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Abstract

Magnesium isotope ratios (26Mg/24Mg) can provide insights into the origin of Mg pools and

fluxes in catchments where Mg sources have distinct isotope compositions, and the direc-

tion and magnitude of Mg isotope fractionations are known. Variability in Mg isotope compo-

sitions was investigated in three small, spruce-forested catchments in the Czech Republic

(Central Europe) situated along an industrial pollution gradient. The following combinations

of catchment characteristics were selected for the study: low-Mg bedrock + low Mg deposi-

tion (site LYS, underlain by leucogranite); high-Mg bedrock + low Mg deposition (site PLB,

underlain by serpentinite), and low-Mg bedrock + high Mg deposition (site UDL, underlain by

orthogneiss). UDL, affected by spruce die-back due to acid rain, was the only investigated

site where dolomite was applied to mitigate forest decline. The δ26Mg values of 10 catch-

ment compartments were determined on pooled subsamples. At LYS, a wide range of

δ26Mg values was observed across the compartments, from -3.38 ‰ (bedrock) to -2.88 ‰
(soil), -1.48% (open-area precipitation), -1.34 ‰ (throughfall), -1.19 ‰ (soil water), -0.99 ‰
(xylem), -0.95 ‰ (needles), -0.82 ‰ (bark), -0.76 ‰ (fine roots), and -0.76 ‰ (runoff). The

δ26Mg values at UDL spanned 1.32 ‰ and were thus less variable, compared to LYS. Mag-

nesium at PLB was isotopically relatively homogeneous. The δ26Mg systematics was con-

sistent with geogenic control of runoff Mg at PLB. Mainly atmospheric/biological control of

runoff Mg was indicated at UDL, and possibly also at LYS. Our sites did not exhibit the com-

bination of low-δ26Mg runoff and high-δ26Mg weathering products (secondary clay minerals)

reported from several previously studied sites. Six years after the end of liming at UDL, Mg

derived from dolomite was isotopically undetectable in runoff.
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Introduction

Three to four decades after the reversal of acidification in industrial countries of Europe and

North America, healthy young conifer and broadleaf stands are reported from spruce die-back

affected areas [1, 2]. High atmospheric inputs of strong acids (H2SO4, HNO3) in the years of

peak pollution (1975–1995) intensified leaching of bioavailable calcium (Ca) and magnesium

(Mg) from the soils and their export from headwater catchments via surface runoff [3–8]. The

provenance of Ca and Mg in present-day runoff from small forested catchments can be

inferred from predictive hydrochemical models [9–11]. However, empirical evidence based on

isotope studies or field-scale manipulations is scarce. Here we report Mg isotope systematics in

three forested, high-elevation catchments in the Czech Republic (Central Europe) affected by

acid rain. In the so-called Black Triangle (northern Czech Republic, southeastern Germany

and southwestern Poland), spruce died back on the territory of 1000 km2 [12–14]. Since the

1990s, the growth rate of Norway spruce [Picea abies] throughout the Czech Republic has

accelerated, indicating lower SO2 emissions, lower Al toxicity, and an increasing supply of

nutrients [15].

Magnesium serves as the coordinating cation in the molecule of chlorophyll and activates

enzymes needed for the synthesis of organic compounds [16]. Data on the isotope composition

of Mg (26Mg/24Mg ratios, expressed in δ26Mg values) can provide new insights into the biogeo-

chemical cycling of Mg. Studies focusing on the behavior of Mg isotope fractionations in ter-

restrial ecosystems have been reviewed by [17–20]. On crystalline bedrock, much of the

within-site variability in δ26Mg values appears to be driven by inorganic isotope fractionations

accompanying the conversion of primary silicates to secondary clay minerals [17]. Silicate

weathering typically results in low δ26Mg values of runoff, and high δ26Mg values in clay min-

erals [21, 22]. Recent studies, however, have shown that the direction of Mg fractionation dur-

ing weathering can be mineral-specific [23–28]. Also soil exchange processes can be isotope-

selective [29]. Biological Mg isotope fractionations result in both lower and higher δ26Mg val-

ues of organic compounds relative to the source of bioavailable Mg [30–39]. One prerequisite

of a combined isotope and mass-balance approach to Mg source apportionment in small

catchments is that the hydrological conditions are well understood, and that the subsurface

export of Mg via trans-regional groundwater is insignificant. Another assumption for a suc-

cessful use of Mg isotope ratios for the determination of the origin of various ecosystem Mg

compartments and fluxes is that the Mg sources are isotopically distinct and that direction and

magnitude of Mg isotope fractionations are well understood.

Comparisons between catchments located along Mg availability gradients are an under-

exploited tool in biogeochemical studies. For the present study, we selected three small head-

water catchments with contrasting Mg availability: (i) low-Mg bedrock (leucogranite) + low

Mg deposition; (ii) high-Mg bedrock (serpentinite) + low Mg deposition, and (iii) low-Mg

bedrock (orthogneiss) + high Mg deposition. The high atmospheric deposition of Mg-rich

dust at the third study site originated from a cluster of coal-fired power plants near the Czech-

Polish border. Using Mg isotope data from 10 ecosystem compartments, our objectives were:

(i) to quantify the catchment-scale δ26Mg variability along the gradient of ecosystem Mg avail-

ability; and (ii) to constrain the origin of Mg in catchment runoff among the contrasting study

sites. Additionally, we combined the Mg isotope study with long-term monitoring of hydro-

chemical Mg mass budgets and Mg inventories. Hydrochemical data were used to evaluate

whether the studied catchments were a sink or a source of Mg. We hypothesized that δ26Mg

values of runoff in the studied industrial part of Central Europe do not reflect only lithogenic

and biological controls, but are also consistent with the presence of recent atmospheric deposi-

tion in catchment runoff.
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Methods

Study sites

The three small headwater catchments included in our Mg-isotope study (Fig 1) are part of the

GEOMON hydrochemical monitoring network (Czech Republic; [40, 41]). Sites for the cur-

rent study were selected to capture extremes in Mg availability: Lysina (LYS, Slavkov Forest,

west Bohemia; [10, 41–44]) is characterized by low Mg inputs via bedrock dissolution through

chemical weathering, and relatively low Mg inputs via atmospheric deposition of pollutants.

The LYS bedrock is leucogranite (0.15 wt. % of MgO; S1 Table). Pluhuv Bor (PLB; Slavkov For-

est, west Bohemia; [10, 41–45]) is characterized by high Mg inputs via bedrock dissolution,

and relatively low Mg inputs via atmospheric deposition. The PLB bedrock is mainly serpenti-

nite (36.0 wt. % of MgO; S1 Table). The distance between LYS and PLB is seven km. U Dvou

Loucek (UDL; Eagle Mts., northeastern Bohemia [41, 44, 46, 47]) is characterized by low Mg

inputs via bedrock dissolution, and high Mg inputs via atmospheric deposition. The UDL bed-

rock is formed by orthogneiss (0.36 wt. % of MgO; S1 Table). The distance of UDL from LYS

and PLB is approximately 230 km. Due to acid rain, UDL suffered massive Norway spruce die-

back in the 1980s and 1990s. The UDL catchment was treated with dolomite [(CaMg(CO3)2]

to mitigate the impact of acidic deposition. A total of nine tons of dolomitic limestone per

hectare were applied between 1980 and 2007. Climatic conditions at the study sites and soil

Fig 1. Location of the study sites. Data on particulate matter (PM10) are by Czech Hydrometeorological Institute, Prague (portal.chmi.cz; public domain data).

https://doi.org/10.1371/journal.pone.0242915.g001

PLOS ONE Controls on magnesium isotope variability in contrasting small catchments

PLOS ONE | https://doi.org/10.1371/journal.pone.0242915 November 30, 2020 3 / 19

https://doi.org/10.1371/journal.pone.0242915.g001
https://doi.org/10.1371/journal.pone.0242915


characteristics are given in Table 1. The field site access was approved by the land owner [Lesy

CR (LYS and PLB), and the Kolowrat Estate (UDL)].

Sampling

Hydrochemical input–output monitoring. The long-term hydrochemical monitoring at

LYS, UDL and PLB included two types of atmospheric inputs, open-area precipitation and

spruce canopy throughfall, and catchment output via streamwater. Here we report a time-

series of Mg fluxes for the hydrological years 1994–2012.

