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Abstract Calcium (Ca) plays a crucial role for plant
nutrition, soil aggregation, and soil organic matter
(SOM) stabilization. Turnover and ecological func-
tions of Ca in soils depend on soil Ca speciation. For
the first time, we used synchrotron-based X-ray
absorption near-edge structure (XANES) spec-
troscopy at the Ca K-edge (4038 eV) to investigate
Ca speciation in soils. We present Ca K-edge XANES
spectra of standard compounds with relevance in soils
(e.g. calcite, dolomite, hydroxyapatite, anorthite, clay
mineral-adsorbed Ca; Ca oxalate, formate, acetate,
citrate, pectate, phytate). Calcium XANES spectra
with good signal-to-noise ratios were acquired in
fluorescence mode for Ca concentrations between 1

!, Most standard spectra differed

and 10mg g .
markedly among each other, allowing the
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identification of different Ca species in soils and other
environmental samples as well as Ca speciation by
linear combination fitting. Calcium XANES spectra
obtained for samples from different horizons of twelve
temperate forest soils revealed a change from domi-
nating lithogenic Ca to clay mineral-bound and/or
organically bound Ca with advancing pedogenesis. O
layer Ca was almost exclusively organically bound.
With increasing SOM decomposition, shares of
oxalate-bound Ca decreased. Oxalate-bound Ca was
absent in calcareous, but not in silicate subsoil
horizons, which can be explained by microbial
decomposition in the former vs. stabilization by
association to pedogenic minerals in the latter soils.
Synchrotron-based Ca XANES spectroscopy is a
promising novel tool to investigate the fate of Ca
during pedogenesis and—when performed with high
spatial resolution (u-XANES), to study aggregation
and SOM stabilization mechanisms produced by Ca.

Keywords Ca speciation - Calcareous soils - Plant

foliage - Silicate soils - Soil Ca forms - XANES
spectroscopy

Introduction

Calcium (Ca) in soils is an important nutrient element
for plants and soil organisms (Marschner 1995;
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Briedis et al. 2012; Paradelo et al. 2015). Soil contents
of total Ca and/or exchangeable Ca are key factors of
soil fertility. In addition, multivalent Ca*" cations play
an important role for soil aggregation and structure
formation by functioning as bridging cation (Wuddi-
vira and Camps-Roach 2007; Clarholm and Skyllberg
2013; Rowley et al. 2018). This function is pivotal for
soil carbon stabilization as either soil organic matter
(SOM; Baldock and Skjemstad 2000; Griinewald et al.
2006; Mikutta et al. 2007; Whittinghill and Hobbie
2012; Clarholm and Skyllberg 2013; Rowley et al.
2018, 2020; Adhikari et al. 2019) or as soil secondary
carbonates (Fernandez-Ugalde et al. 2011; Rowley
et al. 2018). After having entered the pedosphere via
weathering of Ca-bearing minerals (carbonates, many
silicates) and/or atmospheric deposition, Ca is cycled
intensively through the soil-plant-microorganism
system (Likens et al. 1998; Poszwa et al. 2000;
Clarholm and Skyllberg 2013). It is taken up by plants
via roots not only actively to meet their physiological
demand, but also passively as part of the transpiration
stream (Marschner 1995; Likens et al. 1998). Excess
Ca is immobilized in plant foliage as Ca oxalate and
other Ca carboxylates (e.g. polygalacturonate “pec-
tate”), and recycled to the topsoil with the foliage litter
(Marschner 1995; Likens et al. 1998; Franceschi and
Nakata 2005; Clarholm and Skyllberg 2013). This
mechanism decelerates or may even prevent topsoil
acidification and base cation depletion (“base pump-
ing effect”, Poszwa et al. 2000; Clarholm and
Skyllberg 2013). Whereas these processes generally
are well known, little information exists about soil Ca
speciation changes associated with Ca cycling through
the soil-plant-microorganisms system.

In circumneutral and acidic soils, Ca®* cations can
be directly bound to clay minerals (e.g. montmoril-
lonite, smectite) and SOM. These compounds together
store readily exchangeable, plant-available Ca®" in
soils, which is a major contribution to soil base
saturation (Clarholm and Skyllberg 2013). Moreover,
Ca’" cations form stable complexes with SOM
(Clarholm and Skyllberg 2013). These are mostly
based on (i) outer-sphere sorption of Ca*" to depro-
tonated hydroxyl functional groups of phenolic com-
pounds (Stevenson 1994; Griinewald et al. 2006;
Kalinichev and Kirkpatrick 2007; Clarholm and
Skyllberg 2013; Clarholm et al. 2015), (ii) chelate
formation with deprotonated carboxyl groups (Steven-
son 1994; Griinewald et al. 2006; Kalinichev and
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Kirkpatrick 2007), and (iii) formation of Ca*" bridges
between negatively charged inorganic (e.g. clay
minerals) and organic soil constituents (Kalinichev
and Kirkpatrick 2007; Mikutta et al. 2007; Rowley
et al. 2018). This interaction decreases microbial SOM
decomposition (Castells and Penuelas 2003; Mikutta
et al. 2007; Clarholm and Skyllberg 2013), and thus
supports SOM accumulation (Rasmussen et al. 2018;
Rowley et al. 2018, 2020).

During recent decades, synchrotron-based X-ray
absorption spectroscopy, namely X-ray Absorption
Near-Edge Structure (XANES) spectroscopy has
emerged as a powerful technique for the speciation
of many important elements in soils (Fendorf et al.
1994; Kelly et al. 2008). This technique enables a
direct, non-invasive element speciation in soils and
other materials based on species-specific X-ray atten-
uation patterns as a function of X-ray energy with
respect to monochromatic X-rays irradiated on a
sample of interest. Calcium K-edge XANES spec-
troscopy so far has been used in material science
(Neuville et al. 2004; Proffit et al. 2016), biology
(Sarret et al. 2007; Rajendran et al. 2013; Abe 2014;
Thyrel et al. 2015), and in environmental science for
investigating Ca mineral aerosols (Takahashi et al.
2008), coal chars (Liu et al. 2013), mine tailings
(Blanchard et al. 2016), and—almost soil science—
CaCOgj granules excreted by earthworms (Brinza et al.
2014), but so far not for the investigation of soils;
however, organic and inorganic Ca phosphate com-
pounds in soils have been investigated by P K-edge
XANES spectroscopy (e.g. Anderson et al. 2016;
Prietzel et al. 2016a; Weyers et al. 2016). Here we
demonstrate for the first time the applicability of
synchrotron-based Ca XANES spectroscopy for
direct, non-invasive quantification of different Ca
forms in soils, and elucidation of Ca speciation
changes during pedogenesis or Ca cycling in terrestrial
ecosystems. In contrast to traditional techniques, the
proposed method requires minimal (< 100 mg) sam-
ple amounts. It thus opens new perspectives for the
quantification of different Ca species in soils and soil
aggregates with small spatial resolution (< 1 cm), and
for synchrotron-based Ca p-XANES spectroscopy
even with submicron resolution (Thyrel et al. 2015).
In detail, we present Ca K-edge XANES spectra for
different inorganic and organic Ca-bearing com-
pounds with relevance in soils, and show that the
spectra in most cases differ markedly among each
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other. Moreover, we show that the Ca speciation of
temperate forest soils differs among soil types and
horizons. We relate the differences to ecosystem Ca
cycling and transformation processes in the short term
and pedogenesis in the long term.

Material and methods
Material
Reference compounds

We acquired Ca K-edge XANES spectra from four-
teen inorganic and seven organic reference com-
pounds with relevance as Ca-bearing soil constituents
(Table 1). We studied different Ca carbonate minerals,
Ca-bearing silicate and Ca sulfate minerals, as well
as Ca halogenides and organic Ca-bearing com-
pounds. We synthesized Ca phytate [hexacalcium
(2,3,4,5,6-pentaphosphonatooxycyclohexyl) ~ phos-
phate] and Ca pectate (Ca polygalacturonate), both
important compounds for the function and structure of

plants and microorganisms (Marschner 1995; de
Kerchove and Elimelech 2007). For Ca phytate
synthesis we treated inositol hexaphosphate, pur-
chased from Sigma Aldrich Comp., with Ca(OH), as
described by Prietzel et al. (2016b), while for Ca
pectate we treated polygalacturonic acid [(C¢HgOg)yl,
purchased from Sigma Aldrich Comp., with saturated
Ca(OH), solution. The Ca polygalacturonate precip-
itate was neutralized with 0.01 M HCI to pH 5-6 to
convert excess Ca(OH), into CaCl,, and removal of
the CaCl, by repeated washing with deionized H,O.

