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Abstract Investigating the carbonate preservation efficiency (CPE) of continental crust is crucial to
understand the global carbon cycle, which requires constraints on initial carbonate abundances (ICAs) of crustal
rocks. To link Mg isotopes to ICAs, we present elemental and Mg isotopic data for Himalayan carbonate-
bearing and carbonate-free metasedimentary rocks. Given no evident melt extraction or external-fluid
infiltration, ICAs of these samples can be independently estimated by elemental data. Despite different
carbonate species in the protoliths, all the samples show congruent relationship between their 626Mg and ICAs,
owing to the elevated carbonate 8°’Mg and Mg/Ca in protoliths of calcite-rich samples resulting from diagenetic
processes. When collated with literature data, we suggest the observed correlation here can be applied to most
carbonate-bearing (meta-)sedimentary rocks. Based on a steady state box-model, we constrained the modern net
carbonate accretion flux (9.50*232 Tmol/year) and the average time-integrated CPE (~80%39%) for continental
crust.

Plain Language Summary Investigating the fate of carbonate preserved in continental crust is
fundamental for understanding its role playing in the global carbon cycle, but is hindered by the lack of
knowledge about the initial carbonate abundance of metasedimentary rocks prior to modification (e.g.,
anatexis). By analyzing Himalayan metasedimentary rocks, here we show a congruent relationship between
their 626Mg and initial carbonate abundances, irrespective of their protolith carbonate species, and suggest it is
applicable to most carbonate-bearing (meta-)sedimentary rocks. Based on this relationship, the carbonate
preservation in continental crust was simulated using a steady state box-model. The results indicate a very high
carbonate accretion influx to the continental crust, seven times higher than the C degassing flux in the mid-ocean
ridge. Considering explosive degassing of the accreted carbonates during episodic tectonomagmatic events, the
continental crust could have been an important driving force for regulating the atmospheric CO, during Earth's
history.

1. Introduction

As an important reservoir, the continental crust contains four orders of magnitude more carbon, mostly as car-
bonates (~75%—-80%; Gao et al., 1998; Hunt, 1972), than the Earth’s surface system (i.e., the atmosphere, hy-
drosphere and biosphere) (DePaolo, 2015). Carbonate-bearing rocks as a major sink of atmospheric carbon
dioxide accrete to the continental crust by subduction accretion and collisional amalgamation (Zhu et al., 2021),
and tend to decarbonate upon deep burying and heating from underplated magmas that cause metamorphism and
crustal anatexis (Groppo et al., 2017, 2022; Mason et al., 2017). Carbon exchange between the continental crust
and the surface system plays an important role in regulating the atmospheric CO, balance and the global climate at
a geological time scale (i.e., >million years) (Lee et al., 2019). Therefore, the fate of carbonates during continent
formation and evolution, that is, the net preservation efficiency of sedimentary carbonates (CPE = residual
carbonate abundance/initial carbonate abundance), is significant to evaluate the role of the continental crust as a
source and/or sink in the global carbon cycle.

Pure carbonates have extremely high thermal stability in the continental crust. For example, pure calcite has a
solidus of about 1460°C at 1 GPa (Byrnes & Wyllie, 1981). In contrast, thermal decarbonation of carbonate-
bearing metasedimentary rocks commonly occurs at lower grades (Groppo et al., 2017; Mason et al., 2017;
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Rapa et al., 2017), facilitated by the involvement of silicic constituents (Groppo et al., 2022; Stewart et al., 2019).
The key to estimating the CPE of metasedimentary rocks is to obtain their initial carbonate abundances (ICAs;
i.e., the carbonate abundances in the protoliths prior to thermal decarbonation), since the residual carbonate
abundances can be directly observed. Using elemental data, ICAs of metasedimentary rocks can be estimated
based on mass balance provided that the silicate components were constrained (Groppo et al., 2021). While for
samples that have experienced crustal anatexis and melt extraction, the resulting elemental differentiation un-
dermines the validity of using elemental contents to reveal the ICAs. Thus, a geochemical proxy that can see
through the anatexis processes to trace the ICAs of metasedimentary rocks is required.

