
1. Introduction
Metamorphic release of CO2 from collisional orogens plays a fundamental role in global carbon cycling, 
and thus might exert a significant influence on climate variations over geological times (e.g., Bickle, 1996; 
Evans, 2011; Ferry, 2016; Groppo et al., 2017; Kerrick & Caldeira, 1998; Skelton, 2013; Stewart et al., 2019; 
Svensen & Jamtveit, 2010). Recent field-based investigations and quantitative modeling reveal that the mag-
nitude of orogenic CO2 outflux is comparable with, or even higher than, the CO2 losses from mid-ocean 
ridge and island arcs (e.g., Becker et al., 2008; Skelton, 2011; Stewart & Ague, 2018). While the orogenic CO2 
liberation can be achieved by regional metamorphism of carbonate-rich rocks in closed systems (e.g., Grop-
po et al., 2013, 2017), many studies indicate that significant decarbonation is related to the infiltration of ex-
ternal metamorphic–magmatic fluids into metacarbonate rocks (e.g., Ague, 2014; Carter & Dasgupta, 2018; 
Evans, 2011; Ferry, 2016; Ganino & Arndt, 2009; Kerrick, 1977; Stewart et al., 2019). The influx of aqueous 
fluids lowers the activity of CO2 and introduces silica and other components into a carbonate lithology, 
whereby silicate minerals crystallize and CO2 is released by carbonate-consuming reactions (e.g., Bégué 
et al., 2020; Ferry, 2016) or carbonate dissolution (e.g., Ague & Nicolescu, 2014; Chu et al., 2019). Thus, 
understanding the fluid flow regime, metasomatic reaction progress, as well as time-resolved evolution is 
crucial for constraining the CO2 outflux during orogenesis (e.g., Ague, 2014; Baumgartner & Ferry, 1991; 
Evans, 2011; Ferry et al., 2013; Skelton, 2011).

Abstract Fluid infiltration into metacarbonates is a key mechanism to induce orogenic 
decarbonation, which influences the global carbon cycle and long-term climate evolution. Little is known 
regarding the fluid pathways during episodic infiltration events and how flow patterns control time-
integrated CO2 outflux. We investigate the “vein-like” polycrystalline mineral reaction zones (PMRZs) 
in dolomite marbles (Mogok metamorphic belt, Myanmar), which are formed by metasomatism via the 
infiltration of Si–Al–K–Ti–Zr-bearing fluids. The petrographic textures and mineral U–Pb chronology 
reveal three episodes of fluid influx in a single PMRZ: (1) the initial episode (Stage-I) transformed most 
dolomite into Mg-rich silicates/oxides and calcite at ∼35–36 Ma indicated by baddeleyite cores; (2) 
baddeleyite rims gave ages of ∼23–24 Ma, representing a subsequent infiltration episode (Stage-II) that 
modified Stage-I minerals via a dissolution–precipitation mechanism; (3) the final episode (Stage-III) is 
recorded by zircon replacing baddeleyite, which yielded ages of ∼17 Ma. Stage-III fluid has a higher SiO2 
activity and CO2X  [CO2/(CO2 + H2O)] than Stage-I/Stage-II fluids. Thermodynamic and mass-balance 
analyses indicate that Stage-I infiltration causes >62–67% loss of CO2 by both dolomite-consuming 
reactions and calcite dissolution, whereas the latter two infiltration episodes induce <12–18% loss of CO2 
via calcite dissolution. Our results provide compelling evidence that repeated episodes of infiltration 
(each separated in time by 7–13 Ma) occurred along a single channel in marbles. The initial infiltration 
episode may create high-permeability regions, offering favorable channels for later-stage fluids that 
transfer obviously less CO2 than the initial metasomatism. This considerably complicates a quantitative 
assessment of CO2 liberation from metacarbonates during orogenesis.
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It is widely recognized that the infiltration of metamorphic–magmatic fluids in collisional orogenic belts is 
typically episodic and likely to occur at distinct evolution stages and pressure–temperature (P–T) conditions 
throughout the entire orogenic cycle (Ague, 2014). In this context, orogenic metacarbonate rocks may ex-
perience multiple-stage decarbonation events and the total amount of released CO2 from these rocks may 
reflect a cumulative result of decarbonation by multiple pulses of chemically distinct fluids. However, how 
the episodic fluids flow in metacarbonate rocks (e.g., along single vs. disparate channels) and how the fluid 
flow patterns influence CO2 release during orogenic metamorphism are largely unknown.

In general, the infiltration of H2O-rich fluids into metacarbonate lithologies gives rise to the metasomatic 
formation of reaction zones or selvages, some of which are important resources of (skarn-type) ore deposits 
and gemstones (e.g., Jamtveit et al., 1993; Kerrick, 1977; Themelis, 2008). These reaction zones or selvages 
provide an excellent opportunity to understand the fluid flow pathways and CO2-producing reactions. Espe-
cially, the compositional zoning and replacement textures of minerals in the reaction zones may record dis-
crete episodes of fluid flow (e.g., Bégué et al., 2019, 2020; Putnis, 2009; Putnis & Austrheim, 2010). Precise 
dating of fluid–rock interactions is the premise to uncover multiple fluid pulses and the interplay between 
the fluid flow and CO2 outflux (Ague,  2014). However, due to a lack of suitable mineral chronometers, 
fluid infiltration events in carbonate rocks are notoriously difficult to date (e.g., Cliff et al., 1993; Williams 
et al., 1996; Wu et al., 2006). Therefore, clarifying the time-resolved fluid flow history in such metasoma-
tized rocks is extremely challenging (Villa & Williams, 2013).

In this study, we focus on representative reaction zones formed by metasomatism via the infiltration of 
channelized fluids into dolomite marbles from the Mogok metamorphic belt (MMB), Myanmar. We pres-
ent comprehensive investigations of the petrology, geochemistry, and baddeleyite/zircon chronology of the 
metasomatized rocks that are linked to thermodynamic modeling in order to reconstruct the fluid infiltra-
tion history and quantify the CO2 release from metacarbonate rocks during multiple fluid influxes. Three 
episodes of fluid infiltration along a single flow pathway, each separated in time by ∼7–13 Ma, are recog-
nized in the marbles. We propose that the first-stage fluid infiltration dominates the geometry of reaction 
zones and CO2 outflux during multiple metasomatism of orogenic marbles.

2. Geological Setting
The MMB (Figure 1a) is located in central Myanmar and extends for ∼1500 km from the Andaman Sea 
north to the eastern Himalayan syntaxis (e.g., Barley et al., 2003; Gardiner et al., 2018; Mitchell et al., 2007; 
Searle et al., 2007). The MMB has long been of interest for geologists because this belt produces a variety 
of the world's finest colored gemstones, e.g., ruby, sapphire, and spinel (Themelis,  2008). This elongat-
ed (∼50-km wide) and sigmoidal belt is distributed along the northwestern margin of the Shan Plateau 
and southwards between the Shan Scarp and Sagaing fault. The MMB mainly comprises a sequence of 
high-grade (amphibolite-to granulite-facies) metasedimentary and metaigneous rocks (Mitchell et al., 2012, 
2007; Searle et al., 2017). The formation and evolution of the MMB are associated with the closure of the 
Neo-Tethys ocean, India–Asia collision, and post-collision extension and uplift (Searle et al., 2017).

The main lithologies of the MMB include ortho-gneisses and para-gneisses, migmatites, schists, marbles, 
and calc-silicate rocks (Mitchell et al., 2007; Searle et al., 2017). The peak metamorphic P–T conditions are 
∼5 kbar and 625–680°C for the gneisses in the Kyanigan area (Searle et al., 2007), 6–10 kbar and 780–850°C 
for the gneisses in the Sagaing town (Win et al., 2016), and ∼8 kbar and >780–810°C for the marbles in 
the Thabeikgyin area (Thu & Enami, 2018). Previous age determinations indicate that the MMB metamor-
phism occurred during the Tertiary, with ages ranging from 60 to 31 Ma (Searle et al., 2017). Intrusions 
of granitoid bodies as well as leucosomes, dykes, hydrothermal veins, and pegmatites can be found in all 
the units of the MMB (e.g., Mitchell et al., 2012; Searle et al., 2017, 2020). In contact zones between the 
marbles and intrusions, metasomatic skarns develop by the infiltration of fluids/melts. The metasomatism 
may form various mineralogical reaction zones where rare gems are produced (Guo et  al.,  2016; Searle 
et al., 2020; Themelis, 2008).