Soil, geological parent material, and plant samples

We also acquired Ca K-edge XANES spectra of
samples from different horizons of various forest soils
in Germany. We studied four initial soils developed on
limestone or dolostone—Rendzic Leptosols according
to the World Reference Base (IUSS Working Group
WRB 2014)—at sites Tuttlingen, Wellheim, Achen-
pass, Mangfall Mts. (Table 2), and four soils with
advanced pedogenesis (WRB: Eutric Cambisols) at
the same sites. Additionally, we investigated two soils

Table 1 Ca-bearing reference compounds used for K-edge XANES spectroscopy

Compound mineral name Ca form Formula Source

Calcite Carbonate CaCQOs, trigonal Krantz Mineral Kontor
Aragonite Carbonate CaCOg;, orthorhombic Krantz Mineral Kontor
Dolomite Carbonate CaMgCOs; Krantz Mineral Kontor
Apatite Phosphate Cas(OH)(POy)s Sigma-Aldrich
Brushite Phosphate CaHPO,4-2H,0 Sigma-Aldrich
Monetite Phosphate CaHPO, Sigma-Aldrich
Anorthite Silicate CaAl,Si,Og Krantz Mineral Kontor
Augite Silicate Ca,Si,Og Krantz Mineral Kontor
Epidote Silicate Ca,Al,(OIOHISi041Si,07) Krantz Mineral Kontor
Ca adsorbed to montmorillonite Silicate (adsorbed) Ca®* adsorbed Synthesized

Gypsum Sulfate CaS0,4-2H,0 Krantz Mineral Kontor
Anhydrite Sulfate CaSOy4 Sigma-Aldrich
Fluorite Halogenide CaF, Sigma-Aldrich
Sinjarite Halogenide CaCl, Sigma-Aldrich

Ca formate Organic CaHCOO, Sigma-Aldrich

Ca acetate Organic Ca(CH3CO0O0), Sigma-Aldrich

Ca citrate Organic CioH 9Caz044 Sigma-Aldrich

Ca oxalate Organic Ca,C,04 Sigma-Aldrich

Ca lactate Organic CeH oCaOg Sigma-Aldrich

Ca pectate Organic Ca,(C¢HgOg)y Synthesized

Ca phytate Organic + P CgHgCagO,4Pg Synthesized
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Table 2 Important properties of the study sites

Site soil Location Parent material, Elevation Mean annual Mean annual Forest type
types profile exposition, [masl] air precipitation
inclination temperature [mm)]
[°C]
Tuttlingen Swabian Alb (47° Jurassic limestone 750 6.5 850 Mature Fagus sylvatica
Rendzic Z?:] IEGH N 82 44/ Lept: NE slope, 25° forest
Leptosol, ) Camb: Plateau
Eutric
Cambisol
Wellheim Franconian Alb Jurassic Lept: 500 7.7 780 Mature Fagus sylvatica
Rendzic (48° 49 20" N limestone/dolostone  Camb: forest
Leptosol, 11° 03" 20" E) Lept: Crest 460
Eutric Camb: NW slope,
Cambisol 15°
Achenpass German Alps (47° Triassic dolostone Lept: 5.5 2110 Mature mixed mountain
Rendzic 35" 43" N 11° NW slope, 30° 1040 forest (Fagus sylvatica,
Leptosol 37 54" E) Camb: Picea abies, Abies alba)
Eutric 1070
Cambisol
Mangfall German Alps (47° Triassic dolostone 1060 6.8 1995 Mature mixed mountain
Mts 36’ 31" N 11° Lept: N slope, 30° forest (Fagus sylvatica,
Rendzic 49’ 22" E) Camb,Hist: S slope, Picea abies, Abies alba)
Leptosol 30°
Eutric
Cambisol
Folic
Histosol
Wetterstein ~ German Alps (47° Triassic limestone 1450 3.5 1703 Mature Picea abies
Folic 26' 17" N 11° Hist: N slope, 15° mountain forest
Histosol 09 51" E)
Bad Rhon Mts (50° 217 Basalt, crest 810 6.0 960 Mature Fagus sylvatica
Briickenau 8" N 9° 55' 39" forest
Dystric E)
Cambisol
Steinach Rhon Mts (50° 19" Basalt, 770 6.5 630 Mature Fagus sylvatica
Dystric 14:: N 10° 05’ S slope: 20° forest
Cambisol 31" E)

Lept Rendzic Leptosol, Camb Eutric Cambisol, Hist Folic Histosol

with thick organic surface layers (WRB: Rockic
Histosols; “Tangelrendzina” according to Kubi€na
1953) which had developed on limestone (Wetterstein)
or dolostone (Mangfall Mts.), and two Dystric Cam-
bisols (Bad Briickenau, Steinach) on basalt. Most soils
have been described in detail earlier (e.g. Prietzel et al.
2013, 2016a); key parameters are presented in the
Supporting Information (Table S1). For each profile,
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material was sampled by horizon from three different
positions at the profile face which were pooled by
horizon. In total, 64 unreplicated soil samples were
included in our study. Bedrock was sampled from
quarries or road cuttings in vicinity to the profiles. For
each profile, we collected at least three bedrock pieces
of a least 10 cm diameter. All bedrock pieces were
crushed with a hammer, and unweathered interior
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material from the crushed pieces was sampled and
pooled. No bedrock sample was available for Stei-
nach, however, we assume that the basalt parent
material of Steinach has the same mineralogy as the
basalt bedrock of the nearby (distance < 10 km) soil
Bad Briickenau. We also acquired Ca K-edge XANES
spectra of foliage sampled from important tree species
at the study sites. Foliage samples included current-
year and older needles of Norway spruce (Picea abies)
and Silver fir (Abies alba) and leaves of European
beech (Fagus sylvatica) and sycamore (Acer pseudo-
platanus) from trees in the surrounding of the profiles.
Foliage and fine roots in Ah horizons of the Leptosols
and Cambisols were sampled at Wellheim, Achenpass,
and Mangfall Mts. in autumn 2019.

Methods
Sample pretreatment

All soil samples were air-dried and sieved (2 mm
mesh), and subsamples were fine ground for element
analysis and Ca XANES spectroscopy. Additionally,
all bedrock samples were finely ground. Foliage and
root samples were dried at 40 °C for 1 week, cut into
pieces, and then finely ground. Immediately after
sampling, root samples were rinsed with water to
remove attached soil particles.

Ca K-edge XANES spectroscopy

In contrast to wet-chemical methods, synchrotron-
based X-ray Absorption Near-Edge Structure
(XANES) spectroscopy enables a direct, non-invasive
Ca speciation in soils and other environmental sam-
ples. In that method, the sample under study is
irradiated with energy-tuned monochromatic X-rays
with high energy resolution in the energy range of
either the K edge (Ca: 4038 eV), the L edges (Ca:
346 eV, 350 eV, 438 eV), or the M edges (Ca: 25 eV,
44 eV) of the element under study, and the attenuation
of the X-ray signal as function of X-ray energy caused
by the X-ray absorption of the sample is recorded. By
comparison of the energy-dependent X-ray attenua-
tion pattern of a sample with unknown Ca species
composition with the energy-dependent X-ray atten-
uation patterns of reference compounds with known
Ca speciation (i.e. spectrum deconvolution), the Ca
speciation of the sample can be assessed. On ground

