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Abstract

upon independently.

Jeju Volcanic Island is the largest island in South Korea and is considered a continental shelf intraplate volcanic
island. In this study, MELTS, a powerful program for modeling magmatic evolution processes, was applied to simu-
late the fractional crystallization process of the low-alumina alkaline volcanic rock suite on Jeju Island. MELTS mod-
eling was conducted at many isobaric pressures ranging from 2.0 GPa to 0.1 GPa, different oxygen fugacities (fO,)
from FMQ-3 to FMQ+ 3, and different H,0O contents. The results demonstrate that the most suitable fractionation
model for the Jeju low-alumina alkaline magma involves a pressure of 0.2 GPa to 0.1 GPa and an oxygen fugacity
close to the FMQ buffer. Additionally, an H,O content of 0.5 wt.% is the most consistent with the evolution trend
and mineral composition of the natural rock suite on Jeju Island. Although MELTS possesses several limitations

in terms of the stability of calibration, such as spinel overestimation and a lack of experiments on hydrous miner-
als (which should be improved), MELTS performs well in terms of temperature and pressure prediction and in terms
of the assessment of other factors of the fractional crystallization process on Jeju Island. Consequently, to evalu-
ate a magmatic process in a particular region, MELTS should be combined with other analyses and not relied
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Introduction

Jeju Island, the largest island in Korea, is an elliptical
island on an intraplate continental shelf (Brenna et al.
2012; Choi et al. 2006; Park 1993a, 1993b; Tatsumi et al.
2005). Jeju Volcanic Island exhibits the characteristics
of an oceanic island. For many years, the petrology, geo-
chemistry, geomorphology, and other characteristics of
Jeju Volcanic Island have been studied comprehensively.
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The MELTS program has been developed to simulate
magmatic evolution processes on the basis of bulk com-
position (Ghiorso and Sack 1995; Asimow and Ghiorso
1998); hence, it can predict the direction of evolution
paths. In this program, each thermodynamic factor, such
as temperature, pressure, and oxygen fugacity, can affect
the modeling. Consequently, to better understand the
formation conditions of Jeju Island, we carried out vari-
ous calculations and selected the conditions that best
match the natural evolution paths.

Fractional crystallization is a significant pro-
cess affecting magmas on Jeju Island (Tatsumi et al.
2005). Indeed, according to the research of Brenna
et al. (2010), the fractionation of clinopyroxene + oli-
vine * spinel in alkaline magma occurred at approxi-
mately 2.0-1.5 GPa beneath Jeju Volcanic Island. In
this study, the MELTS program is used to verify the
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pressure condition on the basis of thermodynamic
principles. Additionally, MELTS can model whole-
magma fractionation, not only the pressure conditions,
but also other factors, such as temperature, mineral
and chemical compositions, and even oxygen fugacity.
Currently, MELTS has not been applied to any region
in Korea. Consequently, this research will serve as a
comparison and reference for subsequent studies.
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Regional geology and tectonic setting

Jeju Volcanic Island is an intraplate continental shelf
island with an elliptical shape (Brenna et al. 2012;
Choi et al. 2006; Park 1993a, 1993b; Tatsumi et al.
2005) located approximately 90 km from the south-
ern coast of the Korean Peninsula (Fig. 1a). This island
is 74 kmx32 km in size, with the long axis and short
axis oriented in the northeast—southwest and north-
west—southeast directions, respectively (Koh et al. 2003)
(Fig. 1c). There is contrasting topography in the northern,
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Fig. 1 Location (a), surface lava distribution map according to 40Ar—39Ar plateau age (b), and expected fracture system (c) of Jeju Volcanic Island.

