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Abstract

We investigated bedrock samples and their weathered horizons collected from the Muria Volcanic Complex (MVC),
Central Java, Indonesia. In addition to petrographic study, samples were analysed using X-ray diffraction (XRD), indu-
ctively coupled plasma-atomic emission spectroscopy (ICP-AES), and inductively coupled plasma-mass spectrometry
(ICP-MS) for mineral composition, major elements, and trace elements, respectively. Bedrock samples (n = 10) from
the MVC have ZREE ranging from 364 to 739 ppm (avg. 579 ppm). Basanite (n = 2) and phonotephrite (n = 2) are
consistently high in ZREE (659 - 739 ppm) compared with basaltic trachyandesite, trachyandesite, and trachyte. Apa-
tite is the only REE-bearing mineral observed in basanite and phonotephrite (up to ~1 vol.%). The ZREE is positively
corelated with P,O,, which inversely corelates with SiO,. The weathered horizons contain clay minerals that consist
primarily of kaolinite + halloysite. The REE content of the weathered horizons (n =7) is up to 183 ppm higher than those
of the bedrocks. The decrease in CaO and P,O, indicates a fractionation of apatite at early stage of magma evolution,
resulting in the depletion in the ZREE content in the residual melt. We suggest that apatite is the major host of REE in
the MVC alkali-rich, silica-undersaturated volcanic rocks, as evidenced by our petrographic and geochemical data. We
also suggest that the increase in ¥REE in the weathered horizon is due to the presence of clay minerals, particularly

kaolinite and halloysite.
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Introduction

Rare earth elements (REEs) are of paramount im-
portance in a modern society and are among the most
critical of all raw materials (Wang et al. 2020). However,
major supply of REEs is currently restricted to China, Bra-
zil, Australia, United States, Canada, and India (Li et al.
2017; Zhang et al. 2020).

A number of weathering crust ion-adsorption type
REE deposits has been discovered in South China. They
are the main source of global HREEs and provide nearly
the total global HREEs demand (Hoshino et al. 2016; Xie
et al. 2016; Li et al. 2017; Goodenough et al. 2018). lon
-adsorption type REE deposits have also been discove-
red in Madagascar (Berger et al. 2014), Malawi (Le Cou-
teur 2011), Brazil (Rocha et al. 2013), and Southeast Asia
(Sanematsu et al. 2009). Most ion-adsorption type REE
deposits are hosted in the weathered granite and felsic
volcanic rocks (Bao, Zhao 2008; Sanematsu, Watanabe
2016; Qin et al. 2019), in which REEs are primarily hosted
in less weather-resistant minerals (Chi et al. 2012; Li et
al. 2017).

Exploration targets of REE in Indonesia include pri-
mary REE deposits associated with alkaline-peralkaline
granitoids, secondary lateritic deposits, and monazite-xe-
notime by-products of placer-type tin mining. Granitoids

and their weathered crusts are currently the main source
of REEs in Indonesia (Setiawan et al. 2017). This paper
presents the REE content in various alkali-rich, silica-un-
dersaturated volcanic rocks in the Muria Volcanic Com-
plex (MVC), Central Java, Indonesia, and their weathered
horizons. Four weathering profiles of such volcanic rocks
were carefully sampled, followed by detailed petrographic
and geochemical studies.

Geological framework

The present day subduction of the Indian oceanic
crust beneath the Sunda-Banda arc is well-documented
in Hamilton (1977). This arc extends from the northern
tip of the island of Sumatra to the southeast, continues
eastward to the islands of Java, Bali, Lombok, Sumbawa,
Sumba, and Flores. In Central and East Java, the axis of
the volcanic arc corresponds to a set of active volcanoes,
mainly calc-alkaline in nature with some low-K (tholeiitic)
varieties (Hutchison 1981, 1982). They correspond to an
approximately 200 km deep Benioff plane.

