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ABSTRACT 

The 52 ka eruption of Maninjau caldera in Indonesia produced two distinctive type of white pumices: transparent 

(TWP) and non-transparent (NTWP). Both pumice types are crystal-poor (avg. 3.3 %), having similar mineralogy, similar 

glass compositions (avg. 78.5 wt. % SiO2), and similar plagioclase core compositions (avg. An24). We found that the 

abundance of TWP decreases towards the upper stratigraphic ignimbrite deposits, together with the increase in NTWP, 

grey pumice, banded pumice, and lithic (non-juvenile) contents.  The TWP are typically dominated by large vesicles, 

while NTWP characterized by abundant-small vesicles. Large vesicle corresponds to the preexisting vesicle which formed 

in magma chamber (pheno-vesicle, > 0.1 mm). On the other hand, small vesicle in groundmass (matrix-vesicle, <0.1 mm) 

is attributed to second nucleation in the conduit during the eruption. We performed quantitative comparison using vesicle 

data (pheno- and matrix-vesicles) for these two white pumice types. The correlation between pheno- and matrix-vesicles 

results in negative correlation. We also found that the boundary between TWP and NTWP is clearly defined by the volume 

fraction and number density ratio of pheno- and matrix-vesicles. Namely TWP originates from phenovesicle-dominated 

magma, while NTWP dose from phenovesicle-poor magma. In terms of number density, the correlation between pheno-

vesicle number density (PVND) and matrix-vesicle number density (MVND) result in two regimes: (1) decompression-

controlled regime, showing nearly constant-PVND correlation for TWP, and (2) phenovesicle-controlled regime, showing 

steeply-decreasing PVND correlation for NTWP. In the first regime, MVNDs value varies dramatically, suggesting the 

variation of decompression rate by two to three orders of magnitudes. While in the second regime, the slight increase of 

MVNDs are considered as the effect of the decrease in PVND within the nearly constant decompression rate.  

Keywords:  Maninjau; transparent white pumice; pheno-vesicle; matrix-vesicle; bimodal vesicle population; vesicle 

number density 
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1. In troduction 

 Vesicles in pyroclasts are believed to record the physical state and vesiculation history of magma, either in 

magma chamber and conduit (e.g., Klug and Cashman 1994, 1996; Klug et al. 2002; Gurioli et al. 2005; Toramaru 2006, 

2014; Shea et al. 2011; Shea 2017; Edmonds and Woods 2018). Such vesiculation process in magma chamber, which 

occurs via heterogeneous nucleation in cooling-crystallization (second boiling) is represented by pre-eruptive vesicles 

and named as pheno-vesicle (Toramaru, 2014) (Fig. 1A). On the other hand, the vesiculation in conduit, which occurs as 

homogeneous nucleation (or often called second nucleation in magmas with pre-eruptive vesicles) under decompression, 

is recorded by syn-eruptive vesicles and defined as matrix-vesicle (Toramaru, 2014) (Fig. 1A). This hypothesis is 

emphasized by the evidence of bimodal vesicle population of small and large vesicles in the vesicle size distributions 

(VSDs) plot as reported in the 182 ka eruption of Lower Pumice 1-Santorini, the 7.7 BP eruption of Mazama, the 1.8 ka 

eruption of Taupo, the 79 AD eruption of Vesuvius, the 1980 AD eruption of St. Helens, and the 2012 AD eruption of 

Havre (Simmons et al. 2017; Klug et al. 2002; Houghton et al. 2010; Gurioli et al. 2005, Shea et al. 2012;  Klug and 

Cashman 1994, 1996; Mitchell et al. 2019) (Fig. 1B). Moreover, the introduction of pheno- and matrix-vesicles thus 

become essential to advance the understanding of eruption dynamics, not only because pheno-vesicles provides buoyancy 

and/or overpressure in magma chamber (thus triggers an eruption), but also controls second nucleation under 

decompression during the eruption. Particularly, high pheno-vesicle number density magmas will limit the second 

nucleation because supersaturation is effectively diminished by the overgrowth of pheno-vesicles (Toramaru, 2014). 