Modified after Lee 1982 (a); Koh et al. 2013 (b); Koh et al. 2003 (c)
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western and eastern areas of Jeju Volcanic Island; the
relief generally slopes gently down to the sea (the same
direction as the lava flows), whereas 10-m cliffs domi-
nate the southern coastline, forming waterfalls along this
coast on Jeju Volcanic Island. The surface distribution
map (Fig. 1b) depicts the dominance of lava flows on the
surface, which are no older than 100,000 years BP. Jeju
Volcanic Island is dominated by lava flows, with minor
phreatomagmatic tuff rings, tuff cones, and sediments.
Lee (1982) divided the stratigraphic system into four
stages: the basal basalt stage (below sea level), the lava
plateau stage, the lava shield (Halla shield volcano) stage,
and the scoria cone stage. The basement contains Jurassic
to Cretaceous granitoids and unconsolidated sediments,
volcaniclastics and pre-Cambrian gneisses, which appear
as xenoliths in tuffs and in drill cores (Baek et al., 2014;
Choi et al. 2006; Lee 1982; Tatsumi et al. 2005). Spinel
peridotite and pyroxenite xenoliths are common in alkali
basalt lavas and tuffs and represent mantle-derived com-
ponents (Yun et al. 1998; Choi et al. 2005; Kil et al. 2008;
Brenna et al. 2012).

In terms of alumina content, volcanic rocks on Jeju
Volcanic Island are categorized into 3 main series: high-
alumina alkaline, low-alumina alkaline and subalkaline
rock types corresponding to low, moderate, and high
degrees of partial melting, respectively (Tatsumi et al.
2005). In addition, these volcanic rocks have been clas-
sified as transitional basaltic suites (Koh 2005) occurring
solely in the deep part of eastern Jeju (Brenna 2012).

The contents of P,O; and K,O and the trace element
contents of the lava suites suggest that large-volume
lavas on Jeju Volcanic Island are not derived from truly
primary sources; instead, these lavas are derived from
a homogeneous mantle source and involved melting at
several levels and dissimilar depths (Park 1993a, 1993b).
According to geochemical and mineralogical character-
istics (Tatsumi et al. 2005), a mantle plume was present
underneath Jeju Volcanic Island. In their model (Fig. 2),
the magma rose from the asthenosphere and reached the
highest part of the mantle located under the metasoma-
tized zone, enriching the isotopic components. The par-
tial melting levels are categorized as follows: the lowest
level of partial melting generated a high-alumina alkaline
magma from an amphibole source with high Al and Sr
contents in the lower part of the upper mantle.

Methods

As mentioned previously, there are three main magmatic
suites on Jeju Volcanic Island; however, the low-alumina
alkaline magma has been interpreted as the suite that
possesses the greatest source depth and is less metasoma-
tized than the others (Tatsumi et al. 2005). Consequently,
this study focuses on the low-alumina alkaline rock suite.
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Since many surveys on petrology and geochemistry have
been conducted over Jeju Volcanic Island, all of the natu-
ral data utilized in this research were collected from pub-
lished studies. The reference samples were selected from
the low-alumina alkaline series in Tatsumi et al. (2005)
and trachyte samples around the Paekrogdam (Baeng-
nokdam) summit in Koh et al. (2003) to describe the
whole low-alumina alkaline suite on Jeju Volcanic Island.
There samples are shown plotted in the TAS classifica-
tion diagram (Le Bas et al. 1986) (Table 1, Fig. 3). Pref-
erably, the most primitive mafic composition is the best
beginning for fractionation simulation. Consequently, in
a rock suite, the sample with the lowest SiO, content and
highest MgO content is the most suitable for MELTS.
Therefore, sample CJ10 in the study of Tatsumi et al.
(2005), with 47.14 wt.% SiO, and 9.85 wt.% MgO, satisfies
the starting composition for modeling the magma evolu-
tion process via MELTS in this study. This sample is also
considered the inferred primary magma composition for
the low-alumina alkaline suite in Tatsumi et al. (2005).

In silicate melts, the oxidation state of iron is a signifi-
cant factor for understanding magma evolution processes
both physically and chemically (Osborn 1959; Carmi-
chael and Ghiorso 1990). The ferric—ferrous proportion
plays a vital role in melt properties, such as viscosity and
density (Lange and Carmichael 1990; Dingwell 1991;
Dingwell and Brearley 1988). Moreover, it drives the
occurrence of iron-bearing oxides and ferromagnesian
silicates, as well as the chemical properties of concurrent
melts (Gaillard et al. 2001). For the Jeju Volcanic Island
samples, oxygen fugacity is represented relative to the
equilibrium of fayalite, magnetite, and quartz (the FMQ
buffer); positive values are more oxidizing, whereas nega-
tive values are more reducing, and upper mantle oxygen
fugacity is thought to be close to the QFM buffer ranging
from FMQ™* to FMQ*? (McCammon 2005), as shown in
Fig. 4. Moreover, the samples from Jeju Volcanic Island
can be classified as oceanic island basalt (OIB), which is
typically generated from a mantle plume (Tatsumi et al.,
2005), and the oxygen fugacity of mantle plume-related
OIB tends to be limited to FMQ to FMQ*? (Ballhaus
et al. 1990). Nevertheless, to examine the FMQ condi-
tions more consistently, we performed various calcula-
tions from FMQ 3 to FMQ*2.

