to rim, which is consistent with the process of crystal growth. 

   Diffusion time of quartz in dacite pumice is shown in Fig. 12. The diffusion time shows an 

overall range of 3 to 400 years, but the diffusion time tends to increase from rim (Fig. 12A) to 

core (Fig. 12F). In addition, many of diffusion times show within 30 years. 

 

9.2. For andesite and basalt 

   Diffusion time of titano-magnetite in andesitic scoria is shown in Fig. 13a. This time ranges 

from 2 hours (0.08 days) to 50 days, with most of them showing within 3 days. 

   Diffusion time of the basaltic enclave is shown in Fig 13b. This time shows 1.1-3.3 days. 

Note that this diffusion time shows a similar time order to that of magnetite, whereas the lava 

dome appearance on 7 June is used as the time standard. 
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Fig. 11. Variation of the diffusion time in the direction of crystal growth. Upper and lower parts 

show cathodoluminescence image and the change of diffusion time, respectively. Location was 

labeled A, B, and so on, starting from outer rim. The black line at the bottom left of the CL 

image indicates the 100 µm scale. 
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Fig. 12. Histogram of diffusion time of quartz in dacitic pumice. Zonings in quartz were labeled 

A, B, and so on, starting from outer rim to rim.  
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Fig. 13. Histogram of diffusion time for titano-magnetite and quartz rims. (a) Diffusion time 

estimated from titano-magnetite in andesitic scoria. (b) Diffusion time estimated from quartz 

rim in basaltic enclave. On left side of the top histogram is a detailed diagram of diffusion time 

within one day. 
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Chapter 10: Discussions 

 

10.1. Relationship between host rocks and compositional structures of quartz and titano-

magnetite 

   Quartz and titano-magnetite in dacitic samples, together with common hornblende and low 

Ca plagioclase, are phenocrysts minerals in equilibrium with dacitic magma (Part 1), and these 

minerals in andesitic to basaltic samples are ones derived from dacitic magma and captured by 

magma mixing. In other words, the compositional changes recorded in dacitic and andesitic to 

basaltic samples are different. Specifically, the minerals in andesitic to basaltic samples have 

undergone compositional changes at their rims due to magma mixing. Therefore, quartz and 

titano-magnetite in andesitic to basaltic samples record processes experienced by dacitic 

magmas on the inner side and by basaltic injection on the outer rim. 

   Quartz in dacitic pumice has multiple zonings, indicating that dacitic magmas have 

experienced not simple but complex magmatic processes. This multiple zoning is consistent 

with the model that dacitic magmas were produced by the accumulation of heterogeneous silicic 

melts (see Part 1). 

   On the other hand, titano-magnetite in andesitic scoria shows a clear reverse zoning 

structure, while that in dacitic pumice is homogeneous and has no zoning structure (Fig. 10g-

i). In other words, titano-magnetite in dacitic pumice has not been affected compositionally or 

thermally by the injection of basaltic magma. The core should also have undergone some 

compositional and thermal changes due to dacitic magma accumulation of silicic melts, but 

since the latest time of silicic melt accumulation is three years ago (Fig. 12), the composition 

of titano-magnetite in dacitic magma is presumed to have homogenized over time since then 

(Devine et al, 2003). 

 

10.2. Generating organization of dacitic magma based on quartz zonings 

   Quartz in dacitic pumice has a complex zoning structure, which indicates multiple changes 

in Ti content from core to rim of quartz (Fig. 7), and the temperature changes with Ti content, 

suggesting the involvement of thermally and compositionally different magmas. Therefore, the 

quartz phenocrysts may record the accumulation process of thermally and compositionally 

heterogeneous silicic melts produced by partial melting (see Part 1). 
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   On the other hand, quartz in basaltic enclave has a similar complex zoning structure, 

whereas shows clearly higher Ti content at outer rim (Figs. 7, 14a). Magma temperature 

estimated from Ti content of rim is slightly above the upper limit of temperature of dacitic 

magmas (724-804 °C; Part 1) estimated from Fe-Ti oxide thermometers (Fig. 13b; Blundy and 

Cashman, 2008). Although the magma temperature is unlikely to show a clear difference 

because it reaches equilibrium in a relatively short time, the large increase in Ti content suggests 

the involvement of magma with high Ti content. However, the large increase in Ti content 

suggests the involvement of magma with high Ti content. Thus, the characteristic rim was 

formed by the injection of basaltic magma with high Ti content and temperature. Quartz rims 

in basaltic enclave record magmatic mixing processes prior to eruption. 

   Quartz in dacitic pumice shows a maximum diffusion time of 400 years (Fig. 15A), 

suggesting that the accumulation of silicic melts was already underway 400 years before the 

eruption (Fig. 15B-a). The minimum diffusion time is 3 years (Fig. 15A), suggesting that the 

accumulation of silicic melts continued until 3 years before the eruption. Furthermore, the 

diffusion time is mostly within 30 years (Fig. 12, 15A), suggesting that the accumulation of 

silicic melts was at its peak during this period and that the hybrid dacitic magma chamber grew 

rapidly (Fig. 15B-b). If this is the case, then the growth rate of magma chamber would have 

accelerated in the later stages of growth, rather than at the same rate over about 400 years (Druitt 

et al., 2012). 

