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The balance of CO2 during abundant basaltic magma production is an important
factor of volcanic hazards and climate. In particular, this can be explored based on
CO2-rich mantle-derived magmas or carbonate assimilation by basaltic melts. To
reconstruct the origin of Fe-rich carbonates hosted by Cenozoic basalts from
Wangtian’e volcano (northeast China), we studied elemental compositions of
melt, crystalline and fluid inclusions in magmatic minerals as well as the
oxygen and carbon isotope compositions of the plagioclase and carbonates
from basalts. The crystallization of basaltic magmas occurred in shallow
chamber (~4 km) at temperatures of 1,180°C–1,200°C and a pressure of 0.1 ±
0.01 GPa. Stable Fe-rich carbonates occur in the Wangtian’e tholeiite basalts as
groundmass minerals, crystalline inclusions in plagioclase and globules in melt
inclusions, which suggests that they crystallized from a ferrocarbonate melt. The
values of δ18P and δ13S in theminerals analyzed by laser fluorinationmethod are in
line with the sedimentary source of Fe-rich carbonates, indicating assimilation and
partial decomposition of carbonate phases. The parent ferrocarbonate melt could
be produced during interactions between the basaltic magma and the crustal
marbles. The phase diagram and thermodynamic calculations show that the
ferrocarbonate melt is stable at a temperature of 1,200°C and a pressure of
0.1 GPa. Our thermodynamic calculations show that carbonate melt containing
73 wt% FeCO3, 24 wt%MgCO3 and 3 wt% CaCO3 is in thermodynamic equilibrium
with silicate melt in agreement with our natural observations. The proposed
mechanism is crustal carbonate sediment assimilation by the intraplate basaltic
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magma resulting in the melt immiscibility, production of the ferrocarbonate melt
and the following Fe-rich carbonate mineral crystallization during magma
residence and cooling.

KEYWORDS

intraplate volcanism, melt inclusions, fluid inclusions, silicate liquid immiscibility, silicate-
carbonate liquid immiscibility, ferrocarbonates

1 Introduction

Up to date, carbon source and mechanisms of the carbonate
formation in basaltic magma remain unclear, whereas the balance of
CO2 during basaltic magmas production is an important factor of
volcanic hazards and climate (Martini, 1997; Tobin et al., 2017). For
example, origin of ferrocarbonates (or Fe-rich carbonates)
genetically associated with basaltic lavas is an unresolved
problem (Viladkar and Schidlowski, 2000; Xue and Zhu, 2007;
Viladkar, 2018; Randive and Meshram, 2020). Ferrocarbonatite
veins and lenses related to flood basalts have been described in
the Siberian and Deccan traps (Randive and Meshram, 2020). In
addition, siderite of magmatic origin is found in the Jurassic olivine
basalts of the Karamay province in northwest China (Xue and Zhu,
2007) and metastable calcite and carbonate melt is reported by
Borisova and Bohrson (2023) for Merapi volcano (Indonesia) as well
as Na-K-Ca carbonate-chloride melt recorded in melt inclusions at
Mount Vesuvius studied by Fulignati et al. (2001) and Klebesz et al.
(2015). Nevertheless, such studies are extremely scarce and the
mechanism of the carbonate assimilation and the following melt
immiscibility in the contest of basaltic magma remains unknown.
The present study is of particular interest since it focuses on the
origin of Fe-rich carbonates in the Cenozoic intraplate tholeiitic
basalts of Wangtian’e volcano in the Changbaishan area of northeast
China.

Two hypotheses can be considered. 1) The ferrocarbonates can
also be formed during the decarbonation of sedimentary
carbonates trapped by the basaltic magma or by interaction
between basaltic melts and sedimentary carbonates of the
continental crust. 2) The CO2 excess in basaltic magmas can be
produced by partial melting of metasomatized mantle. Numerous
experimental works devoted to pure carbonate solubility in mafic
melts demonstrate an important role of carbonate material on the
magma liquidus phase stability field (Freda et al., 2008; Iacono-
Marziano et al., 2008; 2009; Mollo et al., 2010). Additionally,
Deegan et al. (2010), Jolis et al. (2013) and Blythe et al. (2015)
experimentally studied interaction of carbonate materials with
mafic and alkaline melts at conditions corresponding to the
deep crust (5 kbar) resulting in chemical reactions between
carbonates and silicates with CO2 exsolving. Nevertheless, the
mechanisms of ferrocarbonate melt formation in the shallow
mafic magma chambers (up to 5 km) remain unclear. This
paper reports results of petrological and geochemical studies on
the Wangtian’e basalts, as well as carbon and oxygen isotope
compositions, including the analyses of natural melt inclusions
trapped by silicate minerals and thermodynamic calculations
based on these natural data. Using these results, we propose a
quantitative model for the formation of ferrocarbonates in the
tholeiitic basalts of Wangtian’e volcano.

2 Geological setting of Wangtian’e
volcano and timescale of its formation

The Changbaishan volcanic field (Figure 1) is spatially
constrained to the northern margin of the Archean–Proterozoic
Sino–Korean craton at the Chinese–North Korean border, at the
intersection of the northeast-trending Tanlu rift system and the
northwest-trending Paektusan faults (Andreeva et al., 2014;
Andreeva et al., 2020). Two large stratovolcanoes are located
within this volcanic field: Changbaishan and Wangtian’e. In
contrast to the strongly differentiated alkaline series of
Changbaishan (Fan et al., 1999; Andreeva et al., 2014; Andreeva
et al., 2018; Andreeva et al., 2019), the lavas of Wangtian’e belong to
the tholeiite series and show only slight variations in composition
from basalts to basaltic andesites (Andreeva et al., 2022). The thick
shield platform and cone of Wangtian’e volcano are composed of
tholeiitic basalts. Silicic rocks form trachyte necks and a rhyolite
extrusive dome (Fan et al., 1999; Andreeva et al., 2020; Andreeva
et al., 2022).

