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Rationale: Steam equilibration overcomes the problem of the traditional measurements

of H isotope compositions, which leave an arbitrary amount of adsorbed water in the

sample, by controlling for the entire exchangeable H pool, including adsorbed water and

hydroxyl-H. However, the use of steam equilibration to determine nonexchangeable

stable H isotope compositions in environmental media (expressed as δ2Hn values) by

mathematically eliminating the influence of exchangeable H after sample equilibration

with waters of known H-isotopic composition requires the knowledge of the

equilibrium isotope fractionation factor between steam-H and exchangeable H of the

sample (αex-w), which is frequently unknown.

Methods: We developed a new method to determine the αex-w values for clay

minerals, topsoil clay fractions, and mica by manipulating the contributions of

exchangeable H to the total H pool via different degrees of post-equilibration sample

drying. We measured the δ2H values of steam-equilibrated mineral and soil samples

using elemental analyzer-pyrolysis-isotope ratio mass spectrometry.

Results: The αex-w values of seven clay minerals ranged from 1.071 to 1.140, and

those of 19 topsoil clay fractions ranged from 0.885 to 1.216. The αex-w value of

USGS57 biotite, USGS58 muscovite, and of cellulose was 0.965, 0.871, and 1.175,

respectively. The method did not work for kaolinite, because its small exchangeable

H pool did not respond to the selected drying conditions. Structurally different

mineral groups such as two- and three-layer clay minerals or mica showed

systematically different αex-w values. The αex-w value of the topsoil clay fractions

correlated with the soil clay content (r = 0.63, P = 0.004), the local mean annual

temperature (r = 0.68, P = 0.001), and the δ2H values of local precipitation (r = 0.72,

P < 0.001), likely to reflect the different clay mineralogy under different weathering

regimes.

Conclusions: Our new αex-w determination method yielded realistic results in line

with the few previously published values for cellulose. The determined αex-w values

were similar to the widely assumed values of 1.00–1.08 in the literature, suggesting

that the adoption of one of these values in steam equilibration approaches is

appropriate.
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1 | INTRODUCTION

Stable hydrogen isotope compositions (expressed as δ2H values

relative to the standard mean ocean water) are widely used to

investigate the provenance of organic substances like collagen,

keratin, cellulose, or microbial tissue.1 When complex materials like

soil and plant samples are studied, the measurement of the δ2H

values can be influenced by unwanted exchange of part of the H pool,

termed “exchangeable,” with ambient atmospheric water vapor during

sample preparation, for example. The latter does not affect the

“nonexchangeable” part of the H pool stored as C-bonded H in

organic matter or structural H in hydroxyl groups. However, the

quickly exchanging H can blur the stable H isotope signal of the

nonexchangeable H pool.2–5 Steam equilibration avoids this problem

by controlling the influence of the exchangeable H on the δ2H values

of the nonexchangeable H pool. The latter is reached by equilibrating

the H isotope composition of exchangeable H with water vapors of

known H-isotopic composition. After steam equilibration, the

contribution of exchangeable to total H (χe) and the nonexchangeable

H isotope ratios (δ2Hn) can be determined by a regression of the

measured δ2H values (δ2Ht) in equilibrated samples on the known δ2H

values of equilibration water vapors (δ2Hw; Equation [1]):

δ2Ht ¼ χeαex�wδ
2Hwþ 1�χeð Þδ2Hnþ1000χe αex�w�1ð Þ: ð1Þ

From this empirical regression line, χe (included in the slope) and

the δ2Hn value (included in the y-axis intercept) can be calculated if

the equilibrium fractionation factor between exchangeable H of the

sample and equilibration water (αex-w) is known. αex-w is defined as the

ratio of the stable isotope ratio of the exchangeable H in the samples

to the stable H isotope ratio of the steam. To the best of our

knowledge, there is no established method to determine αex-w values

for complex mixtures of compounds commonly occurring in soils in

the temperature range used for steam equilibration at 110�C –130�C.

Schimmelmann6 determined the αex-w value of cellulose by steam

equilibration of fibrous cellulose and its nitrated counterpart using a

reduced exchangeable H concentration at 114�C for 20 h. From the

intersection of the two resulting regression lines for the original

cellulose and the nitrated cellulose, Schimmelmann6 calculated an αex-

w value of 1.08. This αex-w value has been widely used to determine

δ2Hn values of various organic compounds, plants, soil organic matter,

and bulk soil by steam equilibration,7–15 although it is known that the

αex-w values of cellulose can range from 1.063 to 1.243 depending on

its crystallinity.16–19 Other studies that applied a steam equilibration

method to organic materials and clay minerals ignored equilibrium

fractionation between exchangeable H in the studied material and

ambient water vapor-H, thus assuming an αex-w value of 1.17,20–23

Recently, Merseburger et al23 adapted and tested the steam

equilibration method of Ruppenthal et al9 for clay minerals and soil

clay fractions. In the hygroscopic clay minerals, in which not only

adsorbed water contributes to the exchangeable H pool but also

hydroxyl-H at the mineral edges, which cannot be removed by

drying,2 there is a particular risk of exchanging H with ambient

atmospheric water vapor after steam equilibration, which needs to be

avoided.2–5 The latter can be reached by closing the samples in

airtight tin capsules under an Ar atmosphere, which require less

mechanical force for crimping than Ag capsules.23–25 For samples

with a high χe value, the calculated δ2Hn values respond sensitively to

variations in the αex-w value, because the αex-w value influences both

the slope and the intercept of the regression line of δ2Ht values of the

studied sample on the δ2Hw values used for the exchange

(Equation [1]).8,13,19,22,26 Thus, the knowledge of a sample-specific

αex-w value might improve the measurement of δ2Hn, particularly if

the sample consists of an unknown mixture of different minerals.