 

10.3. Organization of basaltic injection based on andesitic magma 

   Andesitic magmas are produced by mixing between dacitic and basaltic magmas, and the 

zoning structure of titano-magnetite is formed by magma mixing. The diffusion time of titano-

magnetite in andesitic scoria is shown in Figure 13. This time ranges from 2 hours (0.08 days) 

to 50 days, suggesting that magma mixing may have already started 50 days before the eruption. 

This means that the basaltic magma rose from deep depth and reached near the bottom of the 

magma chamber before 50 days before the eruption. Time scale of diffusion obtained from 

titano-magnetite is also consistent with one of previous studies using same mineral at other 

volcanoes (weeks to months before eruption; Nakamura, 1995; Devine et al., 2003; Coombs et 

al., 2000). 

Maximum diffusion time of titano-magnetite in andesitic scoria is 50 days (Fig. 15A), which 

indicates that andesitic magma had generated at least 50 days ago before the eruption (Fig. 15B-
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d). Thus, more than 50 days ago, basaltic magma had risen near the bottom of magma chamber 

and/or already injected into chamber (Fig. 15B-c). Diffusion time of titano-magnetite is also 

concentrated after 3 days before the eruption (Fig. 15A). This implies that magma mixing 

occurred frequently from 3 days ago to the eruption, which means that the supply of basaltic 

magma may have increased rapidly. Magma mixing may have proceeded simultaneously with 

magma ascent because it is difficult to finish the three processes, magma mixing, ascent and 

eruption, during short period of 3 days (Fig. 15B-e; e.g., Koyaguchi, 1985; Koyaguchi, 1986, 

Yamaguchi, 1996; Wada, 2000). Short time scale of 3 days before eruption is also consistent 

with one inferred from hornblende rims in previous studies (within a few days to less; Pallister 

et al., 1996). 

 

10.4. Geophysical observations and magma processes 

   Before examining the pre-eruptive process time scale from the observed data, we present 

the observed data organized by previous studies and their interpretation. The number of 

volcanic earthquakes is organized at two different depths, and data exist since May 7 (Zobin, 

2018). The earthquakes, which were predominantly 3-7 km below the surface 5 km northwest 

of the summit until the end of May, move to shallower than 4 km below the summit after June 

1 (Fig. 16a). This has been interpreted as magma rising to shallower depths through the conduit 

(Mori et al., 1996; Harlow et al., 1996; Zobin, 2018). The seismic equipment installed by the 

PHIVOLCS records the number of high-frequency and low-frequency earthquakes occurring 

each day from April 5 to June 6 (Fig. 16b). The high-frequency earthquake is observed due to 

shear rupture of surrounding rocks caused by rising basaltic magma and plastic deformation of 

the upper part of magma chamber caused by increased pressure inside due to injection (e.g., 

Minakami, 1974; McNutt, 1996). Since the high-frequency earthquakes were already swarming 

when the observations started, it is possible that the basaltic magma had already risen and 

injected the magma reservoir before April 5 (Fig. 16d; Sabit et al., 1996). On the other hand, 

low-frequency earthquakes can be found when the volatile components in magma bubble up 

during the ascent as well as shallower volcanic tremor (e.g., Power et al., 1996; Yoshida et al., 

2002). The swarm of low-frequency earthquakes during the two period, from April 8 to 22 and 

from May 27 to June 6, has been interpreted that the magma had risen to shallow underground 

(Sabit et al., 1996). In other words, magma mixing may have occurred prior to April 8 and May 

27 (Fig. 16d). Two swarms of deep long period earthquakes were observed in the period from 
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May 26 to June 8, which was interpreted as basaltic magma rising from deep crust (White, 

1996). The swarms of shallow low-frequency tremors and a sharp increase in SO2 emissions 

were observed between June 9 and the first plinian eruption on June 12 (Fig. 16c; Power et al., 

1996; Daag et al., 1996). This is interpreted to the rise of magma in preparation for the June 12 

eruption, and the magma has risen to shallower level (Fig. 16d; Daag et al., 1996; Shinohara, 

2018). 

   The magma movement inferred from the diffusion time scale was verified based on 

geophysical observations and their interpretation. Based on the diffusion time scale, the ascent 

and injection of basaltic magma is an event that occurred earlier than 50 days before the eruption 

(Fig. 17). However, it should have continued even after 50 days before the eruption (Fig. 17b). 

The timing of the basaltic magma ascent and injection is not known, whereas it partially 

overlaps with the period of the deep long period earthquakes (Figs. 16d, 17b). Given that the 

swarm of shallow low-frequency tremor was observed after the deep long period earthquake, it 

is possible that a large amount of basaltic magma was supplied during the deep long period 

earthquake. Next, the time scale shows that the magma mixing started 50 days ago (Fig. 17a). 

However, it is difficult to verify the timing of the onset of magma mixing from geophysical 

data, and the occurrence of high-frequency earthquakes may indicate magma mixing, but it is 

not certain (Fig. 16d). For the period from the acceleration of magma mixing to the eruption, 

the time scale indicates the period within 3 days of the eruption. During this period, a swarm of 

shallow low-frequency earthquakes and a rapid increase in SO2 emission are observed. 

Therefore, the diffusion time indicated by titano-magnetite in andesitic scoria may represent 

the timing of magma mixing as magma rises in the shallow part of the volcano for eruption. 