The results of K-Ar age dating (Andreeva et al., 2022) indicate that
the Wangtian’e volcano was formed within a short geological period of
time between 3.8 and 2.7 Ma. The evolution of the volcano comprises
three main stages: 1) Changbai period with fissure eruptions of basaltic
lavas formed a shield volcano, 2) Wangtian’e period with growth of the
basaltic cone, and 3) the Hongtoushan period, marked by the formation
of necks and an extrusive dome of trachyte–alkaline rhyolite
composition. We examined the northern, southern, and eastern
slopes of the cone and the shield volcano and collected samples of
all their major rock types. Below, we discuss the results of our
geochemical studies of tholeiitic basalts from the southeastern
section of the shield volcano (Figure 1).

3 Geochemical characteristics of
tholeiitic basalts

The volcanic rocks from the southeastern section of the
Wangtian’e shield volcano correspond to basalts with SiO2

contents of 48.7–50.1 wt%., showing high Fe2O3tot (9.6–13.5 wt%)
but low MgO (2.4–3.7 wt%). The basalts are also enriched in
titanium (TiO2 = 2.4–3.5 wt%) and phosphorus (P2O5 up to
1.2 wt%). The total alkali contents of the basalts vary from 4.3 to
5.2 wt% (Table 1). The AFM diagram (Figure 2) shows that the
compositions of the shield basalts plot above the Irwin-Baragar line
(Irwine and Baragar, 1971) and belong to tholeiitic series.

The basalts were collected from the bottom to the top along the
southeastern section of the shield volcano. They all have similar
petrographic features and chemical compositions (Table 1). Basalts
are represented by massive dark gray porphyritic rocks with large
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plagioclase phenocrysts (sometimes megacrysts up to 1 cm).
Plagioclase (An74.3-79.1Ab19.8-25.5Or0.1-1.3) is the dominant
phenocryst phase in these basalts. The basalt (sample B-19) from
the upper part of the section of the shield volcano contains some
isolated resorbed subphenocrysts of olivine (Fo = 74), which represent
xenogenic phases out of equilibrium with the basaltic magma. It has
been shown (Andreeva et al., 2020) that plagioclase is the first liquidus
phase in the studied basalts. The groundmassminerals are represented
by plagioclase, olivine (Fo = 43.2–56.4), titanaugite (#Mg = 0.64–0.70),
ilmenite, titanomagnetite, fluorapatite and ferrocarbonate. There are
also some “dry” and hydrous Fe-rich and Si-rich glasses present in the
groundmass (Figure 3). Si-rich glass is characterized by the following
composition: 70–77 wt% SiO2, up to 9.4 wt% (Na2O+K2O) with a
predominance of K2O (ca. 7.5 wt%) over Na2O (ca. 2.6 wt%),

10.5–14 wt% Al2O3, 0.2–2.2 wt% CaO, 0.6–2.2 wt% FeO and
0.9–1.5 wt% TiO2 (Table 2). Fe-rich “dry” glass is globular and
often finely crystallized. It contains 30–40 wt% SiO2, up to 39 wt%
FeO, 12.5–18.7 wt% TiO2, up to 7.4 wt% P2O5 and up to 2.0 wt% SO3

(Table 2). Hydrous Fe-rich glass is located in an interstitial position
and sometimes has a globular morphology. It contains from 48 to
55 wt% SiO2, 18–25 wt% FeO, 8–15 wt% MgO, 0.7–1.6 wt% Al2O3

and 0.9–1.7 wt% CaO, while the total alkalis do not exceed 0.4 wt%
(Table 2). Water content is estimated by the difference from a
constant sum of 100% of major oxide components in these glasses,
leading to values of 10–15 wt% of H2O, as shown by Andreeva et al.
(2020).

The interstitial ferrocarbonate of the groundmass is
characterized by distinct or weakly expressed concentric zonation

FIGURE 1
Geological sketch map of the Wangtian’e and Changbaishan volcanoes in the Changbaishan Mountains [modified after Andreeva et al. (2022)]. (1)
host rocks; (2) flood basalts of the Changbaishan volcanic field, Quanyang period (4.50–4.00 Ma); (3) tholeiitic basalts of the Wangtian’e shield volcano,
Changbai period (3.82–2.83 Ma); (4) tholeiitic basalts of the Wangtian’e volcano, Wangtian’e period (2.76–2.67 Ma); (5) dome and necks of Wangtian’e
volcano, Hongtoushan period (2.76–2.69 Ma); (6) alkaline basalts of Changbaishan shield volcano, Toudao period (2.77–1.99 Ma); (7) alkaline basalts
of Changbaishan shield volcano, Baishan period (1.64–1.11 Ma); (8) trachytes, comendites, and pantellerites of Changbaishan volcanic cone, Baitoushan
period (1.12–0.81 Ma); (9) ignimbrites, pumices and ashes of the Changbaishan caldera, Bingchang–Baiyufeng–Baiguamiao periods (7854–825 kyr); (10)
faults; (11) sampling sites and sample names.
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TABLE 1 Chemical composition (wt%) of basalts from Wangtian’e shield volcano, and the results of isotope analysis of oxygen and carbon (‰) of their
groundmass.

Sample B-15 B-16 B-17 B-18 B-19

SiO2 48.66 50.10 49.38 48.93 48.66

TiO2 3.30 3.08 3.22 3.52 2.44

Al2O3 15.80 14.00 15.39 15.64 18.51

Fe2O3tot 13.14 13.53 12.73 12.71 9.62

MnO 0.17 0.20 0.17 0.19 0.13

MgO 2.74 3.66 2.40 2.81 2.98

CaO 8.17 7.65 8.54 8.61 9.62

Na2O 3.68 3.56 3.20 3.59 3.17

K2O 1.54 1.75 1.48 1.47 1.09

P2O5 0.71 1.19 0.36 0.56 0.36

LOI 1.26 0.45 2.34 1.18 2.66

Total 99.17 99.17 99.21 99.21 99.24

δ18O (m), ‰ 19.38 20.25 19.72 19.56 —

δ13C (m), ‰ −4.03 −6.84 −5.28 −3.53 —

Note: Fe2O3tot—total iron oxide content; m—rock groundmass. LOI— loss on ignition. Dashes mean not analysed.

