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A B S T R A C T   

Knowledge of the origin of magnesium (Mg) and calcium (Ca) in soil solutions and catchment runoff helps to 
predict forest ecosystems’ vulnerability to deficiencies in essential nutrients in an era of climate change, envi-
ronmental pollution and bark-beetle calamities. Here we discuss isotope aspects of Mg, Ca and strontium (Sr) 
cycling in a spruce-forested headwater catchment in a relatively unpolluted part of Central Europe. We inves-
tigated to what extent Mg and Ca isotope signatures of runoff reflect the isotope compositions of specific Mg- and 
Ca-rich minerals that easily dissolve during the weathering of paragneiss, and compared the isotope variability of 
Mg and Ca in fresh bedrock minerals, soils and other ecosystem reservoirs. We also compared conclusions from 
Mg and Ca isotope systematics with inferences from catchment input–output mass budgets. Long-term 
input–output monitoring in the studied catchment situated near the Czech–German border (Central Europe) 
revealed 3.5–7 times higher outputs of Mg, Ca, and Sr via surface runoff relative to their present-day atmospheric 
inputs. It follows that hydrological exports of recent atmospheric Mg, Ca and Sr are minor. Release of geogenic 
base cations into the runoff results from the interplay between mineral abundances, concentrations of the studied 
elements in the minerals, and their dissolution rates. Chemical depletion fractions for the studied elements from 
bedrock to the soil were 50–70 %, and the losses of dominant soluble minerals in the soil were 30–80 %. Exports 
of residual Mg, Ca and Sr following partial incorporation of these elements into secondary phyllosilicates are 
probably low because newly-formed clay minerals are not abundant in the soil. Residual Ca following prefer-
ential incorporation of isotopically light Ca into growing tree biomass may contribute to the isotopically heavy 
runoff Ca. Isotope ratios of base cations were obtained for six minerals (plagioclase, orthoclase, biotite, 
muscovite, apatite, and ilmenite). Mineral fractions differ greatly in δ26Mg and δ44Ca values and 87Sr/86Sr ratios. 
80–97 % of each of the three studied base cations are present in the bedrock in a single relatively easily 
dissolvable mineral: Mg in biotite, and Ca and Sr in plagioclase. The isotope composition of Mg in biotite was 
similar to the isotope composition of Mg in runoff. The isotope compositions of Ca and Sr in plagioclase were also 
similar to Ca and Sr isotope compositions in runoff. Thus, the dominant geogenic source of each of the studied 
elements (Mg, Ca and Sr) in the investigated paragneiss catchment can be represented by one relatively soluble 
mineral.  

* Corresponding author. 
E-mail address: martin.novak2@geology.cz (M. Novak).  

Contents lists available at ScienceDirect 

Geoderma 

journal homepage: www.elsevier.com/locate/geoderma 

https://doi.org/10.1016/j.geoderma.2023.116768 
Received 21 June 2023; Received in revised form 18 December 2023; Accepted 29 December 2023   

mailto:martin.novak2@geology.cz
www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2023.116768
https://doi.org/10.1016/j.geoderma.2023.116768
https://doi.org/10.1016/j.geoderma.2023.116768
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Geoderma 442 (2024) 116768

2

1. Introduction 

Sufficient bioavailability of magnesium (Mg) and calcium (Ca), two 
essential nutrients, is one prerequisite of good health status of forest 
ecosystems in an era of multiple stress caused by climatic warming, 
environmental pollution, persistent acidification, and bark-beetle in-
festations. Here we focus on biogeochemical cycling of Mg and Ca in a 
rural spruce-forested catchment underlain by Mg- and Ca-poor para-
gneiss. In our investigation of sources of bioavailable base cations, we 
adopted two complementary approaches, isotope ratio determinations 
in individual ecosystem compartments, including rock-forming and 
accessory minerals, and elemental budgets calculated from long-term 
hydrochemical monitoring of atmospheric deposition and surface 
runoff. 

Within the Holocene, the 60-year period of chronic acid rain and 
forest die-back in Central Europe can be viewed as an “extreme event”. 
Between the 1950s and 2000s, pedogenetic processes, especially in the 
so-called “Black Triangle” near borders between the Czech Republic, 
Germany and Poland, were negatively affected by leaching of base 
cations from the soil caused by atmospheric inputs of sulfuric and nitric 
acid and other acidifying compounds (Alewell et al., 2000; Watmough 
et al., 2005). Whereas soil and water acidification in Czech catchments 
has been retreating since the mid-1990 s (Helliwell et al., 2014), 
somewhat delayed in comparison with the decrease in atmospheric 
sulfur (S) deposition (Hunova et al., 2014), forest ecosystems have been 
experiencing a different type of stress related to extreme weather con-
ditions. Fourteen sites of the GEOMON monitoring network of head-
water catchments in the Czech Republic, for example, suffered from 
severe droughts in 2014–2019 (Oulehle et al., 2021). 

Nearly 40 years of research have revealed systematic variations in 
26Mg/24Mg and 44Ca/40Ca isotope ratios resulting from biotic and 
abiotic processes (Griffith et al., 2020; Uhlig et al., 2022; Chen et al., 
2022). Unique insights can be obtained from Mg and Ca isotope studies 
in the Critical Zone (defined as the space between the lower limits of 
groundwater and the outer extent of vegetation; Brantley, 2003) across 
gradients in lithology, vegetation, climate, and pollution. In this context, 
headwater catchments continue to be under-constrained natural 
systems. 

If bedrock weathering proceeds under steady-state conditions, the 
Mg and Ca isotope composition released from a completely dissolved 
thin crystal layer is the same as that of the fresh mineral, i.e., there is no 
isotope fractionation (Bouchez et al., 2013). Within individual weath-
ering zone compartments, the isotope composition of Mg and Ca is 
altered by losses of Mg and Ca through dissolution of isotopically 
distinct minerals and erosion of isotopically fractionated solid material 
consisting of secondary precipitates and organic matter (Teng et al., 
2017). These changes have been documented by a growing body of 
research (Drouet et al., 2005; Ryu et al., 2021; Novak et al., 2023). The 
δ26Mg values of individual minerals in one bedrock type can differ by up 
to 3.0 ‰ (Chapela Lara et al., 2017), while δ44Ca values can differ by as 
much as 9.0 ‰ (Farkas et al., 2011; Novak et al., 2023). Sequential 
leaching experiments have highlighted differences in solubilities of 
primary and secondary minerals (Blum et al., 2002; Nezat et al., 2007; 
Drouet et al., 2015). In an extreme case, an accessory mineral may 
determine the isotope composition of a base cation in soil solutions and 
stream water if its solubility is significantly higher than the solubilities 
of the more abundant minerals. 

The small spruce-forested catchment Na Lizu (LIZ), selected for the 
current study, is part of the GEOMON network of 14 sites, in which 
hydrochemical fluxes have been continuously monitored since 1994 
(Oulehle et al., 2021, and references therein). LIZ differs from five sites 
in the industrially polluted northern Czech Republic from which Mg and 
Ca isotope systematics have recently been reported (Novak et al., 2020a, 
b,c,2021,2023) by its location in the less polluted south of the country. 
Compared to the northern Czech sites, LIZ receives relatively low 
amounts of base cations from the atmosphere as well as from the 

bedrock. We have isotopically analyzed Mg and Ca in 20 liquid and solid 
sample types from LIZ, including six bedrock minerals. Our objectives 
were (i) to investigate to what extent Mg and Ca isotope signatures of 
runoff might reflect the isotope compositions of specific Mg and Ca- 
bearing minerals that easily dissolve during weathering, and to 
compare the variability in Mg and Ca isotope ratios in paragneiss min-
erals with their variability in soils and other ecosystem pools; (ii) to 
evaluate whether the isotope composition of runoff Mg and Ca is 
controlled not only by lithology but also by biogeochemical fraction-
ations in biomass and soil and/or atmospheric deposition, and (iii) to 
corroborate inferences from Mg and Ca isotope data by Mg and Ca 
input–output mass balances and pool-size measurements at the catch-
ment level. 

We additionally report strontium isotope ratios (87Sr/86Sr) in LIZ 
ecosystem compartments. Traditionally, Sr was viewed as a chemical 
analogue of Ca, and Sr isotopes were used as a proxy for Ca cycling 
(Jacks et al., 1989; Belanger and Holmden, 2010; Wiegand and 
Schwendenmann, 2013). Recent work, however, has shown that, espe-
cially in environments involving biological transformations, the 
behavior of Ca and Sr is de-coupled (Andrews et al., 2016; Schuessler 
et al., 2018; Negrel et al., 2021). In regions where lithology-dominated 
runoff generation can be expected, Sr isotopes can still serve as a useful 
tracer of mixing of water masses (Boral et al., 2021; Xu et al., 2022). 

