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Abstract

:

The violent eruption of Krakatoa Volcano located in the Sunda Strait, Indonesia, in 1883 represents one of the deadliest eruptions in human civilization. Although lots of data have been reported, the trajectory of the subducted slab and the upper mantle structure beneath this volcano are still rather poorly known. We combined geochemical data, major, trace and rare earth elements with seismic tomograms to characterize the deep structure of Krakatoa Volcano at the junction of Sumatra and Java subduction systems. Geochemical data are in agreement with the partial melting of mantle wedge in these subduction systems, based on previous studies, and this conclusion is also supported by inferences from P-wave tomographic model. Whereas, the tomographic image of S-wave suggests that subducted slab has been intruded by hot material of mantle upwelling. The presence of both partial melting of mantle wedge and mantle upwelling in the upper mantle might be caused by the thinning of subducted slab beneath Krakatoa Volcano.
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1. Introduction


The nature of magma’s genesis in subduction zone settings can be determined by whole rock geochemistry and isotopic compositions, even though whole-rock geochemistry and isotopic compositions are not always indicative of actual magma source characteristics, as they have commonly undergone through complicated differentiation processes such as fractional crystallization, magma mixing and also crustal assimilation. Furthermore, the geochemical variations of the mantle wedge, subducted oceanic crust, subducted sediments or melts and slab configuration also play an important role in magma genesis [1,2,3,4,5].



Previous geological studies on Javan volcanoes including Krakatoa Volcano have mainly focused on magma genesis [6,7,8,9,10]. These studies suggest that magma beneath Krakatoa was originally derived from partial melting of the mantle wedge in the subduction system, with minor contamination from upper crustal and Java sediment melts.



Here, we focus on whole-rock geochemistry and Sr isotopic data from 1883, 1981 and 2002 eruption products and combine them with seismic tomograms to determine magma source characteristics. We note that regional seismic tomographic studies of the mantle structure include the deep subduction beneath Krakatoa Volcano [11,12,13,14].



This study will therefore explore the detailed slab structure, in particular, in the upper mantle beneath Krakatoa. Along with the whole-rock geochemistry and Sr isotopic data, we present P- and S-wave seismic images produced by means of improved tomographic imaging model technique [11] in order to propose a new magma genesis model beneath the volcano.




2. Regional Geology


Indonesia is situated at the boundaries of three major plates on the southern margin of the Eurasian Plate, those are: the Eurasian, Indo-Australian and Pacific-Philippine Plates [15] (Figure 1). The Indo-Australian Plate moves northward, and is being subducted beneath the Eurasian Plate. The age of the subducted plate varies laterally. It is relatively young beneath Sumatra, i.e., around 40 Ma, where the subduction is highly oblique. In contrast, below Krakatoa, the age of the subducted plate is around 80 Ma, and it becomes significantly older, reaching up to 130 Ma in Eastern Java [16,17], where the convergence direction is almost perpendicular. The lateral variation of nature and age of the subducted plate influences the style of deformation and subducted angle along Sumatra to Java [18], which may produce a thinning in the subducted slab between Sumatra and Java [11], as mirrored by the abrupt change in the seismicity in the Sunda Strait [11]. The convergence rate increases from Sumatra to the East [19], i.e., about 6.7 to 7 cm/year [20,21]. The subduction zone is well defined by the volcanic arc, which stretches about 6000 km from Sumatra to the Molucca Sea, and by deep seismicity that extends down to a depth of 600 km [13,14,21,22,23].



Krakatoa is an active volcano located at the junction of Sumatra and the Java Islands. This volcano marks the changing of the subduction system from oblique along Sumatra to perpendicular along Java (Figure 1). The Krakatoa Volcanic complex is situated approximately 141 km from the Java Trench in the southwest of the volcano, whereas the Benioff zone is at a depth of approximately 120 km beneath the volcano [12,14].




3. Geology of Krakatoa


The Krakatoa volcanic complex consists of Rakata, Sertung, Panjang and Anak Krakatoa Islands (Figure 2). The first three islands are remnants of the caldera collapse of the supposedly ancient Krakatoa, and Rakata Island itself is a volcano that grew up together with Danan and Parbuwatan volcanoes before the cataclysmic eruption of 1883.



Following [24], we divided the stratigraphy of Krakatoa into 4 eruption products (Figure 2), and a new detailed stratigraphy for Anak Krakatoa is shown in Figure 3, from old to young as follows:




	
Pre-historic Krakatoa; these products were erupted around 416 AD and consist of 2 dacitic lava flows, 1 pyroclastic flow and 1 pyroclastic fall.