The study area is located in Nayaung Oke-Sedawgyi (Figure 1a), ∼20 km north of Mandalay. The Nayaung 
Oke-Sedawgyi area is mainly composed of (impure) marbles, calc-silicate rocks, gneisses, and schists, with 
small amounts of low-grade metamorphic rocks, sedimentary rocks, and intrusions (Figure  1b). Zircon 
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U–Pb dating of the Sedawgyi gneisses gave a Cambrian protolith age of 491 ± 4 Ma (Figure 1b; Mitchell 
et al., 2012). Analyses on a biotite granite dyke that might form by the anataxis of gneisses yielded a zircon 
U–Pb age of 17.0 ± 0.3 Ma (Mitchell et al., 2012). Barley et al. (2003) reported syntectonic deformed horn-
blende syenites with emplacement ages of 33.11 ± 0.93 to 30.90 ± 0.64 Ma (Figure 1b). Pure white-colored 
dolomite marbles are widely distributed in the Nayaung Oke area and are speculated to be the early-Ju-
rassic metamorphic products of mid-Permian to Triassic deposited carbonates (Mitchell et al., 2012). The 
contact relationship between the marbles and gneisses in the field is not clear due to vegetation. Abundant 
dark-colored, vein-like, polycrystalline mineral reaction zones (PMRZs) are observed in marbles (Figures 2a 
and 2b). The PMRZs generally occur as isolated, irregularly shaped bands in marbles, which are typically 
on the order of 3–40 cm in width and 0.5–10 m in length. The interface between the PMRZs and marbles 
is typically sharp and the mineralogical front usually exhibits an undulated morphology (Figures 2c and 
2d). Most of PMRZs contain high abundances of gem-level (pink-purple) crystals of spinel (up to 2 cm in 
size), forsterite, and phlogopite (Figures 2d–2f). The PMRZs formed by metasomatism when the reactive 
fluids infiltrated the marbles along the high-permeability fractures, and these reaction zones represent the 
flow pathways of infiltrating fluids. Moreover, preexisting compositional layers or fracture-filling materials 
(directly precipitated from a fluid in central fractures, e.g., Bucher-Nurminen, 1989) are not found in the 
PMRZs (Figure 2c), indicating that the PMRZs only represent the replaced portions (selvages) of the dolo-
mite marbles.

3. Sample Description and Petrology
The investigated samples were collected from a marble quarry. Two suites of samples from different mar-
ble blocks were collected (Figures  2a and 2b). Each suite contains two samples of marble (13MDL73 
and 13MDL74 for Suite 1; 16MDL6 and 16MDL7 for Suite 2) and three samples of PMRZ (13MDL76-A, 
13MDL76-B, and 13MDL76-C for Suite 1; 16MDL5-A, 16MDL5-B, and 16MDL5-C for Suite 2). Mineral 
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Figure 1. (a) A schematic geological map (modified from Themelis (2008)) showing main terrane boundaries of Myanmar and the distribution of the Mogok 
metamorphic belt (MMB). (b) A simplified geological map (modified from Mitchell et al. (2012)) of the Nayaung Oke-Sedawgyi area showing the lithologic 
distribution and sample localities. Age data of gneiss and dyke are from Mitchell et al. (2012) and age data of syenite are from Barley et al. (2003).
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assemblages and abundances of the samples are presented in Table  S1. Mineral abbreviations are after 
Whitney and Evans (2010).

The host marbles are dominantly composed of coarse-grained dolomite (up to 4 cm in size). In addition, 
only rare forsterite is found (<1 vol.%). Porphyroblasts of dolomite typically show an anhedral shape with 
rhombohedral cleavage (Figures 3a and 3b). No accessory minerals (e.g., zircon, baddeleyite, rutile, and 
apatite) are found in the host marbles.

The PMRZ samples are mainly composed of spinel, forsterite, phlogopite, calcite, accessory geikielite, badde-
leyite, rutile, and zircon. Spinel (7–18 vol.%) occurs as coarse-grained porphyroblasts or fine-grained matrix 
minerals and contains inclusions of phlogopite, calcite, and forsterite (Figure 3c). Forsterite (18–36 vol.%) is 
in textural equilibrium with spinel and calcite and occurs as rounded to subrounded porphyroblasts or ma-
trix minerals (Figures 3d and 3e). Forsterite contains inclusions of calcite and spinel (Figure 3d) and no re-
placement of forsterite by serpentine is observed. Phlogopite (3–17 vol.%) exhibits a flaky shape and occurs 
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Figure 2. Field outcrops (a) and (b) and hand specimens (c)–(f) of polycrystalline mineral reaction zone (PMRZ) in 
dolomite marbles. (a) and (b) Distribution of dark-colored, PMRZs in white-colored marbles. Two suites of samples 
were collected and detailed sampling locations and sample sizes were labeled. (c) Sharp boundaries between the 
PMRZ and marbles and the undulated morphology of mineralogical front in a polished hand specimen. Note that no 
preexisting compositional layers or fracture-filling materials (directly precipitated from a fluid) are found in the PMRZ. 
(d) Spinel and forsterite in the PMRZ hosted by coarse-grained dolomite marbles. (e) Spinel porphyroblasts and (f) 
phlogopite aggregates in the PMRZs.
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either as fine-grained inclusions in spinel or as porphyroblasts containing calcite and forsterite (Figure 3e). 
In sample 16MDL5-C, phlogopite forms polycrystalline aggregates (Figure 3f). Calcite (36–47 vol.%) occurs 
either as fine-grained inclusions in spinel and silicate minerals or as an anhedral matrix mineral (Figures 3c 
and 3d). Relic dolomite (<2 vol.%) is only found in the regions near the boundaries of PMRZs and marbles 
and has much smaller grain sizes than dolomite in host marbles. Geikielite occurs as an anhedral matrix 
phase and occasionally contains inclusions of forsterite and spinel. Some geikielite grains are partially re-
placed by rutile (Figure 3g). Baddeleyite typically occurs as euhedral to subhedral grains in the PMRZs and 
is in textural equilibrium with forsterite, spinel, phlogopite, and calcite (Figure 3h).

4. Analytical Methods
4.1. Whole-Rock Major and Trace Elements

Whole-rock analyses were conducted at the Institute of Geology and Geophysics, Chinese Academy of 
Sciences (IGGCAS). The rock samples (Figures 2a and 2b) were first ground to powders (∼40 g for each 
sample). For major elements, ∼0.5 g sample powders were mixed with 5 g Li2B4O7 powders, and then were 
heated and fused to a glass disk and measured using an Axios-Minerals sequential X-ray fluorescence spec-
trometer. The precision and accuracy of data were better than 5%, estimated from the repeated analyses of 
reference materials GSR-2 and GSR-3 and the duplicated analyses of the samples.
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Figure 3. Photomicrographs and BSE image of PMRZs in the MMB marbles. (a) and (b) Photomicrographs of a 
thin section showing the PMRZ mineral assemblage of Fo + Spl + Phl + Cal. (c) A spinel porphyroblast containing 
inclusions of phlogopite and calcite. (d) Coexistence of spinel, forsterite, phlogopite, and calcite. Calcite inclusions 
are observed in both forsterite and spinel. (e) Forsterite and calcite inclusions in phlogopite porphyroblasts. (f) 
Polycrystalline aggregates of phlogopite in the PMRZ. (g) Geikielite occurs as an accessory mineral in the PMRZ. Insert 
BSE image showing the partial replacement of geikielite by rutile. (h) Euhedral baddeleyite occurs as an accessory 
mineral and is in textural equilibrium with spinel and calcite. a, c, e, and h in plane-polarized light; b, d, f, and g in 
cross-polarized light.
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Trace elements were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) with a Finnigan 
Mat ELEMENT spectrometer. The digestion procedure of samples is the same as that described by Guo 
et al. (2019). The analyses on three rock reference materials, GSR-1, GSR-2, and GSR-3, indicate that the 
accuracy of the data was better than 5% for most trace elements and the precision was better than 5% (RSD).