2. Methods 

2.1. Study site 

Na Lizu (LIZ) is a 94-ha mountain-slope catchment located in the 
Sumava Mts., southern Bohemia, Czech Republic, close to the Bavarian 
and Austrian border (Fig. 1; Table 1; Tesar et al., 2007; Erbanova et al., 
2008; Bohdalkova et al., 2014; Oulehle et al., 2021). The maximum 
elevation is 1070 m. Geologically, the catchment area is part of the 
Moldanubian Zone formed during Variscan orogeny probably from a 
Proterozoic to Early-Paleozoic protolith (Megerssa et al., 2023). The 
mean MgO and CaO contents in the bedrock are relatively low, 2.1 and 
1.3 wt%, respectively. Cambisol/Distric cambisol soils are 40–80 cm 
deep. Their cation exchange capacity (CEC) averages 67 meq kg− 1, the 
mean base saturation is 18 % (data from 10 soil pits; Oulehle et al., 2021 
and the GEOMON Database). About 90-years old Norway spruce (Picea 
abies) stands cover 85 % of the catchment’s area, with European beech 
(Fagus sylvatica) and clearings encompassing 6 and 9 % of the area, 
respectively. Atmospheric deposition of sulfur (S) and inorganic reactive 
nitrogen (Nr = NO3

–-N + NH4
+-N) peaked in the late 1980s (Hunova et al., 

2020). Between the first year of our catchment monitoring (1994) and 
the beginning of our study (2018), the highest S and Nr depositions at 
LIZ were those in 1996 (17 kg S ha− 1, and 17 kg Nr ha− 1). In 2018, the 
deposition rates were as low as 2 kg S ha− 1 and 4 kg Nr ha− 1. Thus, over 
the 22-year time span, S deposition at LIZ decreased by 88 %, and Nr 
deposition decreased by 79 %. In 1996, the first recent outbreak of bark- 
beetle infestation stopped 9 km from LIZ. A larger bark-beetle outbreak 
in the Sumava Mts. occurred in 2017–2019. Today, up to 5 % of spruce 
trees in the LIZ catchment are affected by bark beetle. The catchment is 
equipped with a gauging station for continuous monitoring of water 
runoff fluxes. No systematic inter-annual change in precipitation totals 
has been recorded. 

2.2. Sampling 

The Mg and Ca input–output flux calculations are based on monthly 
sampling of open-area precipitation (rainfall), spruce canopy through-
fall, and runoff in hydrological years 1994–2019 (each hydrological year 
starts on November 1 of the preceding year). The location of LIZ sam-
pling sites is shown in Fig. 1b. Monthly Sr input–output fluxes were first 
monitored in the hydrological year 2014; we report a 6-year time series 
for Sr fluxes (2014–2019). Samples of both types of atmospheric 
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deposition and runoff for Mg, Ca, and Sr isotope analysis were collected 
between November 2018 and October 2019 (Table S1 in the Electronic 
Annex, number of observations n = 87). 

The deposition collectors were 122-cm2 polyethylene funnels with a 
0.05-mm mesh fitted to 1-L bottles placed 1.2 m above ground. Two 
rainfall collectors were installed 10 m apart, and five throughfall col-
lectors were installed at distances of ~ 10 m. In winter, snow was 
collected using 167-cm2 cylindrical samplers, 59 cm high. Each month, 
samples of open-area precipitation and throughfall, respectively, were 
pooled prior to analysis. In contrast to cumulative sampling of atmo-
spheric deposition, runoff samples were taken only once at the end of the 
month. Soil water for δ26Mg, δ44Ca, and 87Sr/86Sr determinations was 
sampled monthly between February and November 2019. The soil so-
lutions were collected in triplicate by Prenart suction lysimeters from the 
depth of 60 cm and pooled bi-monthly prior to analysis (n = 14; 
Table S1). 

The solid samples included: bulk bedrock, forest floor (L and O ho-
rizons), mineral soil from the depth intervals 0–10, 10–20, and 30–40 
cm sensu Huntington et al. (1988), spruce bark, spruce xylem, spruce 
needles, and spruce roots < 2-mm in-diameter. Only last-year spruce 
needles were sampled (“class 1”). Where possible, fine roots were 
collected from recently uprooted trees. Solid samples were collected at 
more than 10 sites close to soil pits no. 4, 6 and 9 (Fig. 1b) and combined 
to form three replicates (bedrock, spruce organs) or one composite 
sample (separately for each of the three depth intervals in bulk soil). 
Bedrock for the whole-rock chemistry, mineral separations, thin-section 
study, and isotope determinations was sampled from an outcrop in the 
upper segment of the catchment and near soil pit no. 9 (two samples, 
open squares in Fig. 1b). The six isotopically analyzed minerals were: 
apatite (Ap), muscovite (Ms), biotite (Bt), orthoclase (Or), plagioclase 
(Pl), and ilmenite (Ilm). Spruce xylem was sampled 1.4 m above ground 
using a tree-ring corer. Table S2 gives the number of individual solid 
samples analyzed for Mg, Ca, and Sr isotopes. 

The pool-size inventory of Mg and Ca in soil was based on 10 soil pits 

excavated below a 0.5-m2 area in 2015 (solid squares in Fig. 1b). Pool 
sizes of Mg and Ca were calculated per unit area for aboveground and 
belowground vegetation, forest floor, and four depth intervals in min-
eral soil (0–10, 10–20, 20–40, and 40–80 cm). Archived samples of 
mineral soil < 2 mm fractions from 9 to 10 soil pits (depths of 0–10, 
10–20, 20–40, and 40–80 cm) were used for chemical and mineralogical 
analysis needed for the calculation of chemical depletion fractions 
(CDFs). 

Fig. 1. Location of the studied catchment (a), and spatial relationships between sampling sites within the LIZ catchment (b). Ten soil pits (no. 1 to 10) were used for 
pool size inventory. Open circles in panel a mark previous Mg, Ca and Sr isotope studies in Czech headwater catchments underlain by base-poor crystalline rocks 
(Novak et al., 2020a,b,c, 2021, 2023). 

Table 1 
Study site characteristics.  

Site Na Lizu (LIZ) Czech Republic 

Location/Coordinates Sumava Mts. / 49◦03́N, 13◦40́E 
Catchment area (ha) 94 
Bedrock  Paragneiss 

Bedrock age  > 480 Ma 

Geological unit  Moldanubicum, Bohemian Massif 

Soil type Cambisols 51 %, Dystric cambisols 49 % 
Elevation (m) 827–1070 
Mean annual temperature 

(◦C) 
+6.1 

Mean annual precipitation 
(mm) 

858 

Mean snow cover (days) 88 
Evapotranspiration (mm) 420 
Mean CEC* 66.5 ± 11 meq kg− 1 

Mean BS* 18 ± 6 % 
Vegetation Norway spruce (Picea abies) 85 %, broadleaf forest 

(mainly beech) 6.1 % clearings 8.9 % 

*Catchment-level average; GEOMON Database, Oulehle et al., 2021. 
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2.3. Analysis of solid samples 

2.3.1. Thin-section microscopy 
Volumetric contributions of individual minerals to bulk bedrock 

were determined by planimetry of thin sections. 

2.3.2. Mineral separation 
The used mineral separation technique is described in a workflow 

chart (Fig. 2), with more details in Appendix 1. 

2.3.3. Soil processing 
The < 2-mm soil fraction was prepared for analysis by sieving of 

dried bulk soil from each depth interval and milling to < 60-μm grain 
size in an agate mortar. Forest floor samples were homogenized without 
sieving. 

2.3.4. Silicate analysis of bulk bedrock and the < 2-mm soil fraction 
Concentration analysis of major elements in bulk bedrock and < 2- 

mm mineral soil fraction from the depths of 0–80 cm (four depth in-
tervals) was carried out by conventional wet chemistry procedure 
(Jeffery, 1970; Potts, 1987). SiO2, FeO, and MgO were determined by 
titration, TiO2, Al2O3, Fe2O3, MnO, CaO, Li2O, Na2O, and K2O were 
determined by AAS (AAnalyst 200, Perkin-Elmer), and P2O5 was deter-
mined spectrophotometrically (Lambda 25, Perkin-Elmer). 

2.3.4.1. Extractions for the isotope study. Extractions for isotope analysis 

were performed in a class-10,000 clean laboratory. Homogenized sam-
ples of bulk bedrock, separated minerals, and the < 2 mm fraction of 
mineral soil were quantitatively dissolved in a HF–HClO4 mixture, dried 
down, and re-dissolved in concentrated HNO3. The samples were then 
diluted to 50 mL by 5 % (v/v) HNO3. 

2.3.4.2. Biomass and organic-rich materials processing. Soil particles 
were removed from fine roots by repeated immersion in distilled water 
and stirring. Homogenized biomass and organic-rich materials (spruce 
needles, xylem, bark, fine roots, forest-floor and organic-soil samples) 
for Mg and Ca isotope ratio measurements were ashed at 550 ◦C, 
digested in a 1:1 mixture of concentrated H2O2 and HNO3, and further 
treated using the same steps as those used for bedrock, minerals and 
mineral soil. Organic-rich samples for 87Sr/86Sr measurements were 
ashed at 800 ◦C and treated as above. 

2.3.4.3. Purification of Mg, Ca and Sr for isotope analysis. Sample solu-
tions in 0.3 N HNO3 containing approximately 20-μg Mg aliquots were 
heated to almost dryness and redissolved in 1 N HNO3. For the chro-
matographic separation, we adopted the methodology by Pogge von 
Strandmann et al. (2011) as modified by Pokharel et al. (2017) to a one- 
column procedure. Magnesium purification was accomplished using 2.5 
mL of Bio-Rad AG 50 W-X12 cation exchange resin in Spectrum (104704, 
ID 8 mm) chromatographic columns (Appendix 2). 