Two samplers installed five meters apart were used to collect open-area precipitation. For

the collection of spruce throughfall, arrays of five samplers installed in two plots were used at

LYS and PLB. At UDL, an array of nine samplers in a 10 × 10 m grid was used. The samplers

were polyethylene (PE) funnels (122 cm2) with a 0.05 mm mesh fitted to PE 1-L bottles placed

120 cm above the ground. Snow was sampled using cylindrical plastic collectors, 50 cm tall

(167 cm2). Cumulative samples of rainfall and throughfall represented the entire month. At

each site, a 1-L runoff sample was collected once a month near the gauging station.

Mg isotope study. Water samples for Mg isotope measurements were collected in May

2012 at LYS and PLB, and in January, April, July and October 2013 at UDL. The Mg isotope

determinations were thus performed at the end of the 19-year monitoring period and six years

after the last application of dolomitic limestone at UDL. Soil water at UDL was collected by

suction lysimeters from the depths of 30 and 50 cm [47]. At LYS and PLB, gravitational lysime-

ters installed at depths of 10 and 20 cm were complemented with suction lysimeters at the

Table 1. Study site characteristics.

Site Lysina, Slavkov Forest U Dvou Loucek, Eagle Mountains Pluhuv Bor, Slavkov Forest

Acronym LYS UDL PLB

Location 50o03´ N 12o40´ E 50o13´ N 16o29´ E 50o04´ N 12o46´ E

Catchment area (ha) 27 33 22

Elevation (m) 829–949 880–950 690–804

Aspect North-east South-west South-east

Bedrock Leucogranite Orthogneiss Serpentinite

Soil type Podzol, Cambisol Spodo-dystrict cambisol, Cambic podzol Magnesic cambisol, Stagnosol

Mean annual

precipitation (mm)

990 1310 800

Snow cover (days) 90 100 70

Mean winter temperature

(˚C)

-5.0 -5.0 -4.0

Mean summer

temperature (˚C)

14 15 15

Vegetation Norway spruce (Picea abies),
Calamagrostis villosa

Norway spruce (Picea abies), European beech (Fagus sylvatica), Fir

(Abies alba), Calamagrostis villosa, Deschampsia, Oxalis
Norway spruce (Picea abies),
Scots pine (Pinus sylvestris)

Typical forest age (years)� 41–60 21–40 61–100

Mature spruce forest area

(ha) �
27 3 18

Young (<40 years)

spruce forest (ha) �
0 27 0

Broadleaf forest area (ha)
�

0 1.5 0

Unforested area (ha)� 0.4 1.7 4.0

�data for 2015

https://doi.org/10.1371/journal.pone.0242915.t001
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depths of 60 and 90 cm. Cumulative monthly samples of soil water from three replicate lysime-

ters at each depth were pooled. All water samples for Mg isotope analysis were filtered. At

UDL, nested suction lysimeters were sampled along a V-shaped valley (three sites differing in

elevation on each slope of the valley; see [44] for details). Solid samples for the Mg isotope

study in each catchment included: bedrock, soil, fine roots, xylem, needles from the last grow-

ing season, and bark of Norway spruce. Ten grab samples of bedrock fragments were collected

throughout each catchment and pooled, while soil samples were collected from 2–3 depth

intervals in three different soil pits and pooled within each depth interval. Spruce needles, fine

roots and bark were collected from 10 trees throughout each catchment and pooled. Using an

increment borer, xylem cores were collected at breast height (1.3 m) from three spruce stems

at each site and pooled. Fine roots were washed thoroughly by deionized water to remove soil

particles. The mass of each combined sample of bedrock fragments and soil depth interval was

2 and 1 kg, respectively, the dry mass of organic materials was approximately 0.8 kg, with the

exception of xylem (0.15 kg). The bedrock samples were crushed after the weathering rinds

were removed, and milled to< 0.64 mm. The δ26Mg values were determined also on dolomite

collected from a temporary storage site in the vicinity of UDL in 2013.

The sampling design chosen for our reconnaissance study is, to some extent, capable of cap-

turing Mg isotope differences among individual sample types, but not δ26Mg variability within

a single sample type.

Isotope composition of atmospherically deposited elements in industrial areas can, in prin-

ciple, differ along the catchment slope. We have previously documented spatial gradients in

isotope composition of sulfur (S) in a Czech catchment characterized by a 500 m elevation

span, and located mere 4 km from a coal-burning power plant [48]. The sites in the current

Mg isotope study, however, are characterized by less steep slopes (elevation span of 70–120 m;

Table 1), and their distance from point sources of industrial pollution are> 20 km. Therefore,

we decided to sample only one research plot in our Mg isotope study.

Mg pool size inventory. Following field sampling in the summer of 2015, Mg pool sizes

were calculated for aboveground and belowground vegetation (spruce trees), spruce needles,

forest floor, and four soil depth intervals (0–10, 10–20, 20–40, 40–80 cm) at each site. Seven to

nine quantitative soil pits per site used a 0.5 m2 reference frame. The excavated material was

weighed and sieved through a 1-cm sieve, separated into stones, the< 1-cm soil fraction and

coarse roots. Two kg of sieved soil were taken to the laboratory where moisture was deter-

mined after 24 hours of oven drying at 105˚C. The bulk soil samples were air-dried and sieved

to obtain a < 2 mm fraction for chemical analysis.

Analysis

Magnesium concentrations in water were determined by flame absorption atomic spectrome-

try (FAAS; limit of determination 0.01 mg L-1). Water runoff fluxes were determined using

continuous data from gauging stations in each catchment [40, 41]. Annual Mg fluxes were cal-

culated from the measured concentrations and water fluxes. Magnesium budgets for each

catchment in kg ha-1 yr-1 were calculated as a difference of atmospheric inputs minus runoff

outputs.

Magnesium isotope analyses were carried out in the laboratory of the Czech Geological Sur-

vey, Prague, using the methodology of Shalev et al. [49] and ultrapure reagents. Carbonate

powders for Mg isotope analysis were digested in 6 M HCl. Homogenized bedrock and soil

samples were digested in a 1:1 mixture of concentrated HF and HNO3 to break down the sili-

cate fraction; a follow-up digest in concentrated HCl was performed if insoluble fluorides were

present. Homogenized organic-rich materials were digested in a 1:1 mixture of concentrated
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H2O2 and HNO3 to break down organic compounds. Aliquots of water samples containing

approximately 20 μg Mg were evaporated to dryness and treated with 1 mL of concentrated

HNO3. Solutions with visible solid residues were re-dissolved in a 1:1 mixture of concentrated

H2O2 and HNO3. Samples were then evaporated to dryness and re-dissolved in 3% v/v HNO3.

Prior to loading onto columns, the Mg samples were again evaporated to dryness and re-dis-

solved in 100 μL of 2.5 M HCl. Magnesium purification was accomplished by a three-step

chromatographic separation using 1.25 mL of the Bio-Rad AG 50W-X12, 200–400 mesh resin

in Savillex PFA 3.2 x 20 cm microcolumns (steps no. 1 and 3), and 0.12 mL resin in 2.4 mm x

15 cm microcolumns (step no. 2). In the first step, the Mg fraction which still contained Na

and Fe, was separated from other matrix elements by elution with 4.9 M of 2.5 M HCl. In the

second step, Mg with Fe was separated from Na by elution with 4.9 mL of 0.4 M HCl and col-

lected with 1.5 mL of 6 M HCl. In the third step, the Mg fraction was separated from Fe by

rinsing with 5.2 mL of 2 M HNO3 prior to elution of the purified Mg with 5.5 mL of 2 M

HNO3. The purified Mg fraction was then evaporated to dryness, re-dissolved in a 200 μL of

concentrated 1:1 mixture of HF and HNO3, evaporated to dryness again, re-dissolved in a con-

centrated 1:1 H2O2-HNO3 mixture, evaporated to dryness and finally dissolved in 3% v/v

HNO3. The Mg recovery was complete (100%), based on the calibration of the chemical purifi-

cation procedure and recovery yields for Mg, for details see [49]. The total procedural blank

was< 3 ng Mg, which was significantly lower (< 0.01%) than the total amount of Mg (typically

20 μg) originating from a sample processed through column chemistry and analyzed for the