Given the distinct Mg isotopic compositions between carbonate and silicate components and the limited isotopic
fractionation during partial melting processes (see the review by Teng (2017)), Mg isotopes could be a potential
tool to quantitatively trace the ICAs of anatectic rocks. A mineralogical (i.e., carbonate abundance) control on
bulk Mg isotopic compositions has been previously reported for carbonate-bearing sediments and (meta-)sedi-
mentary rocks (Hu et al., 2017; Quet al., 2022; Wang et al., 2015). However, due to the low carbonate abundances
in the reported (meta-)sedimentary rocks, a quantitative function remains undefined for lithified rocks, especially
considering the potential chemical and isotopic differences between unconsolidated sediments and lithified rocks
resulting from diagenesis (Berner, 1980; Fantle et al., 2020). These necessitate further investigations on the
relationship between bulk Mg isotopic compositions of carbonate-bearing metasedimentary rocks and their ICAs.
In the large and hot Himalayan orogenic belt, metamorphic rocks derived from carbonate-bearing protoliths are
widespread (Groppo et al., 2021; Rolfo et al., 2017). These lithologies (referred to below as “carbonate-bearing
metasedimentary rocks,” although some are totally decarbonated) were derived from protoliths consisting of
Proterozoic sediments with varying carbonate contents deposited on the northern Indian passive continental
margin, and metamorphosed in an internally buffered system (Groppo et al., 2017, 2021; Rapa et al., 2017),
making them appropriate targets to investigate this correlation (Text S1 in Supporting Information S1).

Here we report elemental and Mg isotopic data of 9 Himalayan carbonate-free metasedimentary rocks and 23
Himalayan carbonate-bearing metasedimentary rocks which were collected from Bhutan and Nepal Himalaya
(Groppo et al., 2021; Rolfo et al., 2017; Shi et al., 2021; Table S1 in Supporting Information S1), to establish the
correlation between bulk Mg isotopic compositions and ICAs. In order to reveal the elemental and isotopic
characteristics of the present carbonates and silicate components in the carbonate-bearing rocks, five samples
were selected to conduct leaching experiments.

2. Results

Himalayan carbonate-free metasedimentary rocks have low LOI (0.90-2.38 wt.%), CaO (0.32-1.47 wt.%), MgO
(0.67-1.80 wt.%) and high SiO, (63.13-73.94 wt.%) contents, and relatively homogeneous 8**Mg
(—0.09 + 0.18%o, 2SD, N = 8). By contrast, Himalayan carbonate-bearing metasedimentary rocks show large
variations in LOI (0.66-37.56 wt.%), CaO (0.60-42.86 wt.%), MgO (1.97-17.92 wt.%) and SiO, (11.13—
67.34 wt.%) as well as 5°°Mg (—2.00-0.19%0); §*°Mg decreases with increasing LOI, CaO, and MgO (Tables S2
and S3 in Supporting Information S1), reflecting their diverse carbonate abundances. Leaching experiments show
that the silicate residues from carbonate-bearing samples have lighter 5°°Mg (—0.48%o to —1.91%0) than the
carbonate-free metasedimentary rocks (Table S4 in Supporting Information S1), indicating the internal isotopic
exchange between carbonate and silicate components during prograde metamorphism (Text S3 in Supporting
Information S1). Thus, the present carbonate components of carbonate-bearing metasedimentary rocks have not
preserved their initial isotopic characteristics.

3. Discussion
3.1. Initial Carbonate Abundance in Himalayan Metasedimentary Rocks

Himalayan metasedimentary rocks have experienced decarbonation to variable extents, indicated by the for-
mation of Ca-rich minerals (e.g., clinopyroxene) at the expense of carbonate decomposition (Groppo et al., 2017,
2021, 2022) and decoupling of CaO, MgO, and LOI (Table S3 in Supporting Information S1). To reduce the
influence of metamorphic decarbonation on the bulk chemical compositions, here we normalize the major

elemental contents on a volatile-free bias (i.e., (Oxide)y = T(Sa"li_‘fm X 100 wt.%). Two distinct compositional

trends were identified based on correlations among (Si0O,)y, (MgO)y, and (CaO)y (Figures 1a—1c). These trends
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Figure 1. Regression analysis on the (CaO)y, (MgO)y, and (SiO,)y contents of Himalayan carbonate-bearing
metasedimentary rocks (a—c) to obtain the mixing endmember compositions. The gray dashed line denotes mixing between
silicate and low-Mg calcite with Mg/Ca = 0.002. (d) Mixing diagram for (MgO), and (Ca0)\/(SiO,)y ratio with the
endmembers constrained by correlations in (a)—(c). The data sources of compiled (meta-)sedimentary rocks and sediments
are listed in Table S6 of the Supporting Information S1.