The MVC is situated behind the Pleistocene-Recent
Sunda-Banda arc (Fig. 1). It is a complex of Pleistocene
volcanoes that form a large peninsula in the northern part
of Central Java. Most of the back arc volcanic centres in
Central Java that include the MVC lie close to a major
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distensional submarine geodynamic structure of which
the trend is oblique to the arc (Letterier et al. 1990; the
axis is indicated by dotted line on Figure 1). K-rich lavas
have been erupted from the extinct MVC (van Bemmelen
1949); this composition is not consistent with the calk-al-
kaline affinity of the Pleistocene-Recent Sunda-Banda
volcanic arc. The lower &Sr/®Sr ratios of leucite-bearing
lavas of the MVC also suggest that they are genetica-
lly related to rifting and represent a back-arc volcanism
(Cundari 1980). The MVC K-rich volcanic rocks were ge-
nerated by melting of mantle sources enriched in incom-
patible elements during previous subduction events, and
possibly involving a contribution of subcontinental mantle
(Letterier et al. 1990).

Local geology

The MVC volcanic activities can be divided into two
main products i.e., Mount Genuk (2.00 - 0.49 Ma) in the
north and Mount Muria (0.84 - 0.32 Ma) in the south (Mc-
Birney et al. 2003; Fig. 2). These volcanoes lie on the
Middle Miocene calcareous sedimentary sequence of
the Bulu Formation. Our geological mapping shows that
Mount Genuk is composed of basaltic trachyandesite in
the center (main volcanic vent) surrounded by volcanic-
lastic deposits of the Ujungwatu Formation and pyroc-
lastic deposits. Trachyte and basaltic trachyandesite are
also observed in the distal facies (possibly secondary
vent; Fig. 2). Mount Muria is composed of more varied
volcanic rocks i.e., basanite, phonotephrite, trachyande-
site and basaltic trachyandesite (Fig. 2). These volcanic
rocks are surrounded by widespread pyroclastic deposits
in the distal facies.

Sampling and analytical methods

A total of 16 samples from bedrocks and their weathe-
red horizons were collected from the MVC. The most com-
plete weathering profile in the MVC consists of trachyan-

desite bedrock (TA-Bed), horizon C (a layer of partially
altered bedrock; TA-Wth-C), horizon B (where soluble
minerals and clays accumulate; TA-Wth-B) and horizon A
(near-surface horizon containing humified organic matter;
TA-Wth-A). A basanite outcrop (B-1-Bed) is associated
only with horizon C (B-1-Wth), whereas trachyte bedrocks
T-1-Bed and T-2-Bed have only horizon C (T-1-Wth) and
horizon A (T-2-Wth), respectively. Six unweathered sam-
ples such as basanite (B-1), phonotephrite (PT-1, PT-2)
and basanite trachyandesite (BTA-1, BTA-2, BTA-3) were
also collected.

All samples were air-dried at 20 - 30 °C for four
weeks, then were quartered and powdered using mortar
and pestle. Four polished thin sections of bedrocks were
prepared. The abundances of rock-forming minerals in
the bedrock were determined under optical microscope.
The bulk mineralogy of the samples was analysed using
XRD at UPN Veteran Yogyakarta. Mineral identification
was accomplished using the COD reference database of
MATCH! software. The bulk rock geochemical analyses
for both major and trace elements were carried out at ALS
Geochemistry, Brisbane, Australia. Major elements have
been analysed by ICP-AES (preceded by peroxide fusi-
on), whereas trace elements were measured using ICP
-MS (preceded by lithium borate fusion).

Results

Petrography of volcanic rocks

Atotal of 10 volcanic rock samples in this study include
basanite (n = 2), phonotephrite (n = 2), basaltic trachyan-
desite (n = 3), trachyandesite (n = 1), and trachyte (n =
2). Two basanite samples (B-1-Bed and B-2; Fig. 3A, B)
contain olivine, pyroxene, plagioclase, and feldspathoid
phenocrysts up to 30 vol.%, generally from 0.5 to 4 mm
in size, in a groundmass that consists of mainly plagioc-
lase, feldspathoid, apatite, and opaque minerals (magne-
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Fig. 1 The distribution of magmatic-volcanic arcs in Java island, Indonesia. The MVC (red square) is situated behind
the Pleistocene-Recent Sunda-Banda arc, forming a large peninsula in the northern part of the island.
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Fig. 2 Geological map of the Muria Volcanic Complex (MVC).