Above results suggest that although the timing of the onset of magma mixing can be determined 

from the titano-magnetite diffusion profile, the pre-eruptive process time scale prior to the 

ascent of andesitic magma in the conduit cannot be determined with any accuracy. 

   Although time scale for the formation of hybrid dacitic magma is about 400 years (Fig. 12), 

there is no geophysical data observed during this period, and we cannot discuss the relationship 

between the petrological time scale and geophysical observations. However, in the case of 

Pinatubo volcano, the hybrid dacitic magma grew rapidly after 30 years before the eruption, 

and if we had observed crustal deformation and other phenomena during that period, we might 

have been able to predict the large-scale eruption. Other volcanoes that have erupted on a large-

scale in the past have been reported to have accumulated large amounts of magma during the 
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later decades to centuries of the evolution of the magma plumbing system (Morgan, 2006; Wark 

et al., 2007; de Silva et al., 2008; Saunders et al., 2010; Druitt et al., 2012). Therefore, it may 

be possible to observe the growth (accumulation) process of silicic magma by observing crustal 

deformation on the order of at least several decades, and to predict large-scale eruptions such 

as the formation of calderas. 

   In this study, we investigated the pre-eruptive process time scale of the 1991 Pinatubo 

magma plumbing system, and the relationship between magmatic processes in this system and 

the precursor phenomena of eruption. As a result, the inflation of magma mixing caused by the 

basaltic injection and the rise of its mixed magma are observed as shallow low-frequency 

tremor in the conduit. Moreover, this is preceded the swarm of deep long period earthquakes as 

basaltic magma ascent. Thus, geophysical observations on the order of weeks or months may 

be sufficient to assess whether the eruption is imminent. More studies like this one, which 

improved understanding of the time scales of pre-eruptive processes and the change in observed 

data, resulting that more realistic eruption prediction will be possible. 
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Fig. 14. Variation of Ti content (a) and temperature (b) in quartz of basaltic enclave. (a) Gray 

field shows the range of Ti content in dacitic pumice. (b) Light red filed shows the range of 

dacitic temperature estimated by Fe-Ti oxides geothermometer (Part 1). 
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Fig. 15. Time scales of magma plumbing system in the 1991 Pinatubo eruption. (A) Diffusion 

time of quartz in dacitic pumice and titano-magnetite in andesitic scoria. (B) Magma plumbing 

system with time scale. (a) 400 years before the 1991 eruption, heterogeneous silicic melts 

generated by the partial melting of crustal materials had begun the accumulation. (b) 30 years 

ago, dacitic magma chamber grew rapidly at shallow level. (c) More than 50 days before the 

eruption, basaltic magma ascent near the bottom of magma chamber. (d) At least 50 days ago, 

basaltic magma injected into magma chamber, and then magma mixing occurred, resulting in 

the generation of andesitic magma. (e) 3 days ago, andesitic magma grew rapidly with increased 

injection of basaltic magma, which led to the eruption June 12. 
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Fig. 16. Geophysical observations and its interpretation. (a) The number of earthquakes in the 

interior of volcano (below the summit to a depth of 4 km) and in the upper part of magma 

reservoir (5 km below the northwest to a depth of 3-7 km) (Mori et al., 1996; Zobin, 2018). (b) 

Transitions of high- and low-frequency (HF and LF) earthquakes (Sabit et al., 1996). The upper 

part shows when DLP (White, 1996) and swarms of shallow low-frequency tremor (SLT; Power 

et al., 1996) were observed. (c) Changes in SO2 emissions measured by COSPEC (Daag et al., 

1996). (d) Interpretation of geophysical data, and divided into three magmatic processes, basalt 

ascent and injection, magma mixing, and mixing acceleration and ascent. Each color indicates 

that the timing of magmatic process as estimated from the corresponding observed data. 
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Fig. 17. Diffusional time scale and three magmatic processes. (a) Time scales were calculated 

from titano-magnetite in andesitic scoria and quartz in basaltic enclave. Green and blue lines 

show cumulative frequencies of diffusion times calculated by Ti and Al, respectively. (b) Three 

magma processes are basalt ascent and injection, magma mixing, and mixing acceleration and 

ascent. 
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Chapter 11: Conclusions 

Diffusion profiles of phenocryst minerals (quartz and titano-magnetite) in juvenile material 

of the 1991 eruption of Pinatubo volcano were analyzed, and the following information was 

obtained. 

 

1. Diffusion time of quartz in dacitic pumice shows a range of 3-400 years, and tends to 

be within 30 years, suggesting that the accumulation of silicic melts had already started 

400 years before the eruption, and the magma chamber formed by them was completed 

3 years before the eruption. Furthermore, the magma chamber may have grown rapidly 

after 30 years before the eruption. Thus, the magma chamber did not grow at a constant 

rate, whereas increased its growth rate in the later stages of the evolution process. 

2. Diffusion time of titano-magnetite in andesitic scoria showed the range from 2 hours to 

50 days and was concentrated within 3 days, suggesting that magma mixing had already 

started with the injection of basaltic magma 50 days before the eruption. In addition, 

magma mixing may have proceeded rapidly due to an increase in the supply of basaltic 

magma three days before the eruption, and andesitic magma may have grown rapidly. 

Thus, the supply of basaltic magma is not constant, but it seems to have increased 

rapidly 3 days before the eruption. 