The fact that the χe value influences the slope of the regression

line of measured δ2Ht values on the known δ2Hw values provides the

opportunity to determine the αex-w value by manipulating χe, provided

that the αex-w values remain unchanged. Because part of the

exchangeable H pool consists of adsorbed water, different sample

drying conditions result in different χe values. Analogous to the

approach of Schimmelmann,6 from the intersection point of the pair

of regression lines with different slopes resulting from two different

drying conditions, αex-w can be calculated, provided the difference in

the slopes is sufficiently large to precisely determine the

intersection point.6

In a previous work, Merseburger et al23 tested whether the

classic clay separation treatment, including the removal of Fe oxides

and carbonates, reduction of soil organic matter (SOM), and

dispersion of the remaining material, affects the δ2Hn values of clay

minerals. In the absence of a known αex-w value, the equilibrium

fractionation between the exchangeable H pool and the steam-H was

ignored (i.e., αex-w = 1). Merseburger et al23 found that the

differences in δ2Hn values between clay minerals (kaolinite, illite,

montmorillonite, and vermiculite) subjected and not subjected to the

clay separation treatment were not significant and concluded that the

clay separation treatment did not affect the δ2Hn values of clay

minerals and soil clay fractions. However, this conclusion can be

maintained only if the clay separation treatment did not change αex-w,

which remains to be tested.

Ruppenthal et al8 reported a correlation between the modeled

δ2H values of local mean annual precipitation and the δ2Hn values of a

global set of bulk soil samples. A study of an Argentinian

climosequence demonstrated a weaker correlation of the δ2H values

of local precipitation with the δ2Hn values of bulk soil than with the

δ2Hn values of demineralized SOM.10,27 Merseburger et al24 showed

that one reason for the weaker correlation of the δ2H values of local

precipitation with the δ2Hn values of bulk soil than of SOM is the

weaker correlation of the δ2H values of local precipitation with the

δ2Hn values of clay fractions than of SOM assuming the same

constant αex-w values for all samples. The larger scatter in the

relationship between the δ2Hn values of soil clay fractions and the

δ2H values of local precipitation was attributed to different isotope

fractionation between ambient water-H and H of clay minerals (αmin-

water) during their formation28 and a minor contribution of rock-

derived clay minerals that were not formed under the current climatic

conditions. It is, however, additionally possible that this larger scatter

2 of 14 MERSEBURGER ET AL.
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compared to the work of Ruppenthal et al8,10,27 is also attributable to

a potential difference in the αex-w values, which might reflect the

types of clay minerals. Different types of clay minerals (a) tend to

form under different weathering regimes.29–32 (b) Savin and Epstein28

found different αmin-water values for kaolinite typically formed under

strong chemical weathering conditions (0.97) and montmorillonite

more characteristic of moderate weathering (0.94), and it seems

possible that similar differences exist for αex-w. Furthermore, (c) for

glauconite, chlorite, mica, and montmorillonite the αmin-water values

varied with the octahedral Fe concentration,33–35 and the chemical

composition of clay minerals and soil clay fractions could also

influence αex-w. In addition, the Fe oxide concentration in soil is

strongly linked to the weathering regime, with Fe oxides being an

important component of soil clay fractions,30,36 and the octahedral Fe

concentrations might be related with the Fe oxide concentrations.

Moreover, (d) the different crystal structures and imperfect lattices

can influence the availability of hydroxyl groups for H

exchange.11,18,35,37–39 For instance, kaolinite has one quarter of the

hydroxyl groups in the same layer as the non-bridging oxygen atoms

of the tetrahedral sheet, which are less accessible than the rest of

hydroxyl groups on the surface of the microcrystals, which show

different vibrational energies and different H exchange rates.35,39,40

As a consequence, Méheut et al41 calculated different equilibrium

fractionation factors with water for both hydroxyl types of kaolinite.

Our aims were (a) to determine sample-specific αex-w values for

individual clay minerals and soil clay fractions by manipulating the

contribution of exchangeable to total H (χe) via differently intensive

drying assuming that this does not change the αex-w values and (b) to

test whether the conventional method to collect soil clay fractions

influences αex-w. Moreover, (c) we tested the hypothesis that the αex-w
values of soil clay fractions are influenced by their mineralogical

composition as assessed via the potential cation-exchange capacity

(CECpot) and their latitudinal and elevational position assessed via the

δ2H value of the local precipitation at the sampling location.

2 | MATERIALS AND METHODS

2.1 | Samples

We used kaolinite (KGa-2), dioctahedral illite (IMt-2), Na-saturated

montmorillonite (SWy-3), and Mg-rich trioctahedral montmorillonite

(SCa-3) provided by the Clay Mineral Society (Chantilly, VA, USA) and

a trioctahedral vermiculite (contributed by Stefan Dultz, Hannover,

Germany) as clay mineral reference materials. SCa-3 and IMt-2 were

delivered as brittle rock chips, with a macroscopically visible

heterogeneity in grain sizes and colors. SWy-3 and KGa-2 were

delivered as fine-grained powders. The standards are described by the

baseline studies of the Clay Minerals Society Source Clays42–48 and

by Hower and Mowatt49 for IMt-2. Trioctahedral vermiculite was

characterized by Dultz et al,50 Bors et al,51 and Steudel et al.52,53

Furthermore, we included USGS57 biotite and USGS58 muscovite

described by Qi et al54 and microcrystalline cellulose (A17730 Alfa

Aesar, Ward Hill, MA, USA).

