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Strontium (Sr) and calcium (Ca) isotopic compositions and Sr/Ca ratios have been analysed in different fractions
of pedogenic needle fibre calcite (NFC) from the Swiss Jura Mountains (Villiers, Neuchâtel, Switzerland) in order
to determine their Ca sources and to investigate the potential role of fungi in the origin of NFC. 87Sr/86Sr ratios
have been measured to trace the Ca trapped within different pedogenic carbonate. This ratio was compared for
previously identified microscopic morphological groups of NFC, the bulk soil fine earth (< 2 mm), the carbonate
host rock (CHR), a late calcitic cement (LCC, another pedogenic carbonate precipitated physicochemically at the
same depth as NFC in soil pores), the soil solution, and the throughfall. The 87Sr/86Sr indicated a mixing of
weathered allochthonous minerals (an atmospheric component) and the dissolved CHR (the local geogenic
component). Moreover, the comparison of 87Sr/86Sr ratios of the different types of NFC with LCC suggests that
the contribution of Ca from the main Ca sources slightly differs between NFC morphotypes and LCC. In addition,
the three NFC morphotypes displayed Sr isotopic compositions different from each other, emphasizing a direct
relationship between the microscopic shapes of NFC and the processes involved in their respective formation,
including the origin of the Ca. Strontium concentrations and δ44/40Ca values of NFC and LCC crystals were used
to determine possible differences in their growth rate and/or micro-environmental conditions during their
formation. Crystals described micromorphologically as simple needles (SN) were enriched in 44Ca and depleted
in Sr compared to LCC, suggesting that the elongated shape of the SN crystal cannot be related to a rapid
precipitation rate, but rather to a slow precipitation. Calculations applied to the soil solution evolution during
calcite precipitation demonstrates the utilisation of large portions of the Ca pool for NFC formation within a
closed system, e.g. inside an organic mould, such as fungal hyphae. The differences between the three microscopic groups can be explained by a mixing of the SN with a LCC-like compound originating from the soil
solution.

1. Introduction
Needle fibre calcite (NFC) is a habitus of calcium carbonate (CaCO3)
frequently observed in environments affected by pedogenic processes
(Durand et al., 2018) as well as in caves as a component of moonmilk
(Borsato et al., 2000; Cañaveras et al., 2006). This study, only dealing
with NFC precipitated in soils, is based on “cotton ball”-like NFC and
white, consolidated (but still plastic) coatings attached to soil grains
(Jones and Kahle, 1993; Verrecchia and Verrecchia, 1994; Cailleau
et al., 2009a; Millière et al., 2011a, 2011b). NFC is a monocrystal in the
shape of a needle with an average diameter of 1–2 μm and a length
reaching 102 times its width. Microscopically, there is a high variability
in morphologies (Cailleau et al., 2009a). Three main microscopic
groups have been identified in the Swiss Jura Mountains: simple needle

⁎

(SN), simple needles with calcitic overgrowths (SNO), and simple
needles with nanofibres (SNN; Millière et al., 2011a); nanofibres consist
of nano-sized needle-like crystals or organic matter (Bindschedler et al.,
2014). According to previous studies, simple needles correspond to the
original form of NFC, which can evolve into the two other microscopic
morphologies inside the soil pore space (Vergès et al., 1982; Verrecchia
and Verrecchia, 1994; Cailleau et al., 2009a; Millière et al., 2011a).
Nevertheless, despite intense work on NFC, its origin and the processes
involved in its formation are still under debate. Since NFC has never
been reproduced in the laboratory, processes leading to the precipitation of calcite in such an elongated shape with its particular crystallographic properties are still unexplained (Iwanoff, 1906; Mügge, 1914;
Stoops, 1976 and Vergès et al., 1982). Morphological similarities between fungal hyphae and simple needles of calcite observed in soils
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and trace elements incorporated in the calcium carbonate crystal during
its growth. Several variables influence Sr partitioning in calcite crystals
(McIntire, 1963; Morse and Bender, 1990). Strontium incorporation
into biogenic and inorganic calcite may increase with the increasing
calcification and precipitation rate, respectively (Lorens, 1981;
Tesoriero and Pankow, 1996; Lea et al., 1999; Stoll and Schrag, 2000;
Huang and Fairchild, 2001; Stoll et al., 2002a, 2002b; Wasylenki et al.,
2005; Nielsen et al., 2013; Gabitov et al., 2014). A negative temperature dependence for Sr has also been demonstrated in inorganic calcite
(Holland et al., 1964; Kinsman, 1969), whereas in biogenic calcite
precipitation experiments, the Sr temperature dependence is still poorly
understood (Katz et al., 1972; Lea et al., 1999; Humphrey and Howell,
1999; Malone and Baker, 1999; Stoll et al., 2002a, 2002b; Langer et al.,
2006).
Another tool used to study CaCO3 precipitation processes is the
stable isotopic composition of Ca (δ44/40Ca). Although the exact mechanisms of Ca fractionation during calcite precipitation are still under
discussion, the Ca isotopic composition has been suggested as a valuable tool for constraining processes during CaCO3 formation (Schmitt
et al., 2018; Moynier and Fujii, 2017; Gussone et al., 2016). Factors that
have been shown to influence the δ44/40Ca − ∗ of a CaCO3 mineral are
(i) temperature (Gussone et al., 2003; Marriott et al., 2004), (ii) precipitation rate (Lemarchand et al., 2004; Tang et al., 2008b), (iii) solution stoichiometry (Nielsen et al., 2012), (iv) crystal structure
(Gussone et al., 2005, 2011) and (v) reservoir utilisation (Rayleigh-type
fractionation, Teichert et al., 2005).
The objectives of this study were two-folds. First, by using the
87
Sr/86Sr ratio, it aimed at quantifying the contribution of different Ca
sources in the various CaCO3 deposits found at the Villiers quarry (CHR
– carbonate host rock, LCC, and the three microscopic morphological
groups of NFC), as well as in soil leachates and one sample of rainwater.
The different CaCO3 deposits were precipitated in the same environment, but likely by different processes. Therefore, determining whether
the Ca constituting the NFC originates from the carbonate host rock
(CHR) or from atmospheric inputs, in a context of high atmospheric
precipitations (rainfalls and snowfalls), represents a clue for their
origin. In addition to this, since pedogenic carbonates can act as an
atmospheric carbon sink in the Jura Mountains (e.g. Hasinger et al.,
2015), the 87Sr/86Sr ratio can be used to quantify the contribution of
each source for the Ca entrapped within NFC and LCC crystals. The
second objective of this study was to better understand the conditions
that led to the precipitation of the three microscopic morphologies of
NFC, as well as of the LCC. For this, the δ44/40Ca values and Sr/Ca ratios
were determined on CaCO3 and soil solution samples harvested at
regular intervals. These results allowed discussing the potential genetic
relationships between the three microscopic morphological groups and
hence the origin of NFC.

Abbreviations
CHR
δ44/40Ca
DSS
NFC
LCC
SN
SNN
SNO

carbonate host rock
= ((44Ca/40Ca)sample/(44Ca/40Ca)SRM915a − 1) ∗ 1000 .
deep soil solution
needle fibre calcite
late calcitic cement
simple needle morphology
simple needle covered by nanofibres
simple needle with calcite overgrowth

(Callot et al., 1985a, 1985b; Phillips and Self, 1987; Verrecchia and
Verrecchia, 1994; Bindschedler et al., 2012) led authors to propose that
NFC could precipitate inside organic structures acting as moulds, constraining calcite crystals to grow in the shape of a needle along an axis
other than their c axis. The different NFC morphotypes, and a late
calcitic cement (LCC) from the same soil depth, have been sampled in
the Swiss Jura Mountains (Villiers quarry). Their oxygen and carbon
isotope ratios are similar, suggesting precipitation in the same environmental conditions (e.g. temperature; Millière et al., 2011a). Thus,
the growth of NFC crystals inside fungal hyphae is currently the favoured hypothesis, which is consistent with the formation of elongated
crystals of NFC in isotopic equilibrium with its local environment.
The understanding of soil carbonate formation and the incorporation of geochemical tracers have wide implications for environmental
studies. For instance, the formation of soil carbonate in epi-karst can
influence the chemistry of cave deposits, which are frequently used
archives as well as by the reconstruction of paleo-climate directly based
on soil carbonate, e.g. in loess (Li et al., 2013; Li et al., 2017).
Strontium (Sr) is currently used as a tracer of calcium (Ca), as it is
accepted that 87Sr/86Sr incorporation into carbonate is not affected by
growth conditions, such as the temperature or the growth rate (Capo
et al., 1998). Strontium isotope composition allows the two main
sources of Ca to be traced in a soil system, namely Ca released from
minerals present in the soil and the parent rock on one hand, and the
atmospheric contribution through dusts and rainfall inputs, on the
other hand. If external (atmospheric input) and in situ (local mineral
weathering) sources of Sr in the soil have different 87Sr/86Sr ratios, they
can be used to trace the origin of Sr, and thus, those of Ca entrapped
into pedogenic secondary CaCO3 (Graustein and Armstrong, 1983;
Capo and Chadwick, 1999; Quade et al., 1995; Capo et al., 1998;
Chiquet et al., 1999; Naiman et al., 2000; Van der Hoven and Quade,
2002).
The total Sr concentration in a calcite crystal is complementary to
the approach by Sr isotopic composition, as it gives some information
on the chemical environment, which influences the amount of minor
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Fig. 1. Geographical location of the studied area in western Europe and Switzerland.
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2. Site description

developed porosity. No secondary carbonate has been observed in the
Aca horizon. The Bcah horizon, between 20 and 60 cm deep, is characterised by a large amount of organic matter and is also dark brown.
The limit between the two uppermost horizons is sharp. The calcitic
skeleton is also extremely abundant, and the size of cryoclasts and rock
fragments ranges from 2 to 50 mm. NFC is observed in the deepest part
of the Bcah horizon. Finally, the deepest horizon is a Ccak. The coarse
skeleton, formed by calcareous cryoclasts, is covered with or embedded
in secondary CaCO3. This horizon is characterised by a high porosity
and an intense drainage down to a depth of 60 cm. The size of cryoclasts
mostly varies between 10 mm and 10 cm, roots are abundant, as well as
fungal rhizomorphs. The limits between the upper (Aca and Bcah) and
mineral horizons (Cca) are sharp and undulated (Fig. 2).

