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ABSTRACT: The Landshut bentonites that formed from Ca- and Mg-poor rhyolitic tuffs in a
fluviatile-lacustrine depositional environment of the Miocene Upper Freshwater Molasse, southern
Germany, contain abundant palustrine, pedogenic and groundwater carbonates. Geochemical analyses of
dolomites, calcites and smectites from bentonites of various environments by X-ray diffraction, thermal
ionization mass spectrometry, inductively coupled plasma-mass spectrometry, and handheld X-ray
fluorescence yield new insights into the compositions of fluids and sources of imported components
involved in carbonate formation and bentonitization, as well as the timing of bentonite formation.
Evaporated, Sr-rich brackish surface water with a molar Mg/Ca ratio of 2–5, derived mostly from the
weathering of detrital carbonates, was involved in dolomite and bentonite formation in palustrine and
some pedogenic environments. However, Sr-poor groundwater with a molar Mg/Ca ratio of ∼ 1 and a
stronger silicate weathering component caused bentonite and calcite formation in strictly pedogenic and
groundwater settings. The 87Sr/86Sr and molar Mg/Ca in the smectite interlayers indicate later cation
exchange with water having more radiogenic Sr sources and smaller molar Mg/Ca ratios. The Rb-Sr data
indicate the common presence of detrital illitic phases in the <0.2 µm fractions of the bentonites.
Cogenetic palustrine dolomite and a single smectite residue sample which lacks this detrital illitic phase
provide an age constraint for bentonitization at 14.7 ± 4.1 Ma identical to primary ash deposition. Thus a
rapid onset of bentonitization of accumulated ash and dolomite formation in evaporation-driven wetland
environments is indicated for the genesis of the Landshut bentonites.
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Dolomite and calcite are excellent palaeoenvironmental
indicators used for reconstructing marine and terrestrial
sedimentary environments (Banner, 1995). Dolomite and
calcite are also common impurities in bentonite deposits
but have rarely been studied in any detail (Knechtel &
Patterson, 1956, 1962; Vogt, 1980; Delgado, 1993;
Decher et al., 1996; Köster & Gilg, 2015). To date, only
mineralogical and stable isotope studies of dolomites or
calcites were presented from bentonite deposits in the

vicinity of theMediterranean Sea at Cabo de Gata, Spain
(Delgado & Reyes, 1993; Delgado, 1993) and Milos,
Greece (Decher et al., 1996). However, the stable isotope
values of carbonates and smectites in these bentonites are
often not consistentwith precipitation from the same fluid
(Delgado & Reyes, 1993; Decher et al., 1996), and
together with sedimentological evidence for dolomite
formation during later subaerial exposure and the
involvement of seawater during bentonite formation
(Delgado, 1993) suggest no systematic genetic link of
carbonate and bentonite formation.

Recently, Köster & Gilg (2015) provided the first
systematic study of carbonates in the terrestrial
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bentonite deposits in southern Germany. They showed
that authigenic dolomite and calcite can be used to
reconstruct the environments of ash alteration. The
microfabrics, and δ13C and δ18O values of dolomite
and calcite reveal that the carbonates formed in
pedogenic, palustrine and groundwater settings
shortly after ash deposition and possibly during the
onset of bentonitization (Köster & Gilg, 2015). The
chemical composition of fluids, i.e. salinity, redox
conditions, and source(s) of Mg and Ca ions necessary
for widespread dolomite and calcite precipitation, as
well as bentonitization, of the Mg- and Ca-poor
rhyolitic tuffs (Ulbig, 1999; Gilg, 2005; Abdul-Aziz
et al., 2010) are not well constrained, however.

Tracing the source(s) of alkaline earth metal ions for
bentonite formation is especially problematic because
the smectite interlayer is susceptible to cation exchange
reactions. Strontium isotope geochemistry has rarely
been applied, therefore, in bentonite studies, the work
of Chaudhuri & Brookins (1979) on the Clay Spur and
Otay bentonites being a notable exception. Chaudhuri
& Brookins (1979) demonstrated that Sr in smectites
(Clay Spur: 52.4–248.3 ppm; Otay: 48.2–117.4 ppm)
is mostly (but not exclusively) exchangeable and that
Rb is more firmly bound in smectite residues (Clay
Spur: 4.1–6.9 ppm; Otay: 2.9–4.2 ppm). The

contrasting 87Sr/86Sr of the residues (Clay Spur:
0.710–0.712; Otay: 0.712) and leachates (Clay Spur:
0.707; Otay: 0.709) and the very low Rb/Sr values in
the residues (<0.08) could be interpreted to suggest a
later cation exchange with less radiogenic Sr.
Chaudhuri & Brookins (1979), however, did not
compare the Sr isotope ratios of smectites to diagenetic
carbonates in the Clay Spur (Knechtel & Patterson,
1956, 1962) or in Otay (Cleveland, 1960) bentonites.