FIGURE 2
AFM diagram [(Na2O+K2O)–FeOtot–MgO)] for rocks of Wangtian’e volcano. (1) Shield volcano of the Changbai period; (2) line between tholeiitic and
calc-alkaline series by (Irvine and Baragar, 1971). Arrows indicate the Fenner and Bowen trends of fractional crystallization.
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(Figures 4A, B; Table 3). It contains inclusions of plagioclase,
pyroxene, olivine, apatite and Si-rich glass (Figures 4C, D;
Table 2). Ferrocarbonate is also found as crystalline inclusions in
plagioclase; like the groundmass ferrocarbonate, it is characterized
by 60–75 wt% FeCO3, 14–32 wt% MgCO3, 2–12 wt% CaCO3, and
up to 1.5 wt% MnCO3 (Table 3).

4 Materials and methods

4.1 Analytical techniques

All sampled rocks from southeastern section of the
Wangtian’e shield volcano (samples B-15, B-16, B-17, B-18,

FIGURE 3
Backscattered electron images of groundmass glasses of tholeiitic basalts from Wangtian’e shield volcano (Andreeva et al., 2020): (A) groundmass
water-bearing Fe-rich glass; (B) groundmass Si-rich glass with Fe-rich globules. (1) Water-bearing Fe-rich glass; (2) “dry” Fe-rich glass; (3) “dry” Si-rich
glass. Mineral symbols: Ap—apatite, Pl—plagioclase.

TABLE 2 Chemical composition (wt%) of groundmass glasses and glasses in ferrocarbonates from Wangtian’e tholeiitic basalts.

Component Groundmass “dry”
Fe-rich glass

Groundmass “dry”
Si-rich glass

Groundmass hydrous
Fe-rich glass

Si-rich glass in siderite

B-19-2 B-19-5 B-19-8 B-19-11 B-19-15 B-19-16 B-16-4 B-16-5

SiO2 32.29 30.12 71.81 73.57 48.42 52.41 68.49 68.1

TiO2 6.31 12.50 0.59 2.70 0.13 0.04 0.63 0.63

Al2O3 1.94 1.02 13.68 10.32 1.42 0.90 13.92 14.17

FeOtot 30.71 39.34 2.24 3.29 26.10 18.71 1.41 1.52

MnO 0.68 0.59 0.15 0.07 0.11 0.09 0.03 0.04

MgO 2.16 1.86 0.22 0.12 8.03 15.15 0.07 0.09

CaO 12.26 8.15 2.16 1.30 1.70 0.91 0.37 0.42

Na2O 1.04 0.30 2.20 1.60 0.12 0.08 2.62 3.03

K2O 1.06 0.17 5.99 5.23 0.08 0.39 7.41 7.47

P2O5 8.03 4.21 0.11 0.53 0.00 0.00 0.14 0.2

SO3 1.26 2.01 0.05 0.15 0.02 0.02 — —

ZrO2 0.15 0.48 0.03 0.09 0.01 0.01 — —

Cl 0.27 0.12 0.05 0.12 0.03 0.00 0.04 0.04

F — — 0.07 0.04 — — — —

Ce2O3 0.37 0.31 0.03 0.15 0.07 0.01 — —

Total 98.99 101.49 99.36 99.23 86.36 88.79 95.15 95.72

Note. FeOtot is total iron oxide content. Dashes mean not analyzed.
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and B-19) were analyzed for their major oxide contents using an
X-ray fluorescence spectrometer PW-2400 (IGEM RAS, Moscow,
Russia, Andreeva et al., 2018; Andreeva et al., 2020). Glasses in
homogenized melt inclusions, daughter mineral phases in
inclusions, crystal inclusions and rock-forming minerals were
analyzed using EPMA JXA-8200 JEOL microprobe equipped
with five WD spectrometrs (IGEM RAS, Moscow, Russia) at
an accelerating voltage of 20 kV and beam current on the Faraday
cylinder of 20 nA for minerals and 10 nA for glasses. The beam
diameter was 1 μm when minerals were analyzed and varied from
2 to 10 μm when glasses were analyzed, depending on the size of
the inclusions. The standards were minerals of composition close
to that of the analyzed phases. Corrections were calculated by the
ZAF routine, using a proprietary JEOL software. Detailed
measurement conditions are shown in the (Supplementary
Table S1). Trace elements and REE in whole-rocks were
analysed on an XII ICP-MS ThermoScientific ICP-MS
spectrometer (IGEM RAS, Moscow, Russia) with an accuracy
of 1%–3% relative.

Oxygen and carbon isotope compositions of the groundmass
ferrocarbonates and plagioclase-hosted ferrocarbonates were
analysed using a CF-IRMS DeltaV+ instrument (Thermo,
Finnigan) with a GasBenchII configuration and PAL
autosampler, after decomposition of hand-picked separates in
phosphoric acid at 70°C (Institute of Geology of Ore Deposits,
Petrography, Mineralogy and Geochemistry Russian Academy
of Sciences, Moscow). The technique is described in detail

by Nikiforov et al. (2021). Due to the low content of
carbonates in the silicate matrix (1%–3%), the δ13C and δ18O
values were measured at an estimated accuracy ±0.4%
and ±0.8‰ (1 σ), respectively. Measured values of δ13C and
δ18O are expressed relative to VPDB and VSMOW, respectively
(Nikiforov et al., 2021). Calibration of δ13C and δ18O values on
the VPDB and VSMOW scales was performed by measuring the
NBS 19 and NBS 18 international standards in the same
analytical series.