Hence, higher magma decompression rate is needed in order to generate second nucleation in high pheno-vesicle number 

density magmas. By applying this idea to natural samples, it has been demonstrated that pyroclasts from the previously-

mentioned eruptions are containing abundant small vesicles with high matrix-vesicle number density values (suggesting 

that the magma experience with high decompression rate and the number density of pheno-vesicles was not significantly 

limit the supersaturation of matrix-vesicles during the eruption) and look not transparent (Fig. 1C).  

Interestingly, we found that the VEI-7 (220-250 km3 erupted volume) and 52 ka eruption of Maninjau caldera in West 

Sumatra, Indonesia (Purbo-Hadiwidjoyo et al.1979; Alloway et al. 2004) (Fig. 2), produced an unusual white pumice 

type that we call transparent pumice (TWP), which lacks matrix-vesicle and mainly includes pheno-vesicle, together with 

the common white pumice type that we call non-transparent pumice (NTWP) that includes dense population of matrix-

vesicles and lacks pheno-vesicle (Fig. 2C, D). This leaves an important question: what factor controls the formation of 

TWP and NTWP within the same eruption? 
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between TWP and NTWP strongly depends on the intensity of matrix-vesicle nucleation that controlled by magma 

decompression rate and the vertical variation of pheno-vesicle abundance in the pre-eruptive magma chamber. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) Distribution map of some major caldera forming eruptions in Sumatra Island, Indonesia, modified from 

Salisbury et al. (2012). Maninjau caldera is highlighted in req square. (B) Sampling locations of this study (white star) 

and Alloway et al. (2004) (yellow star). (C) Co-existence of transparent (TWP) and non-transparent white (NTWP) 

pumice at the same deposit. Yellow square and white square denotes TWP and NTWP, respectively. (D) Detailed 

megascopic image of TWP and NTWP. 
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lithic fragments only exceed 2 cm. Going upward (represents by LOC 4, 10, 11, 17, and 18; 750-875 m elevation), the 

ignimbrite suddenly shifted into massive facies, having an abundant pumice fragments, lacks gas pipe structure, and 

relatively lithic poor (Fig. 4). Most of the pumice fragments vary between 0.2 to 10 cm in size, but it can reach up to 30 

cm. No lithic fragments exceed more than 2 cm in size. Finally, the highest position of the eastern ignimbrite is observed 

at LOC 6 (elevation 975 m) and might correspond to the uppermost stratigraphic level of the 52 ka deposits (Figs. 3C 

and 4). Although the ignimbrite display massive structure, it can be clearly distinguished from the massive ignimbrite 

that we observed at the lower positions (750-875 m) because of the abundant lithic, and grey and banded pumice 

fragments. Here, the pumice fragments vary from 0.2 to 15 cm and the lithic might exceed 6 cm in size. 

 

 

 

 

 

 

 

 

Figure 3. (A) Panoramic view of Ngarai Sianok. (B and C) 2D-Cross sectional view of Ngarai Sianok, including the 

sampling locations of this study. 

 By contrast, the ignimbrite in the other directions (north, west, and south) are characterized by a single-flow unit 

(massive) and does not preserve such thick and various types of deposit. The northern ignimbrite deposits (LOC 15 and 

16) seems to have similar appearance to the ignimbrite deposits at LOC 4, 10, 11, 17, and 18 (Fig. 5) because it is massive, 

rich in pumice fragments, lacks gas pipe structure, and relatively lithic poor. No pumice larger than 3 cm was observed 

at LOC 15. Conversely, at LOC 16, some pumice fragments exceed 10 cm in size. Worthy to note, both locations display 

the basal contact between the 52 ka ignimbrite and the sedimentary rocks, suggesting the absence of precursory fall 

deposits (Fig. 5). The western (LOC 12, 13, and 14) and southern (LOC 22) display similar characteristics and seems to 
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be identical with the ignimbrite deposit at LOC 6 (Fig. 5) because they are typically massive, having an abundant grey 

and banded pumice fragments, and is extremely lithic rich. The observed pumice and lithic fragments are typically less 

than 20 and 10 cm in size, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Stratigraphic section and the outcrop images of the eastern ignimbrite deposits. LCL = lithic concentrated layer, 

