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Cold climate carbonates can be used as paleoclimatic proxies. The mineralogy and
isotopic composition of subglacially precipitated carbonate crusts (SPCCs) provide
insights into the subglacial conditions and processes occurring at the meltwater-
basement rock interface of glaciers. This study documents such crusts discovered on
the lee side of a gneissic roche moutonnée at the terminus of the Bossons glacier in the
Mont Blanc Massif area (France). The geological context and mineralogical investigations
suggest that the Ca used for the precipitation of large crystals of radial fibrous sparite
observed in these crusts originated from subglacial chemical weathering of Ca-bearing
minerals of the local bedrock (plagioclase and amphibole). Measurements of the carbon
and oxygen isotope compositions in the crusts indicate precipitation at, or near to,
equilibrium with the basal meltwater under open system conditions during refreezing
processes. The homogeneous and low carbonate 8'3C values (ca. —11.3%o) imply a
large contribution of soil organic carbon to the Bossons subglacial meltwater carbon
reservoir at the time of deposition. In addition, organic remains trapped within the SPCCs
give an age of deposition around 6,500 years cal BP suggesting that the Mid-Holocene
climatic and pedological optima are archived in the Bossons glacier carbonate crusts.

Keywords: glacier, paleoclimate, Mont Blanc, subglacially precipitated carbonate crusts, stable isotope, Holocene
climatic optimum

INTRODUCTION

In cold climatic regions, carbonate precipitates are commonly observed features at rock/ice
interfaces wherever there is or was flowing or standing water. These cold-climate carbonates,
namely cryogenic carbonates, are found on the surface of aufeis along riverbeds, in dry lakebeds, on
the upper surface of clasts and bedrock, in fissures in bedrock outcrops, on the underside of clasts
in soil profiles, in sand dunes, and in caves, either as cryogenic calcite or speleothems (see Lacelle,
2007 and references therein). The geochemical signature (3180 and 3'3C) of these carbonate
deposits can potentially be used as paleoclimatic and paleoenvironmental proxies (e.g., Clark et al.,
2004), although diverse precipitation mechanisms have been suggested to explain their origin.
Processes including freezing (Hallet, 1976; Killawee et al., 1998), changes in the partial pressure
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FIGURE 7 | Thin sections of the Bossons bedrock samples under a microscope. (A) amphibolite BOS2-1C showing altered plagioclase (Al. Pl.), green hornblende
(Horn.), and abundant chlorite; (B) the same view under polarized light; (C) details of the same sample BOS2-1C showing altered hornblende partially replaced by
chlorite and altered feldspars (plagioclase with typical polysynthetic twinning observed under polarized light); (D) the same view under polarized light; (E) thin sections
of coarse-grained “augen” gneiss BOS2-1D show characteristic shearing structure with elliptic feldspar porphyroclasts (Feld.) within the layerings of the quartz (Qtz),
biotite (Biot.), and muscovite (Musc.) bands; (F) the same view under polarized light.

hydrolysis of calcium-bearing silicates such as plagioclase and
green hornblende-type amphiboles [e.g., CaAl;Si,Og + 2H™
4+ 20H™ — Al;Si;06(OH); + Ca(OH);]. This is consistent
with the XRD and petrographical results showing: (i) clear
dissolution of plagioclase and hornblende in bedrock samples
and their replacement by clay minerals such as Fe-chlorite devoid
of calcium, and (ii) the presence of calcite recrystallization
as secondary minerals resulting from the weathering and
dissolution of Ca-rich feldspars (Figure 7).

The sources of HCO; may include (i) gaseous CO, dissolved
in snow and enclosed within bubbles in the ice, (ii) oxidation of
organic carbon, or (iii) dissolution of trace calcite within local
granite-gneissic bedrocks. The common genetic model assumed

that SPCCs precipitate when the meltwater becomes saturated
with CaCO3 on the lee side of an obstacle during the regelation
process (Hallet, 1976; Hanshaw and Hallet, 1978; Souchez and
Lemmens, 1985). The Bossons glacier is a polythermal glacier
and refreezing processes occur in basal cavities, as observed
in other present-day alpine glaciers such as the Argentiére
glacier in the Mont Blanc Massif (Vivian and Bocquet, 1973)
or Tsanfleuron glacier in Switzerland (Souchez and Lemmens,
1985). The regelation process might take place only when the
basal ice pressure drops (Liu et al., 2005), for instance on the lee
side of an obstacle. Meltwater from the Crosette stream shows
bicarbonate and calcium concentrations ranging from 10 to 70
and 6 to 50 mg/l, respectively (J.F. Buoncristiani pers. comm.).
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TABLE 3 | Bulk and microsampling stable isotope results.