The study area (Villiers quarry, 47°04′N, 6°59′E, 769 m a.s.l.) is situated in the Swiss Jura Mountains, approximately 15 km NNE from the
city of Neuchâtel, and about 60 km from Bern (Fig. 1). Climate data
recorded in this region report a mean annual rainfall of 1200 mm and a
mean annual temperature of 6 °C. Periodically, air masses from the
Western Sahara, Moroccan Atlas, and central Algeria transport dust that
falls down over western Europe (Middleton and Goudie, 2001), contributing to the geochemistry of pedogenic processes. Finally, the area
is affected by a succession of anticlines and synclines deforming the
geological substratum composed of Jurassic and Cretaceous limestones.
The studied soil is located near a quarry, at the foot of an anticline
affected by two overthrusts (Burkhard and Sommaruga, 1998). This
calcareous soil in Villiers is developed on indurated scree deposits,
mainly formed during the Last Glaciation (Würm; Arn, 1992) by
freezing and shattering of the superficial part of the parent limestone.
Pores and cracks between cryoclasts are filled with vadose silt formed
by a mixing of fragments of recrystallized Mesozoic limestone, iron
oxyhydroxides, clays, quartz and mica grains (Fig. 2). Pochon (1978)
has demonstrated that the main part of the mineral fraction forming
soils in the Swiss Jura Mountains is aeolian in origin. Later on, during
the Holocene, vegetation growth on scree slope deposits contributed to
the incorporation of organic matter and the formation of a well-developed soil. The vegetation at the studied site corresponds to a beech
and fir trees forest. The soil corresponds to a hypocalcic Calcisol (hyperhumic skeletic) pedon according to the IUSS Working Group WRB
(2006). The uppermost horizon, identified as an Aca horizon, is dark
brown, indicating a high amount of organic matter. Small calcareous
fragments, between 2 and 20 mm, constitute the soil skeleton (coarse
fraction). Roots are extremely abundant in this horizon, with a highly
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3. Methods
3.1. Sample collection
3.1.1. Sampling scheme to inventory Sr and Ca in different soil and CaCO3
compartments
In order to identify the sources of Ca in the various CaCO3 compartments at the Villers quarry several samples have been harvested.
Carbonate host rock samples (CHR; n = 5) were randomly sampled in
various locations at the base of the quarry, as well as in the soil profile,
in order to have a wide range of 87Sr/86Sr values of this potential Ca
source (i.e. the carbonate host rock). The late calcite cement (LCC;
n = 7) was sampled in highly cemented blocky cryoclasts forming the
lowest part of the soil. 17 samples of two macroscopic morphologies of
NFC (“cotton ball”-like aggregates and white coatings) were selectively
collected in the soil profile (between 60 and 130 cm deep) with polypropylene tweezers. Sampling of these two macroscopic shapes of NFC
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Fig. 2. Sketch and chemical characteristics of the soil profile at Villiers. (A) Soil profile at Villiers quarry. The soil is divided into three main horizons: the Aca, rich in
organic matter, the (Bcah), depleted in CaCO3 but still enriched in organic matter, and the Ccak horizon composed of calcareous scree deposits, enriched in needle
fibre calcite (NFC) in pores between the cryoclasts, and partly cemented by secondary calcium carbonate (LCC). (B) Ca concentrations in NFC and LCC (shaded areas),
carbonate host rock (CHR, lozenges) in ppm and soil (triangles). White triangles represent Ca concentrations in ppm of soil leachates, black triangles those of the total
soil powder, given as weight percent (wt%). (C) Sr concentrations in NFC and LCC (shaded areas), CHR (lozenges) in ppm and soil. White triangles represent Sr
concentrations in ppm of soil leachates and black triangles the Sr concentration for the total soil powder given in weight percent (wt%). (D) Strontium isotope
signature of soil leachates, NFC, CHR, and LCC. Each value is plotted according to the depth. The box in bold drawn in the soil sketch at 80 cm deep shows the place
where thin sections of Fig. 6 have been sampled.
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was carried out randomly from August 2006 to October 2009. The top
soil layer was sampled within the uppermost 10 cm and then, the
deeper soil material each 10 cm, starting from 50 to 100 cm deep in the
soil profile, where the NFC is most abundant. The samples were collected and stored in polypropylene boxes, which were previously washed with 10% nitric acid (HNO3) in a sonic bath for 1 h and then rinsed
twice with deionised water. Finally, the soil percolating solutions (soil
leachates) were sampled in free lysimeters at two different depths: 40
and 110 cm, both on two dates, February the 25th 2008 and April the
25th 2008, which corresponds to the gathering of soil solutions from
January the 15th 2008 to February the 25th 2008, and from February
the 25th 2008 to April the 24th 2008, respectively. The conventional
total alkalinity (mainly as CO32−) of the soil percolating solutions
ranged from 1.26 mmol/L to 2.40 mmol/L. The rainwater was collected
on February the 25th 2008 in polypropylene tubs placed in a box on a
tree stump in order to avoid possible contamination due to the “splash”
effect (Schultz et al., 1985) and corresponds to the same time period as
the percolating water sampled on February the 25th 2008. Rainwater
has been collected under the forest cover and is thus qualified as
“throughfall”.

(0.45 μm) in order to remove undissolved particles. Soil solution samples were filtered through a 0.2 μm cellulose acetate filter and acidified
with 7 M HNO3 (suprapur, Merck) before evaporation. Each carbonate
phase (CHR, LCC, SN, SNO, and SNN) was acidified with 7 M HNO3
(ultrapur, Merck) in a Teflon vessel and evaporated at 120 °C, whereas
the soil solution and soil samples in solution were directly evaporated.
The evaporation residues were collected in 0.5 mL 1 M HNO3.
Strontium was concentrated and solutions purified by a passage
through cation exchange columns containing Sr-Spec® resin (Waight
et al., 2002).
3.2.2. Calcium isotopes
Powders of carbonate samples (LCC, CHR, SN, SNO, and SNN) were
loaded into Teflon screw top vials, weighted, and dissolved in 2.5 N
HCl. Aliquots of the sample digest were mixed with a 42Ca-43Ca-doublespike (Gussone et al., 2010, 2011) to correct for isotope fractionation
during data acquisition in the mass spectrometer. The spike sample
mixture was dried and recovered in 6 N HCl. Soil samples and
throughfall waters were mixed with a 42Ca-43Ca-double-spike, dried
down and recovered in 1.8 N HCl. Calcium was isolated using a 100 μL
column volume HCl-chemistry with MCI Gel CK08P (75–100 μm)
(Teichert et al., 2009; Ockert et al., 2013). The purified Ca solution was
dried down and recovered in 6 N HCl.

3.1.2. Seasonal sampling experiment
In order to get Ca and Sr geochemical signatures through different
seasons, the soil water (leachates) and the different morphotypes of
NFC samples have been harvested monthly (between September 2013
and May 2014) at Villiers, as the site provided large quantities of NFC,
in order to get geochemical signatures through different seasons. The
periodically sampled site was the same as the one that was monitored
during a previous study devoted to the measurements of carbon and
oxygen isotopes' variability (Millière et al., 2011a, 2011b; Hasinger
et al., 2015). Unfortunately, because the Villiers quarry was still
exploited between the sampling sessions (beginning of September and
October 2013), the quarry has been partially refilled, making further
regular sampling at the same depth and location impossible. For the
same reasons, the cleaning of the sampling areas (by removing the already formed NFC in order to obtain only new formed ones) was not
effective for the entire period, since the pre-cleaned areas have been
recovered by quarry material. Therefore, from October 2013 to May
2014, the sampling was carried out in another place of the quarry wall,
cleared a few meters up to an equivalent location of the previous
sampling area. During this period, the two NFC morphotypes, i.e. cotton
ball-like structures of NFC and NFC coatings on pebbles, have been
sampled at each sampling session, along with late calcitic cements
(LCC), the soil solution, and the rainwater, when available. Finally, the
soil solution (leachates) has been sampled in lysimeters buried in the
wall profile, a few centimetres above the NFC accumulations.

3.3. Analytical methods
3.3.1. Strontium isotopes
Strontium isotope ratios were measured at the University of Bern
(Switzerland) using a Nu-instruments® Multicollector Inductively
Coupled Plasma Mass Spectrometer (MC-ICP-MS). The reproducibility
of the 87Sr/86Sr measurements was estimated by repeated analyses of
the NBS 987 Sr standard, which were statistically undistinguishable,
with a mean value of 0.710183 ± 0.000012 (2σ, n = 9).
3.3.2. Calcium isotopes
About 300 ng Ca was loaded on outgassed Re-single filaments using
the sandwich technique (TaF5-solution - sample - TaF5-solution). The Ca
isotope composition was determined by thermal ionization mass spectrometry on a Thermo Fisher Scientific Triton thermal ionization mass
spectrometer at the Institut für Mineralogie, Universität Münster
(Germany). Measurements were performed in static mode, simultaneously measuring 40Ca, 42Ca, 43Ca, and 44Ca. Potential interference of
40
K on 40Ca was monitored on mass 41K, but was always found negligible. Instrumental mass fractionation was corrected by an iterative
approach using the routine of Heuser et al. (2002). Calcium isotope
ratios are expressed as δ44/40Ca relative to the NIST SRM 915a standard
as follows (Eq. (1)):

3.2. Sample preparation

( )
( )
44

Ca

The different NFC samples (SN, SNO, and SNN) were sorted under a
binocular microscope in order to remove organic matter and any other
possible contaminant material. The carbonate host rock (CHR) and the
late calcitic cement (LCC) were sawed in the laboratory in order to
eliminate potential surficial alteration and then crushed in an agate
mortar. The soil samples were air-dried, sieved at 2 mm, and the fraction < 2 mm has been crushed, corresponding to the fine earth fraction.
Part of the powder was used for the measurements of Sr and Ca isotope
compositions (see below) and the other part was used to make pressed
chips to perform analyses of element concentrations.