PCL = Pumice concentrated layer, ML = Massive layer, and FAL = Fine ash layer. Red color in stratigraphy represents 

gas pipe structure.  
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vesicles, type II is a combination of spherical and elongated vesicles, and type III mainly includes elongated vesicles (Fig. 

5A). All sub-classifications of TWP distribute in the whole ignimbrite directions by following proportion: III (29 %) > II 

(19 %) > I (9 %). In contrast, most of NTWP correspond to type III (40 %). NTWP-I and II are absent in eastern deposits 

and their abundance are relatively rare (1 % and 2 %, respectively). In total, transparent type is the dominant phase of 

white pumice. Particularly, TWP exceeds 57 %, more than half portion of white pumice, while NTWP comprise 43 %. 

Based on color variation, grey pumice can be divided to dark grey and pale grey (Fig. 7). Interestingly, we found 

the other grey color in terms of banded pumice that observed as light grey (Fig. 8). All grey pumice types are apparently 

crystal-rich and have abundant mafic mineral content.  

Lithic (non-juvenile) fragments can be divided to volcanic and basement lithics (Fig. 9). Volcanic lithic is the main 

phase of the lithic content (mostly > 95 % portion of lithic) and mostly correspond to a crystal-rich lava that display 

porphyritic texture. By contrast, basement lithic is considerably minor (mostly <5 % portion of lithic) and it comprise 

quartzite and metasedimentary rocks. Free crystal mostly consists of plagioclase and quartz with negligible amount of 

mafic minerals such as biotite and pyroxene (Fig. 9). However, in this study, we combined all crystal types and define 

them as free crystals.  

 

 

 

 

 

 

 

 

 

Figure 7. Grain and BSE mosaic images of dark grey and pale grey pumices of the Maninjau 52 ka eruption.  
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Figure 8. Grain and BSE mosaic images of banded pumices of the 52 ka Maninjau eruption. Banding between white and 

dark grey pumice, white and pale grey pumice, and white and light grey pumice are represents as NTBP-1, NTPBP-2, 

and NTBP-3, respectively.  
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Figure 10. (A) Stratigraphy correlation inferred from componentry data. Pie charts correspond to the componentry 

variation. Yellow = transparent white pumice, black = non-transparent white pumice, red = grey and banded pumice, grey 

= lithics (volcanic + metamorphic), blue = free crystal. (B) Variation of basement lithic contents (quartzite + 

metasedimentary rocks) from unit A to C. 

5.3. Grain size distribution 

All ignimbrite deposits are plotted within the region of pyroclastic flow (Walker 1976) (Fig.11A), having 

dominantly bimodal distribution of the grain size (except for LOC 4 and 15) (Fig. 11B), and notably, there is tendency 

for grain size to increase when the deposits contain higher amount of non-transparent white pumice and vice versa (Fig. 

11A).  

5.4. Density variation 

TWP has slightly higher average bulk density value compared to NTWP (0.67 gr/cm3 for TWP and average 0.61 

gr/cm3 for NTWP) (Fig. 11). There is tendency for bulk density to increase from type I to III. Particularly, the average 





 
17 

 

 

 

 

 

 

 

 

 

 

Figure 12. Bulk density variation of transparent white pumice (upper left), non-transparent white pumice (lower left), 

dark grey pumice (upper right), and pale grey pumice (lower right). Note the increasing pattern of bulk density from type 

I (spherical vesicle) to type III (elongated vesicle) in white pumice types. 