The oxygen isotope compositions of plagioclase phenocrysts
were determined on carefully picked separates (Institute of
Geology of Ore Deposits, Petrography, Mineralogy and
Geochemistry Russian Academy of Sciences, Moscow). The
analysis was carried out by laser fluorination (Sharp, 1990).
The error in δ18P determination was ±0.1‰ or better. The
results given in per mil relative to V–SMOW standard were
checked against measurements of NBS 28 (quartz) and UWG
2 (garnet) standards (Valley et al., 1995). The technique is
described in detail by Dubinina et al. (2015).

The decarbonation reaction of the initial carbonate is calculated
using the fractionation factor “calcite-CO2” at 1,200°C (Scheele and
Hoefs, 1992; Chacko and Deines, 2008).

Thermodynamic calculations were performed using the
HCh software package (Shvarov, 2008). Nine component
system (Al-C-Ca-Fe-H-Mg-Na-O-Si) was used for the
thermodynamic calculations which takes into account
42 mineral phases, a gas solution (H2O-CO2-O2-H2-CH4

FIGURE 4
Backscattered electron images of ferrocarbonates and the ferrocarbonate-hosted inclusions. Phase symbols: Pl—plagioclase, Fe
Carb—ferrocarbonate, Ap—apatite, Ol—olivine, CPx—clinopyroxene, Ilm—ilmenite.
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mixture) and a carbonate melt. The fugacity of the components
of the gas mixture was calculated using the Peng-Robinson
equation (e.g., Lopez-Echeverry et al., 2017). The stability of
the liquid carbonate melt was defined in the FeCO3-MgCO3-
CaCO3 ternary system. Thermodynamic parameters for

liquid carbonate end-members were taken from Zhao et al.
(2019) and Kang et al. (2016). A silicate melt was not taken
into account under the assumption that the association of
eutectic minerals was sufficient to describe the liquid-solid
phase equilibrium.

TABLE 3 Composition (wt%) of groundmass ferrocarbonate, crystalline inclusions represented by ferrocarbonate, and ferrocarbonate globules in melt inclusions
in plagioclase from basalts of Wangtian’e shield volcano.

Sample name MgCO3 FeCO3 CaCO3 MnCO3 Totala

B-16-1 14.66 75.21 8.83 1.30 100

B-16-2 27.02 60.11 11.47 1.40 100

B-16-3 22.26 74.01 2.49 1.23 100

B-16-4 28.22 67.39 3.53 0.86 100

B-16-5 31.65 65.50 1.83 1.02 100

B-16-6 22.21 73.08 3.35 1.36 100

B-16-Line 1 17.15 69.24 12.42 1.19 100

B-16-Line 2 17.20 69.37 12.29 1.14 100

B-16-Line 3 20.53 67.21 11.13 1.13 100

B-16-Line 4 22.83 65.99 10.00 1.19 100

B-16-Line 5 22.37 67.14 9.33 1.16 100

B-16-Line 6 20.61 68.46 9.79 1.13 100

B-16-Line 7 19.42 70.50 8.83 1.25 100

B-16-Line 8 17.85 70.33 10.63 1.19 100

B-15-Line-1 21.13 69.28 7.96 1.64 100

B-15-Line-2 19.20 76.01 3.87 0.93 100

B-15-Line-3 18.24 77.42 3.43 0.92 100

B-15-Line-4 14.01 81.62 3.17 1.20 100

B-15-Line-5 13.30 82.44 3.09 1.17 100

B-15-Line-6 29.91 63.62 5.46 1.01 100

B-15-Line-7 19.30 75.70 4.06 0.94 100

B-15-Line-8 14.99 78.67 5.09 1.25 100

B-15-36 18.94 71.32 8.23 1.52 100

B-16-9 17.47 70.83 10.49 1.21 100

B-16-31 16.97 68.15 13.73 1.15 100

B-16-32 14.66 75.21 8.83 1.30 100

B-15-23 14.09 81.07 3.75 1.09 100

B-15-24 14.40 81.30 3.19 1.10 100

B-15-25 17.94 77.19 3.82 1.05 100

B-15-26 18.63 77.12 3.25 1.00 100

B-15-27 16.28 78.76 3.78 1.18 100

Note: B-16-1–B-16-6–composition of ferrocarbonate from rock groundmass; B-16-Line-1–B-16-Line-8–composition by profile of zoned ferrocarbonate from rock groundmass of the sample B-

16; B-15-Line-1–B-15-Line-8–composition by profile of zoned ferrocarbonate from rock groundmass of the sample B-15; B-15-36–B-16-32–crystalline inclusions represented by ferrocarbonate

in plagioclase of basalts; B-15-23–B-15-27–ferrocarbonate globules in melt inclusions from plagioclase of basalts.
aTotal normalized to 100 wt%.
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4.2 Techniques applied to study magmatic
inclusions in minerals

The studied more than a hundredmelt inclusions are partially or
completely crystallized at room temperature, so we carried out
experimental re-heating prior to analysis and estimation of the
crystallization temperatures of the rock-forming minerals. For
this purpose, we used muffle furnaces and a Linkam
TS1500 high-temperature stage (Institute of Geology of Ore
Deposits, Petrography, Mineralogy and Geochemistry Russian
Academy of Sciences, Moscow). The temperature was controlled
with a Pt-Pt90Rh10 thermocouple calibrated on the melting points of
L2Sr2O7 (Tm = 398°S), NaCl (Tm = 800°S), and Au (Tm = 1,064°S).
The integrated error of the temperature measurements was
estimated at ±10°C (Andreeva et al., 2018; Andreeva et al., 2020).
The duration of re-heating experiments for melt inclusions in
plagioclase in basalts were up to 10–15 min according to
(Danyushevsky et al., 2002; Esposito, 2021).

The composition of the fluid phases was analyzed by Raman
spectroscopy using a Renishaw spectrometer (Frumkin Institute of
Physical Chemistry and Electrochemistry, Russian Academy of
Sciences, Moscow, Andreeva et al., 2023). Raman spectra were
recorded using the 405-nm line of a Nd:YAG laser at a power
of <2 mW and a spectral resolution of ~2 cm–1. The signal
acquisition time was ~200 s. The spectra were recorded using
a ×100 objective with a scattering cross-section of ~1 μm. The
instrument was calibrated using an internal silicon wafer.