4.2. Mineral Composition, Element X-ray Maps, and Mineral Textures

Major element compositions of minerals were measured using a JEOL JXA-8100 electron probe micro-ana-
lyzer (EPMA) at the IGGCAS. The analyses were operated in wavelength-dispersion mode (WDS) with an 
acceleration voltage of 15 kV, a beam current of 10 nA, and a beam diameter of 1 μm. Natural and synthetic 
oxides were used as standards and the precision was better than 1.5% (1σ).

X-ray maps of Cr, Al, and Fe of spinel were acquired by WDS analyses using a Cameca-SXFive EPMA at the 
IGGCAS. The crystals used for Cr, Al, and Fe analyses were LLIF, TAP, and LIF, respectively. The operating 
conditions were a 15 kV acceleration voltage, a 100 nA beam current, and a dwell time per point of 50 ms.

Textural features of carbonates were examined using a RELIOTRON cathodoluminescence (CL) microsco-
py at the IGGCAS, with voltages of 5–8 kV and currents of 300–400 µA.

Trace elements of minerals were analyzed using a laser ablation ICP-MS (LA-ICP-MS) at the State Key Lab-
oratory of Continental Dynamics, Northwest University. The instrument includes a GeoLas 200M laser-ab-
lation system equipped with a 193 nm ArF excimer laser and an Agilent 7500a ICP-MS. A detailed analytical 
procedure can be found in Gao et al. (2002). Analyses were carried out using a spot size of 60 μm with a 
repetition rate of 10 Hz. 43Ca was used as the internal standard for calcite and dolomite, 24Mg was used for 
spinel and forsterite, and 29Si was used for phlogopite. The USGS NIST 610 glass standard was used for ex-
ternal calibration and three USGS glasses (NIST 612, GSE-1G, and BCR-2G) were used as monitoring stand-
ards. Trace element data were calculated using GLITTER 4.0 Online Interactive Data Reduction developed 
by GEMOC, Macquarie University. The accuracy for the contents of most trace elements was better than 8%.

4.3. Baddeleyite and Zircon U–Pb Dating

The separated baddeleyite and zircon grains from two samples of PMRZ (13MDL76-A and 16MDL5-A) 
were cast into 25 mm resin mounts together with the corresponding standards. CL images of both minerals 
were obtained using a LEO1450VP scanning electron microscope at the IGGCAS to reveal their grain sizes, 
morphology, structure, and suitable spot locations for the U–Th–Pb isotopic analyses.

The baddeleyite and zircon dating were preformed using a CAMECA 1280 secondary ion mass spec-
trometry (SIMS) at the IGGCAS. The instrument description and analytical procedures can be found in 
Li et al.  (2009). An innovated oxygen flooding technique was applied to suppress the crystal orientation 
effect and to improve the analytical precision (Li et al., 2010). For the baddeleyite dating, the ion beam 
spot was ∼20 × 30 μm in diameter. The Phalaborwa baddeleyite reference (∼2060 Ma, Heaman & LeCh-
eminant, 1993) was measured between every three sample spot analyses to calibrate Pb/U ratios and U 
contents. For the zircon dating, analyses of zircon standards Plesovice and 91500 were interspersed with 
unknown grains. Each measurement consisted of seven cycles. Pb/U calibration was performed relative 
to the standard Plesovice (Sláma et al., 2008) and U and Th contents were calibrated against the stand-
ard 91500 (Wiedenbeck et al., 1995). The ion beam spot was ∼15 × 20 μm in diameter (Liu et al., 2011). 
Tera-Wasserburg concordia diagrams and calculated weighted mean ages were produced using the program 
ISOPLOT/Ex 3.23 (Ludwig, 2003). The measurements of a zircon standard Qinghu yielded weighted aver-
age 206Pb/238U and 207Pb/235U ages of 160.5 ± 1.4 Ma (2σ) and 161.2 ± 1.6 Ma (2σ), respectively, which are in 
good agreement with its recommended ages within errors (Li et al., 2013).

5. Results
5.1. Whole-Rock Major and Trace Elements

The whole-rock compositions of four marble samples and six PMRZ samples are presented in Table S2. The 
marbles are mainly composed of CaO (30–31 wt%), MgO (20–21 wt%), and CO2 (47–48 wt%) and exhibit a 
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steep light rare earth element (LREE)-enriched pattern in the chondrite-normalized diagrams (Figures 4a 
and 4c). The marbles also contain considerable amounts of Sr (72–76 µg/g, Figures 4b and 4d).

Compared with the marbles, the PMRZ samples have lower contents of CaO (20–25 wt%) and volatiles 
(17–20  wt%) and higher contents of other major elements. SiO2 (17–22  wt%), Al2O3 (6–14  wt%), Na2O 
(0.12–0.84 wt%), TiO2 (0.15–0.53 wt%), and K2O (0.18–2.35 wt%) contents of PMRZs are variable, depend-
ing on the abundances of silicate/oxide minerals. The PMRZs exhibit a similar LREE-enriched pattern to 
the marbles (Figures 4a and 4c). However, the rare earth element (REE) contents of the PMRZs are higher 
than those of the marbles. Moreover, the PMRZs show slightly negative Eu anomalies. High field-strength 
elements (HFSEs, Nb, Ta, Zr, Hf, and U), Pb, and Li of the PMRZs show positive anomalies in primitive 
mantle-normalized diagrams (Figures 4b and 4d). The PMRZs have higher contents of large-ion lithophile 
elements (LILEs), HFSEs, and transition metal elements (TMEs, Cr, V, and Ni) than the marbles.

5.2. Mineral Compositions

The major element and trace element data of minerals are presented in Tables S3 and S4, respectively.

5.2.1. Spinel

Spinel has high Al contents (67–71  wt%) and XMg values [  =  Mg/(Mg  +  Fe2+)  =  0.97–0.98]. The Cr2O3 
contents range from 0.6 to 3.0 wt%. Analyses of X-ray maps on a representative spinel porphyroblast indi-
cate that this mineral exhibits distinct core–rim compositional zoning (Figures 5a–5d). The cores of spinel 
generally have higher Cr# [ = Cr/(Cr + Al) molar] values (0.02–0.04) and Cr contents (10,000–15,000 µg/g) 
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Figure 4. Chondrite-normalized REE diagrams (a) and (c) and primitive mantle-normalized trace element diagrams (b) and (d) of marbles and PMRZs. The 
normalization values are from Sun and McDonough (1989).
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than the rims (0.005–0.01 for Cr# and 1,000–7,000 µg/g for Cr contents) (Figures 5e and 5f). The V (600–
830 µg/g), Zn (500–820 µg/g), Ni (70–120 µg/g), and Ga (85–110 µg/g) contents of cores and rims are similar.

5.2.2. Forsterite

Both forsterite inclusions and matrix forsterite have endmember compositions of XMg = 0.99. Forsterite 
has low contents of Ni (16–34 µg/g), Mn (50–57 µg/g), and P (35–84 µg/g) and elevated contents of Ca 
(100–360 µg/g) and Li (7–14 µg/g). Al and Cr contents range from 17 to 61 µg/g and from 1.1 to 5.4 µg/g, 
respectively. The contents of most REEs, LILEs, and HFSEs in forsterite are below the detection limit.