The intimate association of dolomites and calcites
with bentonites in southern Germany (Köster & Gilg,
2015) is an excellent opportunity for further exploring
dolomite and calcite formation in terrestrial bentonite
deposits. We aim to ascertain the salinity andMg/Ca of
the fluids involved, the Sr (and by inference Ca and
Mg) sources for carbonate and bentonite formation,
and the timing of bentonite deposit formation using
acid-leach techniques and the Rb/Sr method.

BACKGROUND

Geological setting

The Landshut bentonite deposits (Fig. 1) are located
in a 40 km×10 km tectonic block in the North Alpine
Foreland Basin bordered by NW–SE striking fault

FIG. 1. Simplified geological map of the Landshut bentonite deposits (modified from Köster & Gilg, 2015; according to
Freudenberger & Schwerd, 1996; Unger, 1999). Stars: Bentonite deposits. ZW – Zweikirchen, GB –Gabelsberg, MB –
Mittersberg, LD – Landersdorf, H – Hader, RB – Rehbach, HF – Hofen. Square: Sandelzhausen (SA) fossil locality.
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zones of a basement high (Unger, 1981, 1999; Abdul-
Aziz et al., 2010). The deposits being mined at present
are limited to the 14.7 ± 0.2Mamain bentonite horizon
(Abdul-Aziz et al., 2010) in the upper part of the
fluviatile Nördlicher Vollschotter (NV) sand and gravel
unit and floodplain sediments of the Sand-Mergel-
Decke (SMD) formed in an anastomosing to braided
river system (Schmid, 2002; Maurer & Buchner, 2007)
of the Upper Freshwater Molasse (UFM) (Vogt, 1980;
Unger & Niemeyer, 1985; Unger et al., 1990; Ulbig,
1999).

Ulbig (1999) invoked topographic “highs” and
“lows” to explain sedimentological and depositional
differences in the bentonites. Topographic “highs” are
underlain bymarl or clayey sand (SMD) and associated
with abundant dolomite and calcite whereas topo-
graphic “lows” are characterized by sandy to gravely
(NV) footwalls, higher detritus and lower carbonate
content (Ulbig, 1999). All deposits are capped
erosionally by younger sediments (Figs 2, 3) and the
hiatus is indicated by pedogenic features in bentonites.
Carbonates in bentonites of both settings formed in
palustrine, pedogenic or groundwater environments
(Köster & Gilg, 2015).

The presence of carbonates, partially altered tuffs,
and sharp redox fronts evident in the distinct colour
contacts (e.g. yellow vs. blue) of the bentonites are
important characteristics for distinguishing the deposi-
tional and alteration settings of bentonites. Bluish-grey,
green-grey, yellow, brown and mottled redox facies can
be differentiated (Vogt & Köster, 1978; Unger, 1981;
Unger & Niemeyer, 1985; Unger et al. 1990; Ulbig,
1999; Köster & Gilg, 2015).

The UFM in the eastern part of the North Alpine
Foreland Basin is characterized by sand- and gravel-
rich sediments with minor marls and received
significant clastic input in the form of crystalline and
sedimentary rocks from the Alps, the BohemianMassif
and the Swabian Alb (Lemcke, 1988; Unger, 1996;
Frisch et al., 1998). The clasts in sands and gravels
comprise quartz, granite, gneiss and Alpine Bunter
sandstone, as well as Mesozoic marine lime- and
dolostones among other lithotypes (e.g. Unger, 1991).
Lime and dolostone clasts are derived from various
Mesozoic marine carbonate sequences, mainly but not
exclusively from the Mid-Triassic Hauptdolomit
Formation of the Alps and Jurassic carbonates of the
Swabian Alb (Unger, 1991; McArthur et al., 2001;
Zorlu, 2007; Geske et al., 2012).