Mg isotope composition. Magnesium isotope ratio measurements were performed on a

Thermo Scientific Neptune MC-ICP-MS, equipped with a Ni sampler and X-Version Ni skim-

mer cones. Solutions containing 500 ng Mg mL-1 were introduced into the plasma via a 100 μL

min-1 PFA nebulizer and a cyclonic quartz-glass spray chamber. The following cup configura-

tion was used: the ion beam intensities at m/z 24, 24 and 26 were measured simultaneously

using Faraday cups L1, C and H2. All measurements were carried out in a medium mass-reso-

lution mode. Typical signals on m/z 24 were 4 to 8 V. Each measurement comprised 30 cycles

with an 8.4 s acquisition time. Isotope composition of Mg is reported in δ26Mg values as per

mil (‰) deviation of the 26Mg/24Mg ratio of a sample relative to the 26Mg/24Mg ratio of a

bracketing standard:

d
26Mgð‰Þ ¼ ½ð26Mg=24MgsampleÞ=ð

26Mg=24MgDSM standardÞ � 1� x 1000

Each single δ value was calculated by at least three repeated measurements of the same sam-

ple solution, each bracketed by DSM3 (typical reproducibility of δ26Mg of -0.00 ± 0.08 ‰
n = 3). Procedural blank contributions including background were consistently below 0.1% of

sample signals and therefore no on-peak blank corrections were applied. Electronic back-

ground was collected at half mass unit before each block and subtracted from the measured

signals. The acquired external reproducibility and precision of the δ26Mg and δ25Mg values for

the DSM3 standard was ± 0.13 ‰ and ± 0.09 ‰, respectively (2σ; n = 20). The external preci-

sion was established by repeated analysis of NIST SRM 1515 (δ26Mg of -1.24 ± 0.08 ‰), JDo-1

(-2.49 ± 0.03 ‰), and IAPSO Atlantic Seawater (OSIL; -0.87 ± 0.03 ‰, cf., [50]). For δ26Mg

results of repeated analysis of another six internationally established Mg isotope reference

materials (BCS-CRM 512, Cambridge-1, DSW-1, SLRS-5, NISR SRM 1640a, and NIST SRM

2709a) see [49]). For the linear relationship between δ25Mg and δ26Mg ratios of the DSM3

standard also see [49].

Concentrations of exchangeable Mg for the catchment-level Mg inventory were determined

in BaCl2 soil extracts. A 2.5 g soil sample (< 2 mm) was mixed with 30 mL of 0.1 M BaCl2,

shaken for 2 hours, centrifuged for 10 minutes, and Mg concentrations were determined using
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FAAS. For each 400-m2 plot, dry biomass samples (needles, xylem, fine roots) were combusted

at 550˚C and dissolved in concentrated HF/saturated H3BO3. After evaporation, the samples

were dissolved in HCl, concentrations of Mg were determined using AAS. Biomass pools in

2015 were calculated using general allometric equations and site-specific diameters at breast

height (DBH).

We assumed that Mg isotope analysis of exchangeable Mg would give similar results as Mg

isotope analysis of soil water collected by lysimeters and therefore measured δ26Mg values of

soil water only (see [32] for a detailed discussion of the topic).

X-ray diffraction analysis (XRD) was used to identify clay minerals at LYS, UDL and PLB

in three replicated samples of mineral soil from the depth of 40–80 cm. Powder mounts were

prepared from ground samples of the< 2 mm soil fraction by back-side filling. Fifteen wt. %

of ZnO were added as an internal standard. The<2 μm fraction was separated by a sedimenta-

tion technique in distilled water [51]. K-saturation of the separated clay fraction was reached

by five saturation cycles with a 1M KCl solution, followed by washing of the suspension in dis-

tilled water to a negative reaction with AgNO3. Oriented preparations of the clay fraction,

obtained by 2.5 mL of suspension pipetting on the Si-slide, were exposed to ethylene-glycol

vapour at 60˚C for 8 h. Oriented preparations were heated to 110˚C for 5 h, and to 300˚C for

2h. XRD analyses were performed with a Bruker D8 Advance Diffractometer (CuKα, primary

and secondary Soller slits 2.5˚, detector Lynxeye XE) with an automatic divergence slit (ADS,

10 mm).

Back-side loaded, random powder preparations of milled bulk soil samples were recorded

within the range of 4–80˚2Θ with a step of 0.015˚2Θ, and time per step of 0.8 s. The mineral

phases from bulk soil samples were identified from XRD patterns by the ZDS-WX software

[52] and the PDF-2 database [53]. Semiquantitative phase analyses were performed using the

Rietveld method by Topas 5 software [54]. Models of crystal structures data of identified min-

erals from the ICSD database [55] were used. The content of mixed-layered minerals was esti-

mated from the determined amorphous material. 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. Interstratified clay minerals were identified by comparison of the XRD pat-

terns with patterns modelled by the NEWMOD software [56]. Mixed-layered minerals were

identified according to [57].

The statistical analysis was performed using the R software [58], version 3.6.1. Input–output

Mg fluxes were compared using the paired t-test. Pearson’s product moment correlation coef-

ficients for individual types of liquid samples at UDL were determined along with one-sided

P-values.

Results

Mg input–output fluxes

Annual discharge-weighted mean runoff at Mg-rich PLB contained as much as 30 mg Mg L-1.

Runoff from Mg-poor LYS and UDL was characterized by less than 0.6 and 1.2 mg Mg L-1,

respectively. At all study sites, Mg concentrations in open-area precipitation were lower, com-

pared to throughfall, soil solutions and runoff. There were no distinct long-term trends in Mg

input–output fluxes at the study sites (Fig 2). Annual Mg fluxes typically increased in the

order: open-area precipitation < throughfall < runoff. Runoff Mg fluxes at PLB were on aver-

age 4.4 times higher than those at UDL, and 22 times higher than those at LYS (means of 41,

9.2, and 1.9 kg Mg ha-1 yr-1, respectively). Long-term Mg deposition fluxes via open-area pre-

cipitation were low at LYS and PLB (0.4 to 0.5 kg ha-1 yr-1), and about five times higher at

UDL (2.7 kg ha-1 yr-1). Mean Mg deposition via throughfall was 1.3 kg ha-1 yr-1 at LYS, i.e., 3.3
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times higher than local Mg flux via open-area precipitation. Mean Mg flux via throughfall was

3.4 times higher at PLB than at LYS (4.5 vs. 1.3 kg ha-1 yr-1), and 5.9 times higher at UDL than

at LYS (7.8 vs. 1.3 kg ha-1 yr-1). At UDL, Mg fluxes via throughfall and runoff between 1994

and 2012 were statistically indistinguishable (p = 0.199; Fig 2A).

Fig 2. Time-series of annual Mg input–output fluxes.

https://doi.org/10.1371/journal.pone.0242915.g002
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Mg pool sizes

The total Mg pools in the spruce trees (aboveground vegetation) increased in the order: LYS

(23 kg ha-1)< UDL (42 kg ha-1)< PLB (47 kg ha-1 S1 Fig in the Electronic Annex). The total

Mg pools in spruce roots (belowground vegetation) were 4 to 7 times lower compared to the

aboveground total Mg pools. The exchangeable Mg pool size in the forest floor increased from

LYS (5.9 kg ha-1), to UDL (32 kg ha-1), and to PLB (200 kg ha-1). The exchangeable Mg pool

size in the 20–40 cm soil depth increased also from LYS (16 kg ha-1), to UDL (50 kg ha-1), and

to PLB (1270 kg ha-1). At these soil depths, the most Mg-enriched site PLB contained more

than 70 times more exchangeable Mg than the most Mg-depleted site LYS.

Mg isotope systematics

In this paragraph, we focus on differences among the δ26Mg values of catchment compart-

ments that were larger than the reproducibility of mass spectrometric measurements (0.26 ‰).

At LYS and UDL, local weathered bedrock was characterized by the lowest δ26Mg values

among all compartments (-3.38 and -2.55 ‰, respectively; Fig 3A and 3B, and S2 Table). At

LYS, Mg in the analyzed samples of runoff had higher δ26Mg values not only compared to bed-

rock, but also relative to the analyzed samples of atmospheric deposition (δ26Mg value of run-

off and spruce canopy throughfall were -0.76 and -1.34 ‰; Fig 3A and 3B, and S2 Table). At

both of these sites, the measured δ26Mg values of individual Picea abies tissue types clustered

around the δ26Mg value of runoff; the studied organic Mg pools at UDL had higher δ26Mg val-

ues, compared to soil water. Dolomite applied on the surface of UDL contained low-δ26Mg

magnesium (-2.55 ‰), similar to bedrock orthogneiss (-2.44 ‰). Bulk soil represented an

exception from the Mg isotope similarity between LYS and UDL. Magnesium in bulk soil at

LYS was characterized by low δ26Mg values (mean of -2.88 ‰), whereas Mg in bulk soil at

UDL had the highest δ26Mg values (mean of -1.23 ‰).