5.2.3. Dolomite and Calcite

Dolomite in host marbles has near endmember compositions, with very low Fe contents of 0.001–0.003 apfu 
( Figure S1a). Dolomite has Sr contents of 64–85 µg/g, Mn contents of 30–50 µg/g, and Y contents of 1.2–
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Figure 5. Mineral compositional zoning of spinel, calcite, and phlogopite from the PMRZ sample 13MDL76-A. (a) Photomicrograph of a representative 
spinel in textural equilibrium with phlogopite, calcite, and forsterite. (b) X-ray map of Cr. (c) X-ray map of Al. (d) X-ray map of Fe. (e) Variation in Cr# [= Cr/
(Cr + Al)] along a rim–core–rim profile (by EPMA). (f) Variation in Cr content along a rim–core–rim profile (by LA-ICP-MS). The profile location is shown in 
(d). (g), (h) CL images showing the core–rim zoning (with a brighter rim) of calcite. Note that some thin bright bands through the interior of calcite crystal are 
consistent with healed fractures along which the reactive fluids once passed. (i) BSE image showing the core–rim zoning (with a darker rim) of phlogopite. The 
rims of calcite and phlogopite are indicated by the dotted arrows in (g)–(i).
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10  µg/g, and exhibits an LREE-enriched pattern (Figures  S1b–S1d). Rare PMRZ dolomite has a similar 
composition to dolomite in host marbles.

Both calcite inclusions in spinel or forsterite and matrix calcite in the PMRZs are simple solid solutions 
between calcite and dolomite with Fe contents of 0.002 apfu (Figure S1a) and MnO contents of 0–0.06 wt%. 
Calcite inclusions are compositionally homogeneous and have high MgO contents of 4.7–5.6 wt% (Mg/Ca 
ratio ∼ 0.13–0.15). In contrast, matrix calcite has an obvious variation in MgO contents (1.9–4.2 wt%) and 
Mg/Ca ratios (0.05–0.11). Matrix calcite exhibits pronounced zoning in cathodoluminescence (CL) images 
with brighter rims (Figures  5g and 5h), indicating a fluid-assisted replacement process. Moreover, thin 
bright bands through the interior of calcite are observed (Figures 5g and 5h); this characteristic is con-
sistent with a healed fracture along which reactive fluid once passed (Putnis & Austrheim, 2010). All the 
textures above indicate the existence of dissolution–precipitation processes after the formation of calcite 
(Putnis, 2009; Putnis & Austrheim, 2010). The brighter rims have higher Mn contents (225–330 µg/g) than 
the cores (25–29 µg/g) (Figure S1b). Calcite has higher Sr, Pb, and REE contents than dolomite. All types of 
calcite show a similar LREE-enriched pattern with negative Eu anomalies (Figure S1d).

5.2.4. Phlogopite

Phlogopite has near-Mg endmember composition (XMg ∼ 0.99–1) and is enriched in F (1.5–1.9 wt%) (Fig-
ure S2a). The TiO2 contents range from 0.6 to 1.6 wt% (Figure S2b). Phlogopite has high K (0.63–0.88 apfu) 
and Na (0.10–0.39 apfu) contents and low Ca contents (<0.01 apfu). Some matrix phlogopite grains show 
a compositional zonation in back-scattered electron (BSE) images with darker rims. The rims have lower 
Na, Fe, and Ti contents (Figures 5i, S2b, and S2c). Phlogopite has high contents of Cs (19–80 µg/g), Ba 
(315–1350 µg/g), Rb (400–660 µg/g), and Li (14–40 µg/g) (Figure S2d). In addition, it contains considerable 
amounts of Nb (11–26 µg/g) and Zr (1–16 µg/g). The contents of REEs, Th, and U are typically low.

5.2.5. Geikielite

Geikielite is composed of 86–91 mol% geikielite and 9–14 mol% ilmenite components. The MnO content of 
geikielite is lower than 0.1 wt%.

5.3. Textures, Inclusions, and U–Pb Ages of Baddeleyite and Zircon

Baddeleyite in the PMRZs is light brownish to yellowish, prismatic or round, and up to 800 µm in its longest 
dimension (Figures 6a and 6b). In CL images, most baddeleyite grains display zoning with dark chaotic or 
cloudy cores and bright homogeneous rims, suggesting at least two stages of mineral growth (or recrystalli-
zation) (Rubatto & Scambelluri, 2003). Moreover, in some baddeleyite grains, bright veinlets are found to ex-
tend from the rims into the regions of cores (Figure 6c). Baddeleyite contains inclusions of spinel, forsterite, 
phlogopite, and calcite (Figures 6a and 6b), which indicates that baddeleyite formed by the metasomatism 
rather than being derived by physical transfer along with the fluids.

The U–Th–Pb isotopic results of baddeleyite are presented in Table S5 and shown in Figures 7a and 7b. 
The measured 206Pb/204Pb ratios of all analyses are higher than 15,000, indicating very low proportions of 
common Pb. Sixteen analyses on the baddeleyite cores of sample 13MDL76-A gave U contents of 1,675–
2,789 µg/g and Th/U ratios of 0.001–0.002. In the Tera-Wasserburg concordia diagram, all uncorrected anal-
yses define a regression line with a lower intercept age of 35.77 ± 0.81 Ma (Figure 7a). Ten analyses on the 
13MDL76-A baddeleyite rims gave lower U contents of 1,256–2,147 µg/g (Th/U ratios of 0.001) and a lower 
intercept age of 23.03 ± 0.44 Ma. The U contents (and Th/U ratios) of the 16MDL5-A baddeleyite cores and 
rims are similar to those of the 13MDL76-A baddeleyite cores and rims, respectively. Twenty analyses on 
the 16MDL5-A baddeleyite cores and nine analyses on the rims yielded lower intercept ages of 35.16 ± 0.52 
and 24.12 ± 0.99 Ma, respectively (Figure 7b).

Zircon mainly occurs as reaction rims that partially replace baddeleyite (Figure 6d). Most of the zircon re-
action rims are not large enough for ion beam spot analyses. Rare individual zircon grains were recovered 
from sample 13MDL76-A. The occurrence of calcite, forsterite, and phlogopite inclusions indicates that the 
host zircon crystallized during the metasomatism (Figure 6e) and rule out the possibility that they were 
mechanically mixed from external sources. Five analyses of zircon gave U contents of 1766–4134 µg/g and 
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Th/U ratios of 0.039–0.058. The uncorrected analyses define a regression line with a lower intercept age of 
17.05 ± 0.27 Ma (Figure 7c).

6. Mass-Balance Calculation and Material Transfer
The differences in mineral assemblage and whole-rock composition between the PMRZs and marbles indi-
cate significant material exchange during the metasomatism. In particular, the replacement of dolomite by 
silicate/oxide minerals is accompanied by CO2 losses. Therefore, a mass-balance calculation was conducted 
to assess the chemical feedback of fluid metasomatism. The calculation can examine whether the change in 
element concentration is due to scavenging or dilution and provide quantitative estimations on time-inte-
grated mass transfer (the percent of losses or gains for mobile elements during metasomatism).

The mass transfer (τm) of any mobile element m during metasomatism from an original sample O to a meta-
somatized sample A can be calculated by the following equation (Ague & van Haren, 1996; Guo et al., 2009):

  Δ / / / 1O A O A O O A
m m m m m i iM M C C C C    

where Δ O A
mM   is the mass change of m during metasomatism; O

mM  is the mass of m in sample O; A
mC  and A

iC  
are the concentrations of m and the most immobile element i in sample A, respectively; and O

mC  and O
iC  are 

the concentrations of m and i in sample O, respectively.
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Figure 6. Textures and inclusions of baddeleyite and zircon in the PMRZs. (a) Representative microphotographs 
(in plane-polarized light) and corresponding CL images of baddeleyite in sample 13MDL76-A. (b) Representative 
microphotographs and corresponding CL images of baddeleyite in sample 16MDL5-A. Inclusions of spinel, forsterite, 
phlogopite, and calcite are found in baddeleyite. (c) A CL image showing bright veinlets extending from the rims to 
cores of baddeleyite in sample 13MDL76-A (the veinlets are still baddeleyite). (d) A BSE image showing the partial 
replacement of baddeleyite by zircon in sample 13MDL76-A. (e) Representative CL images of zircon in sample 
13MDL76-A. The red, yellow, and blue circles in CL images represent the locations of SIMS analyses. The numbers near 
the circles and in the circles represent the 207Pb-corrected 206Pb/238U ages.