subsamples of the reference compounds, soil, and
plant samples, we acquired XANES spectra at the Ca
K-edge at Beamline 8 of the Synchrotron Light
Research Institute (SLRI) at Nakhon Ratchasima,
Thailand (Klysubun et al. 2012, 2019). Briefly, we
spread sample powder as a thin, homogeneous film on
Ca-free Nitto tape (Nitto Denko Corp., Umeda, Japan)
and mounted the tape on a sample holder. Samples
with Ca concentrations > 20 mg g~' were diluted
before analysis with finely ground ultra-pure quartz
(§8i0,) powder to a concentration of 10 mg Ca g_1 to
avoid spectra distortion by self-absorption effects.
Then we scanned the X-ray photon energy using an
InSb(111) double-crystal monochromator with an
energy resolution of AE/E =3 x 10, We recorded
all spectra in fluorescence mode with a 13-element
germanium detector. To increase fluorescence yield,
we placed the sample holder at a 45° angle to the
incident monochromatic beam (beam size 12 mm x
1 mm). We constantly purged the sample compart-
ment with helium gas to minimize X-ray absorption by
air surrounding the sample. We calibrated the
monochromator with the second peak of pure CaCO;
(Ep = 4060.50 eV) according to Rajendran et al.
(2013). This was repeated every 12 h, and no E,
movement was noticed during the beamtime. After
calibration, we acquired spectra in the energy range
from 3940 to 4240 eV with a dwell time of one second
per energy step. Energy steps were as follows: from
3940 to 4020 eV and from 4120 to 4240 eV: 5 eV;
from 4020 to 4120 eV: 0.25 eV. For each sample, we
acquired at least two spectra. Multiple spectra
acquired for each sample always were identical, which
rules out artificial sample changes caused by radiation
damage. We merged replicate spectra obtained for a
given sample using the software ATHENA (Ravel and
Newville 2005). All merged spectra were subject to
base-line correction (range 3980-4030 eV) and edge-
step normalization (range 4120—-4240 eV). The result-
ing spectra were deconvoluted by linear combination
fitting (LCF) in the energy range 4020—4140 eV using
up to five reference compounds. We identified the best
fits by minimal R factors and good agreement between
measured and modeled spectra in species-sensitive
energy regions (signals reported in Table S3). Calcium
species with > 5% contribution to total Ca as reported
by LCF were assumed to be present in the respective
sample.
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Fig. 1 Baseline-corrected and normalized Ca K-edge XANES
spectra of different reference compounds with potential
relevance in soils. Left panel: Ca carbonates, sulfates, and

Determination of total element concentrations
and general soil properties

Concentrations of total C and N in all samples were
determined by dry combustion at 1100 °C (EuroEA
elemental analyzer, HEK Atech, Wegberg, Germany).
We determined total concentrations of Ca, Mg, Fe, Al,
and other cations in all samples by digestion with a
mixture of hot concentrated HF/HCIO,/HNO; and
analysis of the digests with ICP-OES (Varian Optima
3000). This method has been proven to result in
complete element recovery in numerous earlier studies
(e.g. Schwartz and Koélbel 1992; Hornburg and Liier
1999; Prietzel et al. 2015). Good accuracy and
precision of our C and N determination method has
been proven by Prietzel and Christophel (2014).
Furthermore, together with each sample batch a soil
reference compound was analyzed as internal standard
to assure good accuracy and precision of our total
element analysis.

fluorite. Center panel Ca silicates and phosphates. Right panel
Organically bound Ca. All compounds were diluted to a Ca
concentration of 10 mg g~

Results
Ca standard compounds

The baseline-corrected and edge-step normalized Ca
K-edge XANES spectra of all reference standard
compounds shared similar features (Table 3 and
Fig. 1). For all standards except calcite and dolomite
(white line peak at 4048.5 and 4048.3 eV, respec-
tively), the largest peak (white line) was present at an
energy of 4051 + 1 eV. Additional pre-edge features
were present at 4040/41 eV (shoulder for calcite,
dolomite, and carboxylates; otherwise peaks), at
4045/46 eV (shoulders except for fluorite), and at
4048/49 eV (absent for carboxylate and phosphate
compounds). Post-edge features were present at
4053/54 eV (shoulders), at 4057 & 1 eV (mostly
shoulders), and in the energy range 4060—4065 eV
(peaks; shoulders, and tailings; particularly prominent
for calcite, dolomite, and fluorite). Moreover, a small,
but distinctive peak at 4071 eV, prominent post-edge
features at 4080 eV, and peaks at 4089/4090 eV and
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Fig. 2 (Top panels) Normalized Ca K-edge XANES spectra
and (bottom panels) contribution of different Ca species to total
Ca in different horizons of Rendzic Leptosols formed from
Limestone (Tuttlingen), dolomitic limestone (Wellheim) and

4093-4097 eV were present for almost all reference
compounds.

Specific spectral features permit an unambiguous
identification of different Ca carbonates (calcite,
dolomite, aragonite), Ca sulfates (anhydrite, gypsum),
and Ca fluorite, and discrimination of these com-
pounds from Ca phosphates or Ca silicates on one
hand as well as from organically bound Ca on the other
(Fig. 1). The Ca silicate compounds augite, epidote,
anorthite, and Ca adsorbed to montmorillonite also can
be discriminated (Fig. 1; Figure S1). Particularly the
spectrum of Ca®>" adsorbed to a silicate mineral
(montmorillonite) differs clearly from spectra of
silicate minerals with structural Ca by its prominent
shoulder at 4063 eV and the lack of a peak at
4057/58 eV (Figure S1). The spectra of the organic
Ca compounds citrate, acetate, and lactate are similar
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dolostone (Achenpass; Mangfall Mts.) as determined by Linear
combination fitting. Ca carboxylate species other than oxalate or
pectate are summarized as Ca citrate. CM: Clay mineral

and probably do not allow discrimination of these
compounds. In contrast, the spectra of Ca oxalate,
pectate, phytate, and formate differ markedly from one
another as well as from the other organic Ca
compounds (Figure S2). The differences are caused
by a post-edge peak at 4090 eV (oxalate), tailings in
the energy range 4055-4069 eV (pectate) or
40564070 eV (phytate), or a post-edge shoulder at
4064 eV (formate, lactate). The shapes of the Ca
K-edge XANES spectra obtained in fluorescence
mode for calcite that had been diluted with quartz to
different concentrations from 1 up to 50 mg Ca g~'
were identical. Spectra of calcite samples with larger
Ca concentrations up to 50 mg g~ thus did not show
any peak signal dampening due to self-absorption
(Figure S3). For Ca oxalate, spectra obtained for the 20
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and 50 mg Ca g~ ' variants showed moderate peak

attenuation (Figure S3).
Soils
Initial soils formed from calcareous parent material

The parent material of the four Rendzic Leptosols
differed concerning mineralogical composition and
major Ca forms. The bedrock at Tuttlingen was
limestone, and its Ca was calcite-bound, whereas the
parent material of the other Leptosols was dolostone
with dolomite-bound Ca. This was well reflected by
the XANES results (Fig. 2). The Ca XANES spectra
of all Leptosols changed systematically from subsoil
to topsoil horizons, losing typical features of bedrock
mineralogy. Carbonate-Ca signals were generally
small in Ah horizons and absent in O layers. The
decreased contribution of carbonate-Ca to total topsoil
Ca was accompanied by an increased contribution of
organically bound Ca (Fig. 2 and Table 4). Whereas
the Ca in the C horizons of all Leptosols was
exclusively or almost exclusively bound in calcite
(Tuttlingen) or dolomite (other soils), Ah horizon Ca
speciation differed markedly among the Leptosols. In
the Ah of Achenpass, carbonate-bound Ca strongly
dominated over clay mineral-adsorbed Ca and organ-
ically bound Ca. In the Ah of Mangfall Mts., about
equal Ca amounts were bound to carbonate, clay
minerals, and SOM, and in the Ah horizons of
Wellheim and Tuttlingen, organically bound Ca dom-
inated. In the latter soil, inorganically bound Ca in the
Ah horizon was carbonate-Ca, whereas in the former
clay mineral-adsorbed Ca dominated. In the L layers
of all Leptosols, oxalate-bound Ca was the dominating
Ca species. With increasing soil depth, Ca oxalate
concentrations and the contribution of oxalate-bound
Ca to total Ca decreased systematically, and oxalate-
bound Ca was absent in the mineral soil of all profiles
except the carbonate-free Ah of Tuttlingen. Organi-
cally bound Ca in the Leptosol mineral soils was
mostly present as Ca pectate or Ca phytate.