Aliquots of solutions corresponding to 50 μg of Ca were mixed with a 
43Ca –42Ca double spike to achieve a target mixed 40Ca/42Ca ratio of 7.0 

Fig. 2. Workflow chart for mechanical separation of major minerals from ground paragneiss. Six separated minerals (plagioclase, orthoclase, biotite, muscovite, 
apatite and ilmenite) were used for Mg, Ca and Sr isotope determinations. The shape method is based on different rate of movement of isometric and flat particles on 
an inclined sheet of paper (Dolezal, 1966). 
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(Holmden, 2005). Calcium was purified from the matrix using 25-cm 
high, 4 mm in-diameter Savillex Teflon columns filled with 3 mL of 
Bio-Rad MP50 cation-exchange resin (Holmden and Belanger, 2010). 
The samples were then loaded onto out-gassed Ta filaments with ul-
trapure phosphoric acid. 

Following centrifugation, Sr samples were processed by elution 
chromatography according to Erban Kochergina et al. (2022) using the 
Sr-Spec resin. 

Magnesium and Ca recovery was always close to 100 %. For Mg, the 
purity of the samples was checked by ICP-OES. For Ca, the yield was not 
closely monitored because the sample was spiked prior to column pu-
rification and any Ca losses would not affect the accuracy of the isotope 
determinations. 

2.3.4.4. Mass spectrometry. The Mg isotope ratio measurements were 
conducted using a Neptune MC-ICP-MS (Thermo Scientific) equipped with 
a standard Ni sample cone and a X skimmer cone in the laboratories of 
the Czech Geological Surve (for more details see Appendix 2). The 
isotope ratio measurements of Ca and Sr were conducted using a Triton 
Thermal Ionization Mass Spectrometer (TIMS; Thermo Scientific). The 
δ44Ca values were determined in the Saskatchewan Isotope Laboratory 
(Canada) as described in Holmden and Belanger (2010), while the 
87Sr/86Sr ratios were measured at the Czech Geological Survey (Czech 
Republic). 

2.3.4.5. Reproducibility of isotope analyses. Reproducibility of Mg, Ca, 
and Sr isotope ratio measurements, summarized in Table S3 in the 
Electronic Annex, was similar to that reported by previous methodo-
logical studies by other authors. 

2.3.4.6. Phyllosilicate identification by X-ray diffraction in the clay 
fraction. X-ray diffraction analysis (XRD) was used to identify clay 
minerals in LIZ soil collected from the 40–80 cm depth. The < 2-μm 
fraction was obtained by sedimentation in distilled water (Tanner and 
Jackson, 1948). Oriented preparations of the clay fraction were exposed 
to ethylene–glycol vapor at 60 ◦C for 8 h. The XRD analyses were per-
formed with the Bruker D8 Advance Diffractometer (CuKα, primary and 
secondary Soller slits 2.5◦, Lynx Eye XE detector) with an automatic 
divergence slit (ADS, 10 mm). The X-ray diffraction patterns of oriented 
preparations were recorded within the range of 2.8-50◦ 2Θ with a step of 
0.019◦ 2Θ and time per step of 0.8 s. Mixed-layered minerals were 
identified by comparison of the XRD patterns with NEWMOD software 
modelled patterns (Reynolds, 1985). Parameter R (Reichweite) 
explained the extent of layer-ordering in the mixed-layered minerals 
(MLMs) according to Jagodzinski (1949). R0 corresponded to random 
layer stacking and R1 to ordered stacking. 

Mineralogical analysis of soils from the 0–40 cm depths was per-
formed by a modified X-ray diffraction method (Appendix 3). 

2.4. Analysis of liquid samples 

2.4.1. Mg, Ca and Sr concentrations 
Concentrations of Mg and Ca in liquid samples were determined by 

FAAS (Perkin-Elmer AAnalyst 200) with a detection limit of 0.01 mg L-1. 
Strontium concentrations were measured using Q-ICP-MS (Argilent 
Technologies 7900) with a detection limit of 0.01 μg L-1. Calibrations 
were performed using Certipur solutions and NIST-GSJ reference mate-
rials with the concentrations of 0.5, 1.0 and 2.0 mg L-1. Calcium con-
centrations for the isotope study were measured by isotope-dilution 
thermal ionization mass spectrometry according to Holmden and 
Belanger (2010). 

2.4.1.1. Extraction of Sr from liquid samples. Water samples were 
filtered using nylon < 0.45 μm filters (Rotilabo), acidified with HNO3 
and evaporated to dryness. The residue was dissolved in a H2O2-HNO3 

mixture, evaporated to dryness and dissolved in 6 M HCl (Erban 
Kochergina et al., 2022). 

2.4.1.2. Purification and mass spectrometry of liquid samples. Aliquots of 
solutions were evaporated to dryness and treated with concentrated 
HNO3. Solutions with visible solid residues were re-dissolved in a 1:1 
mixture of concentrated H2O2 and HNO3. Purification of liquid samples 
and the Mg, Ca and Sr isotope analysis were performed analogously to 
purification and mass spectrometric analysis of solid samples. 

2.5. Catchment-level Mg and Ca inventories 

Stratified wet soil samples collected from 10 soil pits were weighed 
and sieved through a 1-cm sieve after removing stones and coarse roots. 
Two kg of the sieved soil fractions were then oven-dried at 105 ◦C for 24 
h and used for moisture content determination. Bulk soil samples were 
air-dried and sieved to obtain a < 2-mm fraction which was then ho-
mogenized for chemical analysis. Total Mg and Ca contents were 
determined in all sample types except for soil. For soil, exchangeable Mg 
and Ca pools are given, based on chemical analysis of elements extracted 
with 0.1 M BaCl2 (Oulehle et al., 2017). 

Hydrological Mg, Ca and Sr fluxes in the catchment were calculated 
from concentrations and water fluxes. Annual catchment-level budgets 
of the studied elements in kg ha− 1 yr− 1 (Mg and Ca) and in g ha− 1 yr− 1 

(Sr) were calculated as a difference of atmospheric inputs minus runoff 
outputs. For elemental budget calculations, atmospheric input fluxes 
were weighed by the percentages of the catchment’s surface covered by 
spruce stands and clearings, respectively. Atmospheric deposition fluxes 
under spruce canopy were corrected for precipitation–canopy in-
teractions (Bredemeier, 1988; Kopacek et al., 2016). The method of 
recalculating throughfall Mg, Ca, and Sr fluxes to their atmospheric 
deposition fluxes uses sodium (Na) as a conservative tracer to eliminate 
both the effect of net leaching of geogenic base cations from spruce 
needles and net uptake of precipitation-derived Mg, Ca, and Sr by the 
canopy. The flux data were averaged across the entire observation 
period, weighted by vegetation cover type (spruce, beech and clearings) 
and expressed per ha. 

2.6. Statistical analysis, calculation of chemical depletion fractions 

Statistical analysis of isotope data was performed using the R soft-
ware 4.0.2. Comparisons of Mg, Ca, and Sr isotope compositions of in-
dividual sample types were based on one-way analysis of variance and 
the Tukey’s multiple comparisons method. The estimated slopes and p- 
values of decreasing fluxes of dissolved Mg and Ca were based on a 
linear model with autoregressive errors over time. The chemical 
depletion fraction (CDF) of Mg, Ca and Sr in soil relative to the parental 
bedrock was calculated from zirconium (Zr) and titanium (Ti) concen-
tration gradients (Riebe et al., 2004; Ferrier et al., 2010; Appendix 4), 
and a consensus CDF estimate was produced using maximum likelihood 
estimation (inverse variance weighting; Hartung et al., 2008). 

3. Results 

3.1. Rock-forming and accessory minerals 

LIZ bedrock is formed mostly by paragneiss, with subordinate amounts 
of migmatite (Appendix 5). Paragneiss is composed of quartz, plagioclase, 
K-feldspar (orthoclase), biotite and muscovite. Accessory minerals include 
apatite, ilmenite, titanite, rutile, zircon, garnets, monazite, and ore min-
erals. Migmatite is composed of quartz, plagioclase, K-feldspar, biotite, 
and minor amounts of sillimanite, cordierite and muscovite. The associa-
tion of K-feldspar with cordierite suggests anatexis of the sedimentary 
protolith. Of all accessory minerals, only apatite and ilmenite were 
recovered in a sufficient amount for isotope analysis. 
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Table 2 gives the relative contributions of individual minerals to LIZ 
bedrock: quartz forms approximately 32 %, followed by plagioclase (24 
%), orthoclase (23 %), biotite (18 %), and muscovite (2 %). Table 2 also 
shows apportioning of Mg, Ca, and Sr among bedrock minerals. Most Mg 
is in biotite (97 % of its bulk-rock content), followed by chlorite (1.8 %). 
Small amounts of Mg were also found in muscovite, feldspars and apatite 
fractions. Most Ca is in the plagioclase (80 % of its bulk-rock content) 
and orthoclase fraction (nearly 20 %). Calcium in the orthoclase fraction 
is mostly derived from intergrowths with other Ca-containing minerals. 
Small amounts of Ca were also found in the apatite fraction. Most Sr is in 
plagioclase (92 % of its bulk-rock content) and in orthoclase (7 %). 
Minor amounts of Sr were also found in the muscovite and apatite 
fractions. 

