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Mount Kaba is an active stratovolcano in the Bengkulu Province, 

Indonesia, characterized by explosive eruptions and multiple eruptive 
centers, reflecting a complex magmatic system. This study investigated the 

magma evolution and petrogenesis of volcanic rocks from the northern 

sector of Mount Kaba using integrated petrographic and whole-rock 
geochemical analyses. Fifteen representative lava and pyroclastic rock 

samples were analyzed for major elements using inductively coupled 
plasma–optical emission spectrometry (ICP-OES), while trace and rare 

earth elements (REE) were determined using inductively coupled plasma–
mass spectrometry (ICP-MS). The analyzed rocks ranged from basalt to 

andesite, with SiO₂ contents between 44.41 and 63.41 wt%, and generally 

low loss-on-ignition values, indicating relatively fresh compositions. 

Petrographic observations revealed porphyritic, vesicular, subophytic, 

intersertal, zoning, sieve, and reaction rim textures, suggesting dynamic 
magma chamber processes and disequilibrium crystallization. Geochemical 

classification based on total alkali silica (TAS) and K₂O–SiO₂ diagrams 

indicates alkaline, calc-alkaline, and high-K calc-alkaline affinities, which 

can be grouped into two magma series: the Danau Mas Group and the Kaba 
Group. Major and trace element variation diagrams show decreasing MgO, 

Fe₂O₃, and CaO with increasing SiO₂, accompanied by enrichment of 

alkali and incompatible elements, indicating magma differentiation 

dominated by fractional crystallization. Primitive mantle- and chondrite-

normalized patterns display enrichment of large ion lithophile elements 
(LILE) and light rare earth elements (LREE), together with depletion of 

high field strength elements (HFSE), suggesting derivation from a mantle 
source modified by subduction-related fluids. Overall, the results indicate 

that Mount Kaba magmatism evolved through mantle wedge melting, 
followed by crustal-level magma differentiation within a subduction-related 

volcanic arc system. 

How to cite: Wijaya, MEJ. (2026). Magma Evolution and Petrogenesis of Volcanic Rocks at Kaba Volcano, Bengkulu. Jambura 

Geoscience Review, 8(2), 175-185. https://doi.org/10.37905/jgeosrev.v8i2.36656 

1. INTRODUCTION  

Mount Kaba is an active stratovolcano in the Bengkulu Province, Indonesia, located within the 
Bukit Barisan volcanic arc and associated with the Sunda subduction system (Wijaya & Setijadji, 
2022). The volcano comprises a central edifice and several eruptive centers, including monogenetic 

features, indicating a complex volcanic system with diverse eruptive products (Westerveld, 1952; 
Kusumadinata et al., 1979; Sugianto et al., 2023). In subduction-related volcanic arcs, magma 
diversity commonly reflects interactions between slab-derived fluids, mantle wedge melting, 
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fractional crystallization, magma mixing, and crustal processes (Cashman et al., 2017; Ducea et 
al., 2015). Therefore, petrographic and geochemical investigations are essential to constrain the 
evolution and petrogenesis of volcanic rocks in this setting (Winter, 2014). 

Previous studies have shown that major, trace, and rare earth elements (REE) are effective 
indicators of magma source, tectonic setting, and differentiation processes (Rollinson, 1993; 
Jamali, 2017). In arc magmas, enrichment of large ion lithophile elements (LILE) and light rare 
earth elements (LREE), together with depletion of high field strength elements (HFSE), commonly 
indicates mantle source modification by slab-derived fluids (Harry & Green, 1999; McDonough & 
Sun, 1995; Münker et al., 2004; Magfira et al., 2026). Petrographic features, such as porphyritic 
textures, zoning, sieve textures, and reaction rims, may further indicate multi-stage cooling, 
magma recharge, and disequilibrium crystallization (Koyaguchi & Kaneko, 1999; Stewart & 
Pearce, 2004; Streck, 2008; Jerram et al., 2018). 

Although Mount Kaba has been investigated from volcanological and geochemical 

perspectives, the processes controlling magma evolution remain insufficiently constrained. Existing 
studies have described the regional setting, volcanic products, and preliminary geochemical 
characteristics of the area (Wijaya & Setijadji, 2022; Marfian et al., 2023; Wijaya & Mentari, 2025; 
Wijaya et al., 2025). However, the relationship between petrographic textures, magma affinity, 
trace element variation, and petrogenetic processes has not been comprehensively evaluated. In 
particular, it remains unclear whether the observed compositional variability reflects fractional 
crystallization, magma mixing, source heterogeneity, or crustal-level differentiation. 