Soils with advanced pedogenesis formed
from calcareous parent material

Similar to the Leptosols, also the Ca XANES spectra
of the samples taken from the four Cambisols at the
calcareous study sites changed systematically from

subsoil to topsoil horizons, losing or weakening the
typical features of bedrock mineralogy. For Tuttlingen
and Wellheim, no carbonate-Ca signals are visible in
spectra of Bw and topsoil horizon samples, indicating
the absence of carbonate-bound Ca (Fig. 3 and
Table 5). For the alpine soils Achenpass and Mangfall
Mts., carbonate-Ca signals were also absent (Mangfall
Mts.) or small (Achenpass) in the Bw horizons;
however, the Ca XANES spectra of their Ah and O
horizon samples showed distinct features of carbon-
ate-bound Ca. Obviously, the topsoil horizons of the
Achenpass and Mangfall Mts. Cambisols contain more
carbonate-bound Ca than their Bw horizons. Further-
more, depth gradients of total Ca and carbonate C
concentrations differed between the Cambisols Tut-
tlingen and Wellheim on one hand (increase with
depth; Table S2) and the Cambisols Achenpass and
Mangfall Mts. on the other (larger concentrations in
Ah compared to B horizons). Results of XANES and
traditional wet-chemical analysis thus both strongly
indicate a minimum of carbonate-bound Ca in the B
horizons of our alpine Cambisols formed from dolo-
stone, whereas this was not the case for the non-alpine
Cambisols formed from limestone. Concentrations of
clay mineral-adsorbed Ca in Ah and Bw horizons of
the Cambisols Achenpass and Mangfall Mts. were also
larger than those in the respective horizons of the
Cambisols Tuttlingen and Wellheim. As for the
Leptosols, also in the Cambisols formed on calcareous
bedrock, the contribution of organically bound Ca to
total soil Ca decreased with soil depth. The Ca
speciation of the Cambisol L layers was dominated by
Ca pectate and Ca oxalate (Fig. 3) and thus similar to
the L layer Ca speciation of the Leptosols. In contrast
to the Leptosols, in all Cambisols except Wellheim the
contribution of oxalate-bound Ca to organic Ca did not
decrease with soil depth, and in many cases more than
30% of organically bound subsoil Ca was Ca oxalate.

Organic mountain soils formed on calcareous parent
material (Rockic Histosols)

As evident in the XANES spectra, carbonate-bound
Ca was absent in the thick organic surface layers of
both Histosols (Fig. 4) except for the Oh3 horizon of
the Mangfall Mts. Histosol. Calcium concentrations
increased moderately (Wetterstein) or markedly
(Mangfall Mts.) with depth (Table 6), and the majority
of soil Ca was organically bound. Inorganic Ca was

@ Springer
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Fig. 3 (Top panels) Normalized Ca K-edge XANES spectra
and (bottom panels) contribution of different Ca species to total
Ca in different horizons of Cambisols formed from Limestone
(Tuttlingen), dolomitic limestone (Wellheim) and dolostone

clay-mineral bound (Mangfall Mts. Oh3: equal con-
tribution of clay mineral-bound Ca and carbonate Ca).
Among the organic Ca forms, the contribution of
oxalate-bound Ca decreased with soil depth, SOM age,
and SOM decomposition status. Oxalate-bound Ca
dominated in the Of horizons of both Histosols,
whereas non-oxalate organic Ca dominated in the Oh
horizons. Ca pectate was enriched in lower, more
decomposed Oh horizons.

Soils with intermediate pedogenesis formed
from silicate parent material

Calcium in the basalt parent material of the Dystric
Cambisol Bad Briickenau was mainly bound in augite
and plagioclase, the latter represented by our anorthite
standard (Fig. 5). As reported before for the

(Achenpass; Mangfall Mts.) as determined by Linear combina-
tion fitting. Ca carboxylate species other than oxalate or pectate
are summarized as Ca citrate. CM: Clay mineral

calcareous soils, also for the Cambisols with silicate
parent material, XANES spectra changed systemati-
cally from subsoil to topsoil horizons. However, in
contrast to the calcareous soils typical spectral features
of bedrock minerals (e.g. the peak at 4057/58 eV,
characteristic for plagioclase and augite) were present
in the entire mineral soil of the basalt-derived
Cambisols. This indicates the presence of bedrock
minerals and predominance of primary silicate-bound
Ca to total Ca in the fine earth fraction of the entire
mineral soil (Fig. 5). In both Dystric Cambisols, clay
mineral-adsorbed Ca was enriched in the O layer, but
most Ca was organically bound. In the mineral soil of
Steinach, the contribution of organically bound Ca to
total Ca decreased systematically with depth. For the
Bad Briickenau Cambisol, the contribution of organ-
ically bound Ca to total soil Ca generally was larger
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Table 5 Ca speciation in soils with advanced pedogenesis
(Eutric Cambisols) formed from calcareous parent material as
calculated by Linear Combination Fitting performed on Ca

K-edge XANES spectra of the respective samples. Bedrock Ca
speciation of different sites: see Table 4

Horizon Total Carbonate Clay Oxalate Citrate Pectate Phytate Organic Organic Oxalate R factor

Ca Ca mineral Ca Ca Ca Ca Ca/Total Cagyen/ Ca/ LCF

sorbed Ca Total Organic
Ca Caexen Ca

mg g~
Eutric Cambisol TUTTLINGEN
LOf 9 0 <1 2 3 1 2 0.92 0.92 0.28 0.000546
Ah 5 0 2 1 2 0 0 0.54 0.41 0.46 0.001987
AhBw 3 0 2 <1 1 0 0 0.49 0.44 0.39 0.001966
BwAh 4 0 <1 1 0 0 0.52 0.51 0.37 0.002785
Bw 7 0 5 0 1 0 <1 0.28 0.13 0 0.000621
CB 135 109 26 0 0 0 0 0 0 - 0.002485
Eutric Cambisol WELLHEIM
L 18 0 0 9 2 8 0 1.0 ND 0.47 0.003939
Ah 2 0 <1 <1 <1 0 1 0.72 0.44 0.10 0.000786
Bw 2 0 <1 0 <1 <1 <1 0.77 0.54 0 0.000883
II Bw 4 0 1 <1 <1 <1 0 0.60 0.44 0.22 0.001249
CBw 9 <1 0 0 6 1 0 0.50 ND 0 0.000626
Eutric Cambisol ACHENPASS
L 16 0 0 6 3 8 0 1.0 ND 0.35 0.004465
Ah 38 23 8 3 0 0 4 0.19 ND 0.42 0.000595
BwAh 17 4 7 2 3 1 0 0.38 ND 0.37 0.000526
Bw 13 5 4 0 0 0 4 0.33 ND 0 0.000430
BwC 158 144 14 0 0 0 0 0 0 - 0.001672
Bw)C 170 151 19 0 0 0 0 0 0 - 0.003565
Eutric Cambisol MANGFALL MTS
L 17 0 0 6 3 8 0 1.0 ND 0.37 0.002513
Oof 20 1 6 5 5 2 0 0.62 0.48 0.40 0.001293
Oh 24 5 9 4 3 2 0 0.39 0.33 0.38 0.000689
Ahl 29 10 7 4 6 3 0 0.44 0.56 0.30 0.000602
Ah2 24 4 10 4 6 0 0 0.42 0.22 0.38 0.000793
Bw 15 <1 7 2 5 0 0 0.51 0.27 0.31 0.001273

than at Steinach and showed no depth trend. Most
organically bound Ca was oxalate-bound (Table 6).

Plant samples

Tree foliage Ca concentrations (Table 7) decreased in
the order sycamore > beech > fir > spruce. Foliage
Ca speciation differed (Fig. 6) between broadleaf
(50% oxalate-bound Ca; 40% pectate Ca; 10% phytate
Ca) and conifer species (90% oxalate-bound Ca; 10%
citrate-Ca). No Ca speciation difference was present

@ Springer

between current-year and older conifer needles. Fine
root Ca concentrations were two to four times larger
for beech on Leptosols or Cambisols with calcareous
bedrock compared to spruce stocking on the Folic
Histosol (Table 7). Beech fine root Ca speciation was
almost identical among sites. It differed markedly
from that of beech foliage by larger shares of Ca
pectate (55% of total Ca) and Ca phytate (25%), and
smaller oxalate-bound Ca shares (20%). Spruce root
Ca was 33% oxalate, 33% pectate, 26% citrate, and
9% phytate.
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Fig. 4 (Top panels) Normalized Ca K-edge XANES spectra
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Wetterstein) as determined by Linear combination fitting. Ca
carboxylate species other than oxalate or pectate are summa-
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Discussion