We used 22 topsoil samples from nine countries on five

continents (Table 1; Table S1 [supporting information]). Nine samples

originated from a climosequence in Argentina (signature “AR”), which

are described in detail in Ruppenthal et al.10 The Argentinian samples

were collected from the 0–10 cm mineral soil layer of Phaeozems

(AR-2A and AR-4A), a Chernozem (AR-5C), a Calcisol (AR-14A), a

Solonetz (AR-16A), a Luvisol (AR-17A), a Vertisol (AR-19A), and a

Planosol (AR-20C). The clay contents ranged from 10% to 30% and

organic C concentrations from 5 to 14 g kg�1. The sample DE-KA1

originated from the 7–13 cm depth layer of a Gleysol near Karlsruhe,

Germany, with a clay content of 58% and an organic C concentration

of 55 g kg�1.23 The signature “EC” refers to samples from tropical

forest sites in south Ecuador.55,56,58 EC-BOM was collected from the

0–25 cm layer of a Cambisol at an elevation of�3000 m above sea

level and EC-SF from the 0–15 cm layer of a Cambisol at an elevation

of �2000 m above sea level. The clay contents were 29% and 22%,

and the organic C concentrations were 24 and 22 g kg�1. The sample

KE-44 originated from the 0–10 cm layer of a Cambisol in Kenya, had

a clay content of 71% and an organic C concentration of 48 g kg�1,

and was provided by Sadadi Ojoatre.59 Sample PA-A9 originated from

the 0–10 cm layer of a Luvisol on Barro Colorado Island, Panama, and

had a clay content of 84% and an organic C concentration of

28 g kg�1.60,61 The signature “RU” refers to Russia. Sample RU-17

was collected from the 0–30 cm layer of a Luvisol, RU-PS2 from the

0–8 cm layer of a Cryosol, and RU-S20 from the 0–10 cm layer of a

Luvisol. The Russian samples had a clay content of 4%–13% and an

organic C concentration of 20–78 g kg�1.62–64 Sample SK-Oso

originated from the 0–10 cm layer of a Cambisol in Slovakia and had a

clay content of 15% and an organic C concentration of 60 g kg�1.65,66

Finally, UZ-K1 originated from the 0–10 cm layer of a Calcisol in

Uzbekistan with a clay content of 30% and an organic C

concentration of 14 g kg�1.67,68 All samples were dried and stored in

the dark for 1–28 years. Further properties of the used soil samples,

including X-ray powder diffractometric patterns of six samples, can be

found in Merseburger et al.24 Additional X-ray powder diffractometric

patterns have been published for sample PA-A960 and from soils

nearby the locations from where our three Ecuadorian samples were

collected.57

2.2 | Clay separation

We used the clay separation method of Merseburger et al,23 which

was thoroughly tested and found to not affect the δ2Hn values of clay

minerals typically occurring in soils. In contrast, the clay separation

method, of course, influences the δ2H values of the exchangeable H

pool. This is, however, not relevant for our measurement of δ2H

values, because we anyway equilibrate all exchangeable H with water

vapors of known H-isotopic composition in our steam equilibration

method (Equation [1]). Briefly, after sieving to <2 mm we removed Fe

MERSEBURGER ET AL. 3 of 14
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TABLE 1 Results of steam equilibration with weaker (“w”), medium (“m”), and stronger (“s”) drying intensities (see Figure 1), including the
equilibrium fractionation factor between the exchangeable H pool of the sample and the H of the steam (αex-w), the contribution of exchangeable
H to total H (χe) after weaker and stronger drying, the δ2Hn values calculated using sample-specific αex-w value and for αex-w = 1, and the
potential cation-exchange capacity (CECpot).

Type Sample (reference) Treatment
Equilibration
line pairs

αex-w
a

χe,
weaker

b

χe,
stronger

b δ2Hn
b δ2Hn, α = 1

b

CECpot

(%) (‰) (mmolc kg
�1)

Clay mineral IMt-2 illitec Treated ws 1.079 13 8 �141 nd nd

Untreated wm, ws 1.134 ± 0.005 21 ± 2 14 ± 1 �158

± 4

�138 ± 4 89

SCa-3 mont-

morillonitec
Treated ws 1.140 38 22 �160 nd nd

Untreated wm, ws, ms 1.084 ± 0.015 75 ± 5 54 ± 4 �202

± 15

�98 ± 17 1,113

SWy-3 mont-

morillonitec
Treated ws 1.122 16 10 �150 nd nd

Untreated wm, ws 1.071 ± 0.032 31 ± 3 22 ± 2 �150

± 7

�133 ± 7 743

Trioctahedral

vermiculitec,d
Untreated ws, ms 1.090 ± 0.039 71 ± 6 54 ± 3 �225

± 13

�95 ± 13 nd

Other USGS57 biotite54 Untreated wm, ws 0.965 ± 0.019 7 ± 1 4 ± 1 �94

± 1

�95 ± 1 nd

Microcrystalline

cellulose

ws 1.175 25 21 �51 nd nd

USGS58

muscovite54
wm 0.871 3 2 �29 �31 ± 1 nd

Topsoil clay

fraction

AR-2A10 Treated ws, ms 1.129 ± 0.030 45 ± 3 31 ± 3 �162

± 9

�91 ± 10 261

AR-4A10 wm, ws, ms 1.060 ± 0.027 57 ± 4 40 ± 3 �158

± 8

�108 ± 8 199

AR-5C10 ws, ms 1.099 ± 0.077 41 ± 4 31 ± 3 �168

± 8

�118 ± 5 217

AR-10A10 wm, ws, ms 1.100 ± 0.006 49 ± 3 28 ± 2 �157

± 2

�106 ± 2 531

AR-14A10 wm, ws, ms 1.070 ± 0.019 53 ± 4 30 ± 4 �156

± 8

�118 ± 8 248

AR-16A10 wm, ws, ms 1.087 ± 0.046 51 ± 5 33 ± 5 �176

± 7

�129 ± 5 497

AR-17A10 wm, ws, ms 1.091 ± 0.042 49 ± 4 32 ± 3 �180

± 9

�129 ± 8 664

AR-19A10 wm, ws, ms 1.080 ± 0.000 45 ± 2 26 ± 3 �168

± 2

�132 ± 2 640

AR-20C10 wm, ws, ms 1.080 ± 0.052 54 ± 6 36 ± 4 �191

± 10

�132 ± 5 423

DE-KA123 wm, ws 1.129 ± 0.023 37 ± 2 28 ± 2 �146

± 6

�94 ± 7 296

EC-BOM55–57 wm 1.114 31 30 �101 �61 ± 2 127

EC-SF155,57,58 wm 0.979 19 16 �67 �71 ± 2 143

KE-4459 ws 1.216 41 32 �168 �56 ± 2 344

PA-A960,61 wm, ws 1.150 ± 0.035 35 ± 2 22 ± 2 �129

± 5

�85 ± 5 872

RU-1762,63 wm, ws 1.094 ± 0.011 39 ± 3 26 ± 2 �138

± 6

�101 ± 6 241

RU-PS264 ws, ms 0.885 ± 0.105 26 ± 5 20 ± 4 �140

± 8

�167 ± 1 240

RU-S2062,63 wm, ws, ms 1.007 ± 0.036 40 ± 3 26 ± 2 �139

± 4

�136 ± 2 114

4 of 14 MERSEBURGER ET AL.
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oxides by applying the dithionite-citrate-buffer method of Mehra and