44/40

Ca [‰] =

40

Ca sample

44

Ca

40

Ca SRM 915a

1 × 1000
(1)

and average values are calculated as weighted averages. The dolomite
standard J-Do gave a δ44/40Ca value of 0.70‰ ± 0.04‰ (n = 7). The
twofold standard deviation (2SD) of J-Do measurements was ± 0.07‰,
which is consistent with the average 2 SD of replicate sample analyses
of < 0.1‰. Analysis of four modern seawater samples (GeoB 9506-4)
revealed a δ44/40Ca of 1.93 ( ± 0.05‰ 2se; 0.11‰ 2SD), in agreement
with published values (e.g. Heuser et al., 2016).

3.2.1. Strontium isotopes
250 mg of each soil sample were dissolved in a closed Savilex Teflon
vessel with 10 mL of 7 M HNO3 acid (suprapur, Merck). Samples were
digested in a microwave oven (MSL-Ethos plus, Milestone) using the
heating program of the EPA 3051 method (20 min at 175 °C ± 5 °C).
After cooling down, the solution was filtered on a cellulose acetate filter

3.3.3. Ca and Sr concentrations
The elemental concentration of the different CaCO3 phases and the
soil leachates were analysed by ICP-MS (Thermo Fisher Element XR) at
the University of Lausanne (Switzerland). 50 μg of either of the three
NFC morphotypes were first dissolved in 0.2 mL of 65% HNO3
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(suprapur, Merck) and then diluted in 0.8 mL of deionised water. 1 mg
of LCC or CHR were dissolved in 4 mL of 65% HNO3 and diluted in
16 mL of deionised water. Calcium and Sr concentrations in soil samples have been analysed with two different methods. First, X-ray
fluorescence (XRF) PANanalytical Axios spectrometer was used at the
University of Lausanne. The results obtained from X-ray fluorescence
(XRF) correspond to the overall elemental content of the solid phases,
independently of whether the element is part of a mineral, an amorphous phase, or if it is adsorbed at the surface of a solid (Pfeifer et al.,
1991). Second, the total concentration was also determined by an acid
extraction method corresponds to 15–85% of the concentration determined by XRF (Meyer, 1991). The acid extraction removes all relatively mobile cations, a method which has led several authors to call the
“labile reservoir” the phase resulting from HNO3 extraction (Chow
et al., 1973; Shirahata et al., 1980; Ng and Patterson, 1982; Erel et al.,
1990; Steinmann and Stille, 1997; Pourcelot et al., 2008). Thus, the first
method is used to measure Ca and Sr concentrations throughout the soil
bulk fraction, as it pictures the soil elemental composition; the second
method is used to compare Ca and Sr concentrations in soil leachates
and carbonate phases.
The Sr/Ca ratio of the soil solution and NFC morphotypes sampled

during the seasonal sampling experiment were determined on a Varian
Vista Pro Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES) at the Institut für Mineralogie (University of Münster,
Germany), similar to the method described in Gussone and Friedrich
(2018), using the following wavelength of 393.366 nm for Ca and
407.771 nm for Sr. Repeated measurements of home standards (coral
and artificial solutions) were performed for correction of instrumental
drift and day-by-day variations. The analytical uncertainties were determined by replicate measurements of standards and selected samples
and were in the range of 0.2 to 0.5 % for Sr/Ca (1 SD). Coral standard
JCP-1 revealed Mg/Ca and Sr/Ca ratios of 4.19 and 8.77 mmol/mol,
respectively, similar to the values reported by Okai et al. (2004), ranging from 4.16 to 4.18 mmol/mol Mg/Ca, 8.69 to 8.71 mmol/mol Sr/
Ca, and within the range of values reported by Hathorne et al. (2013).
3.4. Calculations
The 87Sr/86Sr ratios of CHR, LCC, NFC (SN, SNN, SNO microscopic
morphotypes), and soil samples were compared using a t-test (calculated with Matlab™ software). The SN, SNN, SNO microscopic
morphologies were also compared with a statistical t-test. The LCC and

Table 1
Values of the 87Sr/86Sr ratio, calcium (Ca) and strontium (Sr) concentrations, and calcium isotope compositions of the carbonate host rock (CHR), the late calcitic
cement (LCC), the three microscopic morphological groups of needle fibre calcite (NFC), i.e. SN (simple needle), SNN (simple needle with nanofiber) and SNO (simple
needle with overgrowths), the soil solution, and the soil fine earth fraction (soil, at various depths in cm) from the inventory sampling.
Sample name

Sample type

87

CH01-17B
CH01-22
CH01-24
CH01-24A
CH01-30A
CH01-30A1
CH01-29A
CH01-30B
CH01-03A
CH01-29A1
CH01-01C
CH01-05
CH01-24B
CH01-13
CH01-14
CH01-23
CH01-26
CH01-28
CH01-C1
CH01-C2
CH01-C4
CH01-C5
CH01-21B1
CH01-20C
CH01-001
CH01-002
CH01-003
CH01-004
CH01-005
Th (25.02)b
SS-50 (25.02)b
SS-110 (25.02)b
SS-50 (25.04)b
SS-110 (25.04)b
CH01-P10
CH01-P50
CH01-P60
CH01-P70
CH01-P80
CH01-P90
CH01-P100
CH01-P130

SN
SN
SN
SN
SNN
SNN
SNN
SNN
SNN
SNN
SNN
SNN
SNN
SNO
SNO
SNO
SNO
SNO
LCC
LCC
LCC
LCC
LCC
LCC
CHR
CHR
CHR
CHR
CHR
Throughfalls
Soil solution
Soil solution
Soil solution
Soil solution
Soil (10 cm)
Soil (50 cm)
Soil (60 cm)
Soil (70 cm)
Soil (80 cm)
Soil (90 cm)
Soil (100 cm)
Soil (130 cm)

0.70769
0.70777
0.70769
0.70789
0.70811
0.70793
0.70807
0.70797
0.70770
0.70796

a
b
c

Sr/86Sr

[Ca] μg·g−1
±
±
±
±
±
±
±
±
±
±

_
_

4.6 × 10−5
7.8 × 10−5
5.6 × 10−5
6.4 × 10−5
4.8 × 10−5
3.4 × 10−5
7.6 × 10−5
3.6 × 10−5
4.8 × 10−5
8.8 × 10−5

0.70786 ± 9.8 × 10−5
0.70792 ± 7.6 × 10−5
0.70810 ± 6.0 × 10−5
0.70796 ± 6.6 × 10−5
0.70785 ± 4.0 × 10−5
0.70794 ± 6.4 × 10−5
0.70814 ± 3.6 × 10−5
0.70883 ± 2.0 × 10−5
0.70773 ± 3.8 × 10−5
0.70786 ± 5.4 × 10−5
0.70781 ± 5.4 × 10−5
0.70778 ± 3.6 × 10−5
0.70724 ± 2.4 × 10−5
0.70729 ± 2.4 × 10−5
0.70712 ± 2.6 × 10−5
0.70709 ± 3.6 × 10−5
0.70715 ± 2.0 × 10−5
0.70757 ± 2.4.10−5
0.70766 ± 4.0 × 10−5

0.70756 ± 2.0 × 10−5
0.70724 ± 2.8 × 10−5
0.70719 ± 2.8 × 10−5
0.70767 ± 3.6 × 10−5
0.70765 ± 3.0 × 10−5
0.70740 ± 4.2 × 10−5
0.70742 ± 3.0 × 10−5
0.70757 ± 2.7 × 10−5

406,902.0
401,814.0
386,747.0
402,857.0
_
_
395,576.0
384,936.0
405,843.0
395,576.0
393,364.9
394,051.3
400,290.0
403,179.0
395,013.0
407,305.0
408,982.0
409,831.0
392,324.0
403,615.0
386,100.0
404,632.0
397,666.0
415,544.0
364,149.0
355,370.0
407,325.0
399,981.0
355,032.0
0.5
36.1
35.9
36.6
52.7
27,544.3
31,771.7
372,829.2
234,075.8
276,334.7
319,704.1
353,385.9
352,416.8

[Sr] μg·g−1
21.0
19.6
18.5
19.3
_
_
20.2
23.8
26.5
20.2
21.7
25.3
23.2
51.5
28.4
22.9
26.5
40.4
31.2
31.6
42.3
22.4
24.5
29.5
115
131
145
163
144
2.35 × 10−4
7.35 × 10−3
7.64 × 10−3
6.83 × 10−3
9.68 × 10−3
_
140
136
90
92
106
104
108

δ44/40Ca values relative to the NIST SRM 915a standard.
Different solutions have been sampled during the year 2008.
n = 2. Average 2SD of standards and samples about 0.09‰ applicable for samples analysed once.
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[Sr/Ca] mol/mol

δ44/40Ca (‰)a

2.36 × 10−5
2.23 × 10−5
2.19 × 10−5
2.19 × 10−5

_
0.54
0.66
0.49
_
_
_
_
_
_
0.19
0.26
0.42
_
_
0.37
0.34
0.30
−0.08
−0.36
0.03
_
_
_
0.95
0.66
1.04
_
_
0.35
0.82
0.70
0.62
0.51
_
_
_
_
_
_
_
_

2.34 × 10−5
2.83 × 10−5
2.99 × 10−5
2.34 × 10−5
2.52 × 10−5
2.94 × 10−5
2.65× 10−5
5.84 × 10−5
3.29 × 10−5
2.57 × 10−5
2.96 × 10−5
4.51 × 10−5
3.64 × 10−5
3.58 × 10−5
5.01 × 10−5
2.53 × 10−5
2.82 × 10−5
3.25 × 10−5
1.44 × 10−4
1.69 × 10−4
1.63 × 10−4
1.86 × 10−4
1.86 × 10−4
2.15 × 10−4
9.31 × 10−4
9.73 × 10−4
8.54 × 10−4
8.40 × 10−4
2.01 × 10−3
1.67 × 10−4
1.76 × 10−4
1.52 × 10−4
1.51 × 10−4
1.34 × 10−4
1.40 × 10−4