3. Based on the results of the diffusion profile, the time scale of the magma plumbing 

system of the 1991 Pinatubo eruption is as follows. Basaltic magma melted crustal 

materials and produced heterogeneous silicic melts before 400 years before the eruption. 

The silicic melts began to accumulate and form a shallow magma reservoir 400 years 

ago, which grew rapidly for 30 years and was completed 3 years ago. Up to 50 days 

before the eruption, basaltic magma injected into the bottom of the magma chamber and 

andesitic magma was generated by subsequent magma mixing. 3 days before the 

eruption, the magma mixing increased rapidly as the supply of basaltic magma increased, 

and the andesitic magma grew rapidly, leading to the first plinian eruption on 12 June. 

4. Time scales of titano-magnetite were validated against the geophysical data recorded 

before the eruption. The results show that the rapid growth of andesitic magma from 3 

days before the eruption is consistent with the swarm of shallow low-frequency tremors 

and the rapid increase in SO2 emission. There is the possibility that we can estimate the 

precursor phenomena of eruption from the time scales of magmatic processes. 
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Concluding remarks 

 

   Pinatubo volcano has been active for about one million years, and seven silicic magmatic 

eruptions have occurred during the last 40,000 years (Newhall et al., 1996). Between 1991 and 

the previous active phase, the Buag period (0.5-1.0 ka), is only 500 years (Newhall et al., 1996). 

The time scale of the pre-eruptive process clarified in this study is only for the 1991 eruptive 

activity. Therefore, the relationship between the magma plumbing system and the pre-eruptive 

process in previous active periods is unknown. In contrast, we can clarify the long-term 

formation and evolution of the magma plumbing system of Pinatubo volcano by conducting the 

same study in the previous active period. 

   As mentioned in the ‘introduction’ of this dissertation, the decision criteria for new 

regulatory standards in nuclear power plants were established solely based on the research 

results of Druitt et al. (2012). To improve the reliability of the criteria, it is vital to accumulate 

case studies of large-scale volcanic eruptions of the past, such as the 1991 Pinatubo eruption, 

to clarify the formation and evolution processes of magma plumbing system and the time scales 

of their pre-eruptive processes. Therefore, it is desirable to study the time scale of the long-term 

pre-eruptive by investigating and organizing past eruption history in detail, rather than focusing 

on only one active period. This will make it possible to extract volcanoes with a high level of 

danger. It is essential to strengthen the monitoring of high-risk volcanoes and start monitoring 

them promptly. As pointed out in this study, monitoring on the order of at least several decades 

is necessary to observe the precursor phenomena of large-scale eruptions (Druitt et al., 2012). 

Therefore, it is important to conduct continuous geophysical observations and accumulate 

observational data hereon. This will enable us to understand the precursor phenomena of large-

scale eruptions and predict eruptions in the future. 
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Appendix A. Method for studying the compositional profile of quartz. 

 

   Although the quantitative analysis by FE-EPMA can accurately measure the amount of Ti 

in quartz, the compositional profile can only be obtained at intervals of a few to 10 µm or more 

due to irradiation damage. Therefore, we took cathodoluminescence (CL) images and estimated 

the compositional profile of quartz from the relationship between the gray scale obtained from 

the CL images and the amount of Ti actually analyzed. First, CL images of arbitrary quartz 

speckles were taken and the amount of Ti was quantitatively analyzed at several points (Fig. 

A1a). The CL images were then converted to grayscale. Image J (developed by the National 

Institute of Health (NIH)) was used for the conversion. Then, the converted grayscale was 

compared with the measured Ti content (Fig. A1b), and the relationship between the two was 

read visually to obtain a linear approximation formula (Fig. A1c). The amount of Ti was 

estimated from the CL image using this approximation formula (Table A1). The difference 

between the measured Ti content and the estimated Ti content was generally less than 10% 

(Table A1). 

   The moving average method was used to correct (smooth out) the noise (variation) that 

occurred when the gray scale was converted to numerical values (Figure A1d). The numerical 

values used in calculating the moving average were determined to be the previous three values 

after trial and error. 
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Fig. A1. Steps involved in creating a compositional profile of quartz. (a) Cathodoluminescence 

image of quartz and the location where the composition profile is to be estimated (white line) 

and the location where the amount of Ti is quantified (white circle). (b) Comparison of the 

grayscale composition profile and the quantified Ti content (white circle). (c) Comparison of 

grayscale and Ti content and linear approximation equation. (d) Moving average of the original 

composition profile (gray line) with noise removed (black line). 
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Appendix B. Calculation of diffusion time of quartz. 

 

   In order to calculate the diffusion time of quartz, we first calculated the diffusion coefficient 

using the method of Cherniak et al. (2007). Assuming that the compositional profile of quartz 

is parallel to the c-axis, the diffusion time can be calculated from the Arrhenius: 

 

DTi=7×expሺ- 237 RT ሻ 

 

where DTi: diffusion coefficient of Ti in quartz, R: gas constant, and T: temperature (in Kelvin). 