Sample name $13c vsvPDB 3180 vs.vSMOW Calcite
%0 %00 wt.%
BOS2-1A bulk -11.4 14.6 92
-11.3 156.2 87
BOS2-1A X1 —12.2 14.9 -
BOS2-1A X2 —12 14.7 -
BOS2-1A Y1 —11.7 14.5 -
BOS2-1A Y2 —11.2 15.8 -
BOS2-1A Z1 —11.3 14.7 -
BOS2-1A 72 —11.4 14.8 -
BOS2-1B bulk -10.8 14 100
~10.6 14.5 85
BOS2-2 bulk -11.6 14.5 100
-11.3 156.2 100
BOS2-2 U —11.7 15.7 -
BOS2-2 U2 —12.1 15.8 -
BOS2-2 V1 —11.9 15.2 -
BOS2-2 V2 —11.7 15.2 -
BOS2-2 W1 —115 15.1 -
BOS2-2 W2 —11.1 15.4 -
BOS3 bulk -10.8 14.2 100
—-10.7 14.7 100
BOS3 G1 -10.5 14.0 -
BOS3 G2 —-11.1 156.3 -
BOS3 H1 -1 156.2 -
BOS3 H2 -105 14.4 -
STB1 bulk —11.4 15.2 100

These values are far from calcite saturation and we argue that the
SPCCs reported in this study precipitated during the process of
regelation, which concentrates ions up to saturation in the basal
meltwater of the Bossons glacier.

Carbon and Oxygen Isotopic Signals
The mean $'80 value of the Bossons-glacier SPCCs is 14.9 =+
0.5%o (10, VSMOW)), for bulk and microsampling measurements
(Table 3). The oxygen isotope values are relatively similar
in successive laminae (Figure 8), suggesting precipitation at
equilibrium in an open system condition with the regelation
ice and that Rayleigh-type fractionation during freezing did not
adversely alter the basal meltwater oxygen isotopic composition.
This is consistent with the open system subglacial hydrologic
models of Aharon (1988) and Sharp et al. (1990). Precipitation
at quasi equilibrium conditions is suggested by the presence
of acicular and elongated columnar crystal calcite fabric in all
samples (Frisia et al., 2000; Frisia, 2015). The dominance of
sparite over micrite in the Bossons-glacier SPCCs also indicates
for calcite precipitation under open-system subglacial hydrologic
conditions (Sharp et al., 1990).

The mean 3'3C value of the Bossons-glacier SPCCs is
—11.3 &+ 0.5%0 (1o, VPDB), for the bulk and microsampling
measurements (Table 3). Following the precipitation of the

SPCCs at equilibrium with the basal ice at 0°C and neutral
pH, the expected calcite carbon isotopic composition should
be enriched in 13C by ~12%o relative to CO; (Romaneck
et al, 1992). Accordingly, carbon sourcing from dissolved
gaseous CO, in snow and bubbles is not possible here because,
given an atmospheric CO, isotopic composition during the
Holocene pre-industrial period of around —6.45%o (Indermiihle
et al,, 1999), the §!3C value at equilibrium estimated for the
SPCCs would be around 12-6.45 = 5.55%o. The possibility
that the carbon is sourced from trace carbonates within the
local bedrock is unlikely here because the Bossons glacier
catchment area is mainly composed of Mont Blanc calc-alkaline
granite, poly-metamorphic gneiss and micaschist (Bussy et al.,
1989). Moreover, sedimentary carbonates or metasomatic and
metamorphic carbonates (e.g., fracture filling by late stage fluids)
have never been described or observed in the study area and
represent only trace amount in the studied bedrocks samples
(Table 2, Figure 6). A minute amount of secondary calcite is
observed in the thin sections and associated with the alteration
of plagioclases from the weathered bedrocks but is unlikely to be
a significant source of carbon in the SPCCs.

Several studies show that subglacial water system could host
bacterial communities (Sharp et al., 1999; Foght et al.,, 2004;
Hodson et al., 2008; Lanoil et al., 2009; Christner et al., 2014;
Montross et al., 2014; Boetius et al., 2015) that enhance subglacial
weathering. Montross et al. (2013) demonstrated the importance
of the generation of bicarbonate from microbial respiration of
organic matter from subglacial sediments underlain (in part) by
gneissic/granitic bedrock in laboratory experiments. Their study
demonstrated a 3.3 to 4.7-fold increase in bicarbonate production
in the biotic relative to the abiotic conditions over time periods
ranging from 3 to 10 months. Microbial respiration may be
consistent with our light 8!3C record for carbonates. However,
in our study, epifluorescence and CLS Microcopy and Raman
spectroscopy observations do not support the presence of an
active microbial community performing insoluble organic matter
oxidation in direct association with SPCCs. Yet, our observations
do not preclude that microbial respiration metabolisms occurred
in the subglacial sediments upstream of the location where the
carbonate precipitation took place.