Experimental spectra were decomposed into several components
using Fityk software (Wojdyr M., 2010).

5 Results

5.1 Melt and fluid inclusions

Primary melt and fluid inclusions are recorded in the plagioclase
of tholeiitic basalts from Wangtian’e volcano. The primary melt
inclusions vary in size from 30 to 100 µm. They are partially or
completely crystallized, and consist of anhydrous Fe-rich glass or
fine-grained mineral aggregates composed of clinopyroxene,
titanomagnetite, ilmenite, apatite and sulfides. Fe-rich glass and
fine-grained mineral aggregates were analysed by electron
microprobe using an expanded electron beam with a diameter of
10 μm. The compositions of Fe-rich glass and fine-grained mineral
aggregates are similar and are characterized by high contents of FeO
(up to 24 wt%), CaO (up to 10 wt%), MgO (12 wt%) and TiO2 (up to
6 wt%) as well as low concentrations of Al2O3 (<2 wt%), Na2O+K2O
(1 wt%), P2O5 (1 wt%) and SO3 (0.3–0.4 wt%), with a SiO2 content
of 40–43 wt% (Table 4). The fine-grained mineral aggregates in the
inclusions are interpreted as a crystallized Fe-rich melt. In addition,
the inclusions contain wide zonal feldspar rims. The composition of
these rims varies from the outer part towards the core of the
inclusions from plagioclase (An46-56Ab39-47Or4-7) to anorthoclase
(An13-13.5Ab43-50Or36-43). Globules of various compositions are

TABLE 4 Chemical composition (wt%) of glasses and globules of unheated plagioclase-hosted melt inclusions and their host plagioclase fromWangtian’e tholeiitic
basalts.

Compo-nent Host
plagioclase

Melt inclusions

a b c d e

2 4 6 9 10 11 12 13 14 16 18 20 22

SiO2 53.10 52.88 55.59 65.90 42.94 43.15 40.39 43.83 73.80 71.81 72.07 44.73 46.24

TiO2 0.13 0.12 0.12 0.10 5.68 5.72 7.36 6.47 0.48 0.59 0.94 0.06 0.01

Al2O3 29.17 29.20 28.25 21.64 1.94 2.01 2.74 2.91 14.19 13.68 13.57 3.23 3.48

FeOtot 0.59 0.62 0.72 0.64 24.16 23.41 26.10 23.35 1.26 2.24 1.66 21.16 25.02

MnO dl 0.03 dl dl 0.33 0.33 0.43 0.35 0.09 0.15 0.04 0.35 0.29

MgO 0.10 0.11 0.18 0.02 10.88 11.75 10.12 10.07 0.07 0.22 0.18 7.69 8.49

CaO 12.52 12.85 10.91 2.48 10.20 10.34 9.70 10.01 0.99 2.16 1.13 1.85 1.43

Na2O 4.21 4.09 4.94 6.23 0.68 0.72 0.62 0.85 1.03 2.20 2.18 0.11 0.05

K2O 0.31 0.29 0.51 5.50 0.43 0.37 0.42 0.71 4.69 5.99 5.90 0.48 0.11

P2O5 — — — — 0.95 0.88 1.03 1.14 0.05 0.11 0.21 dl 0.02

SO3 — — — — 0.38 0.34 dl dl 0.30 0.05 dl dl 0.09

Cl — — — — 0.03 0.02 0.05 0.04 0.06 0.05 0.07 0.57 dl

F — — — — — — — — 0.02 0.07 0.44 — —

Total 100.12 100.19 101.23 102.66 98.80 99.29 99.66 100.30 97.20 99.36 98.19 84.17a 85.40

Note: (a) zoned rim of melt inclusions; (6) outer zone, (9) inner zone; (b) (10, 11) Fe-rich silicate glass of melt inclusions; (c) (12, 13) fine-grained Fe-rich aggregate of melt inclusions; (d) (14–18)

Si-rich globules; (e) (20, 22) hydrous Fe-rich globules. FeOtot is total iron oxide content.
aTotal is given without H2O content, that amounts 3.97 wt% (Andreeva et al., 2020). Dl indicates values below detection limit. Dashes mean not analysed.
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found in many inclusions. Among them, silicate and carbonate
globules are identified. Silicate globules are represented by 1)
hydrous Fe-rich glass; 2) hydrous Si-rich glass; 3) anhydrous Si-
rich glass (Table 4). The composition of these globules is similar to
that of the Si-rich and Fe-rich groundmass glasses. As shown in
previous studies (Andreeva et al., 2020), the hydrous Fe-rich glasses
contain at least 4 wt% H2O. The sum of major oxides in these
globules and in the groundmass glasses indicate H2O concentrations
of about 10–15 wt%. Carbonate droplets (Figures 5A, B) in the melt
inclusions have compositions similar to the ferrocarbonates found in
the groundmass (Table 3).

Homogenization experiments performed on the melt inclusions
show that most of the inclusions containing carbonate globules are
decrepitated on heating. Inclusions that do not contain globules are
homogenized in the temperature range of T = 1,180°C–1,200°C.
After heating, the inclusions contain glass ± sulfide globule ± gas

bubble. The glass composition corresponds to basalt with high
contents of FeO (11.5–12.5 wt%) and TiO2 (up to 4 wt%)
(Table 5). The total alkali content reaches 5 wt%. Glass is also
characterized by high concentrations of P2O5 (up to 0.8 wt%)
and SO3 (up to 0.6 wt%) (Table 5). The H2O content is low and
varies from 0.1 to 0.8 wt% (Andreeva et al., 2020). The formation of
sulfide globules during the heating experiments (T =
1,180°C–1,200°C) as well as the presence of sulfide globules in
minerals from this rock suggests that the melt exsolved into
immiscible silicate and sulfide liquids. Similar results were
obtained on melt inclusions in minerals of various rock types
from Changbaishan volcano (Andreeva et al., 2019).