The temperature is assumed to be constant while diffusion is in progress, and the equilibrium 

thermometer with iron-titanium oxides (Anderson and Lindsley, 1988) is used for quartz from 

dacitic pumice, and the equilibrium temperature of colored minerals (Pallister et al., 1996) is 

used for quartz from basaltic inclusions to obtained (Table B1). In this study, a one-dimensional 

diffusion model was applied and the infinite equation given by Costa and Morgan (2010): 

 

C(X,  t)=C0+ ሺC1-C0ሻ 2 ×erfc X 2 D×t   

 

where C(x, t): composition at point X at some time t, C1: composition of the core, C0: composition 

of the rim, D: diffusion coefficient, t: diffusion time, erfc: complementary error function. The 

diffusion time was taken as the value when the composition profile (at a certain time t) drawn 

by the infinite equation and the composition profile obtained by the actual analysis overlapped 

the most. The overlap of the compositional profiles was selected visually by trial and error (Fig. 

B1). The analysis of the diffusion profile is applied assuming that it is parallel to the c-axis, but 

the difference in diffusion rate between parallel and perpendicular to the c-axis is less than 5% 

(Matthews et al., 2012). The directionality of the crystal axis is not considered in this study 

because this has a smaller effect on the diffusion time than the magma temperature error. 

   The cumulative change in the estimated diffusion time is shown in Fig. B2 (see 

supplementary materials for the values of diffusion times). This figure shows the error for the 

maximum and minimum temperature estimates, although the average magma temperature is 

used in the text. For the maximum temperature, the diffusion time tends to be short overall, 

resulting in a minimum of one year. On the contrary, for the minimum temperature, the diffusion 

time tends to be longer, resulting in a maximum of 900 years. 
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Fig. B1. An example of how to estimate the diffusion time from the diffusion profile of quartz. 

For each diffusion profile, the diffusion time is adjusted so that it overlaps with the profile well. 

The overlap was selected by visual inspection. 
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Fig. B2. Cumulative frequency of diffusion time and its error estimated from quartz in dacitic 

pumice. Error for calculation of diffusion time is due to one in the formula for magmatic 

temperature (±33℃; Blundy and Cashman, 2008). 
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Appendix C. Calculation of diffusion time of titano-magnetite. 

 

   Before analyzing the diffusion profile of titano-magnetite, it is necessary to distinguish 

whether the zoning structure of titano-magnetite rim is formed by crystal growth or by the effect 

of elemental diffusion (Tomiya et al., 2013). Reverse zoning structure exhibited by titano-

magnetite in andesitic scoria shows different positions of compositional change for different 

elements, with TiO2 and Al2O3 showing similar changes ( 10-20 µm inward from the rim), 

whereas MgO changes further to the core ( 30 µm inward from the rim) (Fig. C1a). In the case 

of simple crystal growth, the compositional changes of elements are all at the same position, so 

it can be concluded that the reverse zoning structure of titano-magnetite was formed by 

elemental diffusion. On the other hand, there are crystals in which the composition changes 

further out than zoning structure (Fig. C1b). Such crystals were excluded from the study of the 

diffusion profile because they were affected by crystal growth. 

The equilibrium temperature of iron-titanium oxides (Andersen and Lindsley, 1988) was 

used as the temperature of the magma for calculating the diffusion time (Table C1). The 

calculated temperatures ranged from 919 to 1,081 °C, with an average value of 988°C. The 

average value was higher than that of previous studies (930°C). Although the mean value agrees 

with the results of previous studies (930-961°C; Pallister et al., 1996) within the error range 

(±33°C; Blundy and Cashman, 2008), the diffusion time calculated from the maximum and 

minimum temperature values is shown as the error because of the large range of temperature 

variation. 

   Diffusion times for titano-magnetite were calculated using the method of Crank (1975), 

which considers crystals as isotropic spheres and assumes that the core is homogeneous in 

composition. Titano-magnetite crystals can be approximated as isotropic spheres, as proposed 

by Crank (1975) (e.g., Tomiya et al., 2013; Matsumoto et al., 2018). A practical way to calculate 

the diffusion time is to use the semi-infinite formula presented in Costa and Morgan (2010): 

 

C(X,  t)=C0+ሺC1-C0ሻ×erf X  D×t   

 

where C(x, t): composition at point X at some time t, C1: composition of the core, C0: composition 

of the rim, D: diffusion coefficient, t: diffusion time, erf: error function. Diffusion coefficients 

were calculated using the diffusion rates and equations of Van Orman and Crispin (2010), with 
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DTi = 4.58 × 10-4 [µm2/s] and DAl = 1.84 × 10-4 [µm2/s] for the average magma temperature 

(Table C2). The diffusion time was adopted at the time when the compositional profiles drawn 

by the semi-infinite equation (at a certain time t) and those obtained by the actual analysis 

overlapped the most. This is a commonly used method in existing studies (e.g., Masubuchi and 

Ishizaki, 2011; Tomiya et al., 2013; Matsumoto et al., 2018). The overlap of the compositional 

profiles was selected visually by trial and error (Fig. C2). 

   The cumulative frequency of diffusion time is shown in Fig. C3 (see supplementary 

materials for the values of diffusion times). This figure shows the error for the maximum and 

minimum temperature estimates, although the average magmatic temperature is used in the text. 