converge at silicate components represented by Himalayan carbonate-free metasedimentary rocks and diverge
toward formula dolomite and calcite respectively, consistent with mixing between carbonate and clastic silicate
components. Preservation of these compositional trends supports the previous consensus that Himalayan meta-
sedimentary rocks were internally buffered during prograde metamorphism (Groppo et al., 2017, 2021; Rapa
et al., 2017). According to the diverse compositional trends, Himalayan carbonate-bearing metasedimentary
samples can be divided into two groups, that is, calcite-rich and dolomite-rich samples respectively.

Well-preserved compositional mixing trends between carbonate and clastic silicate components allow us to infer
the initial carbonate abundances (ICAs) in Himalayan carbonate-bearing metasedimentary rocks. Regressions
between (CaO)y, (MgO)y, and (SiO,)y (Figures 1a—1c) indicate consistent compositional endmembers, that is,
Cag ooMgg 10CO3, Cay5.Mg, 45CO5 and the silicate endmember that has (CaO)y (0.79 wt.% in Figure la and
0.93 wt.% in Figure Ic; mean = 0.86 wt.%), MgO)y (2.10 wt.%) and (SiO,)y (69.10 wt.% in Figure 1b and
69.18 wt.% in Figure 1c; mean = 69.13 wt.%) similar to the measured carbonate-free metasedimentary rocks.
Based on (CaO)y, (MgO)y, (CaO)y + (MgO)y, and (CaO)n/(SiO,)y, ICAs of carbonate-bearing metasedi-
mentary samples were independently calculated through binary mixing (Table S5 in Supporting Information S1).
Note that (MgO)y is not applicable to quantify ICAs of calcite-rich samples, since the calcite and silicate end-
members show a small MgO difference (4.09 wt.% vs. 2.10 wt.%). Results from different indexes display good
consistency, and the ICAs of Himalayan carbonate-bearing metasedimentary rocks are highly variable, ranging
from 0.81 wt.% to 83.57 wt.% (Figure S2 in Supporting Information S1). We also calculate the ICA of each
sample following the method used by Groppo et al. (2021), which is in good agreement with the result from this
study (Table S5 in Supporting Information S1).
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Figure 2. (a) The correlation between the ICAs and bulk 5°°Mg values for Himalayan carbonate-bearing metasedimentary
samples. The regression trend (pink line) and its 95% confidence intervals (pink shaded area) were calculated by a bootstrap
resampling method considering both the errors of bulk §**Mg and ICAs and the scattering of data set (Text S5 in Supporting
Information S1). (b, ¢) The 626Mg of initial calcites and dolomites from calcite-rich and dolomite-rich metasedimentary
samples respectively (Table S5 in Supporting Information S1), which were calculated through binary mixing as indicated by
the blue and green dashed lines in (a). Given the low carbonate abundance in sample 17b-15 (—0.81-3.73 wt.%;

mean = 0.81 wt.%), its calculated §**Mg shows a large uncertainty, and thus was not considered. (d) The 5**Mg of compiled
global limestones and dolostones, whose data sources were listed in Table S6 of the Supporting Information S1. The lines in
(c) and (d) are Kernel density curves with considering the errors of 626Mg for carbonates.