This study aims to investigate the magma evolution and petrogenesis of volcanic rocks from 
Mount Kaba using integrated petrographic and whole-rock geochemical data. The analysis focuses 
on rock classification, magma affinity, major and trace element variation, rare earth element (REE) 
distribution, and magma source characteristics. The novelty of this study lies in distinguishing 
geochemical magma groups within the Mount Kaba volcanic system and linking them to 

petrogenetic processes and magma plumbing complexity. The scope of this study is limited to 
volcanic rocks collected from the northern sector of Mount Kaba, particularly around Sumber Urip 
Village, Selupu Rejang District, Bengkulu Province. 

2. METHOD 

2.1. Materials 
This study used 15 representative volcanic rock samples collected from the northern sector of 

Mount Kaba, particularly around Sumber Urip Village, Selupu Rejang District, Rejang Lebong 
Regency, Bengkulu Province. The samples comprised lava, pyroclastic breccia, and tuff selected 
based on lithological variation, spatial distribution, and freshness. Petrographic analysis was 
conducted using standard thin sections, whereas whole-rock geochemical analysis was performed 
on powdered rock samples. Major elements were analyzed by ICP-OES, whereas trace elements 
and rare earth elements (REE) were determined by ICP-MS using ALS analytical package ME-

MS81D at ALS Geochemistry Laboratory, Canada (Rollinson, 1993; Jochum et al., 2016). 

2.2. Sample Preparation 
Fresh rock samples (approximately 1–2 kg) were collected from outcrops after removing 

weathered surfaces. The samples were cleaned, labeled, dried, crushed, and pulverized to less than 
75 µm to obtain homogeneous powders for geochemical analysis. Representative samples were also 
prepared as thin sections for petrographic observation. Approximately 2 g of powdered material 

from each sample was digested using a four-acid digestion method consisting of HF–HNO₃–

HClO₄–HCl under controlled heating conditions to ensure complete dissolution of silicate minerals 
(Arslan & Lowers, 2024). 

2.3. Experimental Set-up 
Petrographic observations were conducted under plane-polarized light (PPL) and cross-

polarized light (XPL) to identify mineral assemblages, textures, and disequilibrium features, such 
as zoning, sieve textures, and reaction rims (Streck, 2008; Jerram et al., 2018). Whole-rock 
geochemical analysis was conducted using ICP-OES for major elements and ICP-MS for trace 
elements and REE. Loss on ignition (LOI) was determined by heating approximately 1 g of 
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powdered sample at 1000 °C for 1 h, and the percentage weight loss was calculated to evaluate 
volatile content and alteration intensity (Mathieu, 2018). The LOI value was calculated using 
Equation (1): 

𝐿𝑂𝐼 (%) =
𝑊₁ −  𝑊₂

𝑊₁
 × 100                                                                                                                             (1) 

where W₁ and W ₂ are the initial and final sample weights, respectively, before and after ignition. 
Geochemical data were normalized to 100 wt% on a volatile-free basis following igneous rock 

classification procedures (Le Maitre et al., 2005). Rock classification and magma affinity were 

evaluated using the total alkali-silica (TAS) diagram (Bas et al., 1986) and K₂O–SiO₂ diagram 
(Ewart, 1982). Magma evolution and source characteristics were interpreted using Harker variation 
diagrams (Harker, 1909), primitive mantle-normalized spider diagrams, and chondrite-normalized 

rare earth element (REE) diagrams (McDonough & Sun, 1995). 

2.4. Parameters 
The analyzed parameters include petrographic characteristics, major elements, trace elements, 

and REE compositions. Petrographic parameters included mineral assemblage, crystal habit, grain 

size, groundmass texture, vesicularity, and disequilibrium textures. Major elements included SiO₂, 

Al₂O₃, Fe₂O₃, CaO, MgO, Na₂O, K₂O, TiO₂, MnO, P₂O₅, Cr₂O₃, SrO, and BaO. Trace elements 
included Ba, Rb, Cs, Hf, Nb, Ta, Th, U, Zr, and other selected elements, whereas REE included 
La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, and Lu. Elemental ratios, such as Nb/Yb, Ba/La, Sr/Y, 
La/Sm, Th/Yb, and La/Yb, were used to support the interpretation of magma source, 
differentiation, and crustal influence (Jamali, 2017). 