R factor
LCF

0.000877
0.000841

Soil Ca speciation using Ca XANES spectroscopy:
potential and limitations

At present, most published Ca K-edge XANES spectra
of standard compounds with relevance in environ-
mental samples refer to minerals (Neuville et al. 2004;
Sarret et al. 2007; Brinza et al. 2014; Blanchard et al.
2016; Proffit et al. 2016). In contrast, XANES spectra
of Ca-bearing organic standard compounds with
relevance in environmental science are scarce. Sarret
et al. (2007), Abe (2014), Thyrel et al. (2015), and
Proffit et al. (2016) presented spectra of Ca oxalate. A
comprehensive Ca K-edge XANES spectra database
for relevant inorganic and organic soil Ca compounds
is presented for the first time here (Table 3 and Fig. 1).
s The most important soil Ca species (Ca bound to
SOM, carbonates, primary silicates, clay minerals, and
o o sulfates) can be fingerprinted with reasonable relia-
bility by LCF using our spectra database. This is in line
with results of studies on minerals in mine tailings
e ° (Blanchard et al. 2016). However, a shortcoming of
the deconvolution of Ca XANES spectra obtained on
soil samples is the inability to account for different
Ca’®* cation bridge architectures. Soil calcium is
present as the divalent cation Ca2+, which is able to act
as bridging cation between different soil constituents
(Clarholm et al. 2015; Rowley et al. 2018). These
constituents may either be of the same type, e.g. clay-
minerall—Ca”—lclay mineral; SOM—COOI-Ca*"—
IOOC-SOM, or of different types, e.g. clay-min-
erall-Ca**—I00C-SOM; Fe oxyhydroxide-PO,l—
Ca>*t-100C-SOM (Mikutta et al. 2007; Kunhi Mou-
venchery et al. 2012; Clarholm and Skyllberg 2013;
Rowley et al. 2018; Rasmussen et al. 2018). Simul-
taneous binding of a given Ca atom to two different
soil constituents conflicts with our current LCF
evaluation and Ca speciation scheme, where Ca
always is assigned to one single specific constituent,
i.e. it by definition is either present as “organically
bound Ca” or as “clay mineral-bound Ca”. The same
problem exists for surface Ca atoms of carbonates with
adsorbed SOM (Suess 1970; Carter 1978; Suzuki
2002; Rowley et al. 2018). A similar issue is the
question, whether Ca®* ions bound to specific car-
boxylate groups (e.g. oxalate or citrate, which can be
distinguished and quantified specifically by LCF based
on spectral differences) are bound (i) as “salt” of the

Oxalate Ca/
Organic Ca

1.0

Organic Caexen/
Total Cagycn

ND

Organic Ca/
Total Ca
0.16

Phytate
Ca

Pectate
Ca

Citrate
Ca

0

0

Oxalate
10

Clay mineral
sorbed Ca

10

Total Carbonate/
Ca silicate Ca®
mg g~

65 44

69 69

*Mangfall Mts., Wetterstein: Carbonate-Ca; Bad Briickenau, Steinach: silicate Ca

®Bedrock Bad Brickenau (see Text)

Table 6 continued

Horizon
CBw
Bedrock®
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Fig. 5 (Top panels) Normalized Ca K-edge XANES spectra
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respective monomeric carbonic acid (e.g. oxalic acid,
citric acid), or (ii) to oxalate-type vs. citrate-type
moieties of larger SOM associations. Due to its
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Briickenau, Steinach) as determined by Linear combination
fitting. Ca carboxylate species other than oxalate or pectate are
summarized as Ca citrate. CM: Clay mineral

divalence, a given Ca*" ion may even at the same
time be bound to (iii) similar or (iv) different
carboxylate-type moieties of two separate SOM
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Table 7 Ca speciation in tree foliage and fine roots sampled at the study sites as calculated by Linear Combination Fitting performed

on Ca K-edge XANES spectra of the respective samples

Sample Location Total Oxalate  Citrate  Pectate  Phytate = Oxalate Ca/ R factor
Ca Ca Ca Ca Ca Organic Ca LCF
mg g
Foliage
Beech Achenpass 13.1 6.7 0 4.6 1.8 0.51 0.0010854
Mangfall Mts 14.2 7.7 0 53 1.3 0.55 0.0007346
Wellheim 19.1 9.9 0 8.0 1.1 0.52 0.0006224
Maple Achenpass 24.8 124 0 11.4 1.2 0.48 0.0010495
Mangfall Mts 242 124 0 12.4 0 0.50 0.0005367
Spruce (current-  Achenpass 4.0 3.6 0.4 0 0 0.91 0.0005894
year)
Spruce (current-  Mangfall Mts 43 3.7 0.6 0 0 0.86 0.0004622
year)
Spruce (older) Achenpass 6.2 5.5 0.7 0 0 0.88 0.0008229
Spruce (older) Mangfall Mts 8.0 73 0.7 0 0 0.99 0.0007243
Fir (current-year) Achenpass 3.8 3.6 0.2 0 0 0.94 0.0008700
Fir (current-year) Mangfall Mts 59 53 0.6 0 0 0.90 0.0009893
Fir (older) Achenpass 8.6 7.8 0.8 0 0 0.91 0.0005585
Fir (older) Mangfall Mts 6.8 6.4 0.4 0 0 0.94 0.0006655
Fine roots
Beech Achenpass 12.3 2.2 0 7.3 2.8 0.23 0.0005481
lleptosol
Achenpass 18.1 4.2 0 9.1 4.9 0.18 0.0003668
cambisol
Mangfall Mts. 10.2 1.9 0 5.7 2.6 0.19 0.0007818
leptosol
Spruce Mangfall Mts. 42 1.4 1.1 1.3 0.4 0.33 0.0009612
histosol

molecules by intermolecular cross-linking (Kunhi
Mouvenchery et al. 2012). Thus, our current LCF
approach is a simplification of true Ca binding patterns
in most soils. A possible strategy to address the
problem of simultaneous binding of a given Ca*" ion
to two different soil constituents or bonding partners in
future studies may be the synthesis of appropriate
reference compounds, followed by acquisition of their
Ca XANES reference spectra and inclusion of these
spectra in the deconvolution procedure, as performed
by Prietzel et al. (2009, 2016b) for the speciation of S
and P in soils by S and P XANES spectroscopy,
respectively. However, this will reduce, but not
eliminate the complex problem of appropriate Ca
bonding partner assignment. Yet we propose that Ca
XANES spectroscopy is a considerable step forward
on the long road of accurate and robust soil Ca

speciation. Kunhi Mouvenchery et al. (2012) recom-
mended combination of various analytical methods
including XAFS techniques for investigating Ca-
mediated cross-linking between different soil compo-
nents, and such combination may also help to yield
most accurate soil Ca speciation results. Despite the
uncertainties mentioned above, Ca speciation by
XANES spectroscopy as reported for our twelve study
soils with different parent material, pedogenesis, and
general physicochemical properties shows good
agreement with the expected Ca speciation. This
underpins the validity of synchrotron-based XANES
spectroscopy for the Ca speciation in soils, generating
new knowledge on the fate of Ca during pedogenesis.

The quantification of different Ca species in soils
and other environmental materials is a more difficult
task than their identification. The correctness of LCF
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Fig. 6 (Top panels) Normalized Ca K-edge XANES spectra
and (bottom panels) contribution of different Ca species to total
Ca in foliage of different tree species (left panels) and fine roots
in Ah horizons of Rendzic Leptosols and Eutric Cambisols

results (accuracy and precision of the calculated vs.
true contribution of different species) requires (i) com-
pleteness and correctness of the reference compound
set used (Kelly et al. 2008), as well as (ii) avoidance of
overfitting artifacts as recently documented for P
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(right panels) as determined by Linear combination fitting. Ca
carbyxalate species other than oxalate or pectate are summa-
rized as Ca citrate

XANES speciation on soils by Gustafsson et al.
(2020). Small R factors and standard errors of an LCF
result do not necessarily prove a high accuracy and
precision of that result, and even a high conformity of
calculated speciation results with the true speciation of
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well-defined mixtures (e.g. Prietzel et al. 2011;
Werner and Prietzel 2015) does not necessarily grant
a high accuracy and precision of the same procedure
for soils and other environmental samples, which most
often are characterized by numerous, sometimes ill-
defined or even unknown species of the element under
study. Combined application of different analytical
methods and stoichiometric considerations may dis-
prove or strengthen element speciation results
obtained by XANES/LCF. One of the Ca species that
has been quantified by XANES/LCF in our study soils,
carbonate-bound Ca, can also be quantified through
wet chemical analysis by calculating the concentra-
tions of calcite and dolomite in the respective sample
from the amount of inorganic (carbonate) C
(Tables SI1, SI2), assuming that the carbonate is
entirely bound in either calcite or dolomite depending
on the site, and a Ca/carbonate C mass ratio of 40.08/
12.01 and 20.04/12.01 in calcite and dolomite,
respectively. Comparison of wet-chemical analysis
and XANES/LCF results (Fig. 7) shows that in our
study carbonate-bound Ca obviously was fairly well
quantified by Ca XANES/LCF. Unfortunately, no wet-
chemical method is available for quantification of the
other Ca species quantified by Ca XANES/LCF in our
study. On one hand, this lack emphasizes the great
potential of Ca XANES to increase our knowledge on
Ca in soils; on the other hand it makes it complicated
to double-check the general accuracy and precision of
Ca XANES spectroscopy performed on soils. Thus,
our quantification results at the moment must be
viewed with caution, particularly in the light of the
current uncertainties with respect to the complexity of
Ca binding types in soils discussed in the previous
paragraph. Yet the fact that carbonate-bound Ca was
fairly well quantified by Ca XANES/LCF in our study
allows us to consider the Ca quantification results
obtained in our study as fair estimates, being the basis
for future follow up research.