3.2. Chemical depletion fractions in soil relative to parental rock. 

Whole-rock silicate analyses (Table S4) show a relatively large 
variability in major elements in the paragneiss. For example, the con-
centration of SiO2 varies from 60 to 76 wt%, the concentration of Mg is 
between 0.34 and 3.6 wt%, and the concentration of Ca is between 0.40 
and 3.0 wt%. Mineral-soil silicate analyses (Table S5) show a larger 
upward decrease in MgO concentrations (from 1.3 to 0.62 wt%) than in 
CaO concentrations (from 0.59 to 0.49 wt%). 

Concentrations in Table 3 imply that the immobile tracers Ti and Zr 
are enriched roughly by 12–28 % and 43–57 %, respectively in soil 
relative to the bedrock. The difference between these enrichment factors 
presumably reflects sampling variability in the bedrock, but it has little 
effect on estimated chemical depletion fractions because the mobile 
elements are strongly depleted in soil relative to bedrock. Typical 
chemical depletion fractions for the three studied base cations range 
from roughly 50 to 70 %. Relative to bedrock, Mg is substantially more 
depleted in the upper mineral soil (69–75 %; 0–20 cm depth) than in the 
lowest soil layer (42–55 %; 40–80 cm depth). Table 3 suggests that Ca 
and Sr may be slightly more depleted as one approaches the top of the 
mineral soil, but distinct trends cannot be resolved within the estimated 
standard errors. The dominant soluble minerals are substantially 
depleted in soil relative to the parent material, with estimated losses of 
roughly 30–45 % for plagioclase, 70–80 % for orthoclase, and 60–70 % 
for mica. 

3.3. δ26Mg and δ44Ca values and 87Sr/86Sr ratios in bulk bedrock and 
minerals 

The mean δ26Mg value of bulk bedrock was − 0.76 ‰ (Fig. 3a). This 
value was slightly lower, compared to the δ26Mg value of the Mg-rich 
biotite fraction (-0.54 ‰). The δ26Mg values of other mineral frac-
tions, characterized by small contribution to bulk-bedrock Mg content, 
increased in the order: apatite (-2.02 ‰) < muscovite (-1.08 ‰) <
orthoclase (-0.93 ‰) < plagioclase (-0.80 ‰) < ilmenite (-0.08 ‰). 

The mean δ44Ca value of bulk bedrock was 0.45 ‰ (Fig. 3b). This 
value was lower than the δ44Ca values of the Ca-rich plagioclase fraction 
(0.57 ‰) and the apatite fraction (0.89 ‰). Calcium in the orthoclase 
fraction (-0.61 ‰) was the isotopically lightest geogenic Ca source. 
Calcium in the ilmenite fraction (1.02 ‰) was the isotopically heaviest 
sample type. 

The mean 87Sr/86Sr ratio of bulk bedrock was 0.743 (Fig. 3c). The 
87Sr/86Sr ratio of the ilmenite fraction was identical to that of bulk 
bedrock. The 87Sr/86Sr ratios of the plagioclase and orthoclase fractions 
were 0.716 and 0.724, respectively. The 87Sr/86Sr ratios of these two 
largest Sr source minerals were thus much lower, compared to the 
87Sr/86Sr ratio of bulk bedrock. The 87Sr/86Sr ratio of the apatite fraction 
was also low (0.716) and indistinguishable from the 87Sr/86Sr ratio of 
the plagioclase fraction. In contrast, the 87Sr/86Sr ratios of the biotite 
fraction was extremely high (1.309). The 87Sr/86Sr ratio of the musco-
vite fraction (0.845) plotted between the 87Sr/86Sr ratios of biotite 
fraction and bulk bedrock (Fig. 3c). Ta
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3.4. δ26Mg, δ44Ca and 87Sr/86Sr gradients in vertical soil profiles 

With increasing soil depth, δ26Mg values first increased and then 
decreased (Fig. 4a), whereas δ44Ca values first decreased and then 
remained relatively stable in a narrow range of 0.40 to 0.30 ‰ (Fig. 4b). 
87Sr/86Sr ratios increased with an increasing soil depth, but the changes 
were small in mineral soil horizons (Fig. 4c). 

3.5. The mean δ26Mg values of ecosystem compartments 

Statistically significant differences among δ26Mg values (p < 0.05) 
were found in the combined data set of LIZ ecosystem pools and fluxes 
(see superscripts in Fig. 3a). Relatively low and similar mean δ26Mg 
values were typical of both types of atmospheric deposition (rainfall and 
throughfall) and spruce needles (from − 0.99 to − 0.95 ‰). Relatively 
high and similar mean δ26Mg values were observed for spruce fine roots, 
spruce xylem and bulk soil (from − 0.42 to − 0.36 ‰). Magnesium 
isotope composition was statistically indistinguishable between runoff 
(mean of − 0.68 ‰), atmospheric deposition (close to − 1.00 ‰) and bulk 
bedrock (-0.76 ‰). The mean δ26Mg value of runoff was closer to the 
mean δ26Mg value of bulk bedrock than to the δ26Mg value of the large 
biotite Mg pool (Fig. 3a). The mean δ26Mg value of soil water (-0.56 ‰) 
plotted between Mg isotope signatures of bulk soil and runoff. On 
average, spruce bark contained isotopically lighter Mg (-0.66 ‰), 
compared to spruce xylem (-0.39 ‰), but isotopically heavier compared 
to spruce needles (-0.99 ‰) and atmospheric deposition (Fig. 3a). 

3.6. The mean δ44Ca values of ecosystem compartments 

Statistically significant differences (p < 0.05) were found also in the 
δ44Ca data (Fig. 3b). Spruce throughfall contained isotopically signifi-
cantly heavier Ca than open-area precipitation (mean δ44Ca values of 
0.64 and 0.16 ‰, respectively). Bark and needle Ca had the lowest and 
highest mean δ44Ca values in the investigated ecosystem (-0.65 and 
0.87 ‰, respectively). Spruce xylem, spruce fine roots, bulk soil and soil 
water had intermediate δ44Ca values (0.30 to 0.52 ‰) between those of 
rainfall and throughfall. Similar mean δ44Ca values were found in bulk 
bedrock, bulk soil and soil water (0.40 to 0.52 ‰). The mean runoff 
δ44Ca value (0.79 ± 0.07 ‰) was statistically indistinguishable from the 
mean δ44Ca values of bulk bedrock (0.45 ± 0.27 ‰) and throughfall 
(0.64 ± 0.16 ‰). At the same time, runoff contained isotopically 
significantly heavier Ca than open-area precipitation (0.16 ± 0.34 ‰; 
Fig. 3b). 

For both Ca and Mg, mass-weighted mean isotope composition of the 
bulk tree was practically identical with the isotope composition of xylem 
(δ44Cabulk tree = 0.36 ‰; δ26Mgbulk tree = -0.47 ‰). 

3.7. The mean 87Sr/86Sr ratios of ecosystem compartments 

The Sr isotope data also exhibited significant differences among 
ecosystem pools and fluxes (p < 0.05; Fig. 3c). Differences in 87Sr/86Sr 
ratios were generally small among the two types of atmospheric depo-
sition and the four types of spruce tissues (0.714 to 0.722). The 87Sr/86Sr 
ratios were significantly higher in bulk soil (0.728) than in atmospheric 
deposition. Bulk bedrock was characterized by the highest 87Sr/86Sr 

Table 3 
Calculation of chemical depletion fractions from chemism and mineral composition of bedrock and soil according to Riebe et al. (2004).    

Mobile elements   Minerals  Immobile elements   

Ca (mol kg− 1)   Mg (mol kg− 1)  Sr (ppm)  Na-Ca-feldspar (wt. %)  K-feldspar (wt. %)  Mica (wt. %)   Ti (mol kg− 1)   Zr (mol kg− 1)   

Bedrock  0.22 ± 0.04  0.52 ± 0.06  180 ± 37  24  23  20  0.08 ± 0.01  200 ± 23  

Soil (corrected for loss on ignition)   
0–10 cm 0.11 0.20 99 21 7 10 0.11 320 
10–20 cm 0.11 0.21 94 21 9 11 0.11 310 
20–40 cm 0.11 0.26 99 21 9 10 0.10 300 
40–80 cm  0.11 0.33 100    0.09 290  

Chemical depletion fractions (CDFx)*      

Ca (%)  Mg (%)  Sr (%)  Na-Ca-feldspar (%)  K-feldspar (%)   Mica (%)    

CDF (Zr as immobile element)   
0–10 cm 69 ± 6.1 75 ± 3.9 66 ± 8.0 44 ± 6.4 81 ± 2.2 68 ± 3.7   
10–20 cm 66 ± 6.7 73 ± 4.2 67 ± 7.8 43 ± 6.6 74 ± 2.9 64 ± 4.1   
20–40 cm 66 ± 6.7 66 ± 5.3 63 ± 8.5 41 ± 6.8 74 ± 3.1 66 ± 3.9   
40–80 cm 67 ± 6.6 55 ± 7.1 61 ± 9.0       