Journal of Geophysical Research: Solid Earth

GUO ET AL.

10.1029/2020JB020988

11 of 23

Figure 7. Tera-Wasserburg U–Pb concordia diagrams for baddeleyite from samples 13MDL76-A (a) and 16M`DL5-A 
(b) and zircon from sample 13MDL76-A (c). Data-point error bars are 1σ. Weighted age uncertainties are at 95% 
confidence level.
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The average composition of marbles 13MDL73 and 13MDL74 was used as the unaltered reference for the 
PMRZ samples of Suite 1, and the average composition of marbles 16MDL6 and 16MDL7 was used as the 
reference for the PMRZ samples of Suite 2. Ytterbium (Yb) was chosen as the most immobile element due 
to following considerations: (1) the host marbles and PMRZs have a similar REE pattern (Figures 4a and 
4c). This result indicates that REEs are not significantly mobile during the metasomatism (Ague,  2017; 
Penniston-Dorland & Ferry, 2008), because a strong fractionation of LREE from HREE in the metasom-
atized products is expected if the reactive fluids mobilized REEs; (2) both the experimental and natural 
investigations indicate that Yb generally has a lower mobility than other REEs in aqueous fluids (e.g., Guo 
et al., 2015; Kessel et al., 2005); (3) all of other potential elements with low solubilities in fluids, such as 
HFSEs, are inappropriate for the use as the immobile element(s) because of the occurrence of many Ti-rich 
and Zr-rich phases in the metasomatic PMRZs (Figures 3g, 3h, and 6). Uncertainty estimation and error 
propagation followed the procedure of Guo et al. (2019). The calculated mass gains or losses are presented 
in Table S6 and Figures 8a and 8b.

The results indicate that both suites of PMRZs have similar mass transfer characteristics. All of REEs ex-
hibit minor mass transfer (mostly  <  ±30%). The large mass gains (>+260%) of Si, Al, Ti, K, and Na in 
the PMRZs are attributed to the growth of the silicate and oxide minerals (forsterite, phlogopite, spinel, 
and geikielite). LILEs (Cs, Rb, and Ba) and Li show significant mass gains (>+380%), which are mainly 
controlled by the growth of phlogopite. The enrichments (>+370%) of HFSEs (Nb, Ta, Zr, Hf, Th, and U) 
are dominated by the formation of Ti-rich and Zr-rich accessory phases (geikielite, rutile, baddeleyite, and 
zircon) and the enrichments (>+560%) of TMEs (Cr, V, and Ni) are ascribed to the growth of spinel. In con-
trast, CO2 and Ca were obviously removed from the marble system during the formation of PMRZs (from 
−78 ± 2 to −81 ± 2% and from −56 ± 4 to −62 ± 4%, respectively). In addition, Mg and Sc show low mass 
losses (<−32%) during the metasomatism.

7. Discussion
7.1. Multiple Episodes of Fluid Infiltration During the Formation of PMRZs

Both field and petrological evidence indicate that the PMRZs represent fossil flow channels of externally 
infiltrating fluids in the marbles. The textural and compositional features of metasomatic minerals provide 
a key record of fluid evolution processes (e.g., Barker et al., 2006; Bégué et al., 2019; Jamtveit et al., 1992). 
Although no symmetrical sequences of mineral zones are found in the PMRZs, the zoning of metasomatic 
minerals (spinel, baddeleyite, phlogopite, and calcite, Figures 5 and 6) and the replacement textures of bad-
deleyite by zircon (Figure 6d), as well as baddeleyite/zircon U–Pb chronology (Figure 7), clearly indicate 
that the formation of the PMRZs involves multiple stages of fluid-assisted mineral growth.

The initial fluid infiltration (Stage-I) led to the growth of most minerals in the PMRZs (i.e., the cores of 
metasomatic minerals) according to the following reactions:

 2 22 Dol SiO 2Cal Fo 2COaq    (1)

 2 3 2Dol Al O Cal Spl COaq    (2)

       2 2 3 2 2 26 Dol 6SiO Al 2 6Cal Phl 6COaq O aq K O aq H O aq       (3)

 2 2Dol TiO Cal Gk COaq    (4)

The temperature (T) of Stage-I infiltration was determined by calcite–dolomite solvus thermometry (Ano-
vitz & Essene, 1987). The homogeneous calcite inclusions in spinel and forsterite were used for the calcu-
lations because they provide more accurate estimates of peak-T conditions compared to the matrix calcite 
(Ferry, 2001). The calculations for different PMRZ samples yielded a same temperature range of 704–750°C 
(Table S3). The pressure of Stage-I infiltration is estimated to be close to the peak metamorphic pressure 
(∼8 kbar, Thu & Enami, 2018) of spinel-forsterite-bearing marbles nearest to the studied outcrop (in the 
Thabeikgyin area, Figure 1a). In situ U–Pb dating on the baddeleyite cores, which contain forsterite, spinel, 
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and phlogopite inclusions, indicates that the Stage-I metasomatism occurred at ∼35–36  Ma (Figures  7a 
and 7b). The ages of Stage-I infiltration are similar to the emplacement ages of nearby hornblende syenites 
(33.11 ± 0.93 to 30.90 ± 0.64 Ma; Barley et al., 2003). We suggest that the Stage-I infiltrating fluid most likely 
is related to the syenite magmatic event.

The formation of rims of spinel, baddeleyite, and phlogopite demonstrates a later generation of mineral 
reaction (Stage-II) in the PMRZs by either the infiltration of an external fluid or the metamorphism in a 
closed system (e.g., Stewart & Ague, 2018). The distinctive core–rim zoning of these minerals is consist-
ent with a replacement process via an interface-coupled dissolution–precipitation (ICDP) mechanism (e.g., 
Putnis, 2009; Putnis & Austrheim, 2010). This interpretation is strengthened by the occurrence of irregular 
veinlets extending from the baddeleyite rims to cores, indicating that the crystallization of rims is related to 
a reactive fluid influx (Figure 6c). The sole hydrous mineral in the PMRZs is phlogopite and no breakdown 
texture of this mineral is found at Stage-II. Therefore, no mineral can provide the H2O-rich fluids for the 
ICDP process if the system is closed. This result indicates that the formation of rims of PMRZ minerals is 
induced by a fluid infiltration event (Stage-II infiltration). The lower Cr contents of the spinel rims and 
lower U and Pb contents of the baddeleyite rims compared to their cores demonstrate the mobilization of 
these elements during the Stage-II infiltration. The baddeleyite rims yielded ages of ∼23–24 Ma (Figures 7a 
and 7b), which represent the time of Stage-II infiltration. Fluid source and P–T conditions of this infiltration 
episode are difficult to be precisely constrained due to a lack of corresponding fluid events in the studied 
area and of appropriate thermobarometers. However, the mineral assemblage of Stage-II is the same as that 
of Stage-I, implying a similar nature for the two stages of fluids. It is therefore reasonable to consider that 
the P–T conditions of Stage-II infiltration are similar to or slightly lower than those of Stage-I infiltration.