Jackson69 once. To remove carbonates, we used a Na–acetate acetic

acid buffer adjusted to pH 4.8. To remove organic matter, we added

H2O2 in a water bath at 50�C. We removed water-soluble salts with

several washing cycles using water or salt solutions after each mineral

or SOM destruction step. After the electrical conductivity of the

supernatants of the sample solution had reached <400 μS cm�1, we

determined the grain sizes by pipette analysis according to DIN ISO

11277,70 but instead of a dispersion agent we used water with a pH

of �7.5. In this water, we separated the grain sizes by repeated

sedimentation in 2-L cylinders. Clay separates were precipitated using

MgCl2. A H2O2 treatment of the precipitate reduced the organic

matter concentration in the clay fractions further. After final washings

until the conductivity of the supernatant had reached <100 μS cm�1,

we dried the clay fractions at 60�C and pulverized them manually in a

mortar.

All samples were distributed among four treatment batches each

taking �10–12 weeks. As quality check, we included sample SK-Oso

in each treatment batch, which resulted in relative standard

deviations (SD) of 2% for each of the sand, silt, and clay fractions. In a

previous study,23 we found that the differences between clay

minerals (kaolinite, illite, montmorillonite, vermiculite) that were

subjected (“treated”) and not subjected to the clay separation

procedure (“untreated”) were not significant and concluded that the

clay separation treatment did not affect the δ2Hn values of clay

minerals and soil clay fractions.

TABLE 1 (Continued)

Type Sample (reference) Treatment
Equilibration
line pairs

αex-w
a

χe,
weaker

b

χe,
stronger

b δ2Hn
b δ2Hn, α = 1

b

CECpot

(%) (‰) (mmolc kg
�1)

SK-Oso65,66 wm, ws, ms 1.024 ± 0.024 21 ± 1 16 ± 1 �105

± 3

�99 ± 3e 121

UZ-K167,68 wm, ws 1.205 ± 0.011 26 ± 1 17 ± 2 �148

± 6

�102 ± 6 311

Notes: The δ2Hn values for αex-w = 1 and the CECpot were taken from previous studies.23,24 “Untreated” and “treated” indicate samples not subjected and

subjected to clay separation, including removal of Fe oxides and carbonates, reduction in SOM, and dispersion of the remaining material.

Abbreviations: nd, not determined; SOM, soil organic matter.
aMean ± standard error calculated from αex-w determinations using two or three pairs of regression lines of the δ2H value of the sample on the δ2H value

of the waters used for steam equilibration.
bWith standard deviation, derived by Gaussian error propagation (Text S2).
cReference is given in the text, Section 2.1.
dThe result of the treated trioctahedral vermiculite showed an inacceptable standard deviation above 0.2 and was therefore omitted.
eMean and standard deviation of δ2Hn from four independent measurements.

F IGURE 1 Temperature and pressure conditions during equilibration of soil clay fractions and clay minerals with water vapor of known H-
isotopic composition. A, the drying phase before equilibration; B, the equilibration phase; C and D, two stages of the drying phase. The
continuous yellow line shows the standard procedure (medium drying). If deviating from the standard procedure, temperature (continuous lines)
and pressure (dashed lines) are plotted for stronger drying (red, thin lines) and for weaker drying (blue, thick, dashed line), for which only the
pressure was less decreased. [Color figure can be viewed at wileyonlinelibrary.com]
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2.3 | Steam equilibration

We steam equilibrated all samples, which included the soil clay

fractions and the pure minerals that were both subjected to the clay

separation procedure (“treated”) and measured directly (“untreated”).
We weighed 1–2 mg of the air-dry and homogeneous sample (2–

3.5 mg for USGS biotite and muscovite) in triplicates and transferred

into smooth-walled tin capsules of known weight. The samples were

vacuum dried for 2 h at 120�C. Then, we injected water of known

isotopic composition into the closed stainless-steel vessel. We steam-

equilibrated our samples with three to four different waters of known

isotopic composition per batch (AWI-TD1: �266.4 ± SD 0.8‰, n = 4;

laboratory water: �57.5 ± 0.8‰, n = 3; medium deuterium-enriched

water: 136.8 ± 0.6‰, n = 3; and highly deuterium-enriched water:

334.6 ± 1.8‰, n = 4). Within 16 h at the same temperature, the

steam-H equilibrated with the exchangeable H fraction of the

samples. This was followed by 15 min of vacuum drying using a

diaphragm pump (VP 220, VWR, Radnor, PA, USA) and 45 min using a

rotary vane pump (RZ 2.5, Vacuubrand, Wertheim, Germany), both at

120�C and a 2 h cooling phase at room temperature under continuous

evacuation (≤1 Pa), which we called “medium”-drying intensity. We

transferred the vacuum chamber into a glove bag, self-made from

100 μm polyethylene foil bags,71 and flushed twice with dried Ar to

reach a water vapor–free atmosphere. In the Ar atmosphere, we

sealed each of the approximately 80 capsules in the vacuum vessel

with a gastight pressing. After cooling, each capsule was weighed.