CDF (Ti as immobile element)   
0–10 cm 62 ± 7.1 70 ± 4.4 58 ± 9.4 32 ± 6.6 76 ± 2.3 61 ± 3.8   
10–20 cm 61 ± 7.4 69 ± 4.5 61 ± 8–7 33 ± 6.5 70 ± 2.9 58 ± 4.1   
20–40 cm 60 ± 7.4 61 ± 5.7 57 ± 9.6 31 ± 6.7 69 ± 3.0 60 ± 3.8   
40–80 cm 57 ± 8.1 42 ± 8.4 50 ± 11.2       

CDF (consensus estimate)   
0–10 cm 66 ± 4.6 73 ± 2.9 63 ± 6.1 38 ± 6.2 79 ± 2.2 65 ± 3.5   
10–20 cm 64 ± 5.0 71 ± 3.1 64 ± 5.8 38 ± 4.7 72 ± 2.1 61 ± 2.9   
20–40 cm 64 ± 5.0 64 ± 3.9 61 ± 6.4 36 ± 5.1 71 ± 2.3 63 ± 2.9   
40–80 cm  63 ± 5.1 50 ± 5.1 57 ± 7.0      

*Consensus CDFx estimate was produced using maximum likelihood estimation (inverse variance weighting; Hartung et al., 2008)  
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ratios (mean of 0.743) among the 10 replicated sample types. Bulk soil 
Sr had an intermediate isotope composition between that of atmospheric 
deposition (0.714) and bedrock (0.743). Runoff was characterized by a 
mean 87Sr/86Sr ratio of 0.719. The Sr isotope signatures of atmospheric 
deposition and runoff were statistically indistinguishable (p > 0.05). 
Runoff and bulk bedrock differed significantly in their 87Sr/86Sr ratios 
(Fig. 3c). 

Individual isotope ratios for all three studied elements (Mg, Ca, and 
Sr) are plotted in Fig. S1 and listed in Table S1 and S2 in the Electronic 

Annex. Time-series of Mg, Ca and Sr isotope data for catchment inputs 
and outputs are plotted in Fig. S2. 

3.8. Long-term input–output fluxes 

Between 1994 and 2019, annual hydrological Mg fluxes always 
increased in the order: open-area precipitation < spruce throughfall <
runoff (Fig. 5a). The same pattern was typical of Ca fluxes (Fig. 5b); only 
in three hydrological years (2009, 2017 and 2019), Ca inputs via open- 
area precipitation exceeded Ca throughfall fluxes. Runoff flux of Sr was 
always higher than atmospheric deposition fluxes of Sr (Fig. 5c). Only in 
2016 and 2017, open-area precipitation contained more Sr than spruce 
throughfall. 

Over the 26-year observation period, Mg and Ca fluxes via open-area 
precipitation showed no temporal trend (p > 0.05). In contrast, 
throughfall and runoff fluxes exhibited a statistically significant 
decrease over time for both Mg (p = 0.021 and p = 0.039, respectively) 
and Ca (p < 0.001 and p = 0.004, respectively). 

Fig. S3 shows the results of a recalculation of throughfall Mg, Ca, and 
Sr fluxes to atmospheric deposition fluxes taking into consideration 
precipitation–canopy interactions. The calculated atmospheric input 
was 2.5 times lower than the measured throughfall flux for Mg and 24 % 
lower for Ca. In the case of Sr, open-area precipitation flux corresponds 
to the actual Sr atmospheric deposition flux. According to Fig. S3, the 
long-term export of Mg via runoff was ~ 7 times higher than atmo-
spheric Mg input (5.5 vs. 0.76 kg ha− 1 yr− 1). Analogously, export of Ca 
was 3.5 times higher than atmospheric Ca input (14.2 vs. 4.0 kg ha− 1 

yr− 1). Hydrologic output of Sr was 4.6 times higher than the atmo-
spheric Sr input (91 vs. 20 g ha− 1 yr− 1). Throughout the observation 
period, the LIZ catchment was a net source of Mg, Ca, and Sr. 

3.9. Pool-size inventories 

Soil contained approximately 69 kg exchangeable Mg ha− 1, while 
aboveground plus belowground vegetation contained 147 kg Mg ha− 1 

(Fig. S4a). Soil to a depth of 80 cm contained 158 kg exchangeable Ca 
ha− 1, while aboveground plus belowground vegetation contained 404 
kg Ca ha− 1 (Fig. S4b). Spruce biomass per unit area contained on average 
2.4 times more Mg and 2.9 times more Ca than the exchangeable soil 
reservoir. Vegetation contained 220 times more Mg than was the 
amount of Mg supplied via atmospheric deposition per year. Soil con-
tained 91 times more exchangeable Mg than was the amount of Mg 
supplied via atmospheric deposition per year. Vegetation contained 112 
times more Ca than was the amount of Ca supplied via atmospheric 
deposition per year. Soil contained roughly 40 times more exchangeable 
Ca than was the amount of Ca supplied via atmospheric deposition per 
year. 

3.10. Clay minerals 

LIZ soil from the depth of 40–80 cm contained 7–8 wt% of physical 
clay fraction, defined by particle sizes of less than 0.002 mm. The 
following phyllosilicates were identified in the LIZ physical clay frac-
tion: chlorite, illite, mixed layered I/C R1, and a small amount of 
kaolinite. The I/C R1 phase contained 30–35 % of the C component, and 
a minute proportion of smectite. The C component was probably formed 
mainly by an incomplete Al-hydroxide interlayer, with a minor contri-
bution of non-expandable vermiculite with hydrated cations in the 
interlayer, such as Mg2+. 

LIZ mineral soil from the depth 0–40 cm contained 1 wt% of kaolinite 
and 2–4 wt% of a vermiculite/biotite fraction (Table S6). 

Fig. 3. Isotope systematics of Mg, Ca and Sr in LIZ ecosystem compartments. 
Means and standard errors are given. Different letters in superscript denote 
sample types that are significantly different (p < 0.05). Acronyms for individual 
minerals are according to Warr (2021): Pl – plagioclase, Or – orthoclase, Bt – 
biotite, Ms – muscovite, Ap – apatite, and Ilm – ilmenite. The number of 
isotopically analyzed minerals depended on the compatibility of each studied 
element with the crystal lattice. 
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4. Discussion 

4.1. Small isotope differences between Mg, Ca and Sr in LIZ minerals and 
runoff 

Bedrock and atmospheric deposition are the two ultimate sources of 
Mg, Ca and Sr for the catchment ecosystem (Probst et al., 2000; Peek and 
Clementz, 2012). If there is sufficient isotopic contrast between these 
two sources, then the isotopes can help to elucidate the origin of Mg, Ca 
and Sr in soil and runoff (Oeser and von Blanckenburg, 2020; Houle 
et al., 2021). At the same time, isotope fractionations accompanying 
biological processes, formation of secondary minerals, and adsorption/ 
desorption in soil should be considered (Schmitt et al., 2012; Gussone 
et al., 2016; Gou et al., 2023). Isotope fractionations are more pro-
nounced in elements with lower atomic mass (Mg and Ca). 

At least 80 % of each of the three studied base cations are present in 
LIZ bedrock in a single rock-forming mineral: Mg in biotite, Ca in 
plagioclase, and Sr also in plagioclase (Table 2). If, following dissolu-
tion, these base-cation rich minerals are the primary controls of Mg, Ca 
and Sr isotope composition of runoff, we can expect their δ26Mg and 
δ44Ca values and 87Sr/86Sr ratios to be close to the isotope signatures of 
stream water. Indeed, such was the case for all three elements. The 
difference between δ26Mg values of biotite and runoff was as low as 0.14 
‰ (Fig. 3a), the difference between δ44Ca values of plagioclase and 
runoff was only 0.22 ‰ (Fig. 3b), and the difference between the 
87Sr/86Sr ratio of plagioclase and runoff (0.003) was also small, given 
the large range of 87Sr/86Sr ratios at LIZ (Fig. 3c). It is important to stress 
that the rates of dissolution may differ among individual minerals by 
several orders of magnitude (Helgeson, 1971; Sverdrup and Warfvinge, 
1993; Brantley, 2003). A mineral contributing only insignificantly to the 
whole-rock content of an element can still control the isotope compo-
sition of the element in runoff and dominate the bioavailable nutrient 
pool if its solubility in the Critical Zone is higher compared to other 
minerals. Blum et al. (2002), for example, suggested that enhanced 
weathering of apatite associated with mycorrhizal activity is a major 
source of bioavailable Ca for acid-rain impacted forests. Only after 
apatite grains are almost quantitatively weathered away, other minerals 
(such as plagioclase) would become the main Ca source for solutions. 