Fig. 3 Representative photomicrographs of the MV C volcanic rock samples. A. Basanite (sample B-1-Bed) with olivine
and feldspathoid phenocrysts, set in the groundmass composed of plagioclase, feldspathoid, apatite, and opaque
minerals. B. Basanite (sample B-2), showing phenocrysts of olivine, pyroxene, and feldspathoid. Also shown is the
pyroxene corona on olivine. C. Apatite inclusions in pyroxene (basanite; sample B-1-Bed). D. Apatite inclusion in
feldspathoid (basanite;, sample B-2). E. Phonotephrite of sample PT-1, showing phenocryst crystals of pyroxene.
The phenocrysts are set in the fine-grained plagioclase, feldspathoid, opaque minerals (magnetite and ilmenite),
apatite, and glass groundmass. F. Phonotephrite of sample PT-2, showing phenocrysts of amphibole, pyroxene,
and plagioclase. These phenocrysts are set in the fine-grained plagioclase, feldspathoid, opaque minerals (mag-
netite and ilmenite), apatite, and glass groundmass. G. Trachyandesite of sample TA-Bed, showing a porphyritic
texture with pyroxene phenocrysts. The phenocrysts are set in a crystal groundmass that contains mainly plagiocla-
se, K-feldspar, and opaque minerals (magnetite and ilmenite). H. Trachyte (sample T-2-Bed), which shows a typical
trachytic texture, where acicular to tabular feldspar of groundmass shows flow structure. Abbreviations: Ap, apatite;
Amp, amphibole; Foid, feldspathoid; Kfs, K-feldspar; Mag, magnetite; Ol, olivine; PI, plagioclase; Px, pyroxene;
PPL, Plane-polarized light; XPL, Crossed polars. —
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Fig. 4 XRD patterns of trachyandesite bedrock and its weathered horizons A, B, and C. The dominant minerals in the
bedrock are plagioclase, sanidine, and augite, whereas kaolinite and Fe-oxides are observed mostly in the weathe-
red horizon A, B, and C. Halloysite is observed in the weathered horizon A and C.
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tite and ilmenite). The olivine, pyroxene, plagioclase, and
feldspathoid phenocrysts are euhedral to anhedral, and
commonly host apatite inclusions (Fig. 3C, D). Pyroxene
corona on olivine is common (Fig. 3B). Sample B-1-Bed
shows that groundmass crystals have fluidal texture.
Phonotephrite of sample PT-1 is characterized by a
strong porphyritic texture (Fig. 3E). Phenocryst crystals
(~30 vol.%) are up to 2 mm long and consist of olivine,
pyroxene, amphibole, plagioclase, and feldspathoid. The
phenocrysts are set in the fine-grained matrix composed
of plagioclase, feldspathoid, opaque minerals (magnetite
and ilmenite), apatite, and less commonly glass. Sample
PT-2 is characterized by a weak porphyritic texture (Fig.
3F). Phenocrysts are up to 4 mm long and comprise up

to ~20 vol.% of rock. Phenocryst crystals consist mainly
of amphibole and less commonly pyroxene, biotite, pla-
gioclase and feldspathoid. These phenocrysts are set
in the fine-grained groundmass formed by plagioclase,
feldspathoid, opaque minerals (magnetite and ilmenite),
apatite, and less commonly glass. Apatite inclusions in
phenocryst crystals are common in both samples PT-1
and PT-2 (Fig. 3F).