The final episode of mineral growth (Stage-III) is characterized by the partial replacement of zoned badde-
leyite by zircon, representing a new ICDP process in the presence of a fluid postdating Stage-II infiltration. 
The reaction can be written as follows:

2Bdy SiO Zrn  (5)

This reaction requires the addition of SiO2, which might be derived from either an infiltrating fluid or the 
breakdown of silicate minerals in a closed system at the Stage-III (e.g., Zhou et al., 2020). The only two 
silicate minerals in the PMRZs are forsterite and phlogopite. Both minerals are stable at the Stage-III and 
no breakdown textures are observed for both of them (Figures 3c–3f). These observations indicate that both 
minerals cannot provide SiO2 for the formation of zircon. Therefore, the added SiO2 is externally derived 
and the Stage-III reaction is caused by the fluid infiltration rather than the “closed-system” metamorphism. 
Moreover, the replacement of geikielite by rutile (Figure 3g) may also occur at this stage, if the growth 
of rutile had not taken place in the previous stage. The U–Pb dating of individual zircon grains, which 
contain forsterite, calcite, and phlogopite inclusions, indicates that the Stage-III infiltration occurred at 
∼17 Ma (Figure 7c). This infiltration episode coincides well with the emplacement of a nearby granite dyke 
(17.0 ± 0.3 Ma) that might be related to the anatexis of surrounding gneisses (Mitchell et al., 2012). The 
peak metamorphic conditions of the gneisses are ∼5 kbar and 680°C (Searle et al., 2007), which represent a 
best estimate of conditions for the Stage-III metasomatism.

In summary, the above results demonstrate that the PMRZs formed by three episodes of fluid infiltration 
into the marbles at time intervals of ∼7–13 Ma rather than the closed-system metamorphic evolution. More-
over, it is indicated that the Stage-II and Stage-III fluids went through the marbles along the same channels 
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Figure 8. Mass-transfer diagrams (a), (b) and sketch map (c) of CO2 release during the metasomatism of dolomite marbles. (a) The mass losses and gains of 
different groups of elements for the PMRZs from the Suite 1. (b) The mass losses and gains of different groups of elements for the PMRZs from the Suite 2. The 
mass transfer was calculated relative to the average composition of host marbles. Ytterbium (Yb) was chosen as the most immobile element. A positive deviation 
from the 0% reference line (horizontal dashed lines) indicates mass gain, whereas a negative deviation indicates mass loss of a certain element. (c) A sketch 
showing the transfer mechanism and amount of CO2 removal at different stages of fluid infiltration. The CO2 loss at the Stage-I is larger than 62–67% (∼50% by 
the breakdown reactions of MgCO3 and >12–17% by the calcite dissolution). The sum of CO2 losses at the Stage-II and Stage-III is lower than 12–18%. The total 
CO2 loss during the multiple episodes of infiltration is ∼79–81% and ∼18–21% CO2 is still remained in the PMRZs. For details, see the text.



Journal of Geophysical Research: Solid Earth

as the Stage-I fluid. The formation of metasomatic minerals in the PMRZs mostly occurred at the first stage, 
whereas later episodes of fluids only modified the product minerals of Stage-I via an ICDP mechanism.

7.2. Thermodynamic Constraints on Fluid-Mineral Equilibria and Fluid Composition

The growth of metasomatic minerals in carbonates is controlled by the compositions of fluid and fluid-min-
eral equilibria at specific P–T conditions (e.g., Ague, 2014; Bégué et al., 2019; Ferry, 1994). To understand 
the phase relationships and quantify the fluid chemistry evolution over the whole metasomatic process, 
diagrams of activity (SiO2 and TiO2) vs. CO2X  [= CO2/(CO2 + H2O)] for the PMRZs at inferred P–T condi-
tions (8 kbar and 730°C for Stage-I and Stage-II; 5 kbar and 680°C for Stage-III) were calculated using the 
internally consistent thermodynamic dataset (Holland & Powell, 1998), a MATLAB-based code package 
(Chu & Ague, 2013), and updated activity models (Fo and Dol from Holland and Powell (1998); Di from 
Green et al. (2007); Gk from Ghiorso and Evans (2008); H2O–CO2 fluid from Holland and Powell (2003)). 
The activities of endmembers were calculated based on mineral compositions (Cal, Bdy, Zrn, and Rt were 
treated as pure endmembers). The calculated results are shown in Figure 9.

Reaction (1) involves the addition of SiO2 in the dolomite and the formation of calcite and forsterite. More-
over, diopside, which has higher Si concentrations than forsterite, is absent in the assemblages of all metas-
omatic stages, indicating that SiO2 activities in the fluids do not suffice the following reaction:

 2 2Dol 2SiO Di 2COaq   (6)

In combination with the presence of baddeleyite rather than zircon, low CO2X  (<0.1) and SiO2a  (<0.14) 
conditions are required for the Stage-I and Stage-II fluids (Figure 9a). The coexistence of geikielite + cal-
cite in the PMRZs (reaction 4) further indicates that CO2X  should be lower than 0.08 (Figure 9b), which 
places SiO2a  of the Stage-I and Stage-II fluids to be <0.12 (blue line in Figure 9a). The same calculations 
were performed for the Stage-III metasomatism in terms of inferred conditions. The assemblage of geikiel-
ite + rutile + calcite allows CO2X  of the Stage-III fluid to be <0.19 (Figure 9b). The partial replacement of 
baddeleyite by zircon indicates that SiO2a  of the Stage-III fluid is buffered at a value of 0.15 by reaction (5). 
These results, together with the absence of diopside, yielded a range of fluid CO2X  of 0.08–0.19 for the Stage-
III assemblage (blue line in Figure 9c). Therefore, the Stage-III reactive fluid has higher CO2X  and SiO2a  than 
the earlier two stages of fluids. Moreover, rock buffering the SiO2a  of the fluid implies a relatively low fluid/
rock ratio at the Stage-III. This is consistent with the petrologic observations, which show that only a small 
portion of baddeleyite is partially replaced by zircon at the Stage-III (Figures 3h, 6a, 6b, and 6d).

7.3. Permeability Evolution and Multiple-Stage Fluid Flow Pattern

The most prominent characteristic of metasomatism in the PMRZs is that three episodes of fluids, regard-
less of their fluxes and chemical compositions, flowed along the same pathways. Permeability is a principal 
parameter determining how readily a fluid can flow through the rock medium and therefore controls the 
spatial pattern of fluid flow and the metasomatic reaction progress (e.g., Ague,  2014; Cartwright,  1997; 
Cox, 2007; Yardley & Balashov, 1998). It is widely accepted that the permeability, which strongly (often 
cubic) depends on rock porosity, changes over time (Bickle & Baker, 1990; Connolly, 1997). Therefore, per-
meability evolution during multiple episodes of infiltration is discussed in this section.

The protolith marbles (pure dolomite before the infiltration) are essentially impermeable (e.g., porosity 
∼10−6, Bickle & Baker, 1990) (Figure 10a). However, rare micro-fractures or micro-cracks, which are gen-
erated by deformation, faulting, or seismicity, might locally exist and form heterogeneous porosity fields. 
These fields could have a slightly higher permeability (φinitial, Figure  10b) than the host marbles (e.g., 
Baumgartner et al., 1997; Bucher-Nurminen, 1989; Holness, 1997; Jamtveit et al., 2019). The Stage-I fluid 
may infiltrate along the initial micro-fractures and induce decarbonation reactions in the regions where the 
fluid passed through (Figure 10a). The reactions caused the overall solid volume to shrink. For example, 
the reaction (1) can lead to a decrease of ∼9% in volume, which produced a larger porosity and a higher 
permeability environment (e.g., Baumgartner et al., 1997; Bégué et al., 2019). The enhanced permeability fa-
cilitates further fluid flow at the Stage-I, leading to positive feedback between the reactions and fluid influx. 
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Figure 9. Calculated diagrams of component activity (a) vs. CO2X  [= CO2/(CO2 + H2O)] showing fluid-mineral 
equilibria during the metasomatic formation of PMRZs. Each diagram is drawn with fluid presence. (a) Diagram of 
SiO2a  vs. CO2X  at 8 kbar and 730°C (conditions of the Stage-I and Stage-II fluid infiltration). The blue line denotes the 