	
Young Krakatoa; these products were erupted around 1200 AD and consist of 3 eruption centers: Rakata, Danan and Parbuwatan. During this period, the products were dominated by lava.



	
1883; period of the destruction of the Rakata, Danan and Parbuwatan volcanoes, characterized by the 1883 caldera formation, and produced typical eruptive products. This rock unit was distributed on all three islands—Rakata, Panjang and Sertung—and was composed of pumice pyroclastic flows, minor pyroclastic falls and surge deposits.



	
Anak Krakatoa; since its birth in 1927 to 2017, Anak Krakatoa has erupted at least thirty-two times, showing a combination of explosive and effusive activities. Anak Krakatoa, with an elevation of about 300 m above sea level, is a volcano island, lying in the center of the Krakatoa volcanic complex. It is constructed of alternating layers of 18 lava flows and 18 pyroclastic deposits that have been built since 1927.









4. Data and Method


In this study, we used representative whole-rock geochemical data (major, trace and rare earth elements, as well as the Sr isotope) from the 1883, 1981 and 2002 eruption products taken from [6,7]; see Table 1 and Figure 3 for stratigraphic position of the samples. The geochemical data analysis involved basaltic andesite (AK-1) and andesite (DR12653) from Anak Krakatoa, with the other one (L2835) being andesite from the 1883 catastrophic eruption. The samples were processed using XRF and INAA for major, trace and rare earth elements. The Sr isotope was measured dynamically on a single collector Finningan MAT 261.



We then combined our geochemical data interpretation results with P- and S-wave tomographic models to enrich our interpretation. We used travel-time residuals taken from an updated global data set by [25]. This data set covers the period 1964–1999 and includes nearly 100,000 global events recorded at a subset of about 7000 seismographic stations worldwide. We employed the same P- and S-ray data coverage to minimize bias or differences in the resulting models that may come from different ray paths. The tomographic models were derived using a non-linear approach, which was implemented through an iterative technique to update 3-D model by employing 3-D ray tracing [11]. As in [11], here we employed a cellular representation of mantle structure by discretizing the entire mantle by a uniform grid of constant velocity cells of 5° by 5°, but in the study area, we used a finer grid of 0.5° by 0.5°, allowing the resolution of relatively small-scale structures.




5. Results and Discussion


The SiO2 wt % contents for eruption products are 57.68% (1883 AD), 61.45% (1981 AD) and 55.71% (2002 AD), belonging to the medium- to high-K series. In addition, the eruption products are characterized by low TiO2 wt % contents (1.18% for 1883 AD, 1.02% for 1981 AD and 1.02% for 2002 AD). According to [26], volcanic rocks with TiO2 wt % contents <1.4% are typically magma related to the partial melting of the mantle wedge induced by the traditional fluids in the subduction system.



The 87Sr/86Sr isotope ratios of Krakatoa coverage in the narrow range are from 0.704393 (1883 AD) to 0.704428 (1981 AD). This range is quite low compared to Javan volcanic rocks, but it is relatively high compared to those of other volcanoes of the region of similar depth to the Benioff zone (e.g., Cikuray, Galunggung, Guntur) [8]. Therefore, the 87Sr/86Sr isotope ratios of Krakatoa are unlikely to reflect pure mantle, indicating a low degree of crustal assimilation [6].



Table 1 shows major, trace and rare earth elements, and Sr isotope from the 1883, 1981 and 2002 eruption products. These data were plotted in a La/Yb-Sc/Ni diagram, as proposed by [27], see Figure 4, and into a TiO2-MnO × 10-P2O5 × 10 diagram, as proposed by [28], see Figure 5. As shown in Figure 4 and Figure 5, these volcanic rocks are clearly arc magmas related to the partial melting of the mantle wedge in the subduction zone. The normalized diagram (spidergram) of the primitive mantle (Figure 6) shows that eruptive products of all samples are similar to Honshu medium-K basalt, showing highly incompatible elements (left-hand side), which are more enriched than moderately incompatible elements. Moreover, it is markedly depleted in some high field strength elements, notably niobium (Nb). These features are common to many supra subduction zone magmas in mature island arcs and convergent margins. They are believed to reflect intra-crustal magma fractionation superimposed on the signature of melting mantle wedge peridotite metasomatized by slab fluids [29] or residual titenate phase, most likely rutile in the slab during dehydration [30,31].