At PLB, the overall range of δ26Mg signatures was narrower, compared to LYS and UDL

(Fig 3C; S2 Table). At PLB, bedrock, soil, soil water and runoff had nearly identical δ26Mg val-

ues between -0.59 and -0.47 ‰. Individual Picea abies tissue types exhibited a broader range of

δ26Mg values from -1.0 to -0.39 ‰. The measured δ26Mg value of xylem plotted between the

δ26Mg values of open-area precipitation (-1.37 ‰) and throughfall (-0.91 ‰). Open-area pre-

cipitation was characterized by the lowest δ26Mg value among all PLB catchment

compartments.

Temporal trend in δ26Mg values

At UDL, we determined δ26Mg values of atmospheric deposition (open-area precipitation and

throughfall), soil water (two depths), and runoff in the spring, summer, fall, and winter of

2013. All five variables exhibited a general trend toward higher δ26Mg values from January to

October 2013 (Fig 4). The positive correlation was statistically significant between open-area

precipitation and soil water at 30-cm depth (R = 0.96, p = 0.018), and between open area-pre-

cipitation and runoff (R = 0.95, p = 0.024; S3 Table).

The lowest δ26Mg value of UDL runoff, the isotopically most variable water type, was 0.46

‰ higher than the δ26Mg value of local bedrock. The lowest δ26Mg values of UDL open-area

precipitation, throughfall, soil water at the 30-cm depth, and soil water at 50-cm depth were

0.53, 0.76, 0.40, and 0.31 ‰, respectively, higher than the δ26Mg value of bedrock (S2 Table).

With respect to the reproducibility of the mass spectrometric measurements (± 0.13 ‰), these

δ26Mg values of water samples were isotopically distinguishable from UDL bedrock.
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Newly-formed clay minerals in soil

X-ray diffraction identified only small amounts of kaolinite in the mineral soil (mean of

2.5 ± 0.5 wt. % at LYS, 2.3 ± 0.8 wt. % at UDL, and < 0.5 wt. % at PLB). No other clay minerals

were detected.

Discussion

Comparison of trends in Mg fluxes with trends in S, N, and Ca fluxes

The lack of temporal trends in Mg input fluxes at our three study sites (Fig 2) contrasted with

decreases in Ca deposition fluxes between 1994 and 2012 [44]. In contrast to Mg, decreases in

Fig 3. The measured Mg isotope systematics at LYS (a), UDL (b) and PLB (c). Arithmetic means are given for δ26Mg

values from bulk soil profiles. For individual Mg isotope measurements see S2 Table.

https://doi.org/10.1371/journal.pone.0242915.g003

Fig 4. Temporal trend in δ26Mg values of individual types of water samples at UDL. Magnesium concentrations in runoff roughly correspond to those of soil

water; Mg in soil water is more concentrated than Mg in rainfall due to evapotranspiration, biological cycling, and water-rock interaction (Table 1).

https://doi.org/10.1371/journal.pone.0242915.g004
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Ca deposition fluxes reflected long-term decreases in the deposition of mostly acidifying sulfur

(S) and reactive nitrogen (N), especially at the industrially most polluted site UDL [44]. Also

temporal decreases in runoff fluxes of Ca were more distinct than those of Mg. In general,

retreating acidification did not result in systematically decreased Mg fluxes, indicating at least

partial de-coupling of Mg and Ca cycling. Magnesium deposition is, to a greater extent com-

pared to Ca, affected by a contribution of sea-spray (cf., [41]).

Sources of catchment-scale variability in δ26Mg values

PLB–ultramafic bedrock. The dissolution of Mg-rich serpentinite dominates Mg cycling

at PLB (Fig 3C). The isotope composition of serpentinite is reflected in soil and soil water with

no or negligible fractionation. The lack of Mg isotope fractionations during serpentinite

weathering at PLB is interesting in light of previous reports that mineral dissolution is isotopi-

cally selective. Magnesium isotope fractionations may result in an enrichment in 26Mg in the

weathering products (secondary clay minerals) and in a removal of dissolved 24Mg-rich mag-

nesium via runoff [21, 25, 26, 29]. Soils at all sites in the current study are characterized by

high Al-Fe sesquioxide content, with only small amounts of newly-formed clay minerals (< 3

wt. %). The erosion regime at these high-elevation sites does not generate conditions favorable

for sizeable in-situ formation of clay minerals. Because Mg isotope ratios of bedrock and soil

were nearly identical (Fig 3C), adsorption of Mg on Al-Fe sesquioxides did not result in a mea-

surable isotope fractionation at PLB.

The analyzed xylem sample at PLB had lower δ26Mg values, compared to bedrock, soil and

soil water (Fig 3C). The Mg isotope signature of PLB xylem was nearly identical with the Mg

isotope signature of spruce throughfall, the predominating form of aboveground Mg input

into the ecosystem. Yet, atmospheric deposition did not simply control the Mg isotope compo-

sition of xylem, with no isotope fractionation. As mentioned above, the higher δ26Mg values of

the analyzed fine roots and needles compared to xylem provided evidence for the existence of

biological Mg fractionation within the tree (cf., [37]). At PLB, lower biological Mg isotope frac-

tionation accompanied higher exchangeable Mg content in the soil, compared to LYS and

UDL (S1 Fig). Lower biological Mg isotope selectivity in an environment with high Mg avail-

ability is consistent with similar behavior of S, N, and Ca isotopes in ecosystems [59–62]. The

magnitude of isotope fractionations of nutrients depends usually on the slowest step during

assimilation; high nutrient availability may be associated with a relatively small isotope frac-

tionation. We suggest that the Mg-rich bedrock at PLB, along with significantly higher Mg

concentrations in bulk soil and soil water, compared to LYS and UDL (S2 Table), were likely

responsible for the relatively small catchment-scale variability in δ26Mg values (Fig 3C). The

δ26Mg variability at PLB was dominated by mixing of Mg deposited on the forest with geogenic

Mg and a relatively small biological isotope effect.

LYS and UDL–felsic bedrock. The measured within-site ranges of δ26Mg values at LYS

and UDL (2.62 and 1.21 ‰, respectively) were relatively large (Fig 3). Both LYS and UDL are

similar to PLB in that in-situ formation of secondary clay minerals is limited (2.3 to 2.5 wt. %

of soils). However, that does not necessarily imply that dissolution of felsic bedrock at these

high-elevation sites and inorganic adsorption of geogenic Mg on Al-Fe sesquioxides in the

soils did not fractionate Mg isotopes [cf., 39, 63]. The main rock-forming minerals in LYS leu-

cogranite are orthoclase, albite, Li-mica, and quartz, while the main rock-forming minerals in

UDL are orthoclase, albite, biotite, and quartz. Of these, only biotite (present at UDL in subor-

dinated amounts) contains a large amount of Mg. In principle, we cannot rule out incongruent

dissolution of minerals with contrasting δ26Mg values and inorganic Mg isotope fractionations

during weathering as contributors to the observed difference between bedrock and soil.
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The measured δ26Mg difference between bedrock and average soil at the two felsic sites was

relatively large (0.50 ‰ at LYS, and 1.21 ‰ at UDL), which contrasted with PLB (0.07 ‰). At

the felsic sites, Mg in both bulk soil and soil water was likely affected by biological Mg isotope

fractionations. In general, within-site isotope-selective processes served as important controls

of δ26Mg variability in felsic catchments characterized by contrasting atmospheric Mg deposi-

tion levels.

Origin of Mg in catchment runoff

Oulehle et al. [41] summarized input–output mass balances of environmentally relevant ele-

ments in 15 headwater catchments of the Czech Republic. All those sites exported more Mg

than they received via atmospheric deposition. Based on non-isotope data alone, it would

seem likely that bedrock dissolution is responsible for the net export of Mg from the Czech

headwater catchments, regardless of local lithology. This conclusion is clearly valid for PLB

with as much as 36 wt. % of MgO in bedrock serpentinite (S1 Table), high Mg concentrations

in soil solutions (up to 16 mg L-1), and nearly identical δ26Mg values of bedrock and runoff

(Fig 3C). However, for the felsic sites LYS and UDL, the measured Mg isotope systematics

alone (i.e., without considering input–output mass budgets), would indicate a large contribu-

tion of atmospherically deposited Mg to runoff, and a small contribution of geogenic Mg to

runoff. The mean δ26Mg value of runoff at UDL was nearly the same as the mean δ26Mg value

of atmospheric deposition, but different from the δ26Mg value of bedrock and the dolomite

applied on the catchment surface (Fig 3B). The δ26Mg value of runoff at LYS was four times

closer to the δ26Mg value of atmospheric deposition than to the δ26Mg value of bedrock; while

the analyzed Mg in LYS runoff had a high δ26Mg value, Mg in LYS bedrock had a low δ26Mg

value (Fig 3A). The question arises whether the mass-balance and isotope indicators of Mg ori-

gin in runoff from LYS and UDL can be reconciled.