By using pMELTS (Ghiorso et al. 2002) and rhyolite-
MELTS (version 1.0.2 and 1.2.0) as alternative versions of
MELTS after the study of Gualda et al. (2012), we con-
ducted various calculations of fractional crystallization
under various isobaric pressure conditions, from 2.0
to 0.1 GPa (20,000 to 1000 bars), and FMQ levels, from
FMQ™ to FMQ™?, to verify previous findings. After
these calculations, we compared the results of the two
MELTS programs above and compared the results with
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Fig. 2 Modeling of the upper mantle beneath Jeju Volcanic Island (edited after Tatsumi et al. 2005)

published natural samples from other studies to evaluate  the mineral components in the natural rock suite on Jeju

the accuracy of the calculations. We carried out assess-  Volcanic Island.

ments and comparisons of both the evolution paths and pMELTS is suitable for modeling at pressures above
1.0 GPa, whereas rhyolite-MELTS is suitable for
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Table 1 Bulk compositions of natural samples collected from Jeju Volcanic Island were compared with those obtained via MELTS modeling

Sample cJos cJo6 cJo9o cio an a2 a3 e a7
Sio, 50.98 4895 49.46 47.14 4855 47.87 55.55 48.86 49.53
TiO, 222 3.18 303 239 292 3.14 1.53 2.58 2.54
AlLO; 164 16.63 16.56 13.84 16.51 16.25 16.88 16.04 16.47
Fe,0; 11.89 1341 12.76 1242 12.71 1348 10.39 12.19 11.9
FeO

MnO 0.16 0.15 0.16 0.16 0.15 0.15 0.16 0.15 0.15
MgO 4.71 395 3.89 9.85 535 542 2.09 6.04 527
Ca0 6.94 775 727 9.55 841 83 49 7.96 7.56
Na,O 4.28 3.89 4.11 281 3.69 365 5.10 3.62 4.12
K,0 213 143 1.93 1.36 1.22 133 284 1.91 2.00
P,0s 0.76 063 0.74 043 0.57 0.56 0.81 0.68 0.69
Total 10047 99.97 99.91 99.95 100.08 100.15 100.25 100.03 100.23
Sample CJ18.1 cJ18.2 a9 cJ23 CJ24 CJ26.2 CJ28 CJ29 CJ30.1
Sio, 49.11 48.85 50.12 53.76 49.06 4863 493 48.67 59.02
TiO, 296 299 2.54 1.77 264 264 244 2.71 1.00
Al,Os 16.16 16.06 16.47 16.9 15.47 15.63 15.25 16.61 17.41
Fe,0; 12.84 12.88 11.51 11.31 12.8 1222 12.08 12.38 797
FeO