Primary fluid inclusions of one phase carbon dioxide coexisting
with primary melt inclusions are found in plagioclase phenocrysts
(Figures 6A, B). More than 30 fluid inclusions were studied. The
positions of the characteristic CO2 peaks (Fermi dyads) in the

FIGURE 5
(A) Transmitted-light microphotograph and (B) backscattered electron image of unheated plagioclase-hosted melt inclusion. (1) Fine-grained Fe-
rich aggregate, (2) ferrocarbonate globule, (3) feldspar rim.

TABLE 5 Chemical composition (wt%) of glasses of the homogenized melt inclusions in the host plagioclase from Wangtian’e tholeiitic basalts.

Sample B-19-1 B-19-2 B-19-3 B-19-4 B-19-5 B-15-1 B-15-2 B-15-3 B-15-4 B-15-5

Homogenization, ToC 1,190 1,190 1,190 1,180 1,170 1,195 1,195 1,200 1,205 1,205

SiO2 48.78 48.15 48.63 50.33 48.36 49.69 49.47 51.13 51.69 54.28

TiO2 3.64 3.47 3.60 2.87 3.83 3.00 3.14 2.79 2.49 1.66

Al2O3 16.35 16.48 16.42 16.19 14.84 16.43 16.16 17.09 16.90 17.92

FeOtot 11.71 12.09 11.85 11.41 12.34 11.00 10.83 9.47 8.91 8.62

MnO 0.22 0.13 0.16 0.09 0.12 0.19 0.05 0.11 0.10 0.07

MgO 4.33 4.57 4.46 3.95 4.19 4.49 4.44 4.36 3.69 3.58

CaO 8.50 8.51 8.67 8.08 8.81 9.04 9.03 8.79 8.95 8.68

Na2O 3.14 3.00 2.99 2.98 2.86 3.56 3.52 4.10 3.85 3.12

K2O 1.32 1.28 1.29 1.59 1.53 1.12 1.10 1.44 1.36 0.95

P2O5 0.57 0.61 0.60 0.43 0.65 0.43 0.45 0.34 0.44 0.24

SO3 0.62 1.65 0.52 0.51 0.57 0.31 0.33 0.28 0.24 0.08

Cl 0.03 0.02 0.02 0.02 0.03 0.02 0.01 0.02 0.01 dl

F 0.17 0.11 0.26 0.07 0.12 0.08 0.11 0.13 dl 0.01

Total 99.34 100.05 99.39 98.53 98.22 99.44 98.71 100.04 98.69 99.30

Note: FeOtot—total iron oxide. Dl indicates values below detection limit.
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inclusions were determined by Raman spectroscopy. The peak
positions correspond to the range of 1,283.2 and
1,386.6 cm–1–1,285.2 and 1,388.6 cm–1 (Figure 7; Supplementary
Table S2). The density (ρ) of the CO2 in the fluid inclusions is
calculated according to the following (Equation 1) (Wang et al.,
2011):

ρ � 47513.64243 − 1374.824414 p Δ+ 13.25586152 p Δ2

− 0.04258891551 p Δ3 (1)

where Δ is the distance between the Fermi dyads. The calculated
CO2 density is equal to 0.23–0.33 g/cm3. The pressures
calculated from the pressure-volume-temperature parameters
of CO2 (Bottinga and Richet, 1981) correspond to the range of
0.1 ± 0.01 GPa. As was shown by Remigi et al. (2021), below the
critical density gas-like CO2 (d = 0.34 g/cm3) narrower bands

showed progressively increasing asymmetric profiles, resulting
in more challenging to obtain a sufficiently accurate fitting of
central positions. However we identified quite symmetric
peaks.

5.2 Ferrocarbonate speciation and
composition

Ferrocarbonate minerals are found in the groundmass of
tholeiitic basalts from the Wangtian’e shield volcano, occurring
as crystalline inclusions in plagioclase, and also as globules in
melt inclusions in the plagioclase. The ferrocarbonate of the
groundmass has an interstitial position and is characterized by
distinct or weakly expressed concentric zonation (Figures 4A, B).

FIGURE 6
Transmitted-light microphotographs (A,B) of primary CO2 fluid inclusions coexisting with primary melt inclusions in plagioclase of tholeiitic basalts
fromWangtian’e shield volcano. (A) Primary melt and fluid inclusions. FI—fluid inclusions, MI—melt inclusions; (B) Primary CO2 one phase fluid inclusion.

FIGURE 7
Micro-Raman spectra of plagioclase-hosted fluid inclusions.
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It contains 60–75 wt% FeCO3, 14–32 wt% MgCO3, 2–12 wt%
CaCO3, and up to 1.5 wt% MnCO3 (Table 3). The groundmass
ferrocarbonate contains inclusions of plagioclase, pyroxene,
olivine, apatite, and Si-rich glass. Crystalline inclusions of
apatite in ferrocarbonate are often surrounded by Si-rich glass
(Figures 4C, D). Sometimes, quartz rims are observed at the
boundary between apatite inclusions and host ferrocarbonate
(Figures 4B). In addition, quartz rims are found at the boundaries
between ferrocarbonates and various silicate minerals
(plagioclase, clinopyroxene) and ore minerals (ilmenite,
titanomagnetite). The Si-rich glass in ferrocarbonates (Figures
4C, D), intergrown with apatite has a composition similar to the
Si-rich glass of the rock groundmass. It contains 68.0–70.0 wt%
SiO2, up to 0.6 wt% TiO2, 1.4–1.8 wt% FeO and 12.8–13.9 wt%
Al2O3. The total alkali content reaches 10.5 wt% with a significant
predominance of K2O (up to 7.5 wt%) over Na2O (up to 3.0 wt%)
(Table 2). Ferrocarbonates are also found as crystalline inclusions
in plagioclase. The ferrocarbonate inclusions have a composition
similar to the groundmass ferrocarbonates (Table 3;
Figures 5A, B).