New knowledge on soil Ca speciation obtained
by Ca XANES spectroscopy

Effects of pedogenesis on soil Ca speciation

Our Ca speciation results obtained by XANES spec-
troscopy follow systematic patterns that agree well
with our current knowledge on key soil formation
processes in the different soil types. Thus, subsoil Ca
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Fig.7 Comparison of carbonate-bound Ca in the study soils as
calculated by Ca K-edge XANES + LCF and by wet chemical
analysis based on the concentration of inorganic (= carbonate)
carbon. Error range estimated as 10% for XANES, Ca and
carbonate determination, respectively

in the Rendzic Leptosols was identified as lithogenic
carbonate. Topsoil Ca concentrations were decreased
markedly compared to those in the subsoil due to
carbonate weathering. Concomitantly with increased
topsoil contents of Fe/Al oxyhydroxides and SOM
(Table S1) due to intensive mineral weathering,
pedogenesis, and biotic activity, also concentrations
of organically bound Ca and clay mineral-adsorbed Ca
(Table 4), and therefore the relative contributions of
these Ca forms to total soil Ca were larger in topsoil
than subsoil horizons. Our XANES approach addi-
tionally showed that the four Rendzic Leptosols differ
with respect to their topsoil Ca speciation. This can be
explained by site-specific pedogenesis and SOC
contents. The decreasing contribution of carbonate-
bound Ca in the Leptosol Ah horizons in the sequence
Achenpass > Wellheim > Mangfall ~Mts. > Tuttlin-
gen reflects the progressively advanced stage of
pedogenesis in these soils. The topsoil of Tuttlingen
is most depleted in Ca (Table 4) and has almost
completely lost its carbonate (Table S1). Intensive
limestone weathering has resulted in pronounced Al/
Fe oxyhydroxide and clay mineral accumulation,
which together with SOM (cf. “Speciation of organ-
ically bound soil Ca as affected by plant input and
microbial turnover” sect.) act as effective Ca’*
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sorbents. The mineral topsoil of the Mangfall Mts.
Leptosol is much richer in Ca and carbonate, but also
shows marked Al/Fe oxyhydroxide accumulation.
This soil profile is located on a steep (30°) N-exposed
slope and characterized by intensive carbonate weath-
ering and sesquioxide formation together with contin-
uous input of dolomite scree from topslope rock walls.
This results in the presence of about equal shares of
carbonate-bound Ca, organically bound Ca, and clay
mineral-bound Ca in the Ah horizon. Achenpass is the
least developed Leptosol and characterized by large
Ca and carbonate contents as well as small SOM and
Al/Fe oxyhydroxide contents in the Ah horizon.
Consequently, its Ca speciation shows a predomi-
nance of carbonate-bound Ca.

In agreement with traditional concepts of pedoge-
nesis on carbonate parent material, the Eutric Cam-
bisols at the calcareous sites differ from their Leptosol
counterparts by complete disappearance (Tuttlingen;
Wellheim) or decreased contents (Achenpass; Mang-
fall Mts.) of carbonate-bound Ca, and accumulation of
organically bound and clay mineral-bound Ca in the
topsoil (Table 5). Additionally, different depth gradi-
ents of carbonate-bound Ca, total Ca, inorganic C, and
pH were noticed for the non-alpine Cambisols
Tuttlingen and Wellheim on one hand and the alpine
Cambisols Achenpass and Mangfall Mts. on the other,
providing important hints for peculiar patterns of
pedogenesis in the latter soils. In this context it must be
mentioned that the latter soils both are located at mid-
slope positions of steep hillslopes with upslope rock
outcrops and rock walls consisting of dolostone.
Physical dolostone weathering and downslope trans-
port of mobilized dolostone fragments by gravity and
snow gliding result in continuous input of dolomite
scree on the soil surface and its subsequent admixture
into the topsoil by bioturbation. Continuous topsoil
dolomite scree input together with the cool and humid
climate at sites Achenpass and Mangfall Mts. (Table 2)
results in intensive carbonate weathering and pedoge-
nesis, allowing the formation of Cambisol Bw hori-
zons within only 10,000 years of Holocene
pedogenesis (Biermayer and Rehfuess 1985). In
contrast to the Cambisols Tuttlingen and Wellheim
which lack upslope rock outcrops or walls and thus
any topsoil input of unweathered parent material, the
Cambisols Achenpass and Mangfall Mts. have two
different zones with intensive carbonate weathering
and soil formation, one in the Ah horizon (input of
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allochtonous carbonate) and another in the BC and C
horizons (autochtonous carbonate). In the Ah, BC, and
C horizons, soil pH is controlled by carbonate
weathering, whereas the de-carbonated Bw horizons
are characterized by intensive silicate weathering. To
the best of our knowledge, this “double pedogenesis”
in Cambisols on calcareous hillslopes with superficial
input of chemically unweathered calcareous frag-
ments has not been described before, but could be
clearly identified in our Ca XANES study.

As shown by comparison of the Eutric Cambisols,
weathering intensity strongly affects the amount of
clay mineral-bound Ca. This is mainly due to the fact
that with progressive pedogenesis and topsoil acidifi-
cation clay mineral-adsorbed topsoil Ca is increas-
ingly replaced by Al cations, as evident in decreased
topsoil base saturation percentages for the Cambisols
Wellheim and Tuttlingen (Table S2). Additionally,
total CEC in the Bw horizons of the Wellheim and
Tuttlingen Cambisols, Table S2) is much smaller
compared to those of the Cambisols Achenpass and
Mangfall Mts. despite large clay contents. This is due
to the fact, that pedogenesis of the Wellheim and
Tuttlingen Cambisols started in the Tertiary (2.5-65
million years ago), whereas pedogenesis of the
Cambisols Achenpass and Mangfall Mts. started in
the Holocene (< 12,000 years). Therefore, soil devel-
opment is considerably advanced in the former (Fey/
Fe, ratio in B and CB horizons: 16-115; dominating
clay mineral: kaolinite; Stahr and Bocker 2014)
compared to the latter soils (Fey/Fe, ratio in B and
CB horizons: 3—-6; dominating clay minerals: illite and
smectite; Wilke et al. 1984; Biermayer and Rehfuess
1985). Compared to the Cambisols formed from
calcareous bedrock, in the Dystric Cambisols Bad
Briickenau and Steinach that have developed from
silicate bedrock (basalt), a considerably larger part of
mineral soil Ca is bound as primary silicate Ca in the
fine earth and rock fragments < 2 mm diameter. This
underlines the importance of lithogenic Ca for Ca
nutrition of temperate forest ecosystems with soils on
silicate bedrock (Kohler et al. 2000).