By the year of our isotope study (2013), more than 80% of the surface of UDL was covered

by a young spruce stand overgrowing clearings resulting from the forest decline of the 1980s

(Table 1). Therefore, it is reasonable to consider the throughfall Mg flux (mean of 7.8 kg ha-1

yr-1) to be a better representation of catchment-level input of total dissolved Mg than the

open-area deposition flux (mean of 2.7 kg ha1 yr-1; we need to keep in mind that some of the

soluble Mg in throughfall was not new atmospheric Mg input, but rather resulted from bio-

mass leaching, and ultimately originated from the soil). The throughfall Mg input flux at UDL

was isotopically similar to open-area precipitation and to spruce needles (Fig 3B), and was

thus consistent with two-way interaction between rainfall plus dry-deposited Mg and the nee-

dles with an only small Mg isotope fractionation accompanying chlorophyll formation. Impor-

tantly, the UDL time-series in Fig 2 yielded no statistically significant difference between Mg

flux via spruce canopy throughfall and the runoff Mg flux (p> 0.05). The regionally valid

causal relationship between bedrock dissolution and net export of Mg via runoff thus may not

be relevant for UDL. In contrast to UDL, Mg export from completely forested LYS (mean of

1.9 kg ha-1 yr-1) was significantly higher than Mg throughfall flux (mean of 1.3 kg ha-1 yr-1;

p< 0.05). Magnesium in spruce needles at LYS was isotopically different from Mg in open-

area precipitation and throughfall, indicating Mg isotope fractionation associated with chloro-

phyll formation [34, 64], and possibly also lower rates of incorporation of deposited Mg into

the needles, compared to UDL. Data from hydrochemical input–output monitoring are con-

sistent with a significant geogenic contribution to Mg exported from LYS (cf., [41]). The dis-

crepancy between the monitoring (net Mg export via runoff) and isotope data (different

δ26Mg values of runoff and bedrock) at LYS remains unexplained at least until temporal vari-

ability in the δ26Mg values of atmospheric deposition and runoff is quantified.
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Both bedrock types at the felsic sites LYS and UDL are Mg-poor (0.15–0.36 wt. % MgO; S1

Table). We suggest that a between-site comparison of Mg fluxes may provide an additional

non-isotope insight into the origin of Mg in UDL runoff: While orthogneiss at UDL contains

only about twice more Mg than leucogranite at LYS, the runoff Mg flux at UDL in 2013 was

nine times higher than the runoff Mg flux at LYS. Over the 19-year monitoring period, the

mean annual Mg export from UDL was five times higher than that from LYS. We suggest that

the higher Mg export from UDL may be causally related to the higher atmospheric pollution

level at this site. Input Mg flux via throughfall in 2013 was seven times higher at UDL than at

LYS. Over the 19-year monitoring period, input Mg flux via throughfall was six times higher at

UDL than that at LYS. The between-site comparison of non-isotope data is thus consistent

with a relatively large contribution of present-day deposition to runoff Mg at UDL.

Based on temporal changes in the isotope composition of dissolved Mg at UDL, data in Fig

4 may be viewed as supporting evidence for an important role of atmospherically deposited

Mg in runoff generation. Isotope composition of Mg in runoff followed the changes in δ26Mg

values of atmospheric deposition (an increase from the dormant season to the end of growing

season; Fig 4). The linkage between deposited Mg and exported Mg was mediated by soil

waters (significant positive relationship between precipitation and soil water, R = 0.96). From

a comparison of Fig 4 with Fig 3B it follows that base flow, sampled in mid-winter, may have

contained a large proportion of bedrock- or dolomite-derived Mg even at UDL. The evidence

for a major role of lithogenic Mg in winter-time UDL runoff, however, is inconclusive because

also the δ26Mg value of deposition in winter was low. During the growing season, recent pre-

cipitation likely became the main control of the δ26Mg value of UDL runoff.

We note that some previous studies [37, 65] have observed seasonality in δ26Mg values of

water samples in small catchments that was better documented than in our UDL study based

only on one sample per season.

Leaching of dolomite at UDL

There was a large difference between the δ26Mg value of the dolomite (-2.55 ‰) and that of

UDL runoff (-1.52 ‰; Fig 3B). Magnesium isotope systematics indicated that 33 to six years

after application of dolomite on the UDL surface Mg export via surface runoff was small to

negligible. The mean δ26Mg values of bulk soil at individual soil depths were mostly higher

than -2.00 ‰ (S2 Table), and were thus also different from the low δ26Mg signature of dolo-

mite. Magnesium in bulk soil of UDL was isotopically nearly identical with xylem and may

have been mainly controlled by recycled organic Mg (cf., [32]), along with high-δ26Mg prod-

ucts of isotope-selective weathering and soil exchange processes. The cumulative input of 1.2

tons of dolomite-Mg per ha represents mere 1.8 wt. % of exchangeable Mg present in the soil

to the depth of 10 cm (forest floor and soil data from S1B Fig). If aboveground vegetation and

roots are additionally included in the comparison, the total dolomite Mg corresponds to a

mere 1.6 wt. % of the total Mg pool. Even if all Mg supplied to the UDL ecosystem by liming

remained immobilized in the soil and biomass, its isotope composition would hardly affect the

total Mg isotope signature of the topmost soil horizons.

Conclusions

We combined long-term input–output Mg budgets with short-term Mg isotope systematics in

an attempt to preliminarily apportion Mg sources for surface runoff in three small Central

European catchments. Magnesium isotope ratios were determined in May 2012 at two sites

(LYS and PLB), and in January, April, July and October 2013 at one site (UDL). Whereas the

serpentinite catchment PLB mostly exported bedrock-derived Mg, the UDL catchment,
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underlain by orthogneiss, exported mainly atmospheric and organically-cycled Mg. During

winter, the δ26Mg value of UDL runoff converged to the low δ26Mg value of bedrock, however,

the δ26Mg value of atmospheric deposition also decreased, and therefore deposited Mg may

have controlled the δ26Mg value of runoff even during the dormant season. Nine tons of dolo-

mite per ha introduced to UDL to mitigate acid rain 33 to six years before the Mg isotope

study did not significantly affect the Mg export via runoff. The third site, LYS, underlain by

leucogranite, exhibited Mg isotope systematics similar to UDL, but both atmospheric deposi-

tion and runoff Mg fluxes at LYS were significantly lower than at UDL. Because the δ26Mg

value of runoff at LYS was four times closer to the δ26Mg value of atmospheric deposition than

to the δ26Mg value of bedrock, atmospheric Mg was likely a major contributor to runoff Mg.

This finding from May 2012, however, is not in agreement with long-term input–output mass

balances that indicated net export of Mg from the catchment. Similar δ26Mg values of LYS run-

off and spruce biomass were consistent with a major proportion of biologically cycled dis-

solved Mg in runoff. High-δ26Mg magnesium in runoff from the two felsic catchments (LYS

and UDL), relative to bedrock, indicated that solid weathering products (mainly Al-Fe sesqui-

oxides) did not accumulate high-δ26Mg geogenic magnesium. This contrasts with previous

studies reporting hydrological export of low-δ26Mg magnesium resulting from bedrock disso-

lution, and formation of high-δ26Mg clays. This discrepancy was likely caused by negligible

rates of formation of secondary clay minerals at the high elevations of our study sites. The

within-site variability in δ26Mg values was low at PLB, a site characterized by high Mg avail-

ability due to bedrock dissolution. The variability in δ26Mg values at PLB was dominated by

mixing of geogenic with atmospheric Mg, with only a small contribution of biological Mg frac-

tionations. In contrast, within-site isotope-selective processes served as important controls of

δ26Mg variability in the studied felsic catchments LYS and UDL. Further studies will be needed

to statistically evaluate the spatial and temporal δ26Mg variability within individual solid and

liquid sample types.
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S1 Fig. Schematic representation of the magnitude of Mg pool sizes and fluxes at the three

study sites. Exchangeable Mg pool sizes are given for individual soil compartments, and total
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(DOCX)

S3 Table. Statistical analysis of temporal changes in Mg isotope composition of water sam-

ples from UDL. Statistical significant correlations are in bold.