Basaltic trachyandesites (BTA-1, BTA-2, BTA-3) are
characterized by a weak porphyritic texture. Phenocryst
crystals are up to 2.5 mm long and consist of pyroxe-
ne, amphibole, biotite, plagioclase, and less commonly
K-feldspar. These phenocrysts are set in the fine-grained
matrix composed of plagioclase, K-feldspar, magnetite, il-

Table 1 Whole-rock major and trace element concentrations for the MVC samples. Abbreviations (sample codes):
B, basanite; T, trachyte; TA, trachyandesite; PT, phonotephrite; BTA, basaltic trachyandesite; Bed, bedrock; Wth,

weathered horizon
Sample  B-1-Bed B-1-Wth B-2 T-1-Bed T-1-Wth T-2-Bed T-2-Wth TA-Bed TA-Wth-C TA-Wth-B TA-Wth-A  PT-1 PT-2 BTA-1 BTA-2 BTA-3
SiO, (wt.%) 44.70 32.10 45.30 60.90 58.60 65.10 52.10 53.60 54.20 53.60 45.10 48.30 50.50 50.90 52.00 50.30
AI203 1465 27.20 16.35 20.80 21.00 20.20 24.60 17.60 18.25 20.70 24.00 15.65 18.75 17.65 19.05 17.65
FeZO3 10.15 1550 11.15 342 4.05 187 361 888 6.96 6.39 1225 974 766 7.64 830 8.24
CaO 1235 0.35 1270 148 1.06 061 065 583 6.17 222 080 1080 720 6.75 714 7.85
MgO 6.32 051 598 024 031 004 036 233 260 103 1.00 529 305 248 224 3.08
Na,O 297 015 183 397 352 580 279 324 289 240 144 313 340 3.05 376 3.27
KZO 472 034 391 724 683 6.74 407 495 483 540 340 555 566 242 278 456
TiO2 108 167 121 025 033 0.18 038 085 090 1.02 122 105 086 073 0.79 0.78
MnO 020 042 022 013 0.18 015 026 013 0.15 0.08 020 0.19 019 0.17 017 0.20
PO, 098 074 106 0.07 005 0.01 0.07 061 057 065 045 1.05 053 0.60 0.67 0.65
SrO 019 0.09 019 016 0.12 0.02 0.02 011 0.09 007 005 0.18 022 0.17 0.18 0.22
BaO 017 036 012 024 025 003 003 013 0.12 013 0.14 027 014 0.17 017 0.13
Total 98.48 79.43 100.02 98.90 96.30 100.75 88.94 98.26 97.73 93.69 90.05101.20 98.16 92.73 97.25 96.93
La (ppm) 176 213 159 134 138 90 135 106 111 124 150 188 167 106 17 171
Ce 314 418 288 261 287 159 273 185 198 188 262 286 289 185 207 294
Pr 334 386 322 203 208 149 207 205 216 237 287 275 303 205 219 310
Nd 121 138 19 628 656 433 657 753 775 855 103  90.9 110 759 785 108
Sm 20.70 23,50 2120 9.05 9.72 6.36 9.51 13.00 13.60 14.65 18.10 14.20 18.35 13.10 13.55 18.30
Eu 575 648 589 291 295 158 210 355 353 379 474 379 517 352 364 481
Gd 15.60 1765 16.85 6.15 6.79 494 7.25 10.05 10.55 11.30 13.75 10.15 13.75 9.64 9.93 13.50
Tb 183 210 198 084 085 074 102 129 133 141 1.66 1.21 166 123 129 1.62
Dy 815 928 9.02 435 448 442 580 6.34 660 681 831 578 782 618 6.52 7.78
Ho 132 148 145 083 084 098 124 113 118 1.21 151 098 134 113 1.18 1.32
Er 3.05 348 349 229 227 307 400 306 311 314 396 242 336 294 328 3.19
Tm 040 045 045 035 034 054 067 043 045 045 054 031 046 044 048 044
Yb 222 283 258 220 222 386 475 261 265 274 339 199 276 251 293 278
Lu 035 045 039 035 034 064 081 040 041 042 051 029 042 040 046 043
Y 359 378 403 226 238 298 390 306 327 329 411 261 363 295 339 36.9
>REE 739 913 701 530 566 364 570 458 484 500 641 659 687 457 501 695
Th 298 482 296 381 372 405 471 256 29.0 329 382 448 372 237 313 422
] 507 724 487 182 308 482 11.05 511 6.35 741 795 999 78 429 6.29 6.77
Zr 272 435 296 285 281 515 637 234 253 310 351 240 336 218 276 337
Hf 55 8.6 6.0 52 5.3 94 116 5.1 54 6.4 7.4 4.5 6.3 4.6 5.7 6.3
Sn 1 2 2 1 1 1 2 1 2 1 3 1 1 2 2 1
Nb 84.0 136 622 40.8 434 391 502 410 384 433 550 205 79.0 39.7 539 897
Ba 1,630 3,390 1,080 2,230 2,260 261 278 1,220 1,090 1,220 1,250 2,500 1,290 1,650 1,570 1,290
Cr 160 150 120 <10 10 <10 10 30 50 70 50 90 50 40 10 20
Cs 529 190 7.83 108 6.19 884 860 966 790 649 837 567 923 427 377 945
Ga 184 310 203 202 209 241 304 209 213 245 285 175 214 206 221 212
Rb 188 149 261 200 167 269 176 187 173 196 144 218 167 49.3 58.8 272
Sr 1,610 766 1,610 1,390 1,030 160 141 945 765 606 456 1,540 1,910 1,420 1,520 1,930
Ta 3.1 4.7 2.5 1.6 1.7 1.3 1.6 1.6 1.6 1.8 2.2 7.7 3.1 1.4 1.9 3.6
\ 355 244 371 39 88 20 68 242 269 270 352 330 226 216 207 248
Rb/Sr 012 002 016 014 0.16 168 125 020 023 032 032 014 0.09 0.03 0.04 0.14
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menite, apatite, and glass. The rutile-magnetite assembl-
age occurs as a reaction rim on biotite phenocrysts. Apa-
tite is common inclusion mineral in silicate phenocrysts.