2.5. Statistical Analysis 
Geochemical data were processed using Microsoft Excel and visualized using the WinRock 

software (Janoušek et al., 2006). A descriptive statistical evaluation was applied to determine the 
compositional ranges, elemental trends, and geochemical clustering between the sample groups. 
Harker diagrams were used to assess magma differentiation trends, whereas normalized spider and 
rare earth element (REE) diagrams were used to evaluate enrichment and depletion patterns. 
Analytical quality was controlled using certified reference materials, blanks, and duplicate analyses 
following standard QA/QC procedures for geochemical datasets (Balaram & Satyanarayanan, 
2022). 

3. RESULTS AND DISCUSSION 

3.1. Petrological and Mineralogical Characteristics of Rocks 
Geochemical analysis of 15 representative volcanic rock samples from Mount Kaba indicated 

relatively low loss-on-ignition (LOI) values ranging from 0.11 to 2.36 wt%, suggesting that the 

samples are generally fresh and minimally affected by secondary alteration processes. Major 
element normalization to volatile-free compositions shows that the rocks range from basaltic to 
andesitic compositions, consistent with petrographic observations and field classifications. These 
compositional variations indicate the presence of magma evolution processes within the Mount 
Kaba volcanic system. 

Petrographic observations reveal that the rocks are dominated by hypocrystalline textures with 
porphyritic and inequigranular grain distributions. The mineral assemblages mainly consist of 
plagioclase, pyroxene, olivine, volcanic glass, and minor hornblende. Samples STA01 and STA04 
are classified as vesicular basalt with abundant volcanic glass and vesicle structures, whereas 
STA13, STA17, STA22, STA23, STA27, and STA29 are classified as andesite, characterized by 
subophytic, glomeroporphyritic, poikilitic, and intersertal textures. Variations in mineral 

assemblages are associated with increasing SiO₂ contents, where olivine abundance decreases and 
pyroxene becomes more dominant in evolved magma compositions. 

The petrographic textures observed in the thin sections provide evidence for complex magma 
evolution processes. Porphyritic textures indicate two-stage cooling histories involving slow 
crystallization within magma chambers, followed by rapid cooling during magma ascent 
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(Koyaguchi & Kaneko, 1999). Zoning textures in plagioclase suggest changes in magma 
composition during crystallization, whereas sieve textures indicate disequilibrium conditions 
associated with magma recharge or magma mixing processes (Stewart & Pearce, 2004; Streck, 
2008). Reaction rim textures further indicate chemical disequilibrium between early-formed 
minerals and surrounding melts. Collectively, these petrographic features support the interpretation 
that magmatism at Mount Kaba involved dynamic magma chamber processes rather than simple 
closed-system crystallization. 

 
The observed petrographic features are comparable to the textures reported from other 

subduction-related volcanic systems, where magma differentiation, recharge, and crystallization 
disequilibrium commonly occur (Jerram et al., 2018; Parat et al., 2014). The coexistence of 
vesicular basalt and more evolved andesite suggests progressive magma differentiation from mafic 

to intermediate compositions. In addition, the occurrence of hornblende in higher-SiO₂ samples 
indicates increasing volatile content and hydrous magmatic conditions during magma evolution. 
These results support the interpretation that fractional crystallization played an important role in 
controlling magma evolution beneath Mount Kaba. 

 
 

PPL XPL 

  

  

  

  
Figure 1. Textures Observed from Thin Sections : Sample STA 07, a) porphyritic & trachytic; 

b) Sample STA 13, subophytic & zoning; c) Sample STA 17, sieve; d) Sample STA 22, 

intersertal, reaction rim. 

a) 

b) 

c) 

d) 
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3.2. Geochemical Classification and Magma Affinity 
The geochemical classification of volcanic rocks from Mount Kaba was evaluated using the total 

alkali silica (TAS) diagram and K₂O versus SiO₂ magma affinity diagram. Based on the TAS 
classification, the analyzed rocks range from basalt, basaltic-andesite, trachyandesite, 

basanite/tephrite, andesite, to dacite compositions with SiO₂ contents ranging from 44.41 to 63.41 
wt%. STA04 and STA05 samples represented the most mafic compositions, whereas STA13, 
STA17, STA20, STA22, STA23, STA27, and STA29 samples represented more evolved andesitic 
to dacitic compositions. 