compositional range of the Stage-I and Stage-II fluids. (b) Diagrams of TiO2a  vs. CO2X  at 8 kbar and 730°C and 5 kbar 
and 680°C (conditions of the Stage-III infiltration, insert figure), respectively. (c) Diagram of SiO2a  vs. CO2X  at 5 kbar 
and 680°C. The blue line denotes the compositional range of the Stage-III fluid. The orange dashed line, which is used 
to constrain the upper limit of CO2X , is derived from the insert of Figure 9b.
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Figure 10. Schematic sketch showing the fluid infiltration history and permeability evolution of the PMRZs in the MMB marbles. (a) Stage-0: Pure dolomite 
marbles with rare fractures (blue region). (b) The fracture region has a slightly higher permeability (φinitial) than the marble (essentially impermeable), which 
allows the influx of incipient fluid along this region. (c) Stage-I: The first episode of fluid infiltration and metasomatism at ∼35–36 Ma. This process formed 
most of metasomatic minerals (Fo, Spl, Phl, Bdy, Gk, and Cal) in the PMRZs. Most dolomite in the PMRZs has been consumed at this stage. This process led 
to a large amount of CO2 loss by both the decarbonation reactions and calcite dissolution. (d) The Stage-I metasomatic process produced a higher permeability 
(φreact) in the PMRZs. After the Stage-I fluid drainage, the high permeability of PMRZs may be reduced with time by pore space collapse at a relatively high 
pressure of ∼8 kbar. However, the formation of deformation-resistant minerals (Spl and Fo) can help prevent the full collapse of pore network and maintain a 
still higher permeability (φrelax) in the PMRZs than in the impermeable marble. (e) Stage-II: The second episode of fluid infiltrated along the previous pathway 
at ∼23–24 Ma. This process modified the composition of preexisting minerals by an ICDP mechanism (formation of the rims of minerals). (f) Stage-III: The 
final episode of fluid infiltration occurred at ∼17 Ma, which is recorded by the replacement of baddeleyite by zircon and the replacement of geikielite by rutile. 
Episodes of Stage-II and Stage-III infiltration resulted in limited amounts of CO2 transfer.

Dolomite in marble

Spinel

Forsterite

Baddeleyite

Geikielite

Phlogopite

Relic dolomite in PMRZ

(a)

(c)

Si-Al-K-Ti-Zr fluid

(e)

Stage 0:
Pre-metasomatism and
incipient fluid influx

Stage-I:
35-36 Ma metasomatism

Stage-II:
23-24 Ma metasomatism

<0.12
X   

Core

Rim

Bdy

CoreRim

Spl

(f)

Stage-III:
~17 Ma metasomatism

CoreRim

Gk

Rt
Gk

Zrn

Core

Rim Zrn

Ca, CO2

φ  → 0marble

Permeability

φreactφrelax

PMRZ

Fracture 

(b)

(d)

φ  → 0marble

SiO2

CO2 <0.07

<0.12
X   

SiO2

CO2 <0.07

~0.15
X   

SiO2

CO2 <0.19  0.08<

Bdy

φ initial

  CO2 loss:
  <12-18%
(Stage-II&III)

  CO2 loss:
  >62-67%
   (Stage-I)

Ca, CO2

Ca, CO2

Marble

Polycrystalline mineral 
reaction zone (PMRZ)

Calcite

a

a

a



Journal of Geophysical Research: Solid Earth

Consequently, the decimeter-wide reaction zones formed along with the penetration of Stage-I fluid (Fig-
ure 10c). These reaction zones have a much higher permeability (φreact) than the host marbles (Figure 10d; 
Zhang et al., 1994, 2000).

After the Stage-I metasomatism, the pore space in the PMRZs may readily collapse due to the fluid drainage 
at relatively high pressure conditions (∼8 kbar at the Stage-I and Stage-II) (e.g., Yardley & Balashov, 1998; 
Zhang et al., 1994, 2000). This compaction process will lead to a decrease in the permeability of the PMRZs 
with time (e.g., decreased from φreact to φrelax, Figure 10d) (Baumgartner et al., 1997; Zhang et al., 1994, 2000). 
However, the formation of high abundances of deformation-resistant minerals, such as spinel and forsterite 
(33–54 vol.%), can prevent the full collapse of pore network and maintain a still higher permeability (φrelax) 
in the PMRZs than in the impermeable marbles after the Stage-I metasomatism (Figure 10d) (Baumgartner 
et al., 1997). This condition of permeability allows the subsequent Stage-II fluid (23–24 Ma, Figure 10e) and 
Stage-III fluid (∼17 Ma, Figure 10f) to flow along the pathways created by the Stage-I fluid (∼35–36 Ma).

This fluid flow behavior exerts important influences on the metasomatism and mass transfer in marbles 
during orogenic metamorphism. Because the reaction zone generated by early-stage fluid influx acts as 
a favorable channel for the influxes of subsequent fluids, focused flow will dominate over pervasive flow 
through the marbles. This leaves the marbles (excluding the fluid flow channels) largely intact during re-
peated episodes of infiltration and the mass transfer is confined into narrow zones. The reaction zones 
may involve multiple infiltration processes of chemically distinct fluids. In the present study, we were able 
to distinguish these events by the fortuitous crystallization of datable minerals, but more commonly this 
might not be the case. Consequently, care should be taken in the interpretation of textural and geochemical 
results of reaction zones in marbles in future studies, as they may represent a signal acquired during mul-
tiple episodes.

7.4. Assessing CO2 Release During Multiple Episodes of Fluid Infiltration

Both petrologic analyses and mass-balance calculations demonstrate a significant removal of CO2 (>75%) 
accompanied by the growth of silicate/oxide minerals. Three episodes of fluid influx are recognized in the 
PMRZs. It is thus essential to clarify the amounts of released CO2 during different episodes.

Based on the reactions (1)–(4), the carbon in the MgCO3 endmember of dolomite is released by the growth 
of Mg-silicates/oxides, which mainly occurred during the Stage-I infiltration (see section 7.1). Only rare 
dolomite relics can be found in the PMRZs (<2 vol.%), suggesting that most of the dolomite in these zones 
has been consumed and thus ∼50% CO2 of the dolomite protolith is released through the decarbonation 
reactions of MgCO3 at the Stage-I (Figure  8c). In contrast, due to the absence of Ca-rich silicate/oxide 
minerals in the PMRZs, it seems that the carbon in the CaCO3 endmember of dolomite is preserved in the 
metasomatized product calcite. However, the calculated time-integrated CO2 losses for all PMRZ samples 
are obviously larger than 50% (Figures 8a and 8b), indicating that the CO2 release cannot be solely attrib-
uted to the MgCO3 breakdown. At least a portion of CO2 removal should be achieved by the dissolution of 
calcite in reactive fluids (Ague & Nicolescu, 2014; Manning et al., 2013; Chu et al., 2019). This interpretation 
is also in accordance with the obvious loss of CaO (up to −62 ± 4%) during the metasomatism. Moreover, 
the CL textures of the PMRZ matrix calcite (Figures 5g and 5h) also reveal that the calcite has experienced 
dissolution–precipitation processes after its formation. However, the calcite dissolution may occur at all 
of the infiltration stages (from Stage-I to Stage-III) and the sequence of calcite dissolution during these 
infiltration stages is difficult to be reconstructed from the CL textures due to the lack of chronological data 
of calcite. Further thermodynamic calculations are thus required to quantify the dissolution of calcite at 
various stages.

The magnitude of calcite dissolution and relevant CO2 loss depend on fluid flux at specific P–T conditions, 
which can be inferred by the amount of SiO2 input. According to fluid-mineral equilibria analyses, the 
Stage-I infiltrating fluid has SiO2a  of <0.12 (Figure 9a). We adopted the quartz solubility in aqueous fluids 
to estimate the SiO2 contents. The solubility of quartz in H2O is ∼0.5 molal at the conditions of the Stage-I 
(Manning, 1994). Therefore, the maximum SiO2 content in the Stage-I fluid is 0.06 molal (equivalent to 
∼1.2 × 102 mol/m3) if Henry's law behavior is assumed. The mass-balance calculations show that the meta-
somatism demands the introduction of ∼21–30 g SiO2 into every 100 g dolomite protolith (Table S6; Fig-

GUO ET AL.