For the maximum temperature, the diffusion time tends to be short overall, resulting in a 

minimum of 0.02 days (0.5 hours). On the contrary, for the minimum temperature, the diffusion 

time tends to be longer, resulting in a maximum of 120 days. 
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Fig. C1. Example for compositional profiles of titano-magnetite in andesitic scoria. (a) 

Locations of compositional changes are different for each element. (b) Compositions change at 

outer rim. Because the location of the compositional change is the same for all the elements, it 

can be concluded that the compositional change of the rim was formed by crystal growth. 
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Fig. C2. An example of how to estimate the diffusion time from the diffusion profile of titano-

magnetite. For each diffusion profile, the diffusion time is adjusted so that it overlaps with the 

profile well. The overlap was selected by visual inspection. 
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Fig. C3. Cumulative frequency of diffusion time and its error estimated from titano-magnetite 

in andesitic scoria. Because temperature variation of andesitic magma is larger than the error in 

the formula for magma temperature, this error was estimated from the maximum and minimum 

temperature variation. 
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Supplementary Materials 

 

Part1: 

Table S1. Representative chemical compositions (wt.%; n.d., not detected) of phenocrysts in 

dacitic samples. 

 Table S2. Representative chemical compositions (wt.%; n.d., not detected) of phenocrysts in 

andesitic samples. 

 Table S3. Representative chemical compositions (wt.%; n.d., not detected) of phenocrysts in 

basaltic sample. 

 Table S4. Whole-rock major (wt.%) and trace elements (ppm), and isotopic compositions of 

representative 1991 samples. 

 Table S5. Magmatic temperature (°C) of the 1991 dacitic magma (major element 

concentrations in wt.%; n.d., not detected) based on magnetite-ilmenite pair 

geothermometer. 

 Table S6. Whole-rock major element and mineral compositions (wt.%) for mass balance 

calculation. 

 

Part2: 

 Table S7. Representative chemical compositions of titano-magnetite in andesitic scoria and 

dacitic pumice. 

 Table S8. Representative diffusion time and adapted parameters of two type rims in quartz. 

 Table S9. Representative diffusion time estimated by Ti and Al contents of titano-magnetite in 

andesitic scoria. 
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Table S4. Whole-rock major (wt.%) and trace elements (ppm), and isotopic compositions of 

representative 1991 samples. 

Unit J12-S J12-S J15-R J15-R J15-R J15-R J15-R 

Sample 
name 

P22892-
3A 

L-A 
teph 

121205MP-
H 

121205C-
Bm1 

121205C-
Bm2 

121205C-
Bm3 

121205C-
B1 

SiO2 59.28 59.61 64.66 66.11 65.20 65.59 65.73 

TiO2 0.67 0.67 0.60 0.53 0.51 0.52 0.52 

Al2O3 15.99 16.08 16.10 16.30 16.29 16.59 16.54 

Fe2O3
t*1 6.31 6.23 4.88 4.53 4.55 4.53 4.41 

MnO 0.13 0.13 0.11 0.10 0.11 0.11 0.10 

MgO 4.83 4.94 2.75 0.72 2.29 2.28 2.24 

CaO 7.05 7.15 5.92 2.57 5.11 5.50 5.04 

Na2O 3.94 3.84 5.10 2.81 4.58 4.75 4.65 

K2O 1.57 1.66 1.44 3.18 1.48 1.40 1.48 

P2O5 0.25 0.25 0.22 0.18 0.17 0.18 0.18 

Total 99.61 99.90 99.70 100.32 99.52 100.52 100.39 

V 171 170 123 - - - 111 

Cr 157 154 43 - - - 42 

Co 23 23 17 - - - 15 

Ni 52 54 21 - - - 19 

Rb 43 46 46 - - - 45 

Sr 590 588 534 - - - 557 

Y 18 17 17 - - - 16 

Zr 106 112 127 - - - 120 

Nb 1.9 2.5 3.6 - - - 2.9 

Ba 402 424 508 - - - 498 

La 18.0 - 16.0 - - - - 

Ce 37.1 - 32.5 - - - - 

Nd 18.8 - 15.3 - - - - 

Sm 3.99 - 3.18 - - - - 

Eu 1.10 - 0.83 - - - - 

Gd 3.55 - 2.84 - - - - 

Tb 0.50 - 0.42 - - - - 

Dy 2.76 - 2.39 - - - - 

Ho 0.55 - 0.49 - - - - 

Er 1.55 - 1.38 - - - - 

Tm 0.23 - 0.21 - - - - 

Yb 1.47 - 1.34 - - - - 

Lu 0.23 - 0.21 - - - - 
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(continued) 