3.2. Mg Isotopic Compositions of Himalayan Metasedimentary Rocks Co-Vary With Their Initial
Carbonate Abundances

As ICAs increase, the Himalayan metasedimentary samples show lighter Mg isotopic compositions (Figure 2a).
This is consistent with previous observations that the carbonates have relatively lighter Mg isotopic compositions,
while the silicate constituents composed of weathered products are enriched in heavy Mg isotopes (Teng, 2017
and references therein). Intriguingly, both the calcite-rich and dolomite-rich samples show roughly identical
52°Mg values at a given ICA despite their different initial carbonate species (Figure 2a). Fitted by quadratic
polynomial function using a bootstrap resampling method (details see the Text S5 in Supporting Information S1),
the ICA (expressed as CO, contents; wt.%) equals to 5.83 X (626Mg)2 —7.82 % 626Mg + 0.25 (R* = 0.79). The
similar correlations observed in Figure 2a for both group samples are at odds with the expectation from reported
distinct Mg isotopic compositions between limestone (mode: —3.69%0) and dolostone (mode: —1.78%o)
(Figure 2d). Given that leaching experiments indicate internal isotopic exchange between carbonate and silicate
components of Himalayan samples during prograde metamorphism, it is necessary to assess the influence from
metamorphic exchange of bulk carbonate-bearing rocks with their wall-rocks (Wang et al., 2014), especially
considering most of carbonate-bearing rocks occur as intercalations in the carbonate-free metasedimentary rocks
(Rolfo et al., 2017). Two lines of evidence suggest metamorphic exchange with the surrounding carbonate-free
rocks is limited. First, Mg isotopic exchange is temperature dependent; higher metamorphic temperatures (i.e.,
higher metamorphic grades) will lead to smaller Mg isotope fractionations between the carbonate-bearing met-
asedimentary samples and carbonate-free wall-rocks. Thus, carbonate-bearing metasedimentary samples at
higher metamorphic grades would have heavier §°°Mg values if isotopic exchange with carbonate-free wall-rocks
occurred. However, the §?°Mg of carbonate-bearing metasedimentary samples do not show any relationship with
their metamorphic grades at similar carbonate abundances (Figure 2a). Second, leaching experiments showed that
the Mg/Ca of present carbonates from calcite-rich group samples significantly decreased from 0.10 to 0.005 along
with increasing metamorphic grades (from ~620°C to ~730-740°C) during the internal metamorphic exchange
(Tables S1 and S4 in Supporting Information S1). Similarly, if the carbonate-bearing metasedimentary rocks
experienced metamorphic exchange with carbonate-free wall-rocks, MgO will migrate from the carbonate-
bearing rocks into the carbonate-free rocks, and the higher the metamorphic grade, the greater the transfer of
Mg. The good mixing trend as shown in Figure 1a (i.e., (MgO)y versus (CaO)y), thus suggests the investigated
carbonate-bearing metasedimentary samples maintain their protolith compositions. Accordingly, during prograde
metamorphism the elemental and isotopic compositions of carbonate-bearing metasedimentary samples were
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only internally redistributed, but did not drive significant metamorphic exchange with surrounding carbonate-free
rocks. The 8*°Mg values of Himalayan carbonate-bearing metasedimentary rocks therefore reflect the isotopic
characteristics prior to prograde metamorphism.

Based on the endmember compositions and initial carbonate abundances estimated above, 626Mg and its un-
certainty of the initial carbonate in each carbonate-bearing metasedimentary sample were calculated from binary
mixing (Table S5 in Supporting Information S1), by assuming the silicate endmember having 5°°Mg of
—0.09 + 0.06%o (the average of carbonate-free metasedimentary rocks; Table S2 in Supporting Information S1).
The initial dolomites in the dolomite-rich group samples show subtle difference from the compiled dolostone,
with relatively heavier §*°Mg (Figures 2c and 2d). Whereas, the initial calcites in the calcite-rich group samples
have significantly heavier Mg isotopic compositions than the compiled pure limestone (Figures 2¢ and 2d).
Together with the high Mg/Ca (~0.11) of these initial calcites (vs. <0.01 of pure limestones), the calcite-rich
group samples were likely significantly reshaped by diagenetic fluids with high Mg/Ca and heavy 8*°Mg
(Chanda & Fantle, 2017; Geske et al., 2015; Higgins et al., 2018), which is similar to a partial dolomitization
process. Given the large Mg content difference between calcite and dolomite, mild dolomitization can sub-
stantially elevate the whole rock Mg isotopic composition toward that of the dolomites, as observed in global
carbonates (Figure S5 in Supporting Information S1). Accordingly, we propose that the observed correlation
between the 8**Mg and ICAs of Himalayan carbonate-bearing metasedimentary rocks may result from mixing
between the clastic silicates and the carbonates which show similar Mg isotopic compositions despite their
species due to diagenetic alteration. Further numerical simulation on the diagenesis process for the protoliths of
Himalayan carbonate-bearing metasedimentary rocks, which lies out of the scope of this study, could be helpful to
elucidate the detailed mechanism.