Our study shows that pedogenesis in temperate
forest soils results in soil Ca speciation changes from
lithogenic Ca to lithogenic 4 organically bound Ca
forms and ultimately to clay mineral-bound Ca and/or
organically bound Ca forms. This process starts in the
topsoil and advances into the subsoil with progressive
pedogenesis. For the first time ever, we synthesized
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Fig. 8 Conceptual model of Ca speciation change in temperate
forest soils on calcareous bedrock during pedogenesis. In our
study, the Rendzic Leptosols, the Eutric Cambisols (except

these processes in a conceptual model of Ca speciation
change in temperate soils on calcareous bedrock
during pedogenesis (Fig. 8). As noted in the previous
paragraph, continuous superficial input of unweath-
ered Ca carbonate may modify the pattern of soil Ca
speciation change during pedogenesis. Similar pat-
terns as those depicted in Fig. 8 for calcareous soils
can also be expected for soils on silicate bedrock;
however, in our study only silicate-derived soils with
an intermediate stage of pedogenesis (Dystric Cam-
bisols) and particularly large lithogenic Ca contents
(parent bedrock: basalt) have been investigated.
Future follow-up studies on the effect of pedogenesis
on soil Ca speciation should therefore also include
initial soils on silicate bedrock (Regosols, Leptosols),
soils on silicate bedrock with advanced pedogenesis,
and additionally also soils formed on silicate bedrock
with small Ca contents (granite, gneiss) in order to
yield a more generalized picture of Ca speciation
changes in temperate forest soils during pedogenesis.

L/O layer

A horizon

B horizon

C horizon

Bedrock

. Citrate D Oxalate . Pectate . Phytate

Tuttlingen), and the Eutric Cambisol Tuttlingen, respectively,
represent soils with initial, intermediate, and advanced stage of
pedogenesis

Speciation of organically bound soil Ca as affected
by plant input and microbial turnover

Organically bound Ca enters the forest floor surface
via litter fall (foliage, seeds, twigs, bark particles)
deposited on and being converted into L layers and by
root necromass injection into Of and Oh layers. In
rooted horizons of high-base-saturation soils, Ca
oxalate additionally is formed in situ by reaction of
(mycor) rhizogenic oxalic acid with Ca*" cations
(Clarholm et al. 2015). The Ca speciation in the L
layers of the Leptosols and Cambisols was dominated
by Ca pectate and Ca oxalate and almost identical with
that of beech foliage, which is the dominating litter
source at the respective sites. In contrast to spruce, fir,
and maple, beech seems to accumulate a significant P
amount in its foliage as Ca phytate (Fig. 6). However,
L layer Ca speciation differs from beech leaf Ca
speciation by the absence of phytate-bound Ca,
indicating rapid decomposition of Ca phytate after
litter deposition. For the Mangfall. Mts. Histosol, L
layer Ca speciation reflected the input of spruce and
beech litter. Progressive aging and microbial decom-
position of forest floor SOM from L to Of and Oh
layers is associated with a marked decrease of the
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contribution of oxalate-bound Ca to organically-
bound Ca in all Leptosols and Histosols. Oxalate-
bound Ca is completely absent in lower, older sections
(Oh3, Oh4) of the thick Rockic Histosol O layers
(Fig. 4) and also in most mineral soil horizons of the
Rendzic Leptosols (Fig. 2) as well as in the B and BC
horizons of the Eutric Cambisols (Fig. 5). O layer Ca
speciation also differs between the Histosols Mangfall
Mts. (SOM radiocarbon age in Oh3 horizon:
160 years; organically bound Ca largely present as
phytate and citrate) and Wetterstein (SOM radiocar-
bon age in Oh4 horizon: 1560 years; organically
bound Ca largely present as pectate and phytate).
Whereas > 30% of spruce fine root Ca in the Mangfall
Mts. Histosol is oxalate-bound (Fig. 6), the contribu-
tion of oxalate-bound Ca to organically bound Ca in
the Oh2 horizon of that Histosol is < 20% and in the
Oh3 horizon < 5%. Thus, Ca oxalate, may its origin
be foliage, root litter, or (mycor)rhizogenic oxalic
acid, obviously is decomposed rapidly compared to Ca
pectate or Ca citrate in the Histosols during long-term
O layer ageing (up to 150 years at Mangfall Mts. and
1500 years at Wetterstein). Ca phytate was not only
identified as major soil Ca form in both Histosols, but
also as major P form by P XANES and NMR
spectroscopy in the Wetterstein Histosol (Wang et al.
2019) and in the Leptosols (Prietzel et al. 2016a).

The fate of Ca oxalate in calcareous and silicate soils

Calcium oxalate plays an important role for the growth
and metabolism of most terrestrial plants (Franceschi
and Nakata 2005). Calcium is taken up passively by
plant roots and transported with the transpiration water
stream from the roots through the xylem to the foliage,
deposited as Ca oxalate in cell walls and foliage cell
vacuoles if present in excess to the amount needed as
nutrient, and ultimately disposed by leaf shedding
(Marschner 1995; Franceschi and Nakata 2005).
Synthesis of Ca oxalate and its subsequent deposition
in plant foliage vacuoles besides protection against
herbivory allows terrestrial plants maintaining water
uptake and photosynthesis also at sites with elevated
soil solution Ca concentrations without costly Ca
discrimination at soil-root interfaces (Marschner
1995; Franceschi and Nakata 2005). This process is
particularly intensive for broadleaf trees (e.g. Fagus
sylvatica;, Acer spp.) which are characterized by large
stomatal conductance and large foliar Ca
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concentrations (Table 7), and an important factor
enhancing growth competitiveness of these species on
calcareous sites. Even though oxalate-bound Ca
comprises a smaller proportion of total Ca in broadleaf
compared to the conifer foliage (Fig. 6), foliar Ca
oxalate concentrations (Table 7) as well annual litter
fall amounts (Vesterdal et al. 2008), and thus the
annual litter fall input of oxalate-bound Ca to soils are
probably similar for broadleaf and conifer species.
Thus, photosynthetic CO, fixation by trees leads to a
considerable flux of Ca oxalate into forest soils
(Verrecchia et al. 2006; Cailleau et al. 2004, 2005),
and large Ca oxalate concentrations in forest soil litter
layers have already been reported by Graustein et al.
(1977). Together with the input of Ca pectate by
foliage deposition and fine root necromass injection
into topsoil horizons, Ca oxalate deposition on soil
surfaces via litter fall is a major component of the
“base pumping effect” of forest trees, since oxalate-
bound Ca can make up to 90% of total plant tissue Ca
(Franceschi and Nakata, 2005; our study: 50% of total
Ca in broadleaf foliage and 90% in conifer foliage;
Fig. 6). This effect results in elevated Ca concentra-
tions also in O layers of forest soils with advanced
mineral topsoil acidification and Ca depletion (Clar-
holm and Skyllberg 2013). In our study, the relevance
of Ca oxalate for the Ca input into forest soils via litter
fall is highlighted by markedly elevated concentra-
tions of oxalate-bound Ca in L layers compared to
deeper horizons. The decreasing contribution of Ca
oxalate to total organically bound Ca with increasing
soil depth in the Leptosols and Histosols despite in situ
Ca oxalate synthesis by reaction of (mycor) rhizogenic
oxalic acid with Ca®* cations (Clarholm et al. 2015)
can be explained by input of Ca oxalate-poor, Ca
pectate-rich root litter and microbial Ca oxalate
decomposition (Sun et al. 2019). The absence of Ca
oxalate in most carbonate-containing mineral soil
horizons (Rendzic Leptosols, lower B and BC hori-
zons of Eutric Cambisols) as identified by Ca XANES
spectroscopy in our study at first glance is surprising.
Soil fungi subject to high soil solution Ca concentra-
tions as present in calcareous soils are known to
mitigate Ca stress by synthesis of sparsely soluble Ca
oxalate (Cromack et al. 1977; Graustein et al. 1977,
Lapeyrie 1988; Tuason and Arocena 2009; Bind-
schedler et al. 2016). Moreover, plant roots and
mycorrhiza fungi in calcareous soils also excrete
oxalic acid (Fox and Comerford 1990; Sun et al. 2019)
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in order to acquire nutrients, e.g. P from accessory
apatite (Wallander 2000; Strom et al. 2005) in
calcareous bedrock by enhancing carbonate weather-
ing through proton attack and chelate complexation of
Ca (Bravo et al. 2013). In line with the absence of Ca
oxalate in calcareous soil horizons in our study,
Messini and Favilli (1990) and Guggiari et al. (2011)
reported rapid microbial Ca oxalate decomposition in
such horizons. According to Verrecchia (1990) and
Sun et al. (2019), the “oxalate-carbonate pathway”,
involving microbial Ca oxalate decomposition and
production of secondary carbonate, is important for
the sequestration of atmospheric CO, in calcareous
soils; at the same time the scarce nutrient P is
efficiently extracted from lithogenic carbonate (Wal-
lander 2000). Our XANES results support this hypoth-
esis and corroborate the important role of Ca oxalate
for the turnover of Ca and SOM in calcareous soils.