10.1029/2020JB020988

18 of 23



Journal of Geophysical Research: Solid Earth

ures 8a and 8b), corresponding to ∼(10–14) × 103 mol SiO2 added to every 1 m3 dolomite (density = 2.84 g/
cm³). Thus, the formation of PMRZs requires fluid/rock ratios of ∼80–120 at the Stage-I. The ratios represent 
a minimum because (1) the maximum SiO2a  of fluid was used for the calculations and (2) when a fluid flows 
through a rock, only a small proportion of fluid interacts with reactants (e.g., Yardley & Balashov, 1998).

The solubility of calcite in the water is ∼0.022 molal at the conditions of Stage-I (Caciagli & Manning, 2003). 
Therefore, the amount of reactive fluid ( SiO2m   =  0.06  molal) that transports 1  mol SiO2 could dissolve 
0.367 mol calcite and transfer 0.367 mol CO2. Accordingly, the addition of (10–14) × 103 mol SiO2 will in-
duce the transfer of ∼(3.7–5.1) × 103 mol CO2 per 1 m3 rock at the Stage-I, corresponding to ∼12–17% of CO2 
in the dolomite protoliths (∼3.0 × 104 mol CO2 per 1 m3) (Table S6; Figure 8c). The calculated amounts of 
dissolved CO2 represent a minimum because the minimum of fluid/rock ratio was used for the calculations 
(see the above paragraph). The total loss of CO2 during the Stage-I metasomatism is therefore larger than 
62–67% (∼50% by the breakdown reactions of MgCO3 and >12–17% by the calcite dissolution). The time-in-
tegrated outputs of CO2 are 78–81% (Table S6; Figures 8a and 8b), suggesting only <12–18% removal of CO2 
during the episodes of Stage-II and Stage-III infiltration, mainly by the calcite dissolution (Figure 8c). The 
Stage-I infiltration thus contributes >78–84% (dividing the Stage-I CO2 loss by the time-integrated CO2 loss) 
to the total carbon loss during the whole infiltration processes (Table S6).

7.5. Implications for Metamorphic CO2 Release in Orogenic Belts

The metamorphic CO2 production during active orogenic processes is believed to exert a significant influence 
on the Earth's carbon cycle, and its relative fluxes vs. the CO2 fluxes consumed by chemical weathering might 
be a key control on climate and environmental changes (e.g., Kerrick & Caldeira, 1998; Menzies et al., 2018; 
Skelton, 2011; Svensen & Jamtveit, 2010). Available studies reveal two main ways of CO2 liberation during 
orogenic metamorphism, depending on the nature and composition of carbon-reservoir rocks. For a hydrous, 
silicate-bearing, carbon-rich metasedimentary (e.g., calc-silicate rocks), the liberation of CO2 can be triggered 
by fluid-involving metamorphism in a relatively closed system (Groppo et al., 2013, 2017; Rolfo et al., 2017). 
The CO2-producing reactions involve the consumption of preexisting carbonates and hydrous phases (scapo-
lite, mica, amphibole, and epidote). In the closed systems, the magnitude of CO2 removal mainly relies on the 
carbon and water amounts of protolith and on the metamorphic P–T evolution (Groppo et al., 2017).

In contrast, for an anhydrous, silicate-poor system, such as pure marbles from the MMB in this study, 
significant CO2 liberation can only be achieved by the infiltration of external fluids/melts in an open envi-
ronment. This process widely takes place in high-grade metamorphic terranes where both metacarbonate 
rocks and frequent fluid/melt flow occur, e.g., the contact zones between marbles and intrusions (e.g., 
Bégué et al., 2019, 2020; Svensen & Jamtveit, 2010) or metacarbonates interbedded with metapelites and 
metabasites (e.g., Ague, 2000). The loss of CO2 from marbles is made by either silicate/oxide-forming reac-
tions (e.g., Bégué et al., 2020; Ferry, 2016) or the congruent dissolution of carbonate minerals (e.g., Ague & 
Nicolescu, 2014). For a single fluid infiltration episode, the magnitude of CO2 removal is dependent on the 
composition and time-integrated amount of fluid (e.g., Evans, 2011; Stewart & Ague, 2018). With respect to 
the multiple pulses of fluid influx that more commonly occur during a prolonged orogenic process, the CO2 
outflux is further influenced by the flow pattern, which significantly controls the geometry and spatial scope 
of fluid-penetrating regions. However, the flow pathways for episodic fluids (interval time >5 Ma) in natural 
carbonate rocks remain unclear due to a lack of direct geological records. Our new results provide key pe-
trological evidence that the later-stage fluids would penetrate marbles along the previous pathways created 
by the first episode of infiltration, probably until a new high-permeability region is generated by another 
tectonic event. Therefore, such marbles would experience multiple-stage, infiltration-driven decarbonation 
processes. Moreover, we find that the liberation of CO2 from the marbles is largely completed (>78%) in the 
first infiltration episode. Thus, it is indicated that the initial episode of reactive fluid exerts more profound 
effects in shaping the geometry of metasomatic zones and releasing CO2 from orogenic marbles.

We consider that both metamorphic CO2-producing processes are essential to quantify the orogenic CO2 
outflux. Since infiltration-driven CO2 transfer is dominantly controlled by ambient conditions and the in-
put fluids whose compositions are spatially and temporally heterogeneous, the estimate of CO2 outflux in 
infiltration process is more difficult than for the closed-system decarbonation process. For both processes, 
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we suggest that the fluid evolution history should be examined and considered in any attempt of estimating 
metamorphic CO2 production and evaluating the source-sink budget of carbon during orogenesis.

8. Conclusions
The combination of petrology, geochemistry, and in situ U–Pb geochronology reveals that isolated, vein-
like, gem-bearing reaction zones (selvages) in the Mogok marbles formed by repeated episodes of fluid 
infiltration along single flow channels.

Three episodes of fluid infiltration, each separated by relatively long time intervals of 7–13 Ma, are recog-
nized in a single PMRZ: the initial episode of fluid infiltration occurred at ∼35–36 Ma, leading to the growth 
of most metasomatic minerals at ∼704–750°C; the subsequent episode of fluid penetrated the marbles by 
the same pathways at ∼23–24 Ma, and formed the rims of metasomatic minerals by an ICDP process; the 
final episode of infiltration occurred at ∼17 Ma, which mainly induced the replacement of zoned badde-
leyite by zircon.

Fluid-mineral phase equilibria modeling indicates that the first and second episodes of infiltration occurred 
at the fluid conditions of low SiO2a  (<0.12) and CO2X  (<0.07), whereas the third episode of infiltration oc-
curred at the fluid conditions of higher SiO2a  (0.15) and CO2X  (0.08–0.19).

The distinct flow behavior for episodic fluids in marbles might be related to enhanced permeability in meta-
somatic zones, which are generated by the initial infiltration and the growth of deformation-resistant meta-
somatic minerals.

Mass-balance calculations coupled with the estimations of calcite dissolution demonstrate that there are 
significant differences in the amounts of released CO2 at different infiltration stages. The first-stage infiltra-
tion contributes the largest portion of CO2 removal (>78% accounting for the total carbon losses), whereas 
the latter two stages of fluids through the same pathway system lead to much less CO2 release.

The infiltration-driven CO2 outflux from marbles in orogenic belts strongly depends on the compo-
sition and pathways of infiltrating fluids as well as the P–T conditions of interactions. Our findings 
prove that preexisting pathways in marbles can be used multiple times at different stages during the 
evolution of an orogeny, implying that no simple link between aqueous fluid production and CO2 re-
lease can be obtained.

Data Availability Statement
The data used in this paper are available in the supporting information and can be found in Zenodo (https://
doi.org/10.5281/zenodo.4274429).
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