MnO 0.16 0.16 0.15 0.17 0.15 0.15 0.15 0.14 0.13
MgO 48 467 4.83 26 6.28 6.79 7.63 5.85 1.02
Cao 7.71 7.75 863 5.58 848 7.87 8.5 9.25 315
Na20 3.85 394 383 4.85 354 365 337 335 5.65
K20 1.75 174 1.71 246 1.21 1.88 144 091 3.70
P,0s 0.89 0.89 0.56 0.84 0.51 0.60 049 046 0.33
Total 100.23 99.93 100.35 100.24 100.14 100.06 100.65 100.33 99.38
Sample CJ30.2 cJ31 CJ32 cJ33 CJ34 CJ36 CJ38 CJ40 H1
Sio, 4993 49.86 49.95 4824 484 4963 48.86 49.58 65.15
TiO, 256 2.58 245 274 213 242 265 242 0.29
Al,Os 16.45 16.55 15.93 15.6 14.55 15.61 16.3 15.58 16.75
Fe,04 12.08 11.71 11.85 12.86 11.99 1161 12.35 1161 241
FeO 2.16
MnO 0.15 0.15 0.15 0.15 0.16 0.14 0.15 0.14 0.14
MgO 542 4.56 6.01 6.61 9.14 6.69 5.21 6.7 0.25
Cao 8.00 841 7.55 7.83 9.35 8.15 7.63 8.16 1.09
Na,O 3.85 3.88 3.88 2.82 3.08 372 392 362 5.66
K,O 1.50 1.77 197 143 1.16 1.60 1.85 1.57 562
P,Os 0.56 0.58 061 0.51 04 0.52 0.64 0.54 0.05
Total 100.5 100.05 100.35 98.79 100.36 100.09 99.56 99.92 99.57
Sample H2 H3 H4 H5 Hé6 H8 H9 H10 H12
Sio, 64.86 63.2 50.87 53.1 64.04 5371 65.17 4944 51.97
TiO, 031 045 240 1.84 0.28 1.73 027 2.51 223
Al,O; 16.39 16.76 15.88 17.86 16.23 17.93 16.5 15.78 16.50
Fe,05 263 3.00 349 333 237 322 235 3.26 38
FeO 237 2.70 733 5.56 213 539 212 761 6.35
MnO 0.16 0.17 0.19 0.17 0.14 0.17 0.14 0.2 0.19
MgO 0.30 048 461 2.76 0.25 263 0.25 562 333
Cao 1.38 1.90 7.77 6.77 1.15 6.56 1.25 8.01 7.04
Na,O 563 558 3.80 447 557 440 557 348 414
K,O 550 519 2.10 2.55 553 265 556 1.84 243
P,0s 0.06 0.12 0.60 0.62 0.05 0.59 0.05 0.65 0.69
Total 99.59 99.55 99.04 99.03 97.74 98.98 99.23 98.40 98.67




Le et al. Geoscience Letters (2024) 11:45

Table 1 (continued)
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w_|
~ || A Tatsumi et al., 2005
[0 Koh etal., 2003 Phonolite
Y Starting point (CJ10)
Tephri- @
phonolite
. U
o _| Foidite Trachyte )
L o
Trachydacite| _ - - - -
o e
o s -

NE ) Rhyolite
ON Tephn'te - andesite
© Basanite
Z

To

# g o o
’, = =2 = S :
| B “ Sl =
S %
’ § Subalka‘neﬂ' holeiiti
o -~ T : :
40 50 60 70 80

Le Bas et al. 1986)

Atmosphere: Continental crust
SEMOHG . FMQ2to FNQ+5
0 Uppermantle:
] FMQ-4 to FMQ+2
Transition zone: <FMQ-4
—~ 800
£
= - MORB:
= FMQ+0?
a i Lower mantle:
8 1600 EMOS
2400
Oxygen fugacity
[ “—
Reducing=======-==-~~- Oxidizing

Fig. 4 The change in oxygen fugacity corresponds to the depth
beneath the Earth's crust (edited after McCammon 2005)

SiO2

Fig. 3 Published natural samples from Jeju Volcanic Island from studies by Tatsumi et al. (2005) and Koh et al. (2003) plotted in a TAS diagram (after

modeling at pressures less than 1.0 GPa. Consequently,
two separate MELTS programs are used in this study:
pMELTS handles modeling for pressures ranging from
2.0 to 1.0 GPa, and rhyolite-MELTS handles modeling
for pressures ranging from 1.0 to 0.1 GPa. At each pres-
sure level, various log units of oxygen fugacity, FMQ ™3
to FMQ™3, were used. In this part, the calculations are
divided into three groups on the basis of pressure: the
first group comprises the results from the pMELTS
program; in the second group, pressures from 1.0 to
0.4 GPa are simulated by the rhyolite-MELTS; and the
last group includes the remaining pressure levels, 0.2
GPa and 0.1 GPa. However, more tests were performed
when water was added to the calculations; hence, the
rhyolite-MELTS versions 1.0.2 and 1.2.0 were applied
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to for modeling of anhydrous and hydrous systems,
respectively.