3.3. Implications for Quantifying ICAs of Carbonate-Bearing Samples

The quantitative equation found in this study provides a new geochemical method to quantitatively trace the I[CAs
of carbonate-bearing samples using Mg isotopes. While considering the reshaping effect from diagenetic pro-
cesses as revealed by this study, carbonate-bearing samples with diverse degrees of diagenesis shall display varied
correlations between their ICAs and 5°°Mg. Here, we compare investigated Himalayan samples with the reported
Mg isotopic data of global sediments and (meta-)sedimentary rocks to investigate the global applicability of the
quantitative equation constrained by Himalayan samples. Benefiting from Himalayan samples extending the
range of ICAs for (meta-)sedimentary rocks, these totally lithified samples which have experienced strong
diagenesis, show consistent correlations between their °°Mg and carbonate abundance indexes (e.g.,
(CaO)y + (MgO)y and (CaO)\/(Si0,)yN)- Whereas for the unlithified sediments, some samples with incorporated
carbonates that still preserve low Mg/Ca ratios (Figure 1a), indicative of weak diagenetic influence, significantly
deviate from the correlations defined by lithified rocks and approach the mixing trends between the silicate
endmember and pelagic calcite sediment (Figure 3). These observations suggest that the quantitative equation
constrained by Himalayan samples represents a strong diagenesis scenario, and in such circumstances can trace
the ICAs of lithified carbonate-bearing samples, including both sedimentary and metasedimentary rocks. For the
carbonate-bearing sediments with weak diagenesis, this quantitative equation provides a lower limit of the ICA.
Additionally, given this quantitative equation was established on the basis of the samples with ICAs from ~0 to
~83 wt.%, it must be extrapolated with caution to the samples with ICAs that lie out of this range.

Quantifying the ICA is an important prerequisite for investigating the CPE of continental crust. Recently, the
identification of CO,-rich fluid inclusions in the granulites and of the nano-carbonatites coexisting with nano-
granites from migmatites suggests the decarbonation of carbonate-bearing metasedimentary rocks during ana-
texis (Ferrero et al., 2016; Tacchetto et al., 2019). However, the chemical differentiation caused by melt extraction
during anatexis hampers the use of elemental data to trace the ICAs of the residual metasedimentary rocks.
Although the ICA values calculated through Mg isotopes show poor accuracy relative to the elemental estimation
method (Figure S3 in Supporting Information S1), the correlation constrained in this study provides a feasible tool
for tracing the ICAs of the metasedimentary samples which have experienced anatexis and melt extraction.
Moreover, given the limited fractionation during granitic magmatism (Li et al., 2010; Liu et al., 2010), this
correlation can also be utilized to trace ICAs in the crustal sources of granites.
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Figure 3. 626Mg values versus [(CaO)y + (MgO)y] (a) and (CaO),/(SiO,)y values (b) of Himalayan samples, compared with
the compiled sediments and (meta-)sedimentary rocks whose data sources were listed in Table S6 of the Supporting
Information S1. Dashed line indicates mixing between the silicate endmember and pelagic calcite sediment (§*°*Mg:
—4.72%o0; Mg/Ca = 0.002; Table S6 in Supporting Information S1).

3.4. Constraints on the Carbonate Preservation Efficiency (CPE) of Continental Crust

Application of the identified correlation in this study to directly estimate the CPE of crustal rocks is hampered due
to the shortage of independent Mg isotopic data for carbonate-bearing metasedimentary rocks from high-grade
metamorphic terranes. Here, we establish a steady state box-model on the Mg isotope budget of continental
crust (CC) to give a first-order constraint on CPE (Equation 1), considering the Mg outflux by riverine runoff

@) xfoff) and crust destruction (J 1]\%) and the Mg influx via mantle-derived magmatic ingrowth (J ﬁ%) and accretion

of continental margin carbonate-bearing sedimentary rocks (J’gﬁg).

d&* Mg
dt
_J i X (87 Mgy —8*Mge) +Jet X (87Me = 87Mgee) = /p X (8°*Mezpo =8 Mece) —Jnumotr X (Mo =5 *Mecc)
[Mglee

(1)