In contrast to the calcareous soils, oxalate-bound
Ca was enriched in the subsoil of the Dystric
Cambisols developed on basalt, and a large portion
of the organic Ca in most mineral soil horizons was
oxalate-bound (Table 6 and Fig. 6). Oxalate-bound Ca
in deep subsoil horizons has neither been transported
there by bioturbation nor by seepage water transport,
because Ca oxalate and most other Ca (poly)carboxy-
lates are sparsely water-soluble. Rather, the Ca oxalate
must have been synthesized in situ by reaction of
biogenic oxalic acid (plant root and microbial exu-
dates) with soil solution Ca®" (Clarholm et al. 2015)
and protected against decomposition by association
with pedogenic minerals (adsorption via ternary
complex formation and/or occlusion; Parfitt et al.
1977a, b; Fein and Hestrin 1994; Sowers et al.
2018a, b).

Differentiation of organically and inorganically
bound exchangeable soil Ca

Classical methods for determination of exchangeable,
plant-available cations in soils, such as extraction with
NH,CI1, NH, acetate, or buffered BaCl, solution do not
distinguish between cations adsorbed to inorganic
(e.g. clay minerals) vs. organic (SOM) soil con-
stituents. However, discrimination of mineral-ad-
sorbed vs. SOM-adsorbed cations may be desirable
e.g. for the assessment of cation mobilization or CEC
decrease risks associated with SOM losses due to
climate or land-use change. Calcium K-edge XANES

spectroscopy offers the possibility for semi-quantifi-
cation of exchangeable Ca®" adsorbed to (clay)
minerals and SOM, respectively. Ca>" cations are
adsorbed to clay minerals by retaining at least part of
their hydration shell (outer-sphere interaction) and
thus are fully exchangeable whereas carboxylate-
bound Ca is bound by both outer-sphere and inner-
sphere interaction, and thus only partly exchangeable
(Rowley et al. 2018). The combination of traditional
wet-chemical analysis of total exchangeable Ca*" in a
soil horizon by extraction (data for study soils:
Table S1) with Ca XANES results on clay mineral-
bound Ca (Tables 4, 5 and 6) allows the attribution of
exchangeable Ca to either inorganic (clay minerals) or
organic (SOM) Ca sorbents, assuming that the clay
mineral-bound Ca is fully exchangeable and that the
difference between total exchangeable Ca and clay
mineral-adsorbed Ca represents organically bound
exchangeable Ca.

Partitioning of total exchangeable Ca®" to organic
vs. mineral sorbents differed among soil types. For the
Leptosols, Histosols, and the Dystric Cambisol Bad
Briickenau, the majority of exchangeable Ca was
organically bound in the entire profile, and no depth
trend of the Cacyeh organic/Cexch inorganic ratio existed
(Tables 4 and 6). This pattern can be expected for the
initial and/or SOM-rich Leptosols and Histosols. The
dominance of organically over inorganically bound
exchangeable Ca in the subsoil of the clay- and
sesquioxide-rich Cambisol Bad Briickenau may be
due to its low pH value (4.0-4.2; Table S1). In this pH
range, AP and AlLy(OH),*" cations strongly domi-
nate over Ca®" in the soil solution and on cation-
exchanging clay mineral surfaces, whereas Ca”" is
bound more effectively than Al cations to SOM (Barak
1989) in the subsoil horizons of Bad Briickenau and
particularly to oxalate adsorbed on abundant pedo-
genic Fe and Al oxyhydroxide surfaces (Fein and
Hestrin 1994).

In both Histosols, according to XANES results up
to 40% of total Ca was adsorbed to clay minerals. The
organic surface horizons have accrued slowly over a
long-term period (up to > 160 years at Mangfall Mts.
and > 1500 years at Werterstein), and accrual was
accompanied by continuous Aeolian silicate dust
deposition (Kiifmann 2006; Prietzel et al. 2015). Oh
layers at Wetterstein had OC concentrations between
207 and 342 mg g~ ' (Table S1), and thus consisted of
30-60% mineral constituents. This explains the large
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contribution of clay mineral-bound Ca to total Ca in
these horizons. However, this explanation is not
plausible for the Mangfall Mts. Histosol (Oh layers
with > 460 mg OC g~ "). The LCF results obtained for
these horizons are probably impaired by methodolog-
ical problems associated with the bridging cation
function of Ca®" between SOM and clay minerals
(Mikutta et al. 2007; Clarholm and Skyllberg 2013)
described in “Soil Ca speciation using Ca XANES
spectroscopy: potential and limitations™ sect.

Outlook

As mentioned above, synthesis of Ca reference
compounds characterized by simultaneous bonding
of Ca®™ to different soil constituents (e.g. minerals and
SOM) and their inclusion in spectrum deconvolution
protocols will help to increase the accuracy of Ca
speciation results based on XANES spectroscopy.
Moreover, Ca XANES spectra obtained in fluores-
cence mode have a good signal-to-noise ratio for
samples with Ca concentrations of 1 mg g~' (Fig-
ure S3) and probably also below, making the method
suitable for the Ca speciation of soils with low Ca
concentrations. Future applications of Ca XANES
spectroscopy in soil science and forest ecology may
include (i) tracing the turnover and speciation changes
of Ca applied to soils by liming (Huber et al. 2006) or
Ca fertilization (Cho et al. 2012), including effects on
forest trees (Halman et al. 2008), (ii) studies on the
reactivity of Ca in binary and ternary mineral-SOM-—
Ca complexes (Rasmussen et al. 2018; Adhikari et al.
2019), and (iii) investigation of the role of Ca*" in soil
aggregation (Gaiffe et al. 1984) and SOM stabilization
(Rasmussen et al. 2018). Moreover, Ca XANES
spectroscopy may help in elucidation of Ca cycling
in forest soils and ecosystems (Likens et al. 1998;
Yanai et al. 2005), and watersheds (Kirchner and
Lydersen 1995; Likens et al. 1998; Cho et al. 2012).
More specifically, Ca XANES spectroscopy may be a
promising tool for studies investigating Ca-depleting
effects of acid rain and forest ageing (e.g. DeHayes
et al. 1999; Hamburg et al. 2003; Yanai et al. 2005),
effects of ecosystem recovery characterized by an
improving soil Ca status and tree Ca supply after acid
deposition decrease (Prietzel et al. 2020a), or effects of
stand regeneration (Yanai et al. 2005). Together with P
XANES spectroscopy (Prietzel et al. 2016a), Ca
XANES spectroscopy may also contribute to reveal
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the role of apatite for Ca nutrition of trees and forest
ecosystems on different silicate bedrock types (Blum
et al. 2002; Yanai et al. 2005). In summary, syn-
chrotron-based Ca XANES spectroscopy—particu-
larly when applied at (sub)micron scale (i-XANES; p-
XRF) and/or combined with other techniques (e.g.
density fractionation; Sollins et al. 2009; Prietzel et al.
2020b)—is a promising novel tool to study the
versatile functions of Ca in soils and terrestrial
ecosystems.

Conclusions

e Synchrotron-based Ca K-edge XANES spec-
troscopy allows the speciation of different Ca
forms in soils and other environmental samples and
to reveal the fate of soil Ca during biogeochemical
turnover and pedogenesis.

¢ In temperate forest soils, pedogenesis results in Ca
speciation change from lithogenic Ca to
lithogenic + organically bound forms and ulti-
mately to clay mineral-bound Ca and/or organi-
cally bound Ca forms. A conceptual model of Ca
speciation change in temperate soils on calcareous
bedrock during pedogenesis has been developed
and is depicted in Fig. 8. Soil Ca speciation
changes as identified by XANES are in line with
soil chemical data obtained by traditional methods.

e (a oxalate and Ca pectate are relevant Ca forms in
forest soils. Plant-synthesized Ca oxalate is rapidly
decomposed in calcareous soils but stabilized in
silicate soils, probably by association with pedo-
genic Al and Fe minerals.

e Our approach of soil Ca speciation by XANES
assigns each soil Ca atom to one of several species.
However, Ca®" can simultaneously be bound to
different soil compounds (e.g. minerals and SOM).
This property is not properly addressed in our
spectrum deconvolution method and requires
methodological improvement.

e Synchrotron-based Ca XANES spectroscopy is a
promising novel tool to study the versatile func-
tions of Ca in soil ecology.
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