Results and discussion

As demonstrated in Fig. 5, the evolution paths from FMQ™
to FMQ ™ tend to curve toward the left side of the diagram,
especially at high-pressure levels, whereas those from
FMQ™? and FMQ™? display slightly curved lines and plot
along the sample suite. At 2.0 GPa and 1.8 GPa, the mod-
eling results of FMQ™ match those of the Jeju rock suite;
however, the modeling results at 1.8 GPa fail since they
accounts for only half of the sample suite. In the next level,
from 1.6 to 1.4 GPa, the natural sample line is distributed
between FMQ*? and FMQ™3; it is closer to FMQ™ at 1.6
GPa and almost coincides with FMQ™? at 1.4 GPa. FMQ™?
seemingly fits the Jeju sample line well at 1.2 and 1.0 GPa,
but mismatches occur at the ends of the lines. Neverthe-
less, none of the FMQ ™2 and FMQ*? modeling paths from
2.0 to 1.0 GPa simulated by pMELTS plot along the natural
sample suite line.

The second group, i.e.,<1.0 GPa, illustrates that the use
of rhyolite-MELTS is more reasonable than the use of
PMELTS, and the differences between the 2.0-1.0 GPa and
1.0-0.4 GPa modeling paths in the TAS diagram are dis-
tinct (Fig. 6). The angle between the horizontal axis and the
evolution paths simulated by rhyolite-MELTS decreases
gradually from nearly vertical to approximately 45°, espe-
cially the group with oxygen fugacities from FMQ™ to
FMQ*2. On the other hand, FMQ™ does not change
much and is always close to the Jeju alkaline suite. At 1.0
GPa, the modeling line plots along the sample suite but
does not overlap entirely; overlap occurs at pressures rang-
ing between 0.8 and 0.6 GPa. However, the first part of the
modeling line at 0.4 GPa is rather separated from the sam-
ple points. In addition to the difference in trends, the simu-
lated lines at the FMQ*® buffer have dissimilar lengths and
tend to maintain a longer line of coincidence with a drop in
pressure.

The final group, at 0.2 and 0.1 GPa, was subjected to two
separate conditions, one in which the original composition
is the same as that of the other runs and a second in which
0.5 wt.% H,O is added to the starting member (Fig. 7). At
first glance, the most obvious difference between the two
is the length of the modeling lines, which are longer for the
second model than the real evolution paths. The occur-
rence of water in the system not only extends modeling
paths but also tilts down all 7 oxygen fugacities. At 0.2 GPa,
the modeled line overlaps the natural suite at FMQ™? for

(See figure on next page.)
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the anhydrous starting member and at FMQ for the 0.5
wt.% H,O starting member. Furthermore, these lines coin-
cide with each other at 0.1 GPa. The Jeju alkaline suite is
well modeled by FMQ™! with 0 wt.% H,O, but at the match
is still good at the FMQ buffer when the system contains
a small proportion of H,O. Although the modeling line
also curves down at the end of the path, as in other cal-
culations, no published data are available for this section.
Consequently, it is important for future studies to explore
the entire rock suite on Jeju Volcanic Island to verify the
MELTS modeling.

On the basis of the comparison of modeled evolution
paths and the natural Jeju alkaline rocks in the TAS dia-
gram in the previous section, paths that coincide with
real sample points are selected to simulate crystalliza-
tion paths. The calculations of the model with the FMQ™
buffer match the suite at most pressure levels from 2.0 to
1.0 GPa in pMELTS and from 1.0 to 0.4 GPa in rhyolite-
MELTS. Afterward, the matched oxygen fugacities start
to decrease gradually from 0.2 GPa. The mineral compo-
sitions also differ among the different pressure levels.