 
The K₂O versus SiO₂ diagram indicates that the volcanic rocks have alkaline, calc-alkaline, and 

high-K calc-alkaline magma affinities. Based on geochemical distribution patterns, the samples can 
be divided into two groups: the Danau Mas Group and the Kaba Group. The Kaba Group forms 
a relatively coherent high-K calc-alkaline cluster, whereas the Danau Mas Group exhibits wider 
compositional variability, ranging from calc-alkaline to alkaline affinities. This separation suggests 
the presence of multiple magma evolution trends within the Mount Kaba volcanic system. 

 
The coexistence of different magma affinities within the same volcanic system may indicate 

variable magma sources, different degrees of partial melting, and separate differentiation pathways 
(Perugini & Poli, 2012). Similar magma diversity has been documented in other arc volcanic 
systems influenced by subduction-related magmatism and complex plumbing systems (Cashman 
et al., 2017). The relatively restricted compositional range of the Kaba Group suggests a more 

 
Figure 2. Geochemical plot of rocks in the study area on the TAS diagram according to  

based on sample group (Bas et al., 1986). 

 
Figure 3. Distribution of magma types in the research area based on the K2O vs SiO2 rock 

geochemical diagram plot (Ewart, 1982). 
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evolved and chemically coherent magma series, whereas the Danau Mas Group likely reflects a 
more heterogeneous magma system. These findings indicate that the magmatism of Mount Kaba 
was controlled by multiple interconnected magmatic processes operating beneath the volcano. 

3.3. Major and Trace Element Variation 

Major element variation diagrams plotted against SiO₂ display systematic geochemical trends 

associated with magma differentiation. Fe₂O₃, MgO, CaO, TiO₂, MnO, and Al₂O₃ generally 

decrease with increasing SiO₂, whereas Na₂O and K₂O exhibit positive trends. These patterns 
indicate progressive depletion of compatible elements and enrichment of alkali elements during 
magma evolution. However, several diagrams also display moderate scatter, suggesting that 
magma differentiation may not have occurred under completely closed-system conditions. 

 
Trace element variation diagrams also show systematic relationships with increasing SiO₂. 

Large ion lithophile elements (LILE), such as Cs, K, and Rb, generally increase with magma 
evolution, whereas several high field strength elements (HFSE) display more variable trends. 

Elemental ratios, including Ba/La and Sr/Y, generally decrease with increasing SiO₂, whereas 
La/Sm and Th/Yb ratios increase in more evolved samples. In addition, the Nb/Yb diagram 
shows different trends between the Danau Mas and Kaba groups, suggesting differences in magma 

evolution history or source characteristics. 

 

 
Figure 4. Harker diagrams showing major-element distributions by magma type: : a) Fe2O3, 

b) Al2O3, c) MgO, d) K2O, ( e) Na2O, f) P2O5, g) TiO2, h) MnO, i) CaO 

 
Figure 5. Harker diagrams showing trace-element distributions by magma type: a) Cs, b) K, c) 

Rb, d) Hf, e) Nb, and f) Ta. 

a) b) c) 

d) e) f) 

g) h) 
i) 

a) b) c) 

d) e) f) 
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The observed geochemical trends are generally consistent with fractional crystallization 

processes involving the removal of olivine, pyroxene, and plagioclase from the melt (Kumar, 2014). 

The decrease in MgO, Fe₂O₃, and CaO with increasing SiO₂ reflects progressive crystallization of 
mafic minerals, whereas enrichment of incompatible elements in evolved rocks reflects residual 
melt enrichment during differentiation. Nevertheless, the scattered distributions observed in some 
diagrams may also indicate contributions from magma mixing, source heterogeneity, or 
assimilation–fractional crystallization (AFC) processes. Therefore, magma evolution beneath 
Mount Kaba was likely influenced by multiple magmatic processes rather than a single 
differentiation mechanism. 

3.4. Trace Element and REE Characteristics 
Primitive mantle-normalized spider diagrams show that the volcanic rocks of Mount Kaba are 

enriched in large ion lithophile elements (LILE) relative to high field strength elements (HFSE). 
The rocks display negative anomalies in Nb and Ta, together with enrichment in Rb, Ba, and Th. 
Such geochemical signatures are characteristic of subduction-related volcanic arcs, where slab-
derived fluids enrich the mantle wedge in fluid-mobile elements (Harry & Green, 1999; Münker et 
al., 2004). 

 
 

 
Figure 6. Plot diagram of SiO2 against, a) Nb/Yb, b) Ba/La, c) Sr/Y, d) La/Sm, e) Th/Yb, 

and f) La/Yb. 