The P-wave tomographic model shows evidence of cold material, depicted by a high-velocity anomaly beneath Krakatoa Volcano (Figure 7a). Figure 7b shows the same cross-section, but through an S-wave tomographic model. These images clearly show a low-velocity anomaly related to hot materials of mantle intruding into the cold subducted slab. The TiO2 wt % contents, La/Yb-Sc/Ni, TiO2-MnO × 10-P2O5 × 10 and spidergram show a good agreement with the P-wave tomographic model, where the P-wave data clearly show cold material subducted beneath Krakatoa Volcano (Figure 7a). This condition implies a common magma genesis in the subduction system. On the other hand, the S-wave tomographic model shows more clearly the hot material of the mantle upwelling that intruded into the subducted slab beneath this volcano (Figure 7b) implying a magma genesis related to upper mantle plume.




6. Conclusions


Whole-rock geochemistry data in conjunction with Sr isotopic data have provided new insight into magma genesis beneath Krakatoa Volcano. We found that the data from eruptive products of 1883, 1981 and 2002 AD represent volcanic rocks derived from partial melting of the mantle wedge in the subduction system, as shown by the P-wave tomogram. The presence of partial melting of the mantle wedge and mantle upwelling beneath Krakatoa Volcano may be controlled by the thinning in the subducted slab as depicted clearly by the S-wave tomogram shown in Figure 7b, owing to strong slab pull in the eastern part of the Sunda Arc [11,13,18] and which may also be related to mantle upwelling beneath Krakatoa and the changing of the subduction style between Sumatra and Java.
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Figure 1. Tectonic map of Indonesia showing the interaction of 3 major plates, modified from [15]. Red triangle depicts Krakatoa Volcano. Contour of subducted slab is taken from [12,15]. 
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Figure 2. Geological map of the Krakatoa complex. See Figure 3 for explanation of colors. 
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Figure 3. Stratigraphy of the Krakatoa complex. Sample positions indicated by red star for 1883, blue star for 1981 and green star for 2002. Samples are taken from [6,7]. 
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Figure 4. La/Yb vs. Sc/Ni diagram modified after [27]. 
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Figure 5. TiO2 -MnO × 10-P2O5 × 10 diagram modified after [28]. 
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Figure 6. Normalized diagram to primitive mantle showing typical volcanic rocks from supra subduction zone. Data source: Primitive mantle [32], Honshu [33]. 
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Figure 7. (a) Vertical section of P-wave model across Krakatoa Volcano. Tomogram is plotted as velocity perturbations relative to the ak135 velocity model [34]. The thin line in the cross section indicates the 410-km mantle discontinuity and the arrow depicts hot mantle upwelling. (b) Same as (a), but based on an S-wave model. (c) Index map, showing location of Krakatoa Volcano and A-B cross section line. Note the thinning in the subducted slab in the upper mantle below Krakatoa, which may be due to: (i) intrusion of hot mantle upwelling, (ii) strong slab pull in the study region [11,13], and (iii) the change from oblique subduction in Sumatra to frontal subduction in Java. 






Figure 7. (a) Vertical section of P-wave model across Krakatoa Volcano. Tomogram is plotted as velocity perturbations relative to the ak135 velocity model [34]. The thin line in the cross section indicates the 410-km mantle discontinuity and the arrow depicts hot mantle upwelling. (b) Same as (a), but based on an S-wave model. (c) Index map, showing location of Krakatoa Volcano and A-B cross section line. Note the thinning in the subducted slab in the upper mantle below Krakatoa, which may be due to: (i) intrusion of hot mantle upwelling, (ii) strong slab pull in the study region [11,13], and (iii) the change from oblique subduction in Sumatra to frontal subduction in Java.



[image: Geosciences 08 00111 g007]







[image: Table] 





Table 1. Major, trace and rare earth elements, as well as Sr isotopes, from 1883, 1981 and 2002 AD eruption products. Data source 2002 from [6], 1883 and 1981 from [7]. Note: n.d means not determined.
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	Sampel
	L2835
	DR12653
	AK-1





	Age
	1883 AD
	1981 AD
	2002 AD



	SiO2 (wt %)
	57.86
	61.45
	55.71



	TiO2
	1.18
	1.02
	1.06



	87Sr/86Sr
	0.704393
	0.704428
	0.704417



	Rb (ppm)
	59
	40
	23



	Ba
	321
	275
	181



	Th
	7453
	5380
	3034



	Nb
	6
	5
	4



	K
	1.73
	1.21
	0.78



	La
	21.2
	19.9
	15.02



	Ce
	49.4
	45.1
	35.4



	Sr
	296
	324
	383



	Nd
	27.7
	25.7
	21.5



	Zr
	185
	184
	123



	Sm
	6.48
	6.35
	5.29



	Ti
	0.71
	0.61
	0.65



	Tb
	1.09
	1.1
	0.86



	Y
	42
	44
	33



	Yb
	4.06
	4.18
	3.06



	Lu
	0.62
	0.62
	0.49



	Sc
	24
	21
	n.d











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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