2SDc

0.12

0.08

0.02

0.05
0.08
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NFC samples have been considered as a mixture of two sources: atmospheric input and weathering of the carbonate host rock. Therefore,
the proportion of Sr in each sample has been calculated using mixing
equation (Eq. (2)) (Capo et al., 1998):

X (Sr )Atm =

87

( Sr /86Sr )CHR

87

( Sr /86Sr )CHR

( Sr /86Sr )Cal
( Sr /86Sr )Atm

atmospheric source. Atm and CHR subscripts refer to the atmospheric
and carbonate host rock end-members, respectively. Cal subscript represents the calcite phase (either LCC or NFC morphotypes). The contribution of one of the two end-members to the fraction of calcium can
be calculated from the Sr isotope data if the Sr/Ca ratio is known for
each component. The relative contribution of atmospheric Ca in the
calcite phases can be calculated using the equation (Eq. (3)):

87

87

(2)

where X (Sr)Atm represents the mass fraction of Sr derived from

Rainfalls

Atmospheric dustsa
0.71112 ± 3x10-4

Througfall
0.70757 ± 2.4x10-5

Soil
0.70749 ± 1.8x10-5

Sr: 22%
Ca: 28%
LCC
0.70803
± 3.6x10-5
Sr: 78%
Ca: 72%

Sr: 18%
Ca: 24%
SNO
0.70790
± 5.0x10-5
Sr: 82%
Ca: 76%

Sr: 15%
Ca: 20%

Sr: 19%
Ca: 25%

SN
0.70776
± 1.4x10-5

SNN
0.70794
± 9.0x10-5

Soil solution
0.70766 4x10-5

Sr: 85%
Ca: 80%

Sr: 81%
Ca: 75%

Carbonate host rock
0.70718 ± 0.8x10-5

Fig. 3. Average 87Sr/86Sr values in the Villiers system. SN: simple needles, SNN: simple needles with nanofibres, SNO: simple needles with overgrowths, LCC: late
calcitic cement. Grey arrow and boxes indicate the contribution in calcium and strontium by the carbonate host rock; brown arrow and boxes indicate the input from
weathered minerals stemming from the atmospheric dusts. Blue arrows point out the interactions between each component of the ecosystem. a: values from Burton
et al. (2006). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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X (Ca)Atm =

87Sr
86Sr
87Sr
86Sr

Cal

87Sr
86Sr

×
CHR

C al

( )

87Sr
86Sr

Sr
Ca CHR

+

×
CHR
87Sr
86Sr

and Fig. 2 B, C). Calcium isotope analyses of CHR, SN, SNN, SNO, LCC,
soil water, and throughfall are presented in Tables 1 and 3, as well as in
Fig. 5. The average Ca isotope signature of CHR is 0.88‰ and defines
the highest end-member value. The average values of Ca isotope composition of the three microscopic shapes of NFC (δ44/40CaSN = 0.51‰;
δ44/40CaSNN = 0.43‰; δ44/40CaSNO = 0.27‰) are fairly close to each
other, even if the Ca isotope composition of SNO is depleted in 44Ca as
compared to the two other microscopic shapes (Fig. 6). The average
δ44/40Ca value of LCC is different from the average δ44/40Ca values of
the three NFC microscopic morphologies, with a mean of −0.01‰.
Finally, the average value of the Ca isotope signature of the soil solution
(δ44/40Casoil-solution = 0.75‰) is intermediate between the average
value of CHR (δ44CaCHR = 0.88‰) and throughfall (δ44/
40
Cathroughfall = 0.35‰).

( )

Sr
Ca CHR

Atm

87Sr
86Sr

×
Cal

( )

Sr
Ca Atm

(3)
where X (Ca)Atm represents the mass fraction of Ca derived from the
atmosphere.
For the calculations, 0.71112 as 87Sr/86SrAtm from Burton et al.
(2006) and 1.2 × 10−4 (mol/mol) as (Sr/Ca)Atm from De Angelis and
Gaudichet (1991) have been chosen.
4. Results
4.1. Strontium isotopes

5. Discussion

The 87Sr/86Sr ratios of the CHR (average ± 1 SD;
0.70718 ± 0.8 × 10−5) are in the range of marine carbonate from the
Phanerozoic (Table 1) and define the other end-member besides the
atmospheric input (see Fig. 3). The 87Sr/86Sr ratios of the LCC vary
between 0.70773 and 0.70883 (0,70803 ± 4.2 × 10−4) and they
overlap with the 87Sr/86Sr ratios of the NFC, which vary between
0.70769 and 0.70811 (0.70793 ± 1.4 × 10−5). More specifically, the
87
Sr/86Sr values of the microscopic morphological groups SNO and SNN
vary in the same range (SNN: 0.70770 to 0.70811; SNO: 0.70785 to
0.70810) and have similar averages (SNN: 0.70794 ± 5.0 × 10−4;
SNO: 0.70790 ± 9.0 × 10−5). The simple needle group (SN) has a
slightly less radiogenic average value (0.70776 ± 1.4 × 10−4) compared to the two other microscopic morphological groups and can be
statistically differentiated (Fig. 4; Tables 1 and 2). The 87Sr/86Sr values
of the soil samples from different depths vary between
0.70719 ± 2.8 × 10−5 and 0.70767 ± 3.6 × 10−5, with an average
value of 0.70735 ± 1.8 × 10−5. The two surficial samples (P-10 and
P-50) have the least radiogenic Sr isotope signatures as the values start
to increase at 60 cm depth, where the first NFC and LCC occurrences are
observed in the soil profile (Fig. 2). Collected throughfall samples and a
single soil water sample give 87Sr/86Sr ratios of 0.70766 ± 4.0 × 10−5
and 0.70757 ± 2.4 × 10−5, respectively (Fig. 4, Table 1).
The average of the 87Sr/86Sr values of LCC and NFC are statistically
different from CHR (Table 2). The average values of the microscopic
morphological groups SNN and SNO are statistically indistinguishable
but are both different from the SN microscopic group (Table 2). The
average LCC 87Sr/86Sr ratio is not statistically different from the
87
Sr/86Sr ratio of the SNN and SNO groups, but distinguishable from the
mean 87Sr/86Sr ratio of the SN group.

5.1. Sources of Sr and Ca in Villiers quarry
Calcium in soil ecosystems is subject to many exchanges between
the soil mineral phases, the soil solution, and the vegetation. The similar chemical behaviour of Sr and Ca allows 87Sr/86Sr ratios to be used
as a proxy for Ca sources at an ecosystem scale (Poszwa et al., 2000).
The radiogenic 87Sr/86Sr ratio is not significantly changed during biological processes and mineral precipitation, because all mass-dependent
isotope fractionation effects, either of natural origin or taking place
during mass-spectrometry and chemical sample treatment, are erased
by normalisation to the natural 88Sr/86Sr ratio. Thus, the 87Sr/86Sr ratio
of pedogenic CaCO3 depends only on the mixing between the available
sources. When the two main Ca inputs in terrestrial ecosystems, namely
the weathering of parent rock as well as the wet and dry atmospheric
deposits, are known and sufficiently contrasted, the origin of Ca included in pedogenic CaCO3 can be traced and quantified using mass
balance techniques (Capo et al., 1998).
The throughfall samples at Villiers quarry (87Sr/86Sr =
0.70751 ± 2 × 10−5) are depleted in 87Sr compared to seawater,
which is characterised by an extremely uniform global 87Sr/86Sr isotope
ratio (87Sr/86Sr = 0.70917 ± 1.0 × 10−5; Dia et al., 1992). This seems
to indicate that the wet deposits in Villiers quarry do not, or only partly,
originate from seawater. This observation is in line with the statement
0.7090

4.2. Strontium and calcium concentrations, δ44/40Ca

CHR
SOIL
SN
SNO
SNN
LCC

0.7085

Strontium and Ca concentrations and their ratios, as well their respective stable isotopic ratios in the CaCO3 phases, soil samples, and
water of the soil inventory are given in Table 1 and in Fig. 2. The δ44/
40
Ca and Sr/Ca ratios of the three NFC morphotypes and soil water
samples of the seasonal sampling experiment are listed in Table 3.
Within the pedogenic CaCO3 fractions, Sr/Ca ratios are on average
lowest in SN, intermediate in SNN and SNO and highest in LCC. Calcium concentrations of each phase belong to the same range, showing
that samples consist of pure CaCO3, without other carbonate phases or
significant contamination by soil particles. In the soil, Ca and Sr concentrations vary as a function of depth and horizon type. Calcium and
Sr concentrations in the soil samples increase from 10 cm to 50 cm in
depth. Calcium concentrations are stable between 50 cm and 70 cm in
depth, while Sr concentrations slightly decrease throughout the same
depth interval. From 70 cm downwards, Ca and Sr concentrations are
relatively constant (Fig. 2 B, C). Soil solutions (leachates) display Sr and
Ca
concentrations
ranging
from
7.35 × 10−3 μg·g−1
to
−3
−1
9.68 × 10 μg·g and from 36.1 to 52.7 μg·g−1, respectively (Table 1