4.2. Dissolution rates of bedrock minerals 

Equilibrium and kinetic modelling of water–rock interactions has 
been often used to quantify the relative weathering rates of minerals. 
Undersaturation or oversaturation of a mineral phase in natural waters, 

implicating dissolution or precipitation of the solid phase, is the result of 
equilibrium modelling (Christofi et al., 2020; Liang et al., 2021; Khalidy 
and Santos, 2021). The fluid length scale and residence time of the fluid 
with reactive surfaces of minerals determines whether or not equilib-
rium can be attained. Whereas equilibrium with external fluids is more 
likely in deeper groundwater, disequilibrium between minerals and 
liquids is typical of the upper segments of the Critical Zone, i.e., soil 
profiles (Drever and Clow, 1995; Sverdrup et al., 2019). Reaction ki-
netics inferred from field studies often suggest slower weathering rates 
than laboratory experiments (Oelkers et al., 2002). A large uncertainty is 
associated with estimation of reaction surfaces of individual minerals 
and the time-dependent formation of coatings on the exposed mineral 
surfaces (Brantley et al., 1999). Dissolution rate constants (kd) of min-
erals forming LIZ paragneiss are summarized in Table S7. Application of 
the lower dissolution rate constants by Lucas et al., (2017; left column), 
leads to the following dissolution-rate sequence: apatite > anorthite >
albite > biotite > orthoclase. If we use the maximum kd values by Wolff- 
Boenisch et al., (2006; right column), dissolution of LIZ minerals will 
tend to proceed in the order: anorthite > biotite > chlorite > albite >
orthoclase. To estimate the relative rates of release of Mg, Ca and Sr from 
the minerals, we use a simple approximation according to Eq. 2: 

R = kd.Mi.Ci.10− 6, (1)  

where R (g m− 2 s− 1) is the rate of release of the studied base elements from 
LIZ minerals, kd is the dissolution rate constant (mol m− 2 s− 1), Mi is molar 
weight of the element (g mol− 1), and Ci is concentration of the studied 
element in a paragneiss mineral taken from Table 2 (mg kg− 1). The kd 
constants were adopted from Lucas et al. (2017), except for chlorite. The kd 
constant of chlorite was taken as the minimum value by Wolff-Boenish 
et al. (2006; Table S7). Plagioclase data were calculated assuming a 3 : 
1 proportion of albite and anorthite estimated from optical properties. The 
results of R estimations are in Table S8. The estimated rate of release of Mg 
from biotite is higher, compared to chlorite. The estimated rates of release 
of Ca and Sr from plagioclase are higher, compared to other minerals. A 
more accurate, site-specific calculation of R values would require knowl-
edge of full rate laws for each mineral, taking into account temperature, 
pH, changing saturation state of solutions, organic acids availability, and 
topography (Brantley et al., 1999). At LIZ, the current state of knowledge 
indicates that Mg, Ca and Sr isotope systematics of paragneiss minerals 
(Fig. 3), and mineral-dissolution considerations (Table S8) are consistent 
with the predominance of geogenic base cations in runoff, corroborating 
the non-isotope data in Fig. 5. This conclusion is supported by elevated 
hydrological export of phosphorus (P) as a geogenic nutrient relative to 
their small deposition fluxes (Oulehle et al., 2021). 

Fig. 4. Vertical Mg, Ca and Sr isotope gradients in composite LIZ soils. Analytical uncertainty is also given (±2 σ).  
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4.3. Corroboration of the isotope evidence for geogenic base cations in 
runoff by elemental budgets 

Bedrock weathering as the primary control of Mg, Ca and Sr isotope 
composition of LIZ runoff agrees well with the elemental mass balances 
at the catchment level. The 3.5 to 7 times higher export of the studied 
base cations via runoff, compared to decades-long mean atmospheric 
deposition fluxes (Fig. S3), can be a result of high net export of Mg, Ca 
and Sr derived from mineral dissolution. In this respect, LIZ differs from 
north Bohemian GEOMON catchments (Fig. 1a) which may export larger 
amounts of pollutant base cations. At the northern sites, partly soluble 
dust was temporarily stored in the ecosystems during four decades of 
massive coal burning in thermal power plants in the “Black Triangle”. 

The temporal decrease in throughfall deposition of Mg and Ca at LIZ 
is a result of easing atmospheric pollution by power plant emissions 
throughout Central Europe (Bohdalkova et al., 2014), and possibly also a 
result of less nutrient uptake and less leaching from the canopy [cf., 
Talkner et al. (2015); data for phosphorus (P)]. In contrast, the 
decreasing Mg and Ca export is best explained by another mechanism, 
namely less efficient replacement of Mg2+ and Ca2+ ions by H+ in soil 
complexes during the recent drop in acid rain leading to lower rates of 
Mg/Ca leaching (Hruška et al., 2023). Several recent studies have 
indicated gradual replenishment of the exchangeable soil pool during 
retreating acidification mostly in organic horizons (Lawrence et al., 
2015; Thai et al., 2023). 

4.4. Biological Mg, Ca and Sr cycling 

LIZ is characterized by larger Mg and Ca pools in tree biomass, 
compared to the previously studied forested headwater catchments in 
the Czech Republic on similar Mg- and Ca-poor bedrock (LYS, UHL and 
UDL; Fig. 1a). LIZ trees contain 4.2 times more Mg per ha and 2.3 times 
more Ca per ha is the average for the other three sites. Given that 
assimilation by plants fractionates Mg and Ca isotopes, biological 
cycling of these elements, in principle, could play a more important role 
in runoff generation at LIZ than at the previously studied sites. Recent 
studies (e.g., Bolou-Bi et al., 2012; Mavromatis et al., 2014; Kimmig 
et al., 2018; Van der Heijden et al., 2015) have shown opposite di-
rections of Mg vs. Ca isotope fractionations between trees and the 
nutritive solutions: biomass Mg tends to be isotopically heavier than Mg 
in the source solution, whereas biomass Ca tends to be isotopically 
lighter than Ca in the source solution. It follows that the δ26Mg value of 
the residual solution should be relatively low, and that the δ44Ca value 
of the residual solution should be relatively high. Fig. 3 confirms this 
isotopic systematics of Mg and Ca with respect to mean isotope ratios, 
but the observed isotope differences were not always statistically sig-
nificant at the p = 0.05 level. LIZ xylem had significantly higher δ26Mg 
values than both rainfall and throughfall, and, at the same time, runoff 
had insignificantly lower mean δ26Mg value than xylem (p > 0.05). LIZ 
xylem had insignificantly lower mean δ44Ca value than throughfall, and, 
at the same time, runoff had significantly higher δ44Ca values than 
xylem. The δ44Ca values of xylem were indistinguishable from open-area 
precipitation. Under the specific conditions of the LIZ ecosystem, 
ascribing the isotopically light Mg and isotopically heavy Ca in runoff to 
biological isotope fractionations as first-order controlling mechanism 
may not be straightforward. Previous isotope and non-isotope studies 
have concluded that most Mg and Ca in trees originate from recycling 
within the soil (Likens et al., 1998, 2021; Holmden and Belanger, 2010). 
For most of the Holocene, dead trees decayed in situ (Seedre et al., 2015), 
mainly supplying soil organic matter with isotopically heavy Mg and 
isotopically light Ca of the xylem as the largest tree organ (mass- 
weighted bulk tree δ26Mg and δ44Ca values were practically identical to 
those of xylem; see Section 3.6.). In contrast, over the recent centuries, 
xylem has been repeatedly removed and sold. Recently, isotopically 
light Mg and isotopically heavy Ca from shed needles have been the 
dominant input into surface soil (Uhlig et al., 2017). Base cations 
leached from the plant litter may infiltrate into the soil and be taken up 
by the roots in shallow mineral soil horizons. As noted by Fantle and 
Tipper (2014), the residual solution exported from the rooting zone will 
contain isotopically heavy Ca only if the replenishment rate of Ca from 
all sources is lower, compared to the uptake rate of Ca by the roots. In 
summary, biological cycling of Ca may have contributed to the signifi-
cantly higher δ44Ca value of LIZ runoff compared to spruce xylem and 
bulk tree. Since the difference between δ26Mg values of runoff, xylem 
and bulk tree was insignificant, the role of biologically cycled Mg during 
runoff generation remains unresolved. 

4.5. Soil processes 

For all three studied base cations, the average isotope composition of 
soil water from the depth of 60 cm plotted between those of bulk soil and 
runoff (Fig. 3). Similarity of δ26Mg and δ44Ca values and 87Sr/86Sr ratios 
between soil solutions and runoff is consistent with a large role of 
shallow water in runoff generation. Soil solutions may integrate signals 
from both atmospheric and geogenic sources, and, at the same time, 
serve as a residual reservoir of Mg and Ca following in-situ isotope 
fractionations associated with their immobilization by adsorption and 
secondary mineral formation, and the above discussed biological 
cycling. Uhlig et al. (2017) and Cai et al. (2022) reported isotopically 
lighter Mg in exchangeable soil fraction, compared to bulk soil. This may 
mirror preferential incorporation of isotopically heavy Mg into sec-
ondary clay minerals in line with previous investigations (Pogge von 

Fig. 5. Long-term input–output fluxes of Mg, Ca and Sr at LIZ. Atmospheric 
input is represented by open-area precipitation and spruce canopy throughfall, 
output is represented by runoff. Hydrochemical monitoring of Sr fluxes started 
later than monitoring of Mg and Ca as essential nutrients (2014 vs. 1994). 
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Strandmann et al., 2008; Brenot et al., 2008) and subsequent accumu-
lation of the complementary isotopically light Mg at the soil exchange 
sites. The isotope composition of the exchangeable fraction is also 
affected by the base cation left behind after nutrient uptake (Uhlig 
et al.,2017; Cai et al., 2022). It appears that cumulative sampling of soil 
solutions by lysimeters followed by δ26Mg determinations (Fig. 3) pro-
vides similar information as isotope analysis of exchangeable Mg 
extracted from the soil in the laboratory (Cai et al., 2022). 