A trachyandesite sample (TA-Bed) is characterized by
a porphyritic texture of pyroxene, amphibole, and biotite
phenocrysts (up to 60 vol.%; Fig. 3G). These phenocrysts
are 0.5 to 2 mm in length. The pyroxene phenocrysts par-
ticularly host zircon inclusions. The phenocrysts are set
in a crystal groundmass that contains mainly plagioclase,
K-feldspar, and opaque minerals (magnetite and ilmeni-
te). Apatite crystals are observed as inclusion in the phe-
nocryst crystals as well as in the groundmass.

Trachyte samples (T-1-Bed, T-2-Bed) contain plagioc-
lase, K-feldspar, pyroxene, olivine, glass, and accessory
magnetite (Fig. 3H). This rock shows a weak porphyritic
texture with mainly plagioclase and K-feldspar phenocry-
sts (less commonly olivine and pyroxene), set in the fi-
ne-grained groundmass composed of plagioclase, K-feld-
spar and glass. Phenocrysts are generally 0.2 to 2 mm in
size. Plagioclase and K-feldspar comprise up to 75 vol.%
of rocks. These trachyte samples show a typical trachytic
texture, where acicular to tabular feldspar groundmass
shows fluidal texture.

Bulk rock mineralogy

Bedrocks and their weathered horizons A, B, and C
from trachyandesite were analysed for their mineralogy
by XRD (Fig. 4). K-feldspar and plagioclase are the domi-
nant minerals in the trachyandesite bedrock. Clay mine-
rals are observed in the weathered horizons A, B, and C.
Kaolinite is preserved in all horizons, whereas halloysite
occurs preferentially in horizon A.

Whole-rock geochemistry

Results of bulk rock geochemical analyses are pre-
sented in Table 1. The bedrock samples contain SiO, and
K,O ranging 44.70 - 65.10 wt.% and 2.42 - 7.24 wt.%, re-
spectively. Silica content generally increases with decrea-
sing TiO, content. Trachyte, trachyandesite, and basaltic
trachyandesite samples are classified into shoshonite se-
ries in the SiO, vs. K,O diagram, whereas basanite and
phonotephrite fall into the leucitic series (Fig. 5). The Har-
ker diagrams indicate that the TiO,, Fe,O,, MnO, MgO,
Ca0, and P,0O, decrease with increasing of SiO, content,
whereas K,O, Na,O, and ALO, are positively correlated
with the SiO, content (Fig. 6). Weathered horizons were
not plotted in the Harker diagrams.
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The whole-rock REE concentrations in both bedrock
and weathered horizon were analysed. The P,O, and
CaO contents in the bedrocks are positively correlated
with ZREE (Fig. 7). Bedrock samples from the MVC have
REE contents ranging from 364 to 739 ppm, whereas
the weathered horizons are more enriched in REE (484
to 913 ppm). Basanite and phonotephrite samples have
highest ZREE ranging from 659 to 739 ppm. Chondrite-
normalized REE patterns show that both bedrock and
weathered horizon samples show a systematic minor
HREE-enriched U-shaped patterns (Fig. 8). Small positi-
ve Eu anomaly is observed in trachyte, whereas the other
three bedrock samples show negligible Eu anomalies.