0.7080

0.7075

0.7070
CHR

SOIL
87

SN
86

SNO

SNN

LCC

Fig. 4. Box plot showing the Sr/ Sr ratios of the carbonate host rock (CHR),
soil leachates from soil samples (SOIL), the three microscopic morphologies of
NFC, i.e. simple needles (SN), simple needles with overgrowths (SNO), simple
needles with nanofibres (SNN), and finally, the late calcitic cement (LCC).
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identical source.
Strontium isotope compositions of all the soil samples, as well as
pedogenic CaCO3 accumulations, are enriched in 87Sr compared to
CHR, signalling the contribution of another Ca source. The 87Sr enriched sources in general may include phyllosilicates from the host rock
and aeolian dust. Micromorphological investigation of soil grains at
Villiers allowed clays, quartz, and feldspar to be identified as minerals
surrounding calcareous lithoclasts between depths of 60 cm to 100 cm
(Fig. 6). A previous study showed that the dissolution of carbonate
rocks at the base of soil profiles in the Jura Mountains releases small
amounts of phyllosilicates, quartz and feldspar in these calcareous soils
(Dalla Piazza, 1996; Martignier and Verrecchia, 2013). Moreover, the
identification of plagioclases in soils from the Swiss Jura Mountains in
previous studies provides a good indicator of the allochthonous origin
of the fine material, as no plagioclase is present in the Jurassic
(Jouaffre, 1989) or Cretaceous limestones of this area (Martignier et al.,
2013; Martignier et al., 2015). This is also supported by the measurements of higher amounts of quartz and feldspar in the soil than in the
rock substratum (Martignier et al., 2013). Finally, in soil samples of this
study, quartz grains are small, smooth, and homometric, indicating a
possible aeolian origin (Fig. 3; see Martignier et al., 2015). Studies in
the Jura Mountains have shown that windblown dust has been contemporaneous to the end of the last glaciation (Würm) during the Late
Pleistocene-Holocene transition and has contributed to the pedogenesis
of soils in this area during the Holocene (Dalla Piazza, 1996; Martignier
et al., 2015). Moreover, other previous studies of soils from different
areas developed on calcareous rocks in the Jura Mountains have emphasized a homogeneous geochemistry of the soils, which could be
ascribed to aeolian deposits and to the stability of clayey minerals in
calcareous environments (Atteia, 1992). This point supports the hypothesis that a non-negligible part of the soil material corresponds to
aeolian deposits from the Alps (Pochon, 1978; Martignier et al., 2015).
These aeolian deposits, being mainly composed of quartz, K-feldspar
and phyllosilicates, with the latter two being enriched in Rb (Capo
et al., 1998), contribute to a more radiogenic Sr isotope composition
(higher 87Sr/86Sr).
In addition, Sr isotope compositions of recent atmospheric dust,
sampled in ice cores in the Mont Blanc area (French Alps) over the two
last centuries, range from 0.7020 to 0.7176 and mainly originate from
Saharan dust (Burton et al., 2006). As the Saharan atmospheric dust is
known to be transported all over Europe (De Angelis and Gaudichet,
1991; Schwikowski et al., 1995; Burton et al., 2006), it can be assumed
that such dust deposit events contributed to the allochthonous minerals
observed at Villiers quarry. Several studies have previously shown the
importance of the atmospheric input on the amount of Sr and Ca in soils
(Graustein and Armstrong, 1983; Capo and Chadwick, 1993; Quade
et al., 1995). Consequently, it is likely that the slight enrichment in 87Sr
of the soil samples from Villiers results from the mixing of sources issued from the weathering of allochthonous minerals trapped in soils
and the dissolution of calcareous parent rocks.

Table 2
Statistical t-test comparing the mean of the 87Sr/86Sr ratio values of the carbonate host rock (CHR), late calcitic cement (LCC) and the three microscopic
morphological groups of NFC: simple needle (SN), simple needle with epitactic
growth (SNO) and the simple needle with nanofibres (SNN) from the inventory
sampling. Significance level α = 0.05; n: degree of freedom; hypothesis
H1 = different mean; H0 = equal mean.
t-Test on

87/86

CHR/LCC
CHR/SN
CHR/SNO
CHR/SNN
LCC/SN
LCC/SNO
LCC/SNN
SN/SNO
SN/SNN
SNO/SNN

Sr

n

p-Value

Accepted H

11
8
10
11
10
12
13
9
10
12

0.0007
6.99 10−5
8.05 10−8
2.84 10−7
0.11
0.59
0.55
0.013
0.028
0.82

H1
H1
H1
H1
H0
H0
H0
H1
H1
H0

of Schmitt and Stille (2005) who demonstrated that, following a European west to east cross-section from the Atlantic Ocean to eastern
Switzerland, the ocean did not show any clear influence on Ca isotope
signatures in rainwater and throughfall. Consequently, Ca present in
the atmospheric deposits can originate either from a local source, such
as the soil or bedrock erosion close to the studied site, and/or from an
external source, such as the erosion of various areas in the region, and/
or from exogenic sources, such as weathering products of other continents (Négrel and Roy, 1998; Nakano et al., 2001). At Villiers, the
87
Sr/86Sr isotope value of the throughfall (0.70757 ± 2 × 10−5) is
close to the average 87Sr/86Sr value of the soil parent rock
([87Sr/86Sr]CHR = 0.70718 ± 8 × 10−6). In the Swiss Jura Mountains,
where the quarry of Villiers is located, the bedrock is Jurassic and
Cretaceous limestones. Thus, the erosion of the surrounding limestones
may contribute significantly to Sr and Ca compositions of the
throughfall at Villiers quarry, as it has been demonstrated in other sites
(Capo and Chadwick, 1999; Schmitt and Stille, 2005), even if rare rain
events can lead to dust deposits from the Sahara (Middleton and
Goudie, 2001). Moreover, throughfall results from the wash out of dry
atmospheric deposits on leaves and leaf excretions resulting from plant
metabolism and evapotranspiration processes (Bailey et al., 1996;
Poszwa et al., 2000). The substances and solution excreted by leaves
originate from the soil solution, which enters in the roots by suction and
circulates through the plant. Despite the fact that vegetation discriminates between Sr and Ca, the 87Sr/86Sr values of tree foliage reflects the proportion of each input of Sr, and thus Ca, to the tree (e.g.
Miller et al., 1993; Bailey et al., 1996; Blum et al., 2008). At Villiers
quarry, the Sr isotope composition of the percolating soil solution is
enriched in 87Sr, and could explain the slightly more radiogenic
87
Sr/86Sr values of the throughfall compared to the CHR. It appears that
at Villiers, the throughfall is mainly influenced by two local sources, the
surrounding bedrock and, in a minor portion, the soil solution through
foliar excretion and leaching.
The hypocalcic Calcisol (hyperhumic skeletic) soil at Villiers is
characterised by an abundant skeleton constituted by carbonate scree
deposits inherited from the parent rock (Hasinger et al., 2015). Calcium
and Sr concentrations (by XRF: black triangles in Fig. 2; by using 1 N
HNO3 acid extraction method: white triangles, Fig. 2) throughout the
soil are likely partly influenced by the parent rock, as Ca and Sr are
strongly related to carbonate rock sources and both usually show similar behaviours throughout soil profiles (Atteia, 1992; Dalla Piazza,
1996). However, the decrease in Sr concentration between 50 cm and
70 cm deep can be explained by the presence of secondary carbonate at
Villiers quarry, i.e. NFC and LCC, which are highly concentrated in Ca
but depleted in Sr compared to the CHR (Fig. 2; Table 1). This is confirmed by the Sr isotope composition of CaCO3 phases and soil samples,
which are similar between 70 cm and 80 cm in depth, indicating an

5.2. Sources of calcium in carbonate phases at Villiers quarry
Pedogenic CaCO3 phases at the Villiers quarry are characterised by
higher Sr isotope signatures than in the CHR. As explained above, the
87
Sr/86Sr values of throughfall and CHR measured at Villiers are fairly
close to each other. Similar to the soil samples, the high 87Sr/86Sr values
of LCC and NFC compared to CHR and the throughfall, can be attributed to the weathering and the remobilisation of Sr and Ca present in
the allochthonous minerals of the soil. Considering the three NFC
morphotypes as a bulk phase, (87Sr/86Sr)NFC values are not statistically
different from (87Sr/86Sr)LCC values (Table 2). Nevertheless, calculations to evaluate the contributions of the respective end-members indicate that 85% of the Sr incorporated in NFC originates from the CHR
and 15% from allochthonous inputs, and 78% of Sr incorporated in LCC
is derived from the CHR and 22% from allochthonous inputs (Fig. 3).
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Table 3
δ44/40Ca and Sr/Ca ratios of the three microscopic NFC morphotypes (simple needle (SN), simple needle with epitactic growth (SNO) and the simple needle with
nanofibers (SNN)) and soil solutions sampling experiment.
Sample #

Season

type

CH01-102AW1
CH01-102AW2
CH01-102BW
CH01-103EW
CH01-104EW1
CH01-104EW2
CH01T-106CW
CH01T-106DW
CH01-LCC1
CH01-LCC2
CH01-LCC3
CH01-LCC4
CH01-LCC5
CH01-LCC6
CH01-LCC7
CH01-LCC8
CH01-LCC9
CH01-LCC10
CH01-100Ac
CH01-100Av
CH01-100Bc
CH01-100Cc
CH01-100Dc
CH01-100Ec
CH01-100Ev
CH01-101Ac
CH01-101Ec
CH01-101Epl
CH01-102Ac
CH01-102Bc
CH01-102Epl
CH01-103Ec
CH01-103F
CH01-103G
CH01-104Bc
CH01-104Cc
CH01-104Ec
CH01-103Ev
CH01-103Epl
CH01-104Dpl
CH01-104Ev
CH01B-104pl
CH01-104Apl
CH01T-105Dc
CH01T-105Dv
CH01-106Epl
CH01T-106Cc
CH01T-106Dc
CH01T105Ev
CH01T-105Cc
CH01T-106Dpl
CH01IV-106Apl
CH01T-105Epl
CH01T-106Cpl
CH01T105Apl
CH01-107Ec
CH01IV-107Ac
CH01IV-107Bc
CH01T-108Bc
CH01T-108Ec
CH01-107Epl
CH01T-107Dpl
CH01IV-107Av
CH01T-108Epl
CH01IV-107Bpl
CH01IV-108Bpl