Vertical profiles of δ26Mg and δ44Ca values in bulk soil at Central 
European sites underlain by crystalline bedrock are strikingly site- 
specific. For example, the Mg and Ca patterns at LIZ in Fig. 3 are 
opposite to those at UHL (Novak et al., 2023) where, with an increasing 
depth, δ26Mg values first decrease and then increase, and δ44Ca values 
first increase and then flatten out. At LIZ, Mg in the deepest mineral soil 
horizon is isotopically similar to the large biotite Mg pool as its main 
source (Fig. 4a). The deepest mineral horizon at LIZ is characterized by 
isotopically lighter Ca than plagioclase, the main geological Ca pool 
(Fig. 4b). Strontium in the deepest mineral horizon with a high 87Sr/86Sr 
ratio differs from the large geological plagioclase Sr pool. Deep-soil Sr 
isotopically converges to its minor pool in biotite, and also to bulk 
bedrock (Fig. 4c). Collectively, data in Fig. 4 indicate a relatively high 
degree of spatial heterogeneity in Ca and Sr isotope composition be-
tween the deepest mineral soil horizon and bulk bedrock. 

4.6. Relationship between chemical and mineral depletion and Mg, Ca, 
and Sr isotope dynamics 

In principle, chemical depletion fractions from bedrock to the top of 
the mineral soil, combined with rock-to-soil depletion fractions of in-
dividual minerals, could be used to judge which minerals contributes 
most to the dissolved load (cf., Cai et al., 2022). In other words, upward 
gradients in the mineralogy of soils could indicate which minerals of 
lower solubility are still present in the regolith and continue to dissolve 
after the dominant highly soluble minerals are depleted. Such results 
could, in turn, be used to corroborate isotope inferences concerning 
mineralogical control of the studied elements in runoff. In our study, two 
factors limited the usefulness of this approach: (i) the up to 2 % un-
certainty in mineral abundances in PXRD analysis (Appendix 3), and (ii) 
negligible change in mineral abundance from the deepest layer of the 
mineral soil to the top of the mineral soil (Table S6). Apatite as a readily 
available source of dissolved Ca was not detected in soil by PXRD. 
Therefore, the available data in Table 3 did not permit to evaluate the 
relative role of plagioclase and apatite as Ca sources for runoff. Pure 
orthoclase was more depleted in the upper mineral soil than plagioclase, 
however, Ca in the separated orthoclase fraction likely originated from 
aggregates with other Ca-bearing minerals. The δ44Ca value of the 
orthoclase fraction (Fig. 3b) was so low that it practically could not 
affect present day Ca isotope composition of runoff. The PXRD abun-
dances of biotite (indistinguishable from muscovite) and chlorite 
(indistinguishable from vermiculite) as the two potential main geogenic 
Mg sources, exhibited no distinct vertical gradients in the soil (Table S6). 
It was not possible to mechanically separate these two phyllosilicates, 
and the reported isotope analysis refers to a combination of the more 
abundant biotite and less abundant chlorite. It follows that the miner-
al–runoff isotope systematics at LIZ could not be evaluated in light of the 
upward Mg depletion gradients in Table 3 and S6. 

We note that orthoclase, according to Table 3, was the most depleted 
(i.e., most dissolvable) mineral, whereas empirical dissolution rates in 
Section 4.2. list orthoclase as the least dissolvable main mineral. 

4.7. Upward isotope homogenization in the Critical Zone 

Two out of the three studied base cations exhibited a wider range of 
isotope compositions in bedrock mineral fractions than in all other 
ecosystem compartments: The range of 87Sr/86Sr ratios in mineral 
fractions was 23 times wider than that in other ecosystem 

compartments, and the range of δ26Mg values was three times wider 
than that in other ecosystem compartments (Fig. 3). In contrast, the 
range of δ44Ca values in minerals and in other ecosystem compartments 
was nearly the same (1.63 vs. 1.52 ‰). The largely variable Sr isotope 
composition among minerals was caused by uneven abundance of 87Rb 
as the parent radioisotope of 87Sr in individual minerals, and the larger 
variability in Mg isotopes in minerals, compared to that of Ca isotopes, 
was associated with more efficient Mg isotope redistribution during 
petrogenesis due to its lower mass, compared to Ca. Two mechanisms 
contributed to the rather narrow range of isotope ratios in the LIZ 
ecosystem relative to bedrock minerals: (i) largely uneven pool sizes and 
dissolution rates of isotopically contrasting base cations in the minerals, 
and (ii) homogenization of base cations from various sources in soil, 
biomass and waters driven by their repeated biogeochemical and 
hydrogeochemical cycling. The second mechanism has not been man-
ifested in CDFx calculations. According to Brantley and Lebedeva 
(2011), strong recycling effects should result in upward enrichments of 
the studied elements. 

5. Conclusions 

We have documented that isotope systematics in a paragneiss 
mountain-slope catchment are an efficient biogeochemical tool that 
helps to identify individual reservoirs generating runoff fluxes of Ca and 
Mg as essential nutrients, and of Sr as a Ca proxy. Such provenance in-
vestigations have to consider bedrock as a contributing source. Because 
of different abundances, solubility, and often unique isotope signatures 
of individual minerals that supply Mg and Ca for cycling between so-
lutions, soil and biomass, whole-rock isotope composition should not be 
used in runoff generation studies. Instead, Mg and Ca isotope ratios of 
individual minerals, in combination with their estimated dissolution 
rates and contributions to their whole-rock contents, should be consid-
ered. Separation of rock-forming and accessory minerals prior to Mg and 
Ca isotope analysis can be time-consuming and is practically always 
hampered by the presence of mineral aggregates. We suggest that the 
dominant geogenic source of each Mg and Ca (and also Sr as a Ca-proxy) 
in a paragneiss catchment can be represented by one readily soluble 
mineral containing ≥ 80 % of the studied element. Obtaining δ26Mg, 
δ44Ca and 87Sr/86Sr values from the one source mineral may suffice to 
define the ultimate geogenic sources of Mg, Ca and Sr for runoff at 
paragneiss catchments. At a relatively unpolluted site near the 
Czech–German border with considerably larger runoff Mg, Ca and Sr 
fluxes compared to their atmospheric input fluxes, we have shown that 
biotite is the main bedrock reservoir of Mg and plagioclase is the main 
bedrock reservoir of Ca and Sr, and that the Mg, Ca and Sr isotope sig-
natures of these minerals are similar to the Mg, Ca and Sr isotope ratios 
of runoff. At the study site, bedrock weathering likely dominates runoff 
Mg, Ca and Sr, despite the fact that Mg, Ca and Sr isotope signatures of 
runoff are statistically indistinguishable from spruce canopy throughfall. 
It can be argued that neither rapid export of the small present-day 
deposition, nor the small amounts of secondary phyllosilicates that 
redistribute Mg and Ca isotope in soils, were the primary controls of 
runoff δ26Mg, δ44Ca and 87Sr/86Sr ratios. Because δ26Mg values in spruce 
xylem and bulk trees were indistinguishable from those in runoff, the 
contribution of biologically cycled Mg to runoff could not be evaluated 
isotopically. In contrast, isotopically heavy Ca in runoff may partly 
reflect an isotope fractionation accompanying Ca assimilation by trees. 
Future research will indicate whether also other crystalline bedrock 
types permit ad hoc identification of a single geogenic readily dissolv-
able source mineral whose isotope analysis will then simplify Mg, Ca and 
Sr apportionment in runoff. More research is also needed to compare 
chemical weathering at sites differing in regolith thickness and climatic 
conditions. After the main source of geogenic base cations for runoff is 
depleted at the weathering front, the isotope signature of geogenic in-
puts to the runoff may shift to less abundant and less soluble minerals 
still present in the regolith. 
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Appendix 1 

Detailed description of mineral separation 
Paragneiss fragments were ground in the BB 300 jaw crusher to a < 5 mm grain size and milled in the hammer mill SK-100 Retsch equipped with a 

0.75-mm bottom sieve. A subsample was taken for whole-rock isotope analysis and the bulk of the milled substrate was rinsed by distilled water and 
air-dried. The resulting sample was divided in two fractions using a 0.5-mm sieve. The fine fraction was treated with 1,1,2,2-tetrabromoethane with 
the density of 2.96 g cm− 3. Both the resulting light and heavy fractions were then thoroughly rinsed by ethyl alcohol. The light fraction was further 
treated using a Frantz isodynamic electromagnet (Chas. Cook & Sons) in several steps, reaching a maximum current of 2.7 A. The resulting non- 
magnetic fraction was divided by 0.1 and 0.2-mm sieves. For the separation of feldspars, the 0.1 to 0.2 mm fraction was used. Quartz was 
removed as the heavy fraction by a 2.64 g cm− 3 liquid. The light feldspar fraction was subjected to a 2.60 g cm− 3 liquid. The resulting light fraction 
contained orthoclase, while the heavy fraction contained plagioclase. For dilution of the heavy liquid (i.e., 1,1,2,2-tetrabromoethane) dioxane was 
used. Determination of the density of the resulting liquid was performed on a Mohr-Westfal scale. The heavy fraction following the separation by a 
2.96 g cm− 3 density liquid was examined using a permanent ferrite magnet for the presence of magnetite. No magnetite was found. This fraction was 
further sieved on a cascade of 0.1, 0.2, and 0.315-mm sieves. Biotite and muscovite were separated magnetically from both > 0.1-mm fractions and 
further purified by the shape method (Dolezal et al., 1966). The nonmagnetic 0.1–0,2 mm fraction (following the removal of biotite) was submerged in 
di-iodomethane (of 3.32 g cm− 3). Both resulting fractions were thoroughly rinsed by acetone. The light fraction following the di-iodomethane 
treatment contained apatite. The final step of its purification was performed using a strong electromagnet. The heavy fraction contained ilmenite 
with traces of rutile, zircon, garnets and monazite. These small-volume mineral phases were separated from each other by a custom-made electro-
magnet, and only ilmenite was recovered in an amount sufficient for isotope analysis. All resulting mineral fractions were examined under a binocular 
magnifying glass, and impurities / mineral aggregates were removed by hand picking. The purity of the final mineral phases was checked by PXRD and 
EMPA-EDA. The entire procedure was repeated if needed. 