(DOCX)

Acknowledgments

We thank Dr. Filip Oulehle, Dr. Tomas Chuman and Ing. Oldrich Myska of the Czech Geolog-

ical Survey for providing data on ecosystem Mg pool sizes. We also thank Dr. Frantisek Laufek,

Dr. Veronika Stedra, and Dr. Veronika Strnadova of the Czech Geological Survey, Dr.

PLOS ONE Controls on magnesium isotope variability in contrasting small catchments

PLOS ONE | https://doi.org/10.1371/journal.pone.0242915 November 30, 2020 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242915.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242915.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242915.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242915.s004
https://doi.org/10.1371/journal.pone.0242915


Vladimir Cernohous of the Forestry and Game Management Research Institute, Opocno, and

Ing. Martin Fojt of the Kolowrat Estate for assistance. Statistical analysis of the data was per-

formed by Prof. Arnost Komarek of Charles University, Prague.

Author Contributions

Conceptualization: Martin Novak.

Data curation: Juraj Farkas, Pavel Kram, Marketa Stepanova, Alexandre V. Andronikov,

Ondrej Sebek, Martin Simecek.

Formal analysis: Frantisek Veselovsky, Alexandre V. Andronikov, Ondrej Sebek, Magdalena

Koubova, Hyacinta Vitkova.

Funding acquisition: Martin Novak.

Investigation: Pavel Kram, Frantisek Veselovsky, Jan Curik, Daniela Fottova, Leona Bohdalk-

ova, Eva Prechova.

Project administration: Martin Novak, Eva Prechova.

Validation: Jan Curik.

Visualization: Marketa Stepanova.

Writing – original draft: Martin Novak, Pavel Kram, Jakub Hruska.

Writing – review & editing: Martin Novak, Pavel Kram, Jakub Hruska, Leona Bohdalkova.

References
1. Altman J, Fibich P, Santruckova H, Dolezal J, Stepanek P, Kopacek J, et al. Environmental factors

exert strong control over the climate-growth relationships of Picea abies in Central Europe. Sci. Total

Environ. 2017; 609: 506–516. https://doi.org/10.1016/j.scitotenv.2017.07.134 PMID: 28755600

2. Cienciala E, Altman J, Dolezal J, Kopacek J, Stepanek P. Stahl G, et al. Increased spruce tree growth in

Central Europe since 1960s. Sci. Total Environ. 2018; 619: 1637–1647. https://doi.org/10.1016/j.

scitotenv.2017.10.138 PMID: 29122345

3. Paces T. Sources of acidification in Central Europe estimated from elemental budgets in small basins.

Nature 1985; 315: 31–36. https://doi.org/10.1038/315031a0

4. Moldan B, Cerny J(Eds). Biogeochemistry of small catchments, a tool for environmental research.

SCOPE Report 51. Chichester: John Wiley & Sons, Chichester; 1994. ISBN: 0-471-93723-1.

5. Buchmann N, Gebauer G, Schulze ED. Partitioning of 15N-labeled ammonium and nitrate among soil,

litter, bellow- and above-ground biomass of trees and understory in a 15-year-old Picea abies planta-

tion. Biogeochemistry 1996; 33: 1–23. https://doi.org/10.1007/BF00000967

6. Likens GE, Driscoll CT, Buso DC, Mitchell MJ, Lovett GM, Bailey SW et al. The biogeochemistry of sul-

fur at Hubbard Brook. Biogeochemistry 2002; 60: 235–316. https://doi.org/10.1023/A:1020972100496

7. Hunova I, Maznova J, Kurfurst P. Trends in atmospheric deposition fluxes of sulphur and nitrogen in

Czech forests. Environ. Pollut. 2014; 184: 668–675. https://doi.org/10.1016/j.envpol.2013.05.013

PMID: 23751730

8. Campbell JL, Yanai RD, Green MB, Likens GE, See CR, Bailey AS et al. Uncertainty in the net hydro-

logic flux of calcium in a paired-watershed harvesting study. Ecosphere 2016; 7: e01299. https://doi.

org/10.1002/ecs2.1299

9. Hruska J, Moldan F, Kram P. Recovery from acidification in central Europe–observed and predicted

changes of soil and streamwater chemistry in the Lysina catchment, Czech Republic. Environ. Pollut.

2002; 120: 261–274. https://doi.org/10.1016/s0269-7491(02)00149-5 PMID: 12395838

10. Hruska J, Kram P. Modeling long-term changes in streamwater and soil chemistry in catchments with

contrasting vulnerability to acidification (Lysina and Pluhuv Bor, Czech Republic). Hydrol. Earth Syst.

Sci. 2003; 7: 525–539. hal-00304897.

11. Helliwell RC, Wright RF, Jackson-Blake LA, Ferrier RC, Aherne J, Cosby BZ et al. Assessing recovery

from acidification of European surface waters in the year 2010: Evaluation of projections made with the

PLOS ONE Controls on magnesium isotope variability in contrasting small catchments

PLOS ONE | https://doi.org/10.1371/journal.pone.0242915 November 30, 2020 16 / 19

https://doi.org/10.1016/j.scitotenv.2017.07.134
http://www.ncbi.nlm.nih.gov/pubmed/28755600
https://doi.org/10.1016/j.scitotenv.2017.10.138
https://doi.org/10.1016/j.scitotenv.2017.10.138
http://www.ncbi.nlm.nih.gov/pubmed/29122345
https://doi.org/10.1038/315031a0
https://doi.org/10.1007/BF00000967
https://doi.org/10.1023/A%3A1020972100496
https://doi.org/10.1016/j.envpol.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/23751730
https://doi.org/10.1002/ecs2.1299
https://doi.org/10.1002/ecs2.1299
https://doi.org/10.1016/s0269-7491%2802%2900149-5
http://www.ncbi.nlm.nih.gov/pubmed/12395838
https://doi.org/10.1371/journal.pone.0242915


MAGIC model in 1995. Environ. Sci. Technol. 2014; 48: 13280–13288. https://doi.org/10.1021/

es502533c PMID: 25325669

12. Moldan B, Hak T. Central European environmental history and the EU accession. Environ. Sci. Technol.

2011; 45: 3823–3828. https://doi.org/10.1021/es1037436 PMID: 21388177

13. Vacek S, Hunova I, Vacek Z, Hejcmanova P, Podrazsky V, Kral J et al. Effects of air pollution and cli-

matic factors on Norway spruce forests in the Orlicke hory Mts. (Czech Republic), 1979–2014. Eur. J.

For. Res. 2015; 134: 1127–1142. https://doi.org/10.1007/s10342-015-0915-x

14. Novak M, Mikova J, Krachler M, Kosler J, Erbanova L, Prechova E, et al. Radial distribution of lead and

lead isotopes in stem wood of Norway spruce: A reliable archive of pollution trends in Central Europe.

Geochim. Cosmochim. Acta 2010; 74: 4207–4218. https://doi.org/10.1016/j.gca.2010.04.059

15. Kolar T, Cermak P, Oulehle F, Trnka M, Stepanek P, Cudlin P et al. Pollution control enhanced spruce

growth in the “Black Triangle” near the Czech–Polish border. Sci. Tot. Environ. 2015; 538: 703–711.

https://doi.org/10.1016/j.scitotenv.2015.08.105 PMID: 26327638

16. Marschner H. Mineral nutrition of higher plants. 2nd edition, Academic, London, 2003.

17. Young ED, Galy A. The isotope geochemistry and cosmochemistry of magnesium. Rev. Mineral. Geo-

chem. 2004; 55: 197–230. https://doi.org/10.2138/gsrmg.55.1.197

18. Schmitt A-D, Vigier N, Lemarchand D, Millot R, Stille P, Chabaux F. Processes controlling the stable

isotope compositions of Li, B, Mg and Ca in plants, soils and waters: A review. C.R.Geosci. 2012; 344:

704–722. https://doi.org/10.1016/j.crte.2012.10.002

19. Teng F-Z. Magnesium isotope geochemistry. In: Teng F.-Z., Watkins J.M., Dauphas N., editors. Non-

traditional Stable Isotopes, Reviews in Mineralogy and Geochemistry, vol. 82, Mineralogical Society of

America, Geochemical Society; 2017. pp.219–287.