[Mg]cc and 826MgCC represent the Mg content and Mg isotopic composition of the continental crust. Since global
granitoids show nearly constant weighted-average 52°Mg in the past 3.3 billion years, very similar to the mean
5?°Mg of modern continental crust (—0.24 + 0.07%o; Figure 4a; Yang et al., 2016), the Mg isotope budget of
continental crust seems to be in steady state (i.e., a’é‘)zGMgCC = 0). Given the ingrowth magma from deep mantle
and destructed crust have similar §°°Mg to the continental crust (Text S4 in Supporting Information S1), the
isotope contribution from Mg input of continental margin sedimentary rock accretion shall thus be in balance with
that from Mg output of riverine runoff (Figures 4b and 4c). Accordingly, we can obtain:

Toussit X (8%°Mg, o= 8°°Mgcc)

runoff

626 MgCI _ 626MgCC

Mg _
Jor =

2

Based on the average CO, contents ([CO,]q; 7.21 wt.%) of continental margin sedimentary rocks (Ronov
et al,, 1991), its average 826Mgcl can be calculated by the correlation constrained in this study (i.e.,
—0.67 £ 0.13%o, errors in 2 sigma if not specified below; Figure S4 in Supporting Information S1). Other pa-
rameters adopted in this study are compiled in Table S7 of the Supporting Information S1. The estimated J~; can
be transferred to the carbonate accretion flux (Jco,-accretion) DY the following equation:

nglg X [COs ]

J on = 3
CO,-accretion [MgO]CI ( )
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Figure 4. (a) The concentration-weighted 5°°Mg for compiled granitoids at different time ranges, and comparison with the mantle and continental crust. The data sources
are listed in Table S7 of the Supporting Information S1. Cartoon (b) and schematic diagram (c) for the steady state box-model established in this study. The adopted
parameters were compiled in Table S7 of the Supporting Information S1.

where [MgO], represents the average MgO contents of continental margin sedimentary rocks (3.32 wt.%; Ronov
et al., 1991). Part of the accreted carbonates will be returned to the ocean by surficial carbonate weathering
(12.4 £ 1.62 Tmol/year; Table S7 in Supporting Information S1). After deducting this carbonate weathering flux,
our model indicates a modern net carbonate accretion flux of 9.50f§:§2 Tmol/year, seven times higher than the C
degassing flux from the mid-ocean ridge (1.34 = 0.23 Tmol/year; Tucker et al., 2018). The modern metamorphic
decarbonation flux from the active Himalayan orogen and global continental arcs was estimated as ~1.67 Tmol/
year (Becker et al., 2008; Ramos et al., 2020). The continental crust could thus currently be a net carbon sink.
Alternatively, other decarbonation fluxes of continental crust have yet to be identified, such as the remobilization
of continental crustal carbonate caused by intraplate magmatism (Ganino & Arndt, 2009). The preserved crustal
rock volumes reconstructed from the Macrostrat stratigraphic database (3.0 Ga—present) show that the global
accretion rate of sedimentary rocks has remained approximately constant for the past 500 million years and about
47 times higher than that in Precambrian (Walton et al., 2023). Thus, the average time-integrated carbonate
accretion mass of bulk continental crust can be calculated by scaling the modern net carbonate accretion flux to
the past 3 billion years, which yields 5.261’2%2 x 10*" mol respectively. Based on the preserved carbon content in
modern continental crust (4.24 (+1.21) x 10?! mol; Hirschmann, 2018), the average time-integrated CPE for
continental crust was estimated as ~80:2§%. Despite the large uncertainty, this indicates that continental crust
must have served as a long-term net sink of surface carbon. On the other hand, remarkable accreted sedimentary
carbonates may have been remobilized in the past. In addition, the tectonomagmatic events that can remobilize
accreted sedimentary carbonates were usually episodic (e.g., seismic activities, Girault et al., 2018; continental
arc volcanics, Cao et al., 2017) or explosive (e.g., large igneous provinces; Ganino & Arndt, 2009), which
rendered the thermal decarbonation flux of continental crust could have significantly fluctuated in the Earth's
history. In any case, whether as a long-term sink or a “short-term” source, the continental crust has provided an
important driving force for regulating the atmospheric CO, abundances in the past.

Data Availability Statement

All the analytical results involved in this study are listed in Supporting Information S1, which are deposited on the
open-source Figshare Repository and can be accessed through Shi et al. (2024).
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