Appendix 2 

Details of Mg mass spectrometry 
Samples were loaded on the columns in 0.5 mL of HNO3. After matrix elution with 30 mL 1 N HNO3 added in 5 mL portions, Mg was quantitatively 

eluted with two portions of 5 mL of 2 N HNO3. The purified Mg fraction was evaporated to dryness and re-dissolved in a H2O2–HNO3 mixture to oxidize 
any organic remnants of the resin that would otherwise cause isobaric interferences. Following evaporation to dryness, the Mg fraction was dissolved 
twice in concentrated HNO3. The sample was redissolved in 0.3 N HNO3. 

The Mg solutions were introduced into the mass spectrometer via a quartz-glass spray chamber (double pass cyclone-Scott type) equipped with a 
self-aspirating PFA nebulizer with an uptake rate of ca. 100 μl min− 1. The ion beam intensities at m/z 24, 25 and 26 were measured simultaneously in a 
medium mass-resolution mode (M/ΔM95% = 4000) on Faraday detectors (L2, C and H2, respectively). The analyses were performed on the plateau 
close to the left peak shoulder to avoid isobaric interferences. Simultaneously, masses 23 (Na) and 27 (Al) were monitored on the collectors L4 and H4, 
respectively, to ensure that no interferences on 24Mg and 26Mg occurred. Sample signal intensities were ~ 10 V for 24Mg. Magnesium isotope ratios 
were measured using the standard–sample–standard bracketing technique using the DSM3 standard, with a standard Mg concentration within ± 10 % 
of that of a sample (Young and Galy, 2004). 

Appendix 3 

PXRD mineral-soil analysis 
Mineralogical composition at the 0–10, 10–20, and 20–40 cm soil depth was studied by powder X-ray diffraction analysis (PXRD). The samples 

were milled using the McCrone Micronising mill with zirconium oxide grinding elements. The side-loading technique was applied for sample prep-
aration. Powder X-ray diffraction data were collected on a Bruker D8 Advance powder diffractometer in a Bragg-Brentano geometry. CoKα radiation 
and Lynx Eye XE detector were used. The data were collected in the angular range 4-80◦ of 2Θ with a 0.015◦ step and 0.8 sec. time per step. A 
qualitative phase analysis was performed using the DIFFRAC.Eva software (Bruker AXS 2015). The subsequent quantitative phase analysis was carried 
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out by the Rietveld method (Topas 5 Program; Bruker AXS 2014). Crystal structure models for phases involved in the refinement were taken from the 
ICSD database (ICSD 2022). The refinement involved a scale factor for each phase, unit-cell parameters for each phase, sample displacement 
correction, and a parameter describing size broadening. Atomic coordinates were fixed during the refinement for all phases. A correction for preferred 
orientation was applied for selected mineral phases. The detection limit of the method was between 0.2 and 1.0 wt%, depending on the character and 
crystallinity of the phase. 

Appendix 4 

Estimation of the chemical depletion fractions 
The loss of major elements and dominant minerals as bedrock weathers to soil was quantified using the chemical depletion fractions (CDFs) of 

Riebe et al. (2004) and Ferrier et al. (2010). This approach uses the rock-to-soil enrichment of one or more mobile elements to quantify the total mass 
loss (i.e., how many kg of rock are the parent material of each kg of soil), allowing the measured concentrations of mobile elements or minerals in rock 
and soil to be compared on a consistent basis. The fraction of any given element or mineral X that is lost as rock weathers to soil is the chemical 
depletion fraction, 

CDFX = 1-[X]rock
[X]soil

[Zr]rock
[Zr]soil 

where [X]rock and [X]soil are the concentrations of a mobile element or mineral X (expressed in any consistent mass unots, such as kg/kg, ppm, or 
mol/kg), and [Zr]rock and [Zr]soil are the concentrations of an immobile element (the element mass transfer coefficient τ is the negative of CDFX). The 
fundamental assumptions underlying this approach are that the sampled bedrock is representative of the parent material of the sampled soils, and that 
the immobile elements are actually immobile (i.e., are completely retained in the sampled soils). Here we estimate CDFX using Zr and Ti as immobile 
elements. 

Appendix 5 

Thin-section descriptions of LIZ bedrock 
The predominant LIZ bedrock is represented by fine- to medium-grained migmatized sillimanite-muscovite paragneiss. The structure is well 

foliated and displays S-C fabric with a right-lateral kinematics. The S-surfaces are often deformed. The foliation is defined mostly by rusty-brown 
biotite covered in places with fibrolithic sillimanite. Sillimanite is, in turn, partly muscovitized. Retrograde muscovitization on the S-surfaces is 
also observed. The rock’s schistosity is defined by fine-grained lens-like aggregates of dynamically recrystallized quartz and feldspar. The rock displays 
strong ductile deformations resulted in brittle cracking. The matrix is characterized by numerous closed microfractures initially filled with limonite. 
The microfractures framework is developed mainly perpendicular to the rock’s schistosity and foliation. The main mineral assemblage of the para-
gneiss is Qu + K-Fsp(±Pl) + Bt(±Musk). 

Recrystallized lens-like quartz aggregates a few mm in size represent the main volume of the rock. Quartz aggregates are oriented along the 
foliation and sometimes are organized in bands. Quartz grains display strong undulation. Boundaries of the quartz grains are oblique to the foliation. 
Among feldspar species, K-feldspar (mostly orthoclase) dominates, whereas minor microcline is present in the rock matrix only. Plagioclase por-
phyroclasts are present in places with most original plagioclase clasts dynamically recrystallized (at temperatures > 500 ◦C) to coarse-grained ag-
gregates. Biotite flakes (0.x to 1.0 mm in size) form aggregates developed along the both S- and C-surfaces, often organized in alternating bands. 
Accessory minerals are represented by apatite, ilmenite, titanite, rutile, zircon, garnets, monazite, and ore minerals. 

Additionally, a low- to medium-weathered (muscovitized) rock is represented by biotite-sillimanite-cordierite migmatite. This well-foliated rock 
displays pronounced ductile deformations resulting in brittle cracks. The foliation is defined by biotite. The main mineral assemblage is Qu + Pl(±K- 
Fsp) + Bt + Sill + Cor(±Musk). The rock contains zones enriched either in leucocratic minerals (quartz or plagioclase) or in melanocratic minerals 
(mostly altered biotite). Finely lamelled plagioclase dominates among strongly altered and often deformed feldspars. Plagioclase is especially strongly 
altered in the ductile deformed parts of the rock (spindle-like grains, sigma porphyroclasts). Microcline is associated only with plagioclase aggregates. 
Quartz grains are recrystallized dynamically, and in places form ribbon-like wrinkled aggregates. Grains are often sutural on the contacts. High- 
temperature recrystallization is visible in the migration of grain boundaries. Quartz aggregates consist of the grains of variable size, some bent 
and wedged out on the S-surfaces. Biotite is abundant in plagioclase-rich (quartz-poor) zones of migmatite. Biotite of the rusty to deep reddish-brown 
color forms intergrowths with sillimanite (in places of prismatic shape and often fibrolized at the edges). Strong muscovitization and biotite inter-
growth with muscovite is noted near the prismatic sillimanite nodules. Biotite is often developed after feldspar porphyroclasts forming wrinkled 
aggregates. Low- to medium-altered migmatite contains higher amounts of fibrolitic sillimanite (with biotite developed on the schistosity surfaces), 
compared to local paragneiss. Sillimanite is partly affected by muscovitization and deformation. Unlike the parental paragneiss, the daughter mig-
matite contains cordierite. The mineral is growing mostly in the matrix between quartz grains, but relatively large cordierite grains are also present. 
This type of cordierite is represented by barrel-shaped pinitized grains. Cordierite is concentrated in quartz-rich (i.e., plagioclase-poor) zones of the 
rock. 
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. 
a) Photomicrographs of sheared and partly retrogressed (muscovitized, chloritized) migmatitized sillimanite-biotite paragneiss in cross-polarized 

light; b) Sillimanite bearing strongly sheared and retrogressed biotite cordierite-biotite migmatite. Cordierite is often completely pinitized and 
replaced by a mixture of muscovite + chlorite aggregates, enclosing fibrolitic sillimanite; unpolarized light. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.geoderma.2023.116768. 
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