In addition to medium drying, we realized a weaker and a

stronger drying intensity. For the weaker drying intensity, the

temperature was maintained at 120�C after the 16 h equilibration,

and the stainless-steel vessel was evacuated using the diaphragm

pump for 1 h. Then, the vessel was cooled for 2 h at room

temperature outside the oven while evacuating with the diaphragm

pump to a final pressure of 150–300 Pa. For the stronger drying

intensity, the temperature was maintained at 120�C after the 16-h

equilibration, and the stainless-steel vessel was evacuated using the

diaphragm pump for 15 min and additionally with the rotary vane

pump for another 45 min. Then, the temperature was increased to

200�C for 2 h, cooled for 3 h at room temperature outside the oven,

and evacuated continuously using the rotary vane pump to a final

vacuum <1 Pa (Figure 1). To test additionally whether there was an

effect of remoistening of the samples after the different drying

procedures on their δ2Ht values, we included SCa-3 montmorillonite

(as provided by the Clay Mineral Society but gently ground to

<200 μm by hand) considered as particularly hygroscopic in each

equilibration batch. We sealed the tin capsules with SCa-3

montmorillonite in triplicate before all other samples in the

equilibration batch and again at the end, also in triplicate. We found

only a small difference of 2.2 ± SD 2.0‰ between the mean of the

triplicate samples sealed at the beginning and the mean of the

triplicate samples sealed at the end because of slight remoistening

during which we sealed the tin capsules of all samples.

Our different drying intensities reflect conditions used in

previous studies in which steam equilibration was applied. For

example, the final pressure of our weaker drying intensity is close to

the 100 Pa used by Ruppenthal et al8 and the <500 Pa recommended

by Wassenaar et al.72 The stronger drying intensity at 200�C is by

±50�C similar to the vacuum-drying temperatures used for durations

of 2–4 h before conventional δ2H measurements of clays. Studies

investigating the optimum temperature for vacuum drying found that

200�C removes most of the adsorbed water, although some water

residues remain depending on the clay mineral type and the degree of

crystallinity.2,5,37,40 Our approach is based on the assumption that the

variation in drying procedures did not affect the αex-w values. It is

reported that the pressure sensitivity of the equilibrium fractionation

factor is negligible below 130�C41,73 and likely still small up to our

maximum temperature of 200�C. However, there are two possible

problems with this assumption. (a) With the variation in the

temperature between 120�C and 200�C, we might slightly change the

αex-w value, which is an equilibrium constant that is related with

temperature. For pure water, the difference in αliquid-vapor between

our lowest temperature of 120�C and our highest one of 200�C was

reported to be 0.018 at high pressure.74 Because we studied

adsorbed water, which does not similarly freely exchange between

the liquid and gaseous phases under a lower pressure, we assume that

the variation in the αex-w value created by the different drying

pressures is <0.018. (b) We removed different amounts of adsorbed

water with different drying intensities. If the removed water had a

different H isotope composition than the total exchangeable H pool,

then the different removed amounts could also have a small influence

on our estimate of the αex-w value of the remaining exchangeable

H. The latter we have not checked, because this would require to

determine specific αex-w values for different fractions of

exchangeable H, which was beyond our time and money resources.

2.4 | Hydrogen isotope ratio measurement

We used the H isotope ratio measurement, clay separation, and steam

equilibration methods of Merseburger et al.23,24 Briefly, after

weighing the cooled capsules, we measured the δ2H values using an

elemental analyzer-pyrolysis- isotope ratio mass spectrometer (Flash

2000 HTC�Delta V Advantage, Thermo Fisher, Waltham, MA, USA)

in a chromium-filled Al2O3 reactor at 1250�C. We corrected small

memory effects with the help of a pool-wise memory correction

algorithm using one or two pools.75 For normalization, we used

VSMOW (Vienna Standard Mean Ocean Water), SLAP, and IAEA-604

in silver capsule triplicates (25 μl, USGS, Reston, VA, USA) for each

measurement sequence.

To control for instrumental drift between October 20, 2020, and

May 21, 2021, we measured in each elemental analyzer-pyrolysis-

isotope ratio mass spectrometry (EA�IRMS) sequence a polyethylene

powder used as in-house standard with a mean δ2H value of

�70.2 ± SD 1.7‰ (n = 264), GISP with �189.3 ± 1.1‰ (n = 46), and

IAEA-CH7 with �100.6 ± 1.7‰ (n = 90). The standards were not

steam equilibrated. These values were indistinguishable from the

certified or recommended values. The sample SK-Oso, for which we
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collected the clay fraction four times in separate runs to generate

independent replicates and which were steam-equilibrated, had a

δ2Hn value of �99 ± SD 3‰ and a χe of 17.8 ± 0.8% (αex-w = 1,

medium-drying intensity).

2.5 | Chemical sample properties

The C concentrations were determined using an elemental analyzer

(Flash 2000 HTC, Thermo Fisher, Waltham, MA, USA) and a

EuroVector 3000 (EuroVector, Pavia, Italy). The pH value was

measured with a glass electrode (SenTix® 81 on pH 3310, WTW,

Weilheim, Germany) in a deionized water suspension at a soil to

water ratio of 1:2.5 (v/v). The CECpot of the clay fractions was

determined using the Cu(II)-triethylentetramine method,76,77 in a a

phosphate buffer (pH = 7.0) and with 24 h shaking time. To

differentiate between nonswellable two-layer clay minerals and

chlorite and swellable three-layer clay minerals and illite in soil clay

separates, which contain a complex mixture of minerals not only

consisting of clay minerals, we used a value of 160 mmolc kg
�1 below

which we assumed a dominance of two-layer clay minerals and/or

chlorite and above which one of three-layer clay minerals following

international soil classification systems.78 For pure clay minerals, the

threshold value of the CECpot to distinguish between two- and three-

layer clay minerals was 400 mmolc kg�1.79 Previous XRD

measurements of a subset of our soil clay fractions confirmed that the

CECpot is suitable to approximately assign the clay fractions of the soil

samples to the dominant clay mineral groups.24,57,60

2.6 | Data evaluation

We normalized all stable H isotope ratios to the VSMOW-SLAP

scale,80 which we extended with IAEA-604 to 799.9‰, and

expressed them in ‰ relative to VSMOW.