Unit J15-R J15-R J15-R J15-R J15-R J15-R J15-R 

Sample 
name 

121205C-
B2 

121205C-
B3 

121202C-
B1 

121202C-
B2 

121202C-
B3 

121202C-
B4 

121202C-
B5 

SiO2 65.55 65.98 66.72 66.52 65.88 65.94 65.90 

TiO2 0.56 0.55 0.50 0.52 0.51 0.54 0.51 

Al2O3 16.45 16.44 16.24 16.28 16.98 16.63 16.57 

Fe2O3
t*1 4.65 4.46 4.18 4.35 4.25 4.36 4.28 

MnO 0.11 0.10 0.10 0.10 0.10 0.10 0.10 

MgO 2.20 2.64 2.31 2.43 2.37 2.39 2.33 

CaO 5.01 4.97 4.79 5.00 4.83 4.86 4.76 

Na2O 4.61 4.40 4.44 4.50 4.54 4.52 4.51 

K2O 1.43 1.61 1.60 1.54 1.59 1.60 1.62 

P2O5 0.21 0.21 0.18 0.19 0.18 0.17 0.18 

Total 100.42 100.51 100.52 100.62 100.67 100.54 100.22 

V 116 109 103 110 106 111 109 

Cr 44 40 38 41 42 40 45 

Co 15 16 14 15 14 15 15 

Ni 19 17 18 18 17 18 18 

Rb 46 44 47 45 41 45 44 

Sr 545 535 541 543 587 553 569 

Y 16 16 14 15 14 14 16 

Zr 127 127 117 120 123 120 124 

Nb 3.2 3.2 3.5 3.1 2.6 2.8 3.5 

Ba 495 505 512 514 465 503 482 

La 15.8 - 15.2 14.8 - - - 

Ce 31.5 - 30.3 31.1 - - - 

Nd 14.9 - 13.8 13.6 - - - 

Sm 3.02 - 2.77 2.74 - - - 

Eu 0.77 - 0.73 0.73 - - - 

Gd 2.74 - 2.51 2.45 - - - 

Tb 0.40 - 0.36 0.36 - - - 

Dy 2.27 - 2.09 2.06 - - - 

Ho 0.46 - 0.43 0.42 - - - 

Er 1.31 - 1.22 1.20 - - - 

Tm 0.20 - 0.19 0.19 - - - 

Yb 1.30 - 1.20 1.18 - - - 

Lu 0.20 - 0.19 0.19 - - - 
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(continued) 

Unit J15-R J15-R J15-R J15-R J15-R J15-R J15-R 

Sample 
name 

121202C-
B6 

121202C-
B7 

121202C-
B8 

121202C-
B9 

120801MP 
a 

120801MP 
b 

120801MP 
c 

SiO2 66.01 65.58 66.30 66.50 65.39 64.43 64.59 

TiO2 0.51 0.54 0.56 0.52 0.55 0.56 0.60 

Al2O3 16.66 16.82 15.96 16.37 16.39 16.53 16.09 

Fe2O3
t*1 4.28 4.40 4.79 4.33 4.49 4.65 5.03 

MnO 0.10 0.10 0.11 0.10 0.10 0.11 0.12 

MgO 2.51 2.27 2.31 2.15 2.26 2.25 2.46 

CaO 4.95 4.65 4.72 4.93 4.86 4.87 4.66 

Na2O 4.45 4.48 4.47 4.66 4.60 4.62 4.39 

K2O 1.53 1.62 1.61 1.47 1.57 1.58 1.62 

P2O5 0.18 0.20 0.19 0.19 0.19 0.20 0.21 

Total 100.60 100.51 100.55 100.81 100.06 99.87 99.99 

V 106 110 121 107 116 116 127 

Cr 39 41 44 42 43 45 50 

Co 15 14 16 15 16 16 17 

Ni 18 18 20 18 20 20 22 

Rb 44 44 47 44 45 41 40 

Sr 564 569 522 539 563 573 543 

Y 15 15 15 15 15 17 17 

Zr 117 130 128 123 124 126 128 

Nb 3.1 3.2 3.3 3.3 3.5 2.9 3.4 

Ba 499 498 500 490 483 461 467 

La 15.3 - 15.8 - 15.3 - 15.1 

Ce 30.0 - 31.4 - 30.4 - 30.7 

Nd 13.8 - 14.7 - 14.2 - 15.4 

Sm 2.78 - 2.95 - 2.88 - 3.22 

Eu 0.76 - 0.76 - 0.79 - 0.84 

Gd 2.50 - 2.67 - 2.61 - 2.95 

Tb 0.36 - 0.40 - 0.39 - 0.45 

Dy 2.13 - 2.29 - 2.22 - 2.56 

Ho 0.42 - 0.47 - 0.45 - 0.52 

Er 1.22 - 1.32 - 1.29 - 1.47 

Tm 0.18 - 0.20 - 0.19 - 0.23 

Yb 1.19 - 1.32 - 1.23 - 1.43 

Lu 0.19 - 0.21 - 0.20 - 0.23 
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(continued) 

Unit J15-R J15-R J15-P J15-P J15-P 

Sample name 120801MP e PH-13-F-PR 121205MP-T 121205C-M1 PH-13-F-PP 

SiO2 64.18 64.41 64.93 63.99 64.85 

TiO2 0.57 0.58 0.54 0.44 0.58 

Al2O3 16.46 16.04 16.72 17.73 16.60 

Fe2O3
t*1 4.91 4.94 4.34 4.09 4.79 

MnO 0.12 0.12 0.10 0.09 0.10 

MgO 3.89 3.69 4.38 4.26 2.79 

CaO 5.45 6.20 6.98 6.82 5.87 

Na2O 3.86 4.31 3.84 3.86 5.26 

K2O 1.47 1.35 1.59 1.52 1.38 

P2O5 0.20 0.20 0.18 0.16 0.18 

Total 99.82 99.44 99.82 100.03 99.87 

V 122 126 109 - 124 

Cr 45 50 47 - 48 

Co 16 16 15 - 15 

Ni 20 20 19 - 19 

Rb 41 40 41 - 39 

Sr 560 551 587 - 581 

Y 17 16 15 - 15 

Zr 134 126 123 - 128 

Nb 3.3 2.9 2.8 - 2.9 

Ba 477 461 468 - 452 

La - - - 14.2 14.6 

Ce - - - 28.5 28.8 

Nd - - - 12.8 13.5 

Sm - - - 2.56 2.72 

Eu - - - 0.78 0.77 

Gd - - - 2.34 2.50 

Tb - - - 0.34 0.36 

Dy - - - 1.94 2.10 

Ho - - - 0.40 0.43 

Er - - - 1.13 1.19 

Tm - - - 0.17 0.18 

Yb - - - 1.12 1.20 

Lu - - - 0.17 0.19 
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(continued) 