Summer
Summer
Summer
Autumn
Autumn
Autumn
Winter
Winter

Water
Water
Water
Water
Water
Water
Water
Water
LCC
LCC
LCC
LCC
LCC
LCC
LCC
LCC
LCC
LCC
SN
SN(N)
SN
SNN
SNN
SN
SNN ?
SN
SN
SNN
SN
SN
SNN
SN
SN
SN
SN
SN
SN
SNN
SNN
SNN
SNN
SNN
SNO
SN
SN
SN
SN
SN
SNN
SN(N)
SNO
SNO
SN(N)
SN(N)
SN(O)
SN
SN
SN
SN
SN
SNN
SNN
SNN
SNN
SNO
SNO

a

Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Autumn
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Winter
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Spring
Spring

δ44/40Ca‰

2 SE

2 SDa

n

[Ca] ppm

Sr/Ca mol/mol

0.80
0.74
0.84
0.76
0.71
0.80
0.83
0.92
0.15
0.32
0.15
0.02
−0.26
0.05
0.31
0.10
−0.38
−0.14
0.64
0.53
0.56
0.54
0.77
0.62
0.32
0.50
0.50
0.14
0.45
0.36
0.32
0.74
0.42
0.39
0.50
0.65
0.51
0.55
0.63
0.52
0.44
0.49
0.12
0.75
0.70
0.50
0.50
0.19
0.70
0.52
0.34
0.15
0.50
0.33
0.33
0.29
0.37
0.38
0.38
0.62
0.47
0.24
0.45
0.23
0.34
0.16

0.06
0.06
0.07

0.08
0.08
0.10
0.09
0.11
0.09
0.09
0.11
0.08
0.08
0.07
0.08
0.09
0.09
0.09
0.09
0.08
0.08
0.09
0.09
0.13
0.17
0.09
0.12
0.18
0.12
0.13
0.08
0.09
0.08
0.09
0.09
0.08
0.06
0.08
0.11
0.13
0.09
0.08
0.12
0.09
0.09
0.07
0.07
0.08
0.09
0.09
0.09
0.09
0.08
0.09
0.09
0.08
0.09
0.09
0.08
0.09
0.09
0.09
0.08
0.08
0.09
0.07
0.11
0.12
0.15

2
2
2
1
2
1
1
2
2
4
2
2
2
2
3
4
2
2
2
5
2
2
2
3
2
3
3
2
2
3
5
1
2
2
2
2
2
3
3
2
3
4
2
2
2
2
2
1
2
2
2
2
2
2
1
3
3
2
2
2
2
2
2
3
4
2

45.1
45.6
54.1
69.2
60.1
53.0
25.4
27.2

2.27E−04
2.12E−04
2.46E−04
2.26E−04
2.09E−04
2.14E−04
2.28E−04
2.64E−04
2.88E−05
2.65E−05
3.02E−05
3.19E−05
3.58E−05
2.76E−05
3.05E−05
2.89E−05
3.70E−05
3.52E−05
1.54E−05
1.91E−05
1.75E−05
2.25E−05
2.67E−05
1.52E−05
1.53E−05
1.36E−05
1.41E−05
2.14E−05
1.15E−05
1.37E−05
1.94E−05
1.49E−05
1.59E−05
1.25E−05
1.55E−05
1.57E−05
1.40E−05
1.60E−05
1.98E−05
1.59E−05
1.69E−05
2.87E−05
2.31E−05
1.18E−05
1.53E−05
2.35E−05
1.59E−05
1.73E−05
1.96E−05
1.86E−05
1.80E−05
2.13E−05
2.17E−05
2.32E−05
2.67E−05
1.31E−05
2.31E−05
1.93E−05
2.48E−05
1.66E−05
2.13E−05
2.31E−05
2.35E−05
1.94E−05
2.04E−05
2.91E−05

0.08
0.08
0.06
0.04
0.05
0.05
0.06
0.06
0.05
0.04
0.06
0.06
0.07
0.04
0.09
0.12
0.06
0.07
0.13
0.07
0.07
0.05
0.06
0.05
0.04
0.06
0.04
0.06
0.08
0.09
0.05
0.05
0.08
0.05
0.04
0.05
0.05
0.06
0.06
0.07
0.06
0.05
0.06
0.06
0.05
0.06
0.05
0.05
0.07
0.06
0.06
0.06
0.06
0.05
0.06
0.06
0.11

For samples analysed once, the average 2 SD is taken as uncertainty. 1 SD of Sr/Ca analyses ≤0.5 %

Thus, it appears that the main sources in Villiers quarry contribute
slightly differently to the Sr content of the two pedogenic carbonate
phases. This could indicate that different processes are controlling NFC
and LCC precipitations.

As explained previously, bulk NFC corresponds to an accumulation
of various microscopic morphologies, which can be discriminated into
three morphological groups: SN, SNN, and SNO. These microscopic
morphologies result from a gradual evolution inside the soil pores: SN
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(Table 2, Fig. 4). This difference indicates that the Sr contribution of
both sources, i.e. weathering of CHR (carbonate clasts) and weathering
of allochthonous minerals, does not contribute in the same proportion
to the SN group and the two other micromorphological groups. The Sr
isotope signatures of SN are closer to the Sr isotope composition of
CHR. Indeed, the calculations show that 85% of Sr and 80% of Ca in SN
come from CHR, whereas CHR contributes 81% and 75% of Sr and Ca to
SNN and 82% and 76% of Sr and Ca to SNO, respectively. Finally, 78%
of Sr and 72% of Ca in LCC come from CHR. While the different contribution of the two main Sr and Ca sources have a significant effect on
the 87Sr/86Sr, the effect on the Ca isotope composition of the respective
fluids is limited, because the δ44/40Ca of the CHR is close to bulk silicate
earth, which can be assumed to be the composition of the allochthonous
compound. A shift of 10% of the CHR contribution therefore leads to an
uncertainty in δ44/40Ca, which is lower than the analytical uncertainty.
The different Ca and Sr sources for the different CaCO3 phases might
be related to distinct processes contributing to the formation of the
morphological groups. As mentioned previously, the SN group is assumed to precipitate directly inside fungal hyphae (Verrecchia and
Verrecchia, 1994; Cailleau et al., 2009a; Millière et al., 2011a;
Bindschedler et al., 2012). Fungi are present in large amounts in soils
and can be categorized with depth regarding their ecology and lifestyle. Saprophytic fungi primarily colonize the litter on the surface of
the ground, while mycorrhizal fungi predominate in the underlying and
more decayed litter in the mineral horizons (Lindahl et al., 2007). Ectomycorrhizal fungi play an important role at the ecosystem scale in
mineral weathering (van Schöll et al., 2008). More precisely, ectomycorrhizal weathering of silicate minerals represents a non-negligible
source of Ca in forest ecosystems (e.g. Connolly et al., 1999; Blum et al.,

Throughfalls
Carbonate host rock (CHR)
Soilwater
Needle fibre calcite:
simple needles (SN)
with nanofibres (SNN)
with overgrowth (SNO)

Carbonate
cement (LCC)
-0.5

0

0.5

1.0

⁴⁴/⁴⁰Ca ‰
Fig. 5. Plot of the δ44/40Ca ratio values of the different carbonate phases: the
three microscopic shapes of needle fibre calcite, i.e. the simple needles (SN), the
simple needles with nanofibres (SNN), the simple needles with overgrowths
(SNO), as well as the carbonate cement (LCC) and the carbonate host rock
(CHR), the surface and deep soil solution (soilwater), and the throughfalls
measured at Villiers.

corresponds to the original morphology formed inside fungal hyphae;
SNN stands for a combination of simple needles and organic or mineralised nanofibres; and SNO to the formation of calcitic overgrowths
along simple needles after their release in soil pores (Verrecchia and
Verrecchia, 1994; Cailleau et al., 2009b; Millière et al., 2011a).
The average 87Sr/86Sr value of the SN microscopic group is slightly,
but significantly, different from the average 87Sr/86Sr of SNO and SNN

Fig. 6. Micrographs from thin sections of carbonate pebbles sampled in the soil profile showing some fine material accumulation around pebbles (stars), overlapped
by a thin layer of NFC (red triangles). (1) Plane polarized light (PPL). (2) Same view in crossed polarized light (XPL). The phenocrysts of calcite from a rock fragment
between the stars are colorless in PPL but display high-order colors of birefringence in XPL. (3) Detail in PPL showing calcite phenocrysts of a rock fragment. (4) Same
view in cathodoluminescence: quartz is blue (white arrows) and altered grains from the autochthonous limestone appear in bright orange inside a micromass (star).
The location of the samples is marked by a bold box in the soil profile at 80 cm deep in Fig. 2. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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2002). Since it is impossible to track individual soil-penetrating hyphae,
the involvement of fungi other than mycorrhizal fungi in the formation
of NFC cannot be excluded. Nevertheless, the fact that NFC has been
sampled only in the mineral horizon suggests that mycorrhizal fungi
must be principally responsible for the formation of NFC. In addition,
some previous studies emphasized the implication of mycorrhizal fungi
in the precipitation of calcium carbonate in paleosols (Klappa, 1978;
Sanz-Montero and Rodríguez-Aranda, 2012). Mycorrhizal fungi, particularly ectomycorrhizae, have the ability to develop on friable materials in the soil or on rocks by developing a hyphal network, called the
mycelium (Carlile et al., 2001; Gadd, 2007). Hyphae may be either
isolated or organised into bundles (e.g. fungal stands, rhizomorphs),
and follow ridges and grooves of mineral substrates (e.g. Hoffland et al.,
2004; Carlile et al., 2001). Ectomycorrhizal fungi are known to be able
to penetrate in solid materials by means of both physical and chemical
(CO2 and organic acids) processes in order to release nutrients (Ehrlich,
2002; Gadd, 2007; Bindschedler and Verrecchia, 2019). These nutrients, including Ca and Sr, are transported through the hyphal network, either from the mycelial apex to the host plant or to fungal
structures (e.g. survival and reproductive structures) or from these
structures to the mycelial front (e.g. Schütte, 1956; Connolly and
Jellison, 1997; Landeweert et al., 2001; Carlile et al., 2001). At present,
studies on the role of fungi in weathering of minerals and the translocation of nutrients in forest soils, such as at Villiers quarry, are focused
on the weathering of silicate minerals by ectomycorrhizal fungi
(Landeweert et al., 2001; van Schöll et al., 2008; Courty et al., 2010).
For example, Blum et al. (2002) and Wallander et al. (2006) observed
the Ca translocation by ectomycorrhizal fungi from silicate minerals in
two forest ecosystems by following the 87Sr/86Sr ratio. Consequently,
ectomycorrhizal processes involved in Ca translocation seem to be the
most suited to understand the 87Sr/86Sr ratios of three different morphotypes of NFC. The 87Sr/86Sr ratio is not modified by ion exchanges,
plant uptake, or transportation, allowing the origin of Sr and, by inference, Ca, to be traced accurately (Capo et al., 1998; Åberg et al.,
1989; Chen et al., 2012). Wallander et al. (2006) detected traces of 87Sr
originating from biotite and microcline in the ectomycorrhizal fungi,
demonstrating that they have the potential to transport Sr from