 

 

 

 

 

Figure 13. Correlation of bulk density, bulk vesicularity, and phenocryst content of all pumice types. Bulk vesicularity 

strongly controls bulk density, while phenocryst content has no effect for bulk density. 

5.5. Petrography of the 52 ka juveniles 

White pumice display a clearly distinctive petrographic features compared to grey pumice (Fig. 14). White pumice 

type is typically crystal poor, quartz-bearing, poor in mafic minerals (pyroxene and biotite), and amphibole-free. On the 
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Figure 14. Petrographic images and modal mineralogy of white and grey pumice types. The modal mineralogy is shown 

by pie charts. Blue = quartz, grey = plagioclase, light brown = pyroxene, dark brown = biotite, dark green = hornblende, 

black = opaque minerals, and light green = apatite. 

5.6. Glass and plagioclase compositions of the 52 ka juveniles 

Glass compositions of TWP and NTWP are indistinctive and regarded as high-silica rhyolitic melts (avg. 78.5 wt. 

% SiO2). Although there are no remarkable difference in terms of SiO2, CaO, MgO, and anorthite contents, a slight 

difference in K2O and Na2O are observed between TWP and NTWP (Fig. 15).  

Dark grey pumice has the relatively least evolved magma compositions, having only 74 % of average silica content 

with the highest MgO, CaO, Fe2O3, TiO2, anorthite core compositions (avg. An67), and lowest K2O compared to all pumice 

types. Although pale grey and light grey pumices exhibit overlapping compositions in terms of silica (avg. 75.5 % for 

pale grey pumice and 76 % for light grey pumice) and the other major elements, and anorthite core compositions (avg. 
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An55 for GP 2 and An53 for GP 3), they are clearly distinctive in potassium. Particularly, light grey pumice has a higher 

potassium content compared to pale grey pumice (Fig. 16).  

 

 

 

 

 

 

Figure 15. Comparison between transparent (TWP) and non-transparent (NTWP) white pumices in terms of glass (left) 

and plagioclase (right) compositions. 

 

 

 

 

 

 

 

 

 

Figure 16. Comparison between all pumice types in terms of glass (left) and plagioclase (right) compositions. 
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populations are terminated at the beginning of second peak around 0.1 mm vesicle diameter.  Therefore, we define the 

boundary between pheno-vesicle and matrix-vesicle by the vesicle diameter 0.1 mm.  

 

 

 

 

 

 

 

 

 

 

Figure 18. Vesicle size distributions (VSDs) of white pumices (TWP and NTWP, including the type I, II, and III) and 

grey pumices. All samples display bimodal distribution of VSDs. The boundary between pheno- and matrix-vesicles 

seems to be consistent, about 0.1 mm vesicle diameter. 

5.9. Quantitative data of pheno- and matrix-vesicles 

We found the negative correlation between pheno- and matrix-vesicle fractions (Fig. 19). Both transparent and non-

transparent (including white and grey pumices) type also can be clearly distinguished based on the most dominant fraction 

between pheno- and matrix-vesicles. Transparent type is dominant in pheno-vesicle, whereas non-transparent type is 

dominant in matrix-vesicle (Fig. 20). Our data show that the NTWP and all of grey pumice types are located within the 

region of non-transparent type, conversely with TWPs which are located in the region of transparent type. In terms of 

white pumice, we found that the average size of pheno-vesicle and matrix-vesicle in transparent type are typically larger 

than non-transparent type. Note that volume fraction is positively correlated with average diameter, for both pheno- and 

matrix-vesicles (Fig. 20A, B). TWP has typically higher PVND than NTWP (Fig. 20C). TWP clearly show wider 
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Figure 19. Volume fraction ratio between pheno- and matrix-vesicles of white and grey pumice types. Dashed red lines 

correspond to the linear relationship between pheno- and matrix-vesicles in any given bulk vesicularity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Textural parameter of the transparent and non-transparent white pumices. See text for discussion. 


















