20. Ryu J-S. Magnesium isotope fractionation during surficial processes. J. Geol. Soc. Korea 2019; 55:

749–758. https://doi.org/10.14770/jgsk.2019.55.6.749

21. Brenot A, Cloquet C, Vigier N, Carignan J, France-Lanord C. Magnesium isotope systematics of the lith-

ologically varied Moselle river basin, France. Geochim. Cosmochim. Acta 2008; 72: 5070–5089.

https://doi.org/10.1016/j.gca.2008.07.027

22. Lee S-W, Ryu J-S, Lee K-S. Magnesium isotope geochemistry in the Han River, South Korea. Chem.

Geol. 2014; 364: 9–19. https://doi.org/10.1016/j.chemgeo.2013.11.022

23. Pogge von Strandmann PAE, Burton KW, James RH, Van Calstern P, Gislason SR, Sigfusson B. The

influence of weathering processes on riverine magnesium isotopes in a basaltic terrain. Earth Planet.

Sci. Lett. 2008a; 76: 187–197. https://doi.org/10.1016/j.epsl.2008.09.020

24. Pogge von Strandmann PAE, Hendry KR, Hatton JE, Robinson LF. The response of magnesium, sili-

con, and calcium isotopes to rapidly uplifting and weathering terrains: South Island, New Zealand. Fron-

tiers in Earth Science 2019; 7: 240. https://doi.org/10.3389/feart.2019.00240

25. Wimpenny J, Yin Q-Z, Tollstrup D, Xie L-W, Sun J. Using Mg isotope ratios to trace Cenozoic weather-

ing changes: A case study from the Chinese Loess Plateau. Chem. Geol. 2014; 376: 31–43. https://doi.

org/10.1016/j.chemgeo.2014.03.008

26. Liu X-M, Teng F-Z, Rudnick RL, McDonough WF, Cummings ML. Massive magnesium depletion and

isotope fractionation in weathered basalts. Geochim. Cosmochim. Acta 2014; 135: 336–349. https://

doi.org/10.1016/j.gca.2014.03.028

27. Hindshaw RS, Rickli J, Leuthold J. Mg and Li stable isotope ratios of rocks, minerals, and water in an

outlet glacier of the Greenland Ice Sheet. Frontier in Earth Science 2019; 7: 316. https://doi.org/10.

3389/feart.2019.00316

28. Hindshaw RS, Tosca R, Tosca NJ, Tipper ET. Experimental constraints on Mg isotope fractionation dur-

ing clay formation: Implications for the global biogeochemical cycle of Mg. Earth Planet Sc. Lett. 2020;

531: 115980. https://doi.org/10.1016/j.epsl.2019.115980.

29. Opfergelt S, Georg RB, Delvaux B, Cabidoche Y-M, Burton KW, Halliday AN. Mechanisms of magne-

sium isotope fractionation in volcanic soil weathering sequences, Guadeloupe. Earth Planet. Sci. Lett.

2012; 341– 344: 176–185. https://doi.org/10.1016/j.epsl.2012.06.010

30. Uhlig D, Schuessler JA, Bouchez J, Dixon JL, von Blanckenburg F. Quantifying nutrient uptake as driver

of rock weathering in forest ecosystems by magnesium stable isotopes. Biogeosciences 2017; 14(12):

3111–3128. https://doi.org/10.5194/bg-14-3111-2017

31. Schuessler JA, von Blanckenburg F, Bouchez J, Uhlig D, Hewawasam T. Nutrient cycling in a tropical

montane rainforest under a supply-limited weathering regime traced by elemental mass balances and

Mg stable isotopes. Chem. Geol. 2018; 497: 74–87. https://doi.org/10.1016/j.chemgeo.2018.08.024

32. Kimmig SR, Holmden C, Belanger N. Biogeochemical cycling of Mg and its isotopes in a sugar maple

forest in Quebec. Geochim. Cosmochim. Acta 2018; 230: 60–82. https://doi.org/10.1016/j.gca.2018.

03.020

PLOS ONE Controls on magnesium isotope variability in contrasting small catchments

PLOS ONE | https://doi.org/10.1371/journal.pone.0242915 November 30, 2020 17 / 19

https://doi.org/10.1021/es502533c
https://doi.org/10.1021/es502533c
http://www.ncbi.nlm.nih.gov/pubmed/25325669
https://doi.org/10.1021/es1037436
http://www.ncbi.nlm.nih.gov/pubmed/21388177
https://doi.org/10.1007/s10342-015-0915-x
https://doi.org/10.1016/j.gca.2010.04.059
https://doi.org/10.1016/j.scitotenv.2015.08.105
http://www.ncbi.nlm.nih.gov/pubmed/26327638
https://doi.org/10.2138/gsrmg.55.1.197
https://doi.org/10.1016/j.crte.2012.10.002
https://doi.org/10.14770/jgsk.2019.55.6.749
https://doi.org/10.1016/j.gca.2008.07.027
https://doi.org/10.1016/j.chemgeo.2013.11.022
https://doi.org/10.1016/j.epsl.2008.09.020
https://doi.org/10.3389/feart.2019.00240
https://doi.org/10.1016/j.chemgeo.2014.03.008
https://doi.org/10.1016/j.chemgeo.2014.03.008
https://doi.org/10.1016/j.gca.2014.03.028
https://doi.org/10.1016/j.gca.2014.03.028
https://doi.org/10.3389/feart.2019.00316
https://doi.org/10.3389/feart.2019.00316
https://doi.org/10.1016/j.epsl.2019.115980
https://doi.org/10.1016/j.epsl.2012.06.010
https://doi.org/10.5194/bg-14-3111-2017
https://doi.org/10.1016/j.chemgeo.2018.08.024
https://doi.org/10.1016/j.gca.2018.03.020
https://doi.org/10.1016/j.gca.2018.03.020
https://doi.org/10.1371/journal.pone.0242915


33. Nitzsche KN, Kato Y, Shin KC, Tayasu I. Magnesium isotopes reveal bedrock impacts on stream organ-

isms. Sci. Total Environ. 2019; 688: 243–252. https://doi.org/10.1016/j.scitotenv.2019.06.209 PMID:

31229821

34. Black JR, Epstein E, Rains WD, Yin Q-Z, Casey WH. Magnesium-isotope fractionation during plant

growth. Environ. Sci. Technol. 2008; 42: 7831–7836. https://doi.org/10.1021/es8012722 PMID:

19031868

35. Tipper ET, Gaillardet J, Louvat P, Capmas F, White AF. Mg isotope constraints on soil pore-fluid chem-

istry: Evidence from Santa Cruz, California. Geochim. Cosmochim. Acta 2010; 74: 3883–3896. https://

doi.org/10.1016/j.gca.2010.04.021

36. Tipper ET, Lemarchand E, Hindshaw RS, Reynolds BC, Bourdon B. Seasonal sensitivity of weathering

processes: Hints from magnesium isotopes in a glacial stream. Chem. Geol. 2012; 312– 313: 80–92.

https://doi.org/10.1016/j.chemgeo.2012.04.002

37. Bolou-Bi EB, Vigier N, Poszwa A, Boudot J-P, Dambrine E. Effects of biogeochemical processes on

magnesium isotope variations in a forested catchment in the Vosges Mountains (France). Geochim.

Cosmochim. Acta 2012; 87: 341–355. https://doi.org/10.1016/j.gca.2012.04.005

38. Opfergelt S, Burton KW, Georg RB, West AJ, Guicharnaud RA, Sigfusson B et al. Magnesium retention

on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in

volcanic soils, Iceland. Geochim. Cosmochim. Acta 2014; 125: 110–130. https://doi.org/10.1016/j.gca.

2013.09.036

39. Chapela Lara M, Buss HL, von Strandmann PAEP, Schuessler JA, Moore OW. The influence of critical

zone processes on the Mg isotope budget in a tropical, highly weathered andesitic catchment. Geo-

chim. Cosmochim. Acta 2017; 202: 77–100. https://doi.org/10.1016/j.gca.2016.12.032

40. Fottova D, Skorepova I. Changes in mass elements fluxes and their importance for critical loads: GEO-

MON network, Czech Republic. Water Air Soil Pollut. 1998; 105: 365–376.