 
Figure 7. Spider diagram of trace elements in the study area normalized to the primitive 

mantle (McDonough & Sun, 1995) 

a) b) c) 

d) e) f) 
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Rare earth element (REE) patterns normalized to chondrites generally show enrichment of light 
rare earth elements (LREE) relative to heavy rare earth elements (HREE). More evolved rocks 
from the Kaba Group exhibit higher overall REE abundances than those from the Danau Mas 
Group, indicating progressive magma differentiation and enrichment of incompatible elements. 
Despite differences in abundance levels, both groups display relatively similar REE distribution 
patterns. 

 
The enrichment of LILE and LREE, together with depletion of HFSE, strongly supports the 

interpretation that Mount Kaba magmas originated from a mantle source modified by subduction-
related fluids. Similar geochemical characteristics are commonly observed in volcanic rocks 
generated along convergent plate margins (Pin & Paquette, 1997; Kirchenbaur et al., 2022). 
However, the slightly different enrichment levels between the Danau Mas and Kaba groups may 
indicate varying degrees of magma differentiation or localized crustal-level magmatic processes. 
Coherent REE patterns suggest that both magma groups were generated within a broadly similar 
tectonic setting, although subsequent magma evolution processes likely produced their 
compositional differences. 

3.5. Magma Evolution and Petrogenesis 

Integrated petrographic and geochemical evidence indicates that magma evolution beneath 
Mount Kaba was primarily controlled by magma differentiation processes. The systematic decrease 

in MgO, Fe₂O₃, and CaO with increasing SiO₂, together with enrichment of incompatible trace 
elements and REE, is consistent with fractional crystallization involving the early removal of 
olivine, pyroxene, and plagioclase. Petrographic features, such as zoning, sieve textures, and 
reaction rims, further indicate that magma evolution occurred under dynamic and disequilibrium 
conditions. 

The existence of two geochemically distinct magma groups suggests that the Mount Kaba 
volcanic system involves more than one magma evolution pathway. The Kaba Group is 
characterized by relatively evolved high-K calc-alkaline compositions and coherent geochemical 
trends, whereas the Danau Mas Group displays broader compositional variability, ranging from 

alkaline to calc-alkaline affinities. These differences may reflect varying magma storage conditions, 
differentiation histories or degrees of crustal interaction (Asaah et al., 2015; Bohrson & Spera, 
2003). 

 
Figure 9. REE spider diagram of the research area normalized to chondrite based on sample 

number (McDonough & Sun, 1995). 
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Overall, the petrogenesis of Mount Kaba volcanic rocks is interpreted to involve mantle melting 
within a subduction-modified mantle wedge, followed by crustal-level magma differentiation. 
Fractional crystallization appears to be the dominant process controlling magma evolution, 
although contributions from magma mixing, source heterogeneity, and assimilation processes 
cannot be excluded. Therefore, the integrated petrographic and geochemical approach applied in 
this study provides important constraints on the complexity of magma plumbing and volcanic 
evolution beneath Mount Kaba. 

4. CONCLUSIONS 

The volcanic rocks of Mount Kaba in the northern sector of the study area are composed mainly 
of basalt to andesite, with minor more evolved compositions, and display alkaline, calc-alkaline, 
and high-K calc-alkaline affinities. Integrated petrographic and whole-rock geochemical data 

indicate that the volcanic products can be grouped into two magma series: the Danau Mas Group 
and the Kaba Group. The Kaba Group is characterized by relatively coherent high-K calc-alkaline 
compositions, whereas the Danau Mas Group shows broader compositional variability from 
alkaline to calc-alkaline affinities. Petrographic textures, including porphyritic textures, zoning, 
sieve textures, and reaction rims, indicate dynamic magma chamber processes involving multistage 
crystallization and disequilibrium conditions. Major and trace element variation diagrams show 

decreasing MgO, Fe₂O₃, CaO, and compatible elements with increasing SiO₂, accompanied by 
enrichment of alkali and incompatible elements, suggesting that fractional crystallization was a 
major process controlling magma evolution. Primitive mantle- and chondrite-normalized patterns 
show LILE and LREE enrichment together with HFSE depletion, indicating derivation from a 
mantle source modified by subduction-related fluids. Overall, the petrogenesis of Mount Kaba 
volcanic rocks reflects mantle wedge melting in a subduction setting, followed by crustal-level 
magma differentiation. However, whole-rock data alone cannot fully distinguish the relative roles 

of magma mixing, source heterogeneity, and assimilation processes. Future studies using mineral 
chemistry and isotopic data are therefore required to refine the magma evolution model. 
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