The results from pMELTS demonstrate that, above
2.0 GPa, clinopyroxene and spinel are two of the first
minerals to crystallize, followed by orthopyroxene,
which is not present at 1.8 GPa. The first crystalliza-
tions occur at approximately 1,460 °C, 1410 °C and
1,380 °C; however, these temperatures decrease pro-
portionally with pressure. Feldspars begin to crystal-
lize at approximately 1,200 °C at 1.6 GPa. On the other
hand, olivine is absent in all of the models from 2.0 to
1.4 GPa and starts to occur in the model at<1.2 GPa
at approximately 1150 °C. Curiously, most of the min-
erals crystallize in one phase, except spinel, the crys-
tallization of which is divided into 2 separate phases
at 2.0 GPa. The first occurs briefly from 1,410 to
1,390 °C, and the second occurs from approximately
1,330 °C to 1,190 °C (Fig. 8). The mineral phases that
formed during the fractional crystallization process
of the Jeju low-alumina alkaline magma include oli-
vine, clinopyroxene, plagioclase and magnetite (Tat-
sumi et al., 2005). Hence, the absence of olivine from
2.0 GPa to 1.4 GPa is incompatible with the mineral
assemblage of the Jeju alkaline rocks. The results seem
more feasible when olivine starts to join the system at
1.2 GPa; however, the presence of orthopyroxene leads
to a contradiction once again.

In the second group, olivine is still absent from 1.0
GPa to 04 GPa in the rhyolite-MELTS operation.

Fig.5 Comparison of evolution paths between the pMELTS model (dashed line) and natural samples (point) from 2.0 to 1.0 GPa under various

oxygen fugacities on the TAS diagram (after Le Bas et al. 1986)



Le et al. Geoscience Letters

(2024) 11:45

Page 8 of 16
e 2.0GPa o 1.8GPa
- - == .
o] (o] !
' Rhyolite < Rhyolite
+ +
S 5
© ©
Z z
0= -
A Tatsumietal, 2005 B[FMQ. = -
: O Kohetal., 2003 %3 o= AW
Y& Starting point (CJ10) ‘sy" 4 -2 -3
. \ b
80
2 1.6GPa 1.4GPa
e e .
o )
f Rhyolite Rhyolite
o
©
z
-
o
80
©_ 1.2GPa 1.0GPa
= . e+ =
@) @)
) Rhyoiite N, Rhyolite
& +
(@) o)
) 5
z Z
wn -~ w0 -
o - - =
40 50 Si0, 60 80 80

Fig. 5 (Seelegend on previous page.)




Le et al. Geoscience Letters (2024) 11:45 Page 9 of 16
24 w4 0.8GPa
o- -
@) o ‘
:f‘ Rhyolite i Rhyolite
+
O, o,
< @©
z z
0 &
N g2 % A Tatsumi et al., 2005 : v e 2 [FMQ === wes anus \
=1 3 3 § O Kohetal, 2003 — § = § 3 +3 42 +1 0
‘,S“' i a 3 g ‘ Starting point (CJ10) «® 2, -] ,§ e g -.-1- - --.3.
* » ) 9‘9 A 4
i B \ o § subalkline/Thofeiiic \
o : .
80 70 80
0|
ol
Foidite
~+3
o
Q o)
~ Rhyolit n i
¥ hyolle ¥ Rhyolite
0, o}
3 @
= z
O 4
‘.'l § g g 2 §
o il & it § e
® -
f § Subalkaline/Tholefitc
2 T T T T o 2 r . .
40 50 sio, 60 70 80 40 50 sio. 60 70 80
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Nevertheless, at 1.0 GPa or less, other new minerals,
such as rhm-oxide and whitlockite, form in the magmatic
system. The decrease in the crystallization tempera-
ture range is proportional to the decrease in pressure;
for example, at 1.0 GPa, magma experiences a fractional
crystallization process from approximately 1,400 °C
to 1,100 °C, whereas at 0.4 GPa, this range begins at
approximately 1300 °C and ends at 1000 °C. In this pres-
sure interval, spinel continues to form during one phase
near the beginning of the whole crystallization process.
In addition, orthopyroxene and clinopyroxene also stably

crystallize in one continuous phase. Olivine is still absent
in this second group. In particular, rhm-oxide joins the
system intermediately after the spinel crystallization
phase ends. In the MELTS program, the spinel phase is
equal to the spinel and magnetite phases in natural rocks,
and when rhm-oxide is present, ilmenite is present. Whit-
lockite is an odd component because of its representa-
tive rock mineral composition; however, it is dominant
in most runs of rhyolite-MELTS at pressures below 1.0
GPa. The presence of whitlockite supplies an anhydrous
calcium phosphate phase; in nature, the components are
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oxygen fugacities and H,O contents (after Le Bas et al. 1986)

not completely dry, and the accessory mineral is apatite.
Consequently, whitlockite should be considered apatite
(Fig. 9). In summary, despite the presence of new mineral
phases, such as whitlockite and rhm-oxide, which cor-
respond to apatite and ilmenite mineral compositions in
the natural Jeju alkaline rock, the occurrence of orthopy-
roxene and lack of olivine phases during modeling indi-
cate that there is no obvious pressure window for Jeju
alkaline fractional crystallization.