minerals to roots. The widespread use of Ca-bearing minerals by fungi
suggests that they weather minerals and absorb released ions directly,
without ions entering the exchangeable soil medium (Blum et al.,
2002). In the context of the Villiers quarry, CHR constitutes a much
larger nutrient reservoir than soil allochthonous minerals. Angeles de la
Torre et al. (1992) have demonstrated that, even if fungi can degrade
phyllosilicates, limestones turn out to be the most affected rock by
fungal strains. Thus, it is expected that CHR must be the main source of
Ca for fungi in Villiers quarry, even if fungi also dissolve soil allochthonous minerals. A relatively large amount of Ca dissolves during
the alteration of CHR, and Ca can be considered as toxic when present
in high concentrations (Gadd, 1993). Fungi are able to maintain their
internal Ca concentration at a low level, especially by sequestration into
their cell wall, on intracytoplasmic proteins, or within organelles, in
order to maintain their optimal growth (Jackson and Heath, 1993). In
dry environments, pore soil solutions can be highly concentrated in Ca;
thus, as it has been suggested for metal-oxalate, it can be postulated
that fungi induce the precipitation of Ca‑carbonate to decrease the Ca
content in the cytoplasm (Whitney, 1989; Gadd, 1999, 2007;
Bindschedler et al., 2016). Calcium, as a divalent cation, can bind on
polymers present at the inner layer of the hyphal wall with chitin and β
glucans. Fungal hyphae have already been mentioned to act as nuclei
for crystallisation and attachment of crystals (Went, 1969; Northup and
Lavoie, 2001; Gadd, 2007; Bindschedler et al., 2010, 2016). Thus,
calcite nuclei can form on proteins or chitin present in the cell wall and
grow along the hyphal inner wall, with the hypha acting as a mould. In
the case of Villiers quarry, the main part of Ca and Sr constituting the
SN calcite crystals appears to originate mainly from the CHR. The
precipitation of SN inside the fungal hyphae explains its closer Sr isotope signature to CHR than the other microscopic morphologies, as
fungal hyphae directly weather this fraction to access mineral nutrients.
The proportion of Sr from soil allochthonous minerals originating from
atmospheric dusts in SN (15%) is due to the fact that the fungi must also
uptake slight amounts of nutrients from these minerals.
The LCC, SNO, and SNN are enriched in 87Sr compared to the SN,
but are together statistically undistinguishable (Table 2). The 87Sr/86Sr
ratio of the soil solution is higher than CHR, due to the contribution of

Fig. 7. A: δ44/40Ca vs Sr/Ca of the carbonate host rock (CHR), late calcite cement (LCC), the three microscopic morphologies of NFC: simple needles (SN), simple
needles with nanofibres (SNN), and simple needles with overgrowths (SNO), as well as soil water and throughfalls. The solid, dashed and dotted lines refer to the
evolution of calcite and soil water, applying different values for Sr distribution coefficient in calcite and 1000·Ln(α) using the relation for inorganic calcite given by
Tang et al. (2008b) at different precipitation rates. As initial fluid composition δ44/40Ca of 0.65 ‰ and Sr/Ca of 1.9·10−4 were applied, which is intermediate
between CHR and throughfalls. B: enlarged detail of A showing the various NFC types (SN, SNN, SNO), LCC, and the domain of the synthetic calcite from Tang et al.
(2008b). Dashed, dotted and solid lines represent calculated calcite compositions precipitated from the soil fluid at different precipitation rates, with higher precipitation rates having higher Sr/Ca and lower δ44/40Ca. The ticks indicate the portion of Ca precipitated from a semi enclosed fluid reservoir.
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allochthonous minerals during their weathering. The proportion of Ca
and Sr originating from soil allochthonous minerals is the most significant in LCC (Ca: 28%; Sr: 22%). This indicates that LCC precipitates
directly from the soil solution on calcareous clasts. The rhombohedral
overgrowths on the SNO microscopic shapes are assumed to be formed
by precipitation along the simple needle, as discussed above (see
Cailleau et al., 2009a). Therefore, calcite overgrowths and LCC have the
same parent solution and precipitate in similar conditions, explaining
their similar Sr isotope signatures. In the SNO group, overgrowths may
overprint the Sr isotope signature of SN. The origin of the nanofibres,
that are associated to SN in the SNN group, has been thoroughly investigated and attributed to a possible mineralisation of organic nanofibres from plants or hyphal walls (Cailleau et al., 2009b;
Bindschedler et al., 2010, 2014). However, the processes leading to the
replacement of the organic framework by a crystalline structure are still
poorly understood. The study of carbon and oxygen isotope signatures
of nanofibres associated to NFC has suggested that carbonate species
from the soil solution and some oxidized organic molecules constitute
the mineralised nanofibres (Millière et al., 2011a). Both, nanofibres and
calcite overgrowths precipitate along simple needles after their release
in the soil pores. As a result, the parent solution for LCC and nanofibres
of the SNN group is the soil solution. However, nanofibres may be either mineral, and hence have a similar signature that LCC, but they may
also be organic. This process can explain the intermediate Sr isotope
compositions of SNN, which is between LCC and SN. The Sr isotope data
and the contribution of the two main sources of Ca-bearing minerals in
the Sr compositions of the different CaCO3 compartments at Villiers
quarry are summarized in Fig. 3.

fractionation is reduced. This process can however not explain the
heavy Ca isotope signature found in Villiers quarry, because analyses of
soil water [Ca2+] and alkalinity revealed an average Ca2+:CO32– ratio
of 0.68 ± 0.13, which is even lower compared to the experimental
setup by Tang et al. (2008a, 2008b). Consequently, the Ca isotope
systematics of Tang et al. (2008a, 2008b) for inorganic calcite can be
applied to these pedogenic CaCO3. This would suggest that the relatively small Ca isotope fractionation between the soil solution and NFC
morphotypes is likely caused by low precipitation rates, while LCC
formed at higher rates.
Moreover, the partitioning of Sr into calcite reveals information on
conditions during crystal formation. The incorporation of Sr into calcium carbonate is influenced by the environmental conditions during
mineral precipitation and may be used as a proxy to reconstruct physicochemical conditions during calcite formation. The mechanisms of Sr
incorporation during calcite formation have been widely studied in
biogenic and inorganic calcite (Holland et al., 1964; Lorens, 1981;
Tesoriero and Pankow, 1996; Lea et al., 1999; Wasylenki et al., 2005;)
demonstrating that precipitation rate, temperature, and biological activity can affect the Sr incorporation. SNO is enriched in Sr compared to
SN and SNN morphologies (Table 1), but not as much as in LCC. The
variety of NFC morphologies is thought to originate from an initial form
(SN) presumed to be physicochemically precipitated inside an organic
mould, the fungal hyphae. As described previously, SNO are defined as
the accumulation of calcitic overgrowths along SN. Overgrowths are
assumed to be formed directly from the soil solution, after the release of
SN in the soil pores (Cailleau et al., 2009a, 2009b; Verrecchia and
Verrecchia, 1994). According to this hypothesis, the precipitation
conditions of overgrowths seem analogous to the precipitation conditions of LCC. Precipitation experiments demonstrated that the Sr/Ca
ratio increases in inorganic calcite with precipitation rate (Lorens,
1981; Mucci and Morse, 1983; Huang and Fairchild, 2001; Nehrke
et al., 2007; Tang et al., 2008a; Gabitov and Watson, 2006; Gabitov
et al., 2014) and in biogenic calcite at a higher growth rate (Lea et al.,
1999; Stoll and Schrag, 2000; Stoll et al., 2002a). Previous studies of
carbon and oxygen isotope compositions of pedogenic CaCO3 in Villiers
quarry have proposed that LCC and NFC (whatever the morphotype)
precipitate at similar temperatures (Millière et al., 2011b; Hasinger
et al., 2015), and as discussed above, NFC and LCC are formed from
similar parent solutions. Thus, it seems that the lower Sr/Ca ratio in SN
and SNN than in SNO and LCC can be attributed to a lower calcite
growth rate of SN and SNN compared to SNO and LCC. SN are supposed
to nucleate on organic molecules in an organic mould, while SNN are
assumed to be an association of calcite needles and with mineralised
and non-mineralised organic nanofibres (Bindschedler et al., 2010,
2014); consequently, their signature is dominated by the low Sr/Ca
ratios measured for SN.
To test the hypothesis whether the pedogenic calcite types can solely be explained by precipitation according to the systematics of Tang
et al. (2008a, 2008b), we calculated δ44/40Ca and Sr/Ca evolution
curves of soil water and calcite for different Ca isotope fractionation
factors (α = 0.9998, 0.9994, 0.9988) and the corresponding Sr/Ca
partitioning coefficients according to Tang et al. (2008b) under closed
system conditions (Fig. 7). Assuming an initial soil solution of 0.65‰
and 0.19 mmol/mol and 1000 Ln (α) between −0.2 and −1.2‰, the
soil solution trend of the seasonal sampling experiment is well explained, and values of pedogenic carbonates as well. Relatively high
rates of Ca consumption during CaCO3 precipitation are predicted by
the model results, which are however feasible, as precipitation is evaporation controlled, and the Ca:CO3 ratios < 1 allow for precipitation
of large portions of Ca as calcite. This low Ca:CO3 value is also applicable for the formation within the fungal hyphae. When fungi uptake
nutrients from the soil solution, it is likely that large amounts of Ca2+
and CO32– are concomitantly absorbed, but the inorganic carbon is not
metabolized. Therefore, it may be assumed that SN are precipitated as a
result of fungal uptake and the concentration of dissolved ions within