Discussion

Fractional crystallization

The SiO, contents of samples studied are very low to
intermediate, ranging from 44.70 to 65.10 wt.%. These
samples have Rb/Sr ratios of 0.03 - 1.68. Such low to
intermediate SiO, and low Rb/Sr ratios suggest that the
magmas were weakly differentiated. Negative correla-
tions between TiO,, Fe,O,, MnO, MgO, CaO, P,O,, and
SiO, content suggest that the magmas likely underwent
fractional crystallization during magmatic differentiation.
The decrease in Fe,0,, MgO, CaO, and P,O, indicates

273

25.0

removal of mafic minerals and apatite. The ZREE content
decreases with decrease of CaO and P,O,, indicating that
the fractionation of apatite consumed REE from the cry-
stallizing melt significantly. Thus apatite is likely the major
host for REE in the fresh volcanic rock in the MVC. This is
supported by the abundant presence of apatite in basani-
te and phonotephrite (Fig. 3).

Silica is positively correlated with some major oxides
such as K,0, Na,O, and ALO,, indicating that these ele-
ments were not fractionated in the early stage of magma
evolution. They are mainly partitioned in minerals ob-
served in the samples such as plagioclase and K-feld-
spar. The absence of an early plagioclase fractionation
is evidenced by the lack of negative Eu anomalies in the
chondrite-normalized diagram (Fig. 8).

Mineralogical and geochemical evolution of the late-
rite profiles

Bedrocks are the primary source of REEs in the
weathering horizons. To form ion-adsorption type REE
deposits, the parent rocks must have a sufficient amount
of REEs, which are hosted in weatherable minerals e.g.,
fluorocarbonates, allanite, titanite (Chi et al. 2012) and po-
ssibly apatite. Apatite is absent in REE-enriched weathe-
red horizons (Fig. 4, horizons A and B). Therefore, REEs
were likely bound to the clay minerals during weathering
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rather than to residual REE-bearing apatite. We suggest
that apatite was decomposed during weathering, provi-
ding REEs to be deposited in weathered horizons.

Kaolinite and halloysite formed during the weathering
of mainly plagioclase and K-feldspar in the samples stu-
died. The results of XRD measurements on trachyandesi-
te profile show that kaolinite is preserved in all horizons.
Halloysite occurs preferentially in horizon A, in which
>REE is significantly enriched. The sorption ability of
halloysite for REEs is presumably not very different from
that of kaolinite (Mukai et al. 2020). Thus we interpret that
in addition to kaolinite (Wu et al. 1990; Bao et al. 2008),
halloysite in the particles possibly plays a role in the en-
richment of REEs in the weathered horizons.

Conclusions

The REE content of volcanic rocks samples collected
from the MVC varies from 364 to 739 ppm. Alkali-rich, silica
-undersaturated rocks such as basanite and phonotephrite
samples have highest ¥REE ranging from 659 to 739 ppm.
Apatite is likely the major host for REE in this type of rock
as evidenced by our petrographic and chemical data. The
decrease in CaO and P,O,indicates preferential crystalliza-
tion of apatite at early stage of magma evolution, resulting
in the depletion in the XREE content of the MVC differen-
tiated volcanic rock. The £REE increases in the weathered
horizon, thus we suggest that in the MVC the increase in
>REE in the weathered horizon is due to the presence of
clay minerals, particularly kaolinite and halloysite.
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