The calculations in the last group were performed
under two conditions with two different H,O contents
and the same oxygen fugacity regimes. The results dem-
onstrate that the evolution paths in the TAS diagram
tilt down when the system possesses a small amount
of H,O. Consequently, in this group, each pressure is
modeled in 2 separate calculations with 0 wt.% H,O
and 0.5 wt.% H,O. In the case of absolutely anhydrous
magma, the same bulk compositions and oxygen fugaci-
ties as those in the previous runs, as well as the mineral
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Fig. 8 Crystallization paths of CJO1 at pressures ranging from 2.0 GPa to 1.0 GPa, as simulated by the pMELTS program

compositions as those in the previous calculation above
0.2 GPa, were used. At 0.2 GPa, olivine starts to occur
during modeling. Olivine occurs at approximately
1,250—1,200 °C at 0.2 GPa with the FMQ*? buffer and at
1,260-1,100 °C at 0.1 GPa with the FMQ™" buffer. How-
ever, orthopyroxene still exists during the simulation

processes. The presence of H,O enhances the similarity
between the modeling results and the Jeju low-alumina
alkaline magma. In the hydrous system, at both 0.2 and
0.1 GPa under the same FMQ buffer, the mineral phase
compositions include olivine, clinopyroxene, spinel,
feldspar, apatite, and rhm-oxide, which are also present
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Fig. 9 Crystallization paths of CJO1 at pressures ranging from 1.0 GPa to 0.4 GPa, as simulated by the rhyolite-MELTS program

in the natural alkaline rocks on Jeju Volcanic Island.
However, the spinel phases are still likely to be over-
estimated in all calculations, which is a defect of the
MELTS algorithm (Fig. 10).

The evolution paths between 0.2 GPa and 0.1 GPa are
rather similar to each other (Fig. 11). While most correla-
tion diagrams exhibit consistency between the evolution
paths of the MELTS modeling and those of the natural
Jeju suite, some of them exhibit dissimilarity, despite
rhyolite-MELTS having been proven to be an extremely
powerful program for magmatic evolution modeling. The
variation chart illustrates the correspondence between
MgO and Al,O;, and the evolution lines of rhyolite-
MELTS are bent down and separated from the natural
suite when spinel starts to crystallize in the modeling sys-
tem. Although spinel participated in the fractional crys-
tallization process beneath Jeju Volcanic Island together
with olivine and clinopyroxene, the modeling overes-
timates the degree of spinel crystallization by not halt-
ing the crystallization process at the appropriate time,
as exhibited by the successive decrease in Al,O;. Spinel
overestimation in rhyolite-MELTS is still an unresolved
issue, as mentioned in the previous section. In addition,
apatite is another unstable mineral phase in this calcula-
tion, as demonstrated via the correlation between MgO

and P,O;. Indeed, although the apatite modeling evolu-
tion paths also decrease, they continue to generate paths
higher than those of the real sample suite, where they
should be curved instead. This deviation may be due to
simulation failures for hydrous minerals, such as with
amphibole and biotite, which is a prominent limitation
for hydrous modeling by rhyolite-MELTS (Gualda et al.
2012). The last inconsistency between rhyolite-MELTS
modeling and the real data corresponds to MgO and CaO.
While the contents of these oxides gradually decrease in
the Jeju alkaline suite during magma ascent, the rhyo-
lite-MELTS lines increase at the beginning and then dip
down until clinopyroxene forms in the magmatic system.
Consequently, the clinopyroxene produced by MELTS
crystallized later than that in the natural rocks. Indeed,
MELTS developers have been attempting to increase the
stability of spinel and to perform more experiments on
hydrous mineral phases. Overall, although MELTS accu-
rately simulates the fractional crystallization process on
Jeju Volcanic Island, it needs to be combined with more
experiments and analyses and should not be relied upon
independently.