5.3. Calcium isotope compositions and strontium concentrations in
carbonate phases at Villiers quarry
Sr/Ca and Ca isotope ratios can be used to shed light on the formation processes of carbonate features, if the composition of their respective parent solutions is well-constrained. In the soil system at
Villiers, the throughfall is the only external source of water. By percolating through the first centimetres of soil, throughfall produces the
soil surface solution, which develops into the deep soil solution (DSS)
by reaching a greater depth in the soil profile. During the course of
percolation through the upper horizons enriched in CO2 and organic
acids, soil solutions partly dissolve calcareous clasts inherited from
CHR. As a result, Ca isotope compositions and Ca concentrations in soil
solutions are intermediate between throughfall and CHR (Tables 1, 3).
However, the soil solution samples of both soil inventory and seasonal
sampling experiments show two groups in the δ44/40Ca vs. Sr/Ca diagram (Fig. 7). The soil solution sampled during the seasonal sampling
experiment follows a trend towards higher Sr/Ca ratios and δ44/40Ca
values, while the samples from the first campaign are depleted in Sr
relative to Ca, possibly due to partial dissolution of pedogenic calcite
(NFC, LCC) prior to or during sampling. Pedogenic CaCO3, namely the
three NFC morphotypes and LCC, cluster almost parallel to the fractionation trend of Tang et al. (2008b) for inorganic calcite, with LCC
being most enriched in 40Ca and less depleted in Sr, compared to NFC.
Within the NFC, the SN shows the heaviest δ44/40Ca and lowest Sr/Ca
values, while SNN and SNO are slightly shifted to higher Sr/Ca and/or
lower δ44/40Ca. This observation may indicate that the pedogenic
CaCO3 form from fluids that are nearly identical or similar with respect
to their Sr/Ca ratios and δ44/40Ca values, which is consistent with field
observations that the three microscopic shapes of NFC, as well as the
LCC, have been found at the same depth in the soil profile.
Besides the fluid composition, several factors influence the Sr/Ca
ratios and δ44/40Ca values of CaCO3 minerals. The δ44/40Ca is affected
by growth rate (Tang et al., 2008b; Fantle and DePaolo, 2007; DePaolo,
2011; Lemarchand et al., 2004), temperature (Marriott et al., 2004;
Gussone et al., 2003), and the Ca2+:CO32– stoichiometry of the solution.
Nielsen et al. (2012) showed that at high Ca2+:CO32– ratios, Ca isotope
340

Chemical Geology 524 (2019) 329–344

L. Millière, et al.

hyphal compartments (e.g. vacuoles), until the intrahyphal solution is
supersaturated regarding calcite.
According to Tang et al. (2008b), the differences in δ44/40Ca and Sr/
Ca of SN and LCC imply slow precipitation rates for the SN and higher
rates for the LCC. This observation differs from earlier assumptions that
the elongated shape of SN may be related to a high precipitation rate
from supersaturated solutions (e.g. Kubiëna, 1938; Vergès et al., 1982;
Jones and Ng, 1988). Indeed, in purely physicochemical conditions,
rapid growth can induce an elongation of a crystal in one preferred
direction, such as the c-axis for calcite (Buckley, 1951), thus leading to
needle-shaped crystals such as SN. However, the data obtained in this
study show that it is more likely that the elongated shape arises from
the formation within a constrained biological environment, such as
fungal hyphae. Slight chemical changes between the parent solutions
allowing precipitation of the various pedogenic CaCO3 in Villiers
cannot be totally excluded and may contribute to the variability in Ca
isotope and Sr/Ca ratios recorded. The proposed close connection between SN formation and fungi may suggest that the Ca used for SN
formation may be affected by the Ca uptake of plants, which preferentially consume light Ca from the soil (e.g. Schmitt et al., 2013). In
other words, if this Ca is provided through mycorrhizal fungi, it may be
expected that the lighter fraction is transferred to the plant. In the case
of Villiers, a clear δ44/40Ca signature for SN compared to SNO and SNN
could not be highlighted (Fig. 5). Previous results demonstrated that the
distinct microscopic NFC morphologies and LCC precipitate in equilibrium with the dissolved inorganic carbon of the soil solution (Millière
et al., 2011a, 2011b; Hasinger et al., 2015) and the Ca-Sr systematics
can be explained simply by inorganic precipitation at different rates
from a single fluid source.
SN and LCC are both formed at the same time from DSS, but are also
impacted by dissolution processes. It is postulated that soil pores act as
semi-closed systems between rain events. A first rain event can fill in
the soil micro-porosity, and during the following drier period, SN and
LCC precipitate from the entrapped solution: SN within the fungal hyphae, and LCC directly in soil pores. Later on, another rain event refills
the soil micro-pores, during which SN and LCC may be partly dissolved;
such events may have caused the low Sr/Ca ratios of the soil solutions
sampled during the soil inventory experiment (Table 1). Then, during
the next drier period, calcite overgrowths and crystallisation of nanofibres along SN occurs, leading to SNN and SNO, respectively, along
with the formation of new crystals of SN and LCC. This scenario is the
most probable, since dissolution and recrystallization of pedogenic
carbonate in semi-humid climatic conditions have already been established (e.g. Gocke et al., 2012).
A simple model has been built in order to assess the degree of involvement of the soil solution in the precipitation of the various types of
NFC (SN, SNN, SNO) as well as LCC (Fig. 7). The LCC is enriched in 40Ca
and Sr compared to NFC, whereas SN crystals are clearly enriched in
44
Ca and depleted in Sr compared to LCC. In contrast, LCC are more
enriched in 40Ca and less depleted in Sr relative to the soil solution. This
suggests that a more rapid precipitation for LCC is likely, while the
elongated shape of the SN crystal cannot be related to a rapid precipitation rate, but rather to a slow precipitation under semi-closed
conditions, such as in a fungal hypha. In other words, both NFC and
LCC are precipitated from the same or a fluid of similar composition,
but at different rates. SNN and SNO overlap with the SN, but are, on
average, lighter in Ca isotopes and have higher Sr contents. As suggested above, these differences are related to their evolution in the soil
environment. SN needles are precipitated within a biological environment (i.e. fungal hyphae), whereas SNO undergo epitactic overgrowths
(features close to LCC) in soil pores, giving them intermediate signatures between SN and LCC. Overall, NFC and LCC signatures can be
explained by calcite precipitation according to the Sr and Ca systematics of inorganic calcite of Tang et al. (2008b), with different precipitation rates and degrees of Ca and Sr consumptions during precipitation: SN correspond to values of a calcite formed in a semi-

restricted environment, supporting the fungal hypothesis for the origin
of NFC, whereas LCC are more in agreement with a faster precipitation
directly from the soil solution.
6. Conclusions
The study of Sr and Ca isotope compositions and Sr/Ca ratios of
three microscopic morphologies of needle-fibre calcite (NFC) and late
calcitic cements (LCC) in the context of the Villiers quarry sheds light
on the behaviour of Ca in a forest ecosystem under a temperate climate,
as well as on the origin and processes leading to the formation of a
peculiar pedogenic CaCO3, NFC. At Villiers quarry, soil samples and
pedogenic CaCO3 are enriched in 87Sr compared to the carbonate host
rock (CHR), indicating the combined influence of allochthonous minerals, related to the successive loess contributions during the Late
Pleistocene-Holocene, as well as the present-day dust deposits continuously incorporated in the upper part of the soil. Whereas, Ca and Sr
concentrations in soil samples (from 50 cm to 70 cm depth) show the
influence of pedogenic CaCO3 formation, with a depletion in Sr while
Ca is constant at this depth interval. The Sr isotope signature of the
simple needles (SN) is slightly different from the Sr isotope signatures of
the simple needle with overgrowths (SNO), simple needle with nanofibres (SNN), and late calcite cement (LCC), indicating that the contribution of the two main Ca sources (CHR and allochthonous deposits)
varies in function of the calcite crystal shape. The 87Sr/86Sr ratio of SN
is closer to the 87Sr/86Sr ratio of CHR than SNO, SNN, and LCC. Fungi
are well known to dissolve rocks, especially limestones, to release and
translocate nutrients necessary for their development. Thus, the Sr
isotope composition of pedogenic carbonate at Villiers quarry seems to
emphasize the affiliation between filamentous fungi and NFC, as already suspected. SN has low Sr/Ca and high δ44/40Ca compared to LCC,
while SNN and SNO show intermediate values, between SN and LCC.
Finally, the study of Ca isotope compositions of SN, SNN, SNO, and
LCC, and their comparison to calculated theoretical values for pedogenic CaCO3 formed in a restricted environment seems to validate that
SN is probably formed in a semi-closed system using large portions of
available Ca, reinforcing the fungal hypothesis for the origin of SN.
Finally, Sr and Ca isotope compositions, as well as Sr/Ca ratios, of the
three microscopic NFC morphotypes show that they could correspond
to different stages in the formation and evolution of NFC shapes. The
clear differences measured between SN and SNO, and to a lesser extent
with SNN, emphasize a first step of SN formation within the fungal
hyphae, and a second step, when released SN in the soil medium are
either overgrown with calcite or associated with nanofibres, which are
closer to LCC composition, making both SNO and SNN intermediate
between SN and LCC.
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