Globules in the un-reheated melt inclusions (Figures 5A, B)
were analysed using Raman spectroscopy method and the
electron microprobe. The Raman peak position corresponds
to the CO3

2− ion (1,091 cm−1). Compositionally, these globules
are characterized by 77.1–81.1 FeCO3, 14.1–18.6 MgCO3,
3.2–3.8 wt% CaCO3 and 1.0–1.2 wt% MnCO3 (Table 3).

5.3 Oxygen and carbon isotope composition

Oxygen and carbon isotope composition in carbonate
minerals was determined in samples of tholeiitic basalts from
the Wangtian’e shield volcano (samples B-15, B-16, B-17, B-19).
The studied basalts contain from 1 to 3 vol% carbonate, which is
expressed both among the groundmass minerals and as
inclusions in plagioclase. The δ18P values in the carbonates
from bulk rock samples vary in the range +19.4 to +20.3‰
(relative to VSMOW), and δ13S values vary
from −3.5 to −6.8‰ (relative to VPDB) (Table 1). In addition,
we studied the oxygen and carbon isotope composition of
ferrocarbonate inclusions in plagioclase (Table 6). For two
plagioclase-hosted ferrocarbonate inclusions, we obtained
closely similar δ18P and δ13S values (+17.2, +19.4‰
and −3.78, −9.20‰, respectively). Analyses of the silicate
matrix of the same plagioclase samples both yield a δ18O value
of +6.1‰ (Table 6).

6 Discussion

6.1 Origin of ferrocarbonates

The isotope data obtained on basalts from the Wangtian’e
volcano are sharply distinguished from the basaltic series of the
Changbaishan volcano. Analyses of the bulk isotope composition of
Changbaishan basalts yield δ18O values of +5.6–+5.8‰ (Dubinina
et al., 2020). The basalts of Wangtian’e volcano contain up to 3 vol%
of carbonates, which clearly affects the isotope compositions of bulk
rock samples and ferrocarbonate inclusions contained in the
plagioclase of these rocks. The δ18P isotope characteristics
(+17.2–+20.3‰), as well as the δ13S values (−3.5 to −9.20‰),
show that the groundmass ferrocarbonate as well as one sample
of an inclusion in plagioclase, are both of sedimentary origin. The
carbon isotope composition clearly indicates isotopic disequilibrium
and indicates the mechanism of carbonate decomposition. The δ18P
(relative to VSMOW) versus δ13S (relative to VPDB) diagram
(Figure 8) shows that the compositional points of the studied
basalts lie on the line representing the decarbonation reaction of
the initial sedimentary carbonate at high temperatures. It can be seen
from Figure 8 that 4 to 0.4 vol% of the carbonate remains during
decarbonation of the initial sedimentary carbonate. Such an effect is
regularly observed during the interaction of basaltic melts with
carbonates derived from host rocks (e.g., Dubinina et al., 2019;
Nikiforov et al., 2021; Nosova et al., 2021).

According to Sheet 1 of the Northeast Asia Geodynamics Map at
a scale of 1:5,000,000, (USGS, 2004), the basement of the
Changbaishan volcanic field is made up of marbles and
limestones belonging to the Archean-Proterozoic granite-gneisses
of the Sino-Korean craton. Under the Wangtian’e shield volcano on
the southern margin of the Changbaishan volcanic field, the
Paleoproterozoic Sangwon sedimentary basin reaches a thickness
of several thousand meters. It is composed mainly of detrital rocks,
marbles and limestones. Our studies show that basaltic magmas
rising to the Earth’s surface passed through these marbles and
limestones, and assimilated the ancient country rocks. At high
temperatures, the marbles and limestones underwent partial
decomposition with the release of CO2. The study of melt
inclusions containing ferrocarbonate globules indicates that
contamination with sedimentary carbonates occurred
simultaneously or even earlier than the crystallization of
plagioclase in the basaltic melt. The study of CO2 fluid inclusions
in plagioclase indicates that the contamination of basaltic melts with
marbles occurred at a pressure of 0.1 ± 0.01 GPa at a depth of
about 4 km.

TABLE 6 Oxygen and carbon isotopic composition (‰) of ferrocarbonate inclusions in plagioclase and oxygen isotopic composition (‰) of the host plagioclase.

Sample δ18P of ferrocarbonate inclusions in
plagioclase, ‰

δ13S of ferrocarbonate inclusions in
plagioclase, ‰

δ18P of
plagioclase, ‰

B-15 19.4 −3.78 6.1

B-19 17.2 −9.20 6.1
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FIGURE 8
δ13C (‰) versus δ18O (‰) diagram illustrating evolution of isotopic compositions during decarbonation process associated with basalt formation in
Wangtian’e shield volcano. The decarbonation line is calculated using the fractionation factors “calcite-CO2” for 1,200°C (Scheele and Hoefs, 1992;
Chacko and Deines, 2008). PIC represents the compositional field of primary igneous carbonatites according to (Taylor et al., 1967).

FIGURE 9
P (GPa) versus T (°C) phase diagram illustrating melting reactions of siderite according to the experimental data of Kang et al. (2015). Red point
represents T-P parameters of Wangtian’e magmatic chamber. Phase symbols: Sid—siderite, FeCO3L—siderite melt, Mt—magnetite, Gph—graphite,
Diam—diamond.
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6.2 Silicate-carbonate immiscibility

The different ferrocarbonate phases in the Wangtian’e tholeiitic
basalts occur as groundmass minerals, crystalline inclusions in
plagioclase and also as globules in melt inclusions, suggesting
that ferrocarbonate minerals crystallized from a ferrocarbonate
melt. This is also supported by the occurrence of inclusions of
plagioclase, pyroxene, olivine, apatite, and Si-rich glass in
ferrocarbonates. According to the experimental phase diagram of
Kang et al. (2015), incongruent melting of ferrocarbonate (siderite)
occurs with decreasing pressure and temperature, with the
formation of a ferrocarbonate liquid (Figure 9). At a temperature
of T = 1,200°C and pressure p = 0.1 ± 0.01 GPa, a ferrocarbonate
melt exists in the system illustrated on Figure 9. The ferrocarbonate
melt can be formed by the interaction of the basaltic melt with host
marbles and limestones (Equation 2), according to the following
reaction:

CaMg CO3( )2 + FeCO3 + 2SiO2 � CaMgSi2O6 + FeCO3 melt( ) + 2CO2

(2)
where CaMg(CO3)2 is dolomite from limestones, FeCO3 corresponds to
iron content in limestone carbonates, SiO2 is a component of silicate
melt; and carbon dioxide gas (CO2) is liberated and diopside hornfelses
(CaMgSi2O6) with carbonate liquid FeCO3 (melt) which are formed in
themagma chamber. At the same time, ferrocarbonatemelt coexisted in
the magma chamber together with the silicate melt as immiscible
liquids. Due to the silicate-carbonate immiscibility and kinetic effect,
the ferrocarbonate melt could remained isotopically isolated from the
silicate melt.

The stability of the ferrocarbonate melt at temperature and
pressure is confirmed by thermodynamic calculations whereby a
solidus association of minerals is used instead of a silicate melt.
The composition of the initial basaltic melt is taken from the
results of the study of melt inclusions in plagioclase (sample B-
19). The marble composition is selected from Liu and Jin (2022).
Calculations of the interaction between marbles and the solidus
association of basalt minerals at T = 1,200°C and pressure p =
0.1 ± 0.01 GPa show that a ferrobasaltic melt is stable in the
presence of gaseous carbon dioxide. The calculated composition
contains 73.2 wt% FeCO3, 24.0 wt% MgCO3 and 3 wt% CaCO3,
which is in good agreement with the observed data. Such a
ferrocarbonate melt exists in equilibrium with quartz,
wollastonite, diopside and plagioclase. This mineral
association corresponds to hornfelses that are formed due to
marble assimilation.

The occurrence of quartz rims at the boundary between
ferrocarbonate inclusion and the host silicate minerals, apatite,
and ilmenite indicates that a certain amount of SiO2 was
exsolved from the ferrocarbonate melt upon the inclusion
cooling. As the ferrocarbonate cooled and crystallized, the
silicic melt initially dissolved in the ferrocarbonate melt was
“squeezed” out, forming rims on the inclusion walls.

As shown earlier (Andreeva et al., 2020), the separation of a
FeO-enriched (up to 15 wt%) melt into immiscible Fe-rich and
Si-rich liquids occurs at the late stages of basalt crystallization
upon cooling. Similar processes were described by Lima and
Esposito (2023) and Lino et al. (2023). The presence of Si-rich
glass in ferrocarbonates suggests that ferrocarbonate mineral

FIGURE 10
Geochemical model of ferrocarbonate formation in Wangtian’e shield basalts showing magma chamber processes: reaction between basaltic melt
and host marbel with ferrocarbonate melt production, silicate-ferrocarbonate and silicate-silicate liquid immiscibility.
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crystallization occurred during the final stages of the basalt
formation in the Wangtian’e shield volcano upon the magma
cooling.

7 Geochemical model

The obtained results lead us to develop a geochemical model for
the formation of ferrocarbonates in the basalts of the Wangtian’e
shield volcano. As basaltic melts ascended to the surface at a depth of
about 4 km, they became to be contaminated with the crustal
marbles. The reaction of basaltic melts with marble can be
written as follows:

Ca(Mg, Fe) (CO3)2 (marble) + 2SiO2 (silicate melt) →
CaMgSi2O6 (hornfels) + (Fe, Mg, Ca) CO3 (L) (ferrocarbonate
melt) + CO2 (fluid) (3), where Ca(Mg, Fe) (CO3)2 is marble
component, SiO2 is silica in the basaltic melt; CaMgSi2O6 is
diopside in hornfels and (Fe, Mg, Ca) CO3 is ferrocarbonate
melt, and CO2 is fluid component. As a result, diopside
hornfelses were formed on the walls of the magma chamber,
carbon dioxide exsolved as fluid from the system, and basaltic
and ferrocarbonate melts coexisted in the chamber as immiscible
(Figure 10). The evolution of the basaltic melt follows the Fenner
trend of fractional crystallization, as shown earlier (Figure 2;
Andreeva et al., 2020). With decreasing temperature and
pressure, the basaltic melt was exsolved to immiscible Fe-rich
and Si-rich liquids. At the same time, the ferrocarbonate melt
independently crystallized. Thus, three immiscible liquids (Fe-
rich, Si-rich, and ferrocarbonate) crystallized during the final
stages of tholeiite basalt formation (Figure 10).

8 Conclusion

Ferrocarbonates (or Fe-rich carbonate minerals) are found
as minerals in the groundmass of Wangtian’e basalts, and as
crystalline inclusions and globules in melt inclusions in the
plagioclase. The chemical composition and speciations of
ferrocarbonates indicate that they are a product of
crystallization of a ferrocarbonate melt. Based on these
inclusions we infer that the crystallization of basalts occurred
in a near-surface magma chamber at a temperature of
1,180°C–1,200°C and a pressure of 0.1 GPa. Two different
silicate-silicate and silicate-carbonate liquid immiscibility
processes are distinguished and carbonate immiscibility
modeled thermodynamically. The analyzed δ18P and δ13S
values indicate that ferrocarbonates are of sedimentary origin,
undergoing processes of partial decomposition of carbonate and
melt-to-carbonate interactions. The isotopically disequilibrium
of the ferrocarbonate melt and the host basaltic magma occurred
during the interaction of basaltic magma with host crustal
marbles. The mineral phase diagram and thermodynamic
calculations show that the ferrocarbonate melt is
thermodynamically stable at a temperature of 1,200°C and a
pressure of 0.1 GPa. Other components of carbonates such as
magnesium and calcium are converted to silicates (diopside and
wollastonite) in the contact hornfelse rock upon magma cooling.
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