We used the R statistical computing environment81,82 to calculate

stable H isotope data and for statistical analysis. To determine reliable

δ2Hn values, we removed samples that came into contact with

atmospheric humidity after the equilibration. We detected such

samples by (a) visual inspection for holes and (b) the absence of an Ar

peak after the H2 peak in the elemental analyzer chromatogram.

Steam equilibrations of the same sample with isotopically different

waters need to result in the same contribution of exchangeable H to

the total H concentration (same χe). Moreover, (c) we removed

individual H isotope measurements in which both the H

concentration and the residual of the equilibrium line were 0.5 times

outside the interquartile range of all other equilibrations of the same

sample as outliers. This quality check was performed individually for

all capsules subjected to steam equilibration by performing steps

(b) and (c) simultaneously in an automated script. We regressed the

measured δ2Ht values on the known isotopic H composition of the

equilibration waters (δ2Hw) and used Equation (1) to determine δ2Hn

values and the contribution of exchangeable to the total H

concentration (χe).
8–10,13,16,19,26 The intercept (b) of the regression

line is a function of χe, δ
2Hn, and αex-w. The slope (m) is the product of

χe and αex-w. For δ2Hw = 0, Equation (1) can be solved for δ2Hn using

each individual regression line (i) originating from a specific drying

procedure (Equation [2]):

δ2Hn,i ¼ αex�w bi �1000mi αex�w – 1ð Þ
αex�w� mi

: ð2Þ

By drying the samples after equilibration differently, the slope (mi)

and intercept (bi) of the equilibration line can be manipulated because

χe is varied and as a consequence also the δ2Ht values.

Assuming that αex-w and δ2Hn values of the different drying

procedures are the same and solving Equation (2) for αex-w yields

Equation (3):

αex�w ¼ b1m2 – b2m1þ1000 m2 –m1ð Þ
b1 – b2þ1000 m2 –m1ð Þ : ð3Þ

For confirmation, we calculated αex-w using two other methods,

with the identical result (Text S1 [supporting information]). We

estimated the standard error of αex-w by applying Gaussian error

propagation (Text S2 [supporting information]). A larger difference

between the slopes and a smaller scatter around the equilibration

lines resulted in a smaller propagated error. We accepted only αex-w
values with a propagated SD <0.2. Moreover, we used pairs of

equilibration lines only if the stronger drying resulted in a steeper

slope than the weaker drying. Including the medium-drying

equilibration line taken from Merseburger et al,23,24 when available,

yielded a maximum of three possible equilibration line pairs and thus

three opportunities for deriving αex-w. We then calculated the

arithmetic mean and standard error as a measure of the precision of

the estimate of the mean of the αex-w values from different

combinations of equilibration line pairs.

For the sampling locations of the topsoil clay fractions, we

considered mean annual precipitation and temperature using the

Worldclim (version 2) data set for the years 1970–200083 with

derived evapotranspiration and aridity index.84 Annual mean δ2H

values of precipitation (δ2Hp) were computed using the Online

Isotopes in Precipitation Calculator.85,86

3 | RESULTS AND DISCUSSION

3.1 | Determination of sample-specific αex-w

values

In line with the sufficiently different slopes of the regression lines,

there was a significant difference between the contributions of

exchangeable H to total H (χe) in the minerals and clay fractions after

weaker and stronger drying (paired t-tests, mean difference: 11.2%,

P < 0.001), ranging from 1% to 24% (Table 1). Thus, the different drying

procedures allowed for the calculation of a sample-specific αex-w value.
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We were able to determine the αex-w value for 7 of 10 clay

minerals, 19 of 22 topsoil clay fractions, and all 3 other materials (two

different types of mica and cellulose, Table 1). The missing data are

attributable to the fact that the slopes of the regression lines of the

δ2Ht values of the sample on the δ2Hw values after the different

drying procedures were not sufficiently different to reliably determine

the intersection point of the two regression lines in all three

considered pairs (weaker-medium, weaker-stronger, and medium-

stronger drying). The overall mean αex-w value was 1.080 ± standard

error (SE) 0.015 (n = 29) and thus identical with the αex-w value

frequently chosen in the literature for bulk soil and organic matter.8

Thus, an αex-w value of 1.080 is a suitable estimate for soil minerals.

For USGS57 biotite, only the slopes of the regression lines of the

δ2Ht values of the sample on the δ2Hw values between weaker drying

and medium-stronger drying were sufficiently different, whereas

medium and stronger drying resulted in indistinguishable slopes,

leaving two of three possible combinations of regression lines for

deriving αex-w (Figure 2; Table 1). For untreated kaolinite, that is,

kaolinite not subjected to clay separation, the regression lines of the

three different drying procedures were almost identical, preventing

the calculation of an αex-w value of this nonswellable two-layer clay

mineral (Figure 2). Kaolinite showed a contribution of exchangeable to

total H of 7 ± SD 1% and USGS58 muscovite of 1.1 ± 0.6% (for

medium drying). In contrast to kaolinite, the αex-w determination of

the muscovite was possible, because the exchangeable H pool

responded to the different drying intensities. This indicated that the

exchangeable H pool of the muscovite contained more adsorbed

water, whereas that of the kaolinite contained more hydroxyl-H. The

swellable two-layer clay minerals, SCa-3 montmorillonite (Figure 2)

and trioctahedral vermiculite (Table S1 [supporting information]),

strongly responded to the different drying procedures. However, the

regression line of the treated trioctahedral vermiculite showed a low

coefficient of determination, because of a large scatter around the

regression lines (Table S1 [supporting information]), so that the SD of

αex-w was 0.224 above our proposed threshold for acceptable

precision. Consequently, we could not determine a reliable αex-w value

for treated trioctahedral vermiculite.