Unit J12-S J12-S J15-R J15-R J15-R J15-R J15-R 

Sample 
name 

P22892-
3A 

L-A 
teph 

121205MP-
H 

121205C-
Bm1 

121205C-
Bm2 

121205C-
Bm3 

121205C-
B1 

87Sr/86Sr*2 0.704236 - 0.704196 - - - - 

143Nd/144Nd 0.512842 - 0.512924 - - - - 

206Pb/204Pb 18.4400 - 18.4242 - - - - 

207Pb/204Pb 15.5944 - 15.5892 - - - - 

208Pb/204Pb 38.6185 - 38.5943 - - - - 

 

Unit J15-R J15-R J15-R J15-R J15-R J15-R J15-R 

Sample 
name 

121205C-
B2 

121205C-
B3 

121202C-
B1 

121202C-
B2 

121202C-
B3 

121202C-
B4 

121202C-
B5 

87Sr/86Sr*2 0.704184 - 0.704219 0.704188 - - - 

143Nd/144Nd 0.512919 - 0.512915 0.512918 - - - 

206Pb/204Pb 18.4235 - 18.4232 18.4235 - - - 

207Pb/204Pb 15.5896 - 15.5897 15.5902 - - - 

208Pb/204Pb 38.5939 - 38.5940 38.5954 - - - 

 

Unit J15-R J15-R J15-R J15-R J15-R J15-R J15-R 

Sample 
name 

121202C-
B6 

121202C-
B7 

121202C-
B8 

121202C-
B9 

120801MP 
a 

120801MP 
b 

120801MP 
c 

87Sr/86Sr*2 0.704184 - 0.704188 - 0.704202 - 0.704194 

143Nd/144Nd 0.512927 - 0.512919 - 0.512918 - 0.512920 

206Pb/204Pb 18.4240 - 18.4241 - 18.4245 - 18.4239 

207Pb/204Pb 15.5903 - 15.5898 - 15.5907 - 15.5898 

208Pb/204Pb 38.5962 - 38.5957 - 38.5973 - 38.5950 

 

Unit J15-R J15-R J15-P J15-P J15-P 

Sample name 120801MP e PH-13-F-PR 121205MP-T 121205C-M1 PH-13-F-PP 

87Sr/86Sr*2 - - - 0.704194 0.704193 

143Nd/144Nd - - - 0.512914 0.512918 

206Pb/204Pb - - - 18.4229 18.4220 

207Pb/204Pb - - - 15.5907 15.5900 

208Pb/204Pb - - - 38.5959 38.5938 

V-Ba and La-Lu were analyzed by XRF and ICP-MS, respectively. 
*1 Total Fe expressed as Fe2O3

t. In Harker diagrams (Fig. 7), total Fe is expressed as FeOt = FeO + 0.8998Fe2O3 

and normalized to 100%. 
*2 Maximum standard errors are 0.000008 for Sr, 0.000005 for Nd, 0.0003 for 206Pb and 207Pb, and 0.0008 for 208Pb. 
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Table S8. Representative diffusion time and adapted parameters in quartz. 

Rock type Sample name Grain name Location 
Diffusion time (year)*1 

Ave. + σ - σ 

Dacite 0801C-K 0801L-1 Core 15 6 40 
   Rim 10 4 25 
 0801C-O 0801H-3 Rim 7 3 15 
  0801H-2 Core 50 20 150 
   Mantle 50 20 100 
   Rim 50 20 120 
 PH-13-F-PR 20-9A-6 Core 60 30 150 
   Mantle 35 15 90 
   Rim 20 8 50 
  20-9A-8 Core 80 30 200 
   Rim 10 4 25 
  20-9A-2 Mantle 20 7 50 
   Rim 70 25 180 
  20-9A-11 Rim 300 100 800 
  20-9_10-2 Core 400 150 900 
   Rim 200 90 500 
 120801MP b 20-6B-3 Rim 5 2 12 
  20-6D-1 Core 50 20 120 
   Mantle 20 8 50 
   Rim 60 20 150 
  20-6D-2 Mantle 60 20 150 
   Rim 80 30 200 
  20-6D-10 Core 40 10 100 
   Mantle 100 40 250 
   Rim 20 8 50 
 1202C-B1 20-10-1 Core 400 150 900 
   Mantle 70 30 180 
   Rim 30 10 80 

Basalt P22892-1A 1A-2-3 Rim 0.009 0.003 0.015 
  1A-2-2 Rim 0.003 0.001 0.007 
  1A-2-5 Rim 0.004 0.0015 0.006 

    1A-2-t Rim 0.009 0.003 0.015 
*1 Diffusion time was gained due to confirming best fitting value by eye. Temperature uncertainty show Appendix 

B for detail. '+0' and '-0' correspond to positive and negative uncertainty, respectively.  
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