Finally, carbon could be sourced from the basal meltwater
through the combination of abiotic and biotic oxidation of
organic material trapped in the subglacial preserved soil. This
process has been suggested by Refsnider et al. (2014) to explain
the low 3!3C of around —9%o (VPDB) in the SPCCs from
the eastern Canadian Arctic. The carbon isotopic composition
measured in organic material of sample STB1, around —24.1
=+ 0.2%o (1o), is fully consistent with the range of the modern
upland Alpine (Urseren Valley, southern central Switzerland)
soil organic matter from —27 to —21%o (Schaub and Alewell,
2009). As the soil dissolved gaseous CO; is usually enriched
in 1*C by about 4.4%0 during diffusion compared to the soil
organic matter (Davidson, 1995; Refsnider et al., 2014), if we
hypothesize that the STB1 organic carbon §'2C is representative
of the carbon source for the SPCCs, then we can calculate that
the CO; produced during the oxidation of this organic carbon
might have had an isotopic composition around —24.1 + 4.4
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FIGURE 8 | Carbon and oxygen isotope values for the carbonate within samples BOS2-1A, BOS2-2, BOS3. Isotopic values are reported in the standard §-notation in
permil (%o) relative to VPDB and VSMOW for the carbon and oxygen isotopes, respectively.

= —19.7%o. The precipitation of the SPCCs at equilibrium, at
0°C and neutral pH, with a carbon dioxide isotopic composition
of about —19.7%0 would then translate into a cryocarbonate
carbon isotopic composition of about —19.7 + 12 = —7.7%.
This calculated value is 3.6%o heavier than the mean §*C
value for the Bossons glacier SPCCs measured in this study.
However, rapid calcite precipitation can exert an additional
kinetic enrichment of up to —4%o (Turner, 1982) and we cannot
exclude here the involvement of a microbial community in
the organic matter oxidation process. We propose that the C
incorporated in the SPCCs was largely derived from old soil
organic carbon that was converted into dissolved inorganic
carbon through a combination of biotic and abiotic oxidation
processes, with minor contributions from other sources. These
proposed mechanisms for the formation of the Bossons glacier
SPCCs is consistent with the one suggested by Refsnider et al.
(2014) for explaining the low 813 C record for the SPCCs from

the eastern Canadian Arctic, and consistent with the model
experiments performed by Mitchell and Brown (2008), who
showed a large contribution of subglacial trapped soil organic
carbon to the subglacial meltwater carbon reservoir.

Implications for the Holocene Paleoclimate

in the Bossons Area

The carbon isotopic compositions of the SPCCs show that
the “dissolved inorganic” C required for the Bossons Glacier
cryocarbonate precipitation is largely derived from organic
material trapped in soils overridden by the glacier and oxidized
in the subglacial environment. The development of a proglacial
soil accumulating a large amount of organic material implies
that the glacier was in a retracted position, above our sampling
site (at 1,760 m a.s.l; Fig. 10), possibly for several hundreds of
years (Egli et al., 2006). Therefore, assuming that the organic
carbon enclosed within our cryocarbonate samples reflects the
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FIGURE 9 | Results of epifluorescence and Raman confocal microscopy. (A) transmitted light and (B) UV excited epifluorescence microscopy images of sample
STB1. (C) confocal laser scanning microscopy image of sample STB 1; blue and red colors illustrate area of UV reflection. (D) confocal laser scanning microscopy
image of sample BOS2-2 with associated Raman spectrum acquired in dark globule (E) and surrounding fibrous sparitic calcite (F).
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FIGURE 10 | Simplified representation of the Bossons glacial extension during the Holocene climatic optimum and at present. The red star represents the location of
subglacially precipitated carbonate crusts retrieved during the course of this study.
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soil organic carbon, we can deduce the minimum age of the
primary paleosol development to be around 6,500 years cal
BP. This time period is consistent with the Holocene warming
period between roughly 9,300 and 6,000 years cal BP recorded
in the Apennines and central Italy (Giraudi et al, 2011).
In further detail, it is consistent with period III, between
7,400 and 5,700 years cal BP, described by Arnaud et al
(2012) as a period of high clastic input in the alpine Lake
Bourget following soil development in the catchment area.
Indeed, the main source area of clastic particles for Lake
Bourget over the last 9,400 years cal BP is the upper part
of the Arve River drainage basin, which includes the glaciers
from the Mont Blanc Massif (Debret et al., 2010). This is
also in agreement with the hypothesis that this part of the
Holocene records a pedological optimum during which soils
developed on alpine terrenes at an altitude of at least 2,100 m
above sea level (Giguet-Covex et al., 2010; Mourier et al.,
2010; see Figure 10). Therefore, the SPCCs might record a
widely untapped source of information about the Holocene
paleoclimatic oscillations and their consequences on high altitude
soil development.

CONCLUSIONS

The cryocarbonates from the Bossons glacier observed in
this study are SPCCs. The precipitation of large crystals of
radial fibrous sparite is favored when basal meltwater becomes
saturated with CaCO;3; during the regelation process due to
pressure fluctuations on the lee side of roche moutonées. The
sources of calcium in the Bossons glacier SPCCs are likely derived
from chemical weathering of calcium silicate minerals from the
granito-gneissic basements of the Mont Blanc Crystalline Massif.
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