The two regression lines after weaker and stronger drying for

commercially available cellulose were sufficiently different to

determine the αex-w value at 1.175 (Figure 2D). This is higher than the

F IGURE 2 Regression lines of the

total δ2H (δ2Ht) values of A, USGS57
biotite, B, KGa-2 kaolinite, C, SCa-3
montmorillonite, D, cellulose, E, clay
fraction of sample AR-2A, and F, clay
fraction of sample AR-20C on the
δ2H values of different equilibration
waters (δ2Hw) of selected samples
after weaker (“w”), medium (“m”), and
stronger (“s”) drying. “AR” denotes
soil clay fractions from Argentina
(Table 1). “Untreated” and “treated”
indicate samples not subjected and
subjected to clay separation
(Section 2.2), respectively. For C,
SCa-3 montmorillonite and D,
microcrystalline cellulose, no medium-
drying intensity was realized. Each
point originates from an independent
equilibration run, measured in a
separate EA�IRMS sequence. Error
bars show standard deviations
(n = 1–3) and might be smaller than
the symbol size. [Color figure can be
viewed at wileyonlinelibrary.com]
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αex-w value of 1.08 determined at 114�C reported by Schimmelmann6

and of 1.082 determined at 105�C reported by Filot et al,16 who

found a variation in the αex-w value for cellulose extracted from

different years of tree rings from 1.063 to 1.112. However, our αex-w
value for cellulose is lower than the reported αex-w values of 1.213–

1.243 determined at 0�C and 92�C for cellulose extracted from

different tree species.17–19 The differences in the αex-w values cannot

be explained by the different equilibration temperatures, because

there is no obvious relationship between temperature and the αex-w
value. We therefore speculate that the different reported αex-w values

of cellulose are related with its crystallinity and thus represent a

natural variation. Whereas in the microcrystalline cellulose, which we

studied, steam might reach all hydroxyl-H, this is possibly not the case

in more crystalline cellulose, where some hydroxyl-H is shielded from

steam.11,18

For both types of mica (USGS57 biotite and USGS58

muscovite54), we found, as the only samples, αex-w values <1 (Table 1).

We speculate that this might be attributable to the particularly low

isoelectric point of pH <2, which is lower than that of many clay

minerals, indicating that hydroxyl groups at the mineral edges do not

strongly bind protons, which commonly favors the binding of the light

H isotope.87,88

For most topsoil clay fractions, our different drying procedures

resulted in sufficiently different slopes of the regression lines, as

illustrated for two soil clay fractions from Argentina in Figures 2E and

2F. For 19 soil clay samples, the mean αex-w value was 1.084 ± SE

0.017 (Table 1), which was significantly greater than 1.00 (t-test,

P < 0.001) and thus indicated that there was indeed an equilibrium

fractionation between steam-H and the exchangeable H pool. The

three topsoil clay fractions for which we could not successfully

determine αex-w values originated from Thailand and Kenya. The

Kenyan samples had high concentrations of dithionite-soluble Fe

ranging from 56 to 75 mg g�1. This could be problematic, because

octahedral Fe was reported to influence the H isotope fractionation

between clay minerals and ambient water during mineral precipitation

(i.e., the αmin-water value)
33–35 and by inference might also influence

the αex-w value. However, this high Fe concentration did not prevent

us from determining a meaningful αex-w value for the clay fraction of

sample KE-44 (Table 1). Moreover, these tropical soil samples possibly

contained some kaolinite, for which our approach did not work

(Figure 2B). We attribute this to a small exchangeable H pool not

responsive to the selected drying conditions in kaolinite and strongly

weathered tropical soil samples.

Overall, we found systematic differences in the αex-w values of

well-defined materials, with the two mica showing the lowest, the

three-layer clay minerals intermediate, and cellulose the highest

values (Table 1), revealing that these minerals provided different

bonding environments for exchangeable H. Because in equilibrium

fractionation, the heavy isotopes tend to accumulate in the stronger

bonds, a higher αex-w value reflects a stronger bonding environment

for H.87 The αex-w values of our topsoil clay fractions almost spanned

the whole range of αex-w values of the well-defined materials

reflecting the heterogeneous mineral composition of these samples

(Table 1).

3.2 | Influence of clay separation on the αex-w

values of clay minerals

The differences in the αex-w values of the three clay minerals provided

by the Clay Mineral Society (IMt-2 illite: 0.055, SCa-3

montmorillionite: �0.056, and SWy-3 montmorillonite: �0.051)

between samples not subjected to clay separation (“untreated”) and
samples subjected to clay separation (“treated”) were consistently

smaller than the propagated SD of each treated sample (0.099, 0.089,

and 0.172, respectively; Table 1; Text S2 [supporting information]).

Additionally, a t-test for the three pairs of treated and untreated αex-w
values did not indicate a significant difference (P = 0.68). Thus, the

clay separation procedure did not change the properties of the

studied clay minerals in a way that significantly influenced their αex-w
values.

For some of the swellable three-layer clay minerals such as

trioctahedral vermiculite and SCa-3 montmorillonite, the error of the

αex-w value determination using our approach was comparatively high

and for the treated trioctahedral vermiculite even above the

acceptable SD of 0.2 (Table 1). We attribute this to an insufficient

control of the final vacuum for weaker drying conditions and still

slight remoistening after steam equilibration and drying, because of

the particularly high hygroscopicity of these minerals, which should be

further reduced in future studies (Text S3 [supporting information]).

We quantified the influence of remoistening in the time interval

between opening the vacuum vessel in a dried Ar atmosphere and

gas-tight sealing of the last capsules using SCa-3-montmorillionite,

our most hygroscopic sample (Table 1) in each steam equilibration

run. The difference in the δ2Ht values of SCa-3 montmorillionite

between the first and the last capsules averaged 2.2 ± SD 2.0‰.