41. Oulehle F, Chuman T, Hruska J, Kram P, McDowell WH, Myska O et al. Recovery from acidification

alters concentrations and fluxes of solutes from Czech catchments. Biogeochemistry 2017; 132: 251–

272. https://doi.org/10.1007/s10533-017-0298-9

42. Kram P, Hruska J, Wenner BS, Driscoll CT, Johnson CE. The biogeochemistry of basic cations in two

forest catchments with contrasting lithology in the Czech Republic. Biogeochemistry 1997; 37: 173–

202. https://doi.org/10.1023/A:1005742418304

43. Kram P, Hruska J, Shanley JB. Streamwater chemistry in three contrasting monolithologic Czech catch-

ments. Appl. Geochem. 2012; 27: 1854–1863. https://doi.org/10.1016/j.apgeochem.2012.02.020

44. Novak M, Holmden C, Farkas J, Kram P, Hruska J, Curik J et al. Calcium and strontium isotope dynam-

ics in three polluted forest ecosystems of the Czech Republic, Central Europe. Chem. Geol 2020;

356:119450. https://doi.org/10.1016/j.chemgeo.2020.119472

45. Kram P, Oulehle F, Stedra V, Hruska J, Shanley JB, Minocha R et al. Geoecology of a forest watershed

underlain by serpentine in central Europe. Northeast. Nat. 2009; 16: Spec. 5: 309–328. https://doi.org/

10.1656/045.016.0523

46. Novak M, Mitchell M J, Jackova I, Buzek F, Schweigstillova J, Erbanova L et al. Processes affecting

oxygen isotope ratios of atmospheric and ecosystem sulfate in two contrasting forest catchments in

central Europe. Environ. Sci. Technol. 2007; 41: 703–709. https://doi.org/10.1021/es0610028 PMID:

17328173

47. Petrash DA, Buzek F, Novak M, Cejkova B, Kram P, Chuman T et al. Spatially resolved soil solution

chemistry in a central European atmospherically polluted high-elevation catchment. Soil 2019; 5: 205–

221. https://doi.org/10.5194/soil-5-205-2019

48. Groscheova H., Novak M., Havel M., Cerny J. Effect of altitude and tree species on del34S of deposited

sulfur (Jezeri catchment, Czech Republic). Water Air Soil Pollut. 1998; 105: 287–295.

49. Shalev N, Farkas J, Fietzke J, Novak M, Schuessler JA, Pogge von Strandmann PAE et al. Mg isotope

interlaboratory comparison of reference materials from earth-surface low-temperature environments.

Geostand. Geoanal. Res. 2018; 42: 205–221. https://doi.org/10.1111/ggr.12208

50. Ling M.-X., Sedaghatpour F., Teng F.-Z., Hays P.D., Strauss J., Sun W.D. Homogeneous magnesium

isotopic composition of seawater: an excellent geostandard for Mg isotope analysis. Rapid Commun

Mass Spectrom 25; 2828–2836. https://doi.org/10.1002/rcm.5172 PMID: 21913261

51. Tanner CB, Jackson ML. Nomographs of sedimentation times for soil particles under gravity or centrifu-

gal acceleration. Soil Sci. Soc. Am. Proc. 1948; 12: 60–65.

52. Ondrus P. ZDS-WS Search/Match for Windows, ZDS System, Prague, 2004.

53. ICDD. “Powder Diffraction File,” edited by W. F. McClune, International Centre for Diffraction Data,

Newtown Square, Pennsylvania, 2004.

54. Bruker A.X.S. Topas Program, ver. 5. Karlsruhe, Germany, 2014.

PLOS ONE Controls on magnesium isotope variability in contrasting small catchments

PLOS ONE | https://doi.org/10.1371/journal.pone.0242915 November 30, 2020 18 / 19

https://doi.org/10.1016/j.scitotenv.2019.06.209
http://www.ncbi.nlm.nih.gov/pubmed/31229821
https://doi.org/10.1021/es8012722
http://www.ncbi.nlm.nih.gov/pubmed/19031868
https://doi.org/10.1016/j.gca.2010.04.021
https://doi.org/10.1016/j.gca.2010.04.021
https://doi.org/10.1016/j.chemgeo.2012.04.002
https://doi.org/10.1016/j.gca.2012.04.005
https://doi.org/10.1016/j.gca.2013.09.036
https://doi.org/10.1016/j.gca.2013.09.036
https://doi.org/10.1016/j.gca.2016.12.032
https://doi.org/10.1007/s10533-017-0298-9
https://doi.org/10.1023/A%3A1005742418304
https://doi.org/10.1016/j.apgeochem.2012.02.020
https://doi.org/10.1016/j.chemgeo.2020.119472
https://doi.org/10.1656/045.016.0523
https://doi.org/10.1656/045.016.0523
https://doi.org/10.1021/es0610028
http://www.ncbi.nlm.nih.gov/pubmed/17328173
https://doi.org/10.5194/soil-5-205-2019
https://doi.org/10.1111/ggr.12208
https://doi.org/10.1002/rcm.5172
http://www.ncbi.nlm.nih.gov/pubmed/21913261
https://doi.org/10.1371/journal.pone.0242915


55. FIZ ICSD. Fachinformationszentrum Karlsruhe, Inorganic Crystal Structure Database, Karlsruhe, Ger-

many, 2019.

56. Reynolds R C Jr. NEWMOD©, A computer program for the calculation of one-dimensional diffraction

patterns of mixed-layered clays—R. C. Reynolds, Jr., 8 Brook Dr., Hanover, New Hampshire 03755,

1985.

57. Viennet J-C, Hubert F, Ferrage E, Tertre E, Legout A, Turpault M-P. Investigation of clay mineralogy in

a temperate acidic soil of a forest using X-ray diffraction profile modeling: Beyond the HIS and HIV

description. Geoderma 2015; 241– 242: 75–86. https://doi.org/10.1016/j.geoderma.2014.11.004

58. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical

Computing, Vienna, Austria, 2019. URL http://www.R-project.org.

59. Krouse HR, Grinenko VA(Eds.). Stable isotopes: Natural and anthropogenic sulphur in the environment.

United Kingdom: John Wiley and Sons, 1991.

60. Boutton T W, Yamasaki S I(Eds.). Mass spectrometry of soils. M. Dekker, New York, 1996. https://doi.

org/10.1007/BF00328540 PMID: 28307076

61. Kendall C, McDonnell JJ. Isotope Tracers in Catchment Hydrology. Elsevier, Amsterdam, 1998.

62. Gussone N, Schmitt A-D, Heuser A, Wombacher F, Dietzel M, Tipper E, et al (Eds.). Calcium Stable

Isotope Geochemistry. Springer-Verlag, Berlin, 2016.

63. Ryu J-S, Jacobson AD, Holmden C, Lundstrom C, Zhang Z. The major ion, δ44/40Ca, δ44/42Ca, and δ26/

24Mg geochemistry of granite weathering at pH = 1 and T = 25˚C: Power-law processes and the relative

reactivity of minerals. Geochim. Cosmochim. Acta 2011; 75: 603–626. https://doi.org/10.1016/j.gca.

2011.07.025

64. Bolou-Bi EB, Poszwa A, Leyval C, Vigier N. Experimental determination of magnesium isotope fraction-

ation during higher plant growth. Geochim. Cosmochim. Acta 2010; 74: 2523–2537. https://doi.org/10.

1016/j.gca.2010.02.010

65. Dessert C, Lajeunesse E, Lloret E, Clergue C, Crispi O, Gorge C et al. Controls on chemical weathering

on a mountainous volcanic tropical island: Guadeloupe (French West Indies). Geochim. Cosmochim.

Acta 2015; 171: 216–237. https://doi.org/10.1016/j.gca.2015.09.009

PLOS ONE Controls on magnesium isotope variability in contrasting small catchments

PLOS ONE | https://doi.org/10.1371/journal.pone.0242915 November 30, 2020 19 / 19

https://doi.org/10.1016/j.geoderma.2014.11.004
http://www.R-project.org
https://doi.org/10.1007/BF00328540
https://doi.org/10.1007/BF00328540
http://www.ncbi.nlm.nih.gov/pubmed/28307076
https://doi.org/10.1016/j.gca.2011.07.025
https://doi.org/10.1016/j.gca.2011.07.025
https://doi.org/10.1016/j.gca.2010.02.010
https://doi.org/10.1016/j.gca.2010.02.010
https://doi.org/10.1016/j.gca.2015.09.009
https://doi.org/10.1371/journal.pone.0242915