A successful model must match the data trend in every
oxide and every evolution diagram simultaneously. A fail-
ure to match in any presentation is a failure of the model.
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Fig. 10 Crystallization paths of CJO1 at pressures ranging from 0.2 GPa to 0.1 GPa simulated by the rhyolite-MELTS program

Hence for quickly presenting the results of a broad survey
of parameters, any diagram can be used to rule out failed
models and narrow the range of parameters to the subset
of models that deserve further scrutiny. In this case, the
TAS diagrams allow us to quickly see that the pMELTS
models at high pressure will not work, and to select a
subset of low pressure models with either high fO2 or
some water content. Then those small number of mod-
els that appear to work in the TAS diagram can be exam-
ined in the full set of Harker diagrams. For clarity, only a
small number of successful models are shown. It would
simply complicate the diagrams to plot model runs that
have already failed to match on the TAS diagram. How-
ever, we would show the difference in one or more of the
Harker diagrams between models like (rMELTS, 0.6 GPa,
QFM+3, 0 H20) and (rMELTS, 0.1 GPa, QFM +0, 0.5%
H,0). These both appear to work perfectly in TAS plots.
We know that only one of these will look good in Harker
diagrams, but the paper does not show this. So, we will

(See figure on next page.)

continue in our next study to add a small number of the
models that give the very best fit in TAS to enough of the
Harker diagrams to show why they were rejected.

By looking at how the Harker diagram trends change
slope when phases appear or disappear on the liquidus,
we can add some useful discussion text that points out
how the stability of each phase depends on variables like
P, fO2, H,O and therefore give some guidance as to why
the best model is the best model.

Finally, some comment on the CaO vs. MgO Harker
plot (Fig. 11) is needed. In many of the Harker dia-
grams, it is impossible to distinguish between the liq-
uid line of descent itself and mixing lines obtained by
recharging an evolved magma along the liquid line
of descent with some of the starting liquid. But these
can be distinguished in CaO vs. MgO. I think the Tat-
sumi et al. (2005) data showing decreasing CaO early
in the evolution trend are hard to explain unless cpx
is on the liquidus, unless you consider that these may

Fig. 11 The variation diagrams revealing the crystallization paths of rhyolite-MELTS at 0.2 GPa and 0.1 GPa compared with those of the natural

alkaline rock suite at Jeju Volcanic Island
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be the result of magma mixing instead of simple frac-
tional crystallization. Mixtures of varying proportions
between the liquid that occurs along the fractional
crystallization path at 4% MgO and the starting liquid
can generate the Tatsumi et al. (2005) data trend in
every oxide simultaneously. If this is the correct model,
there ought to be petrographic evidence in features like
resorbed or rimmed phenocrysts.
11

Conclusion

This study carried out hundreds of calculations using
the MELTS program, comprising rhyolite-MELTS and
PMELTS, to model the fractional crystallization process
of low-alumina alkaline rocks on Jeju Volcanic Island
under various pressures and oxygen fugacity conditions.
On the basis of the analysis of evolution paths through
the TAS diagram and variation diagrams, as well as
mineral compositions, the following conclusions can be
drawn:

The MELTS-generated evolution paths that best match
those of the natural samples from Jeju Volcanic Island
feature pressures ranging from 0.2 to 0.1 GPa, an oxygen
fugacity near the FMQ buffer and 0.5 wt.% H,O.

The modeled mineral phases, such as olivine (1,270-
890°C), clinopyroxene (1,170-810°C), feldspar (1,140—
810°C), spinel (1,130-810°C), apatite (1,260-810°C), and
rhm-oxide (970-810°C), are similar to the natural min-
eral assemblage of the Jeju low-alumina alkaline rocks
but include spinel, magnetite and rhm-oxide phases such
as ilmenite.

The model of the Jeju alkaline rocks is poorly calibrated
in terms of clinopyroxene, spinel, and apatite, as demon-
strated by the MgO-CaO, MgO-AI203 and MgO-P205
correlations, respectively.
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