Because of a consistently much flatter slope of the regression lines of

the δ2Ht values of the sample on the δ2Hw values, we assume this

small influence to be negligible for the less hygroscopic soil clay

fractions (Table S1 [supporting information]).

For the soil clay fractions, we cannot test the influence of the

clay separation as for pure minerals, because the soil clay fractions

exist only after this treatment. However, from the lack of an influence

of clay separation on the αex-w values of several common minerals in

soils, we infer that the clay separation did not affect the αex-w values

of the soil clay fractions.

3.3 | Influence of CECpot and the δ2H value of local
precipitation on the αex-w values of soil clay fractions

The αex-w values of the group of soil clay fractions with a

CECpot ≤ 160 mmolc kg�1, which was presumably dominated by

nonswellable clay minerals with a low surface charge, including two-
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layer minerals and pedogenic chlorite,78 are indicative of a strong

weathering environment.29,32 The group of soil clay fractions with a

CECpot ≤ 160 mmolc kg�1 was unrelated with the mean annual δ2H

value of local precipitation (δ2Hp), which we used as a proxy of the

climatic influence at the various latitudinal and elevational locations

with decreasing δ2Hp values from the equator to the pole and from

sea level to mountain tops (Figure 3). We attribute this to the small

number of four samples, the small variation in δ2Hp values, and the

comparatively large error of the αex-w values because of the small χe
values of these samples.

The αex-w values of the group of soil clay fractions with a

CECpot of 160–400 mmolc kg�1 presumably containing a mixture of

different clay minerals with a higher surface charge, including

nonswellable three-layer minerals such as illites and swellable three-

layer minerals such as smectites and vermiculite, correlated

significantly with the δ2Hp values. This might reflect an increasing

contribution of three-layer clay minerals with increasing latitude and

climatically determined decreasing weathering intensity. This is

corroborated by the increasing χe values with increasing latitude in

this group of soil clay fractions (Table 1), because it is known that

the χe values decrease in the order: swellable three-layer clay

minerals > nonswellable three-layer clay minerals (illite) > two-layer

clay minerals > mica.23,24

The αex-w values of the group of soil clay fractions with a

CECpot > 400 mmolc kg
�1, presumably dominated by swellable three-

layer clay minerals, correlated with the δ2Hp values, but the slope was

flatter than that for the group of soil clay fractions with a CECpot of

160–400 mmolc kg
�1 (Figure 3). We attribute this finding to the fact

that the group of soil clay fractions with a CECpot > 400 mmolc kg
�1

contained a less heterogeneous mixture of minerals, possibly

dominated by a single three-layer clay mineral.

Our findings are in line with the fact that the hot-humid inner

tropical zone at low latitude (and δ2Hp values near 0) tends to be

dominated by two-layer clay minerals, whereas the temperate zone at

intermediate latitude and δ2Hp values shows a prevalence of three-

layer clay minerals.29,31,32 The climatic influence on the αex-w values is

corroborated by the finding that the αex-w values correlated

significantly with the clay content of the bulk soil and the mean

annual temperature (Figure 4). Intensely weathered tropical soils

frequently show higher clay content and a higher mean annual

temperature than soils at higher latitude.

Our finding has implications for the interpretation of earlier

observations of correlations between δ2H values of local precipitation

and δ2H values of clay minerals, soil clay fractions, and bulk soils, if

the δ2H values were determined by steam equilibration such as in

Merseburger et al23 and Ruppenthal et al.8,10,27 The relationship

between δ2H values of local precipitation and δ2Hn values of clay

minerals of the soil clay fraction or bulk soil can, in these cases, be

influenced by the varying αex-w values of the clay mineral mixture in

different soils.

F IGURE 3 Relationship between the δ2H values of mean annual local precipitation (δ2Hp, annual; taken from Bowen86) and the specific αex-w
values of the soil clay fractions. The soil clay fractions are grouped based on the potential cation-exchange capacity (CECpot) into samples with a
CECpot ≤ 160 mmolc kg

�1 presumably dominated by nonswellabe clay minerals such as kaolinite and pedogenic chlorite and a CECpot > 160 to
≤400 mmolc kg

�1 presumably containing a mixture of different swellable and nonswellable clay minerals such as illite, smectites, and vermiculite,
and >400 mmolc kg

�1 presumably dominated by swellable three-layer clay minerals such as smectites and vermiculite. To illustrate the variation
in CECpot values within these groups, we furthermore color coded the CECpot. The horizontal error bars indicate the 68% confidence interval and
might be smaller than the symbol size. The vertical error bars indicate the standard error (n = 2–3), if available. [Color figure can be viewed at
wileyonlinelibrary.com]
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4 | CONCLUSIONS

Steam equilibration with at least two distinctly different drying

conditions can be successfully used to determine the equilibrium

fractionation factor between the exchangeable H pool of the clay

minerals and soil clay fractions and the H of the steam (αex-w),

although partly only with a considerable error. This error, however,

includes both the determination error and the heterogeneity in

mineralogical composition between aliquots of the same sample and

thus also reflects a natural variation. The determined αex-w values

were similar to the widely assumed values of 1.00–1.08 in the

literature supporting that the adoption of one of these values in

steam equilibration approaches is appropriate. For soil clay fractions

and soil clay minerals 1.080 is a suitable average estimate of αex-w.

However, the previously reported correlations between δ2H values

of local precipitation and δ2Hn values of clay minerals, soil clay

fractions, and bulk soils can be influenced by the mineral-specific

αex-w values, if steam equilibration is used to determine the δ2Hn

values.

We did not detect a significant effect of the classical clay

separation treatment, including removal of Fe oxides and carbonates,

reduction in SOM, and dispersion of the remaining material, on the

αex-w values of clay minerals.

We found that the αex-w values of topsoil clay fractions are

influenced by their mineralogical composition, as assessed via their

CEC and latitudinal and elevational locations. The samples with a low

CEC tended to show a lower mean αex-w value than those with a high

CEC. However, the number of samples with a low CEC was small, so

further work is necessary to substantiate this conclusion.
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