Groundwaters in the Upper Freshwater Molasse are
characterized by high cation concentrations (Egger
et al., 1983). The water chemistry is influenced by

carbonate and silicate weathering, as well as cation-
exchange reactions with clays that are the source of
high Ca2+, Mg2+ and HCO�

3 (and minor Na+)
concentrations in Molasse basin groundwater (Egger
et al., 1983; Wagner et al., 2003). The groundwaters in
the Cenozoic sediments are characterized by variable
87Sr/86Sr values compatible with both marine carbon-
ate- and silicate-derived Sr sources (Voerkelius et al.,
2010). The Ca-Mg-HCO3 waters of the Western
Molasse basin have low Sr isotope ratios (0.70835–
0.70965) typical of the weathering of marine carbo-
nates (Waber et al., 2014), whereas waters of the
Eastern Molasse basin are characterized by more
radiogenic 87Sr/86Sr ratios (>0.710) related to a
combination of carbonate and silicate weathering and
an increasing influence of the Variscan basement of the
Bohemian Massif (Tütken & Vennemann, 2009).

MATER IALS AND METHODS

Sample origin

Dolomite and calcite, bentonite, weakly altered tuff
and quartz-rich tuffitic sandstone originate from the
Gabelsberg (GB), Mittersberg (MB) and Zweikirchen
(ZW) deposits, southern Germany (Fig. 1). Additional
carbonate samples are derived from the Hofen (HF),
Rehbach (RB), Hader (H) and Landersdorf (LD)
deposits (Fig. 1). With the exception of new samples
from Hofen, dolomite and calcite samples were studied
previously by Köster & Gilg (2015). The lithostrati-
graphic positions of the 67 bulk carbonate samples
used for handheld X-ray fluorescence (XRF) analysis
are documented in deposited Table A2, available from
http://www.minersoc.org/pages/e_journals/dep_-
mat_cm.html.

X-ray diffraction

Carbonates were dry-ground in an agate mortar.
Whole-rock bentonite and tuffitic samples were ground
in isopropanol using a McCrone micronizing mill. As
an internal standard, 10 wt.% of ZnO was added to
estimate the amount of amorphous volcanic glass in
tuffitic samples. The <0.2 µm fractions (i.e. almost
‘pure’ smectites) were separated from bulk aliquots of
bentonite and tuff by centrifugation. Random powder
mounts and air-dried and ethylene-glycolated (EG)
oriented mounts of the <0.2 µm fractions were
characterized by X-ray diffraction analysis from 2 to
70°2θ (Phillips PW 1800, Cu-Kα radiation). The Ca
and Mg contents, and cation ordering (i.e. the
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segregation of Ca and Mg into separate sheets) of
dolomite were estimated using the d104 reflection and
the d015/d110 intensity ratio (Goldsmith & Graf, 1958;
Lumsden & Chimahusky, 1980). Powder mounts were

quantified by full-pattern Rietveld refinement using
the BGMNwin 1.8.6. code with an estimated relative
error of ∼10 wt.%. Discrete illite was detected in the
<0.2 µm fraction of three tuff samples and its content

FIG. 2. Geological sections and sedimentary structures of the Gabelsberg (GB), Mittersberg (MB) and Zweikirchen
(ZW) deposits. The samples used for ICP-MS and TIMS analysis are shown in the sections as squares (dolomite),
triangles (calcite), diamonds (bentonite) or circles (partially altered tuff and a tuffitic sandstone [ZW39]) with sample

numbers.
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was estimated using a reference intensity ratio (peak
areas of d001 reflections) of 4 for smectite and 1 for
illite. The percentage of illite layers interstratified in
smectite was determined according to Środoń (1980)
using the peak migration method (26–28°2θ and 15–
18°2θ). As discrete illite can interfere with the
determination of the peak positions (Środoń, 1980),
the percentage of illite layers interstratified in smectite
was also estimated by the difference between the
positions of 001/002 and 002/003 (Moore & Reynolds,
1997). Variable humidity, interlayer composition and
layer charge can be problematic in determining the
percentage of illite interstratified in smectite using
these methods; a relative error of ∼30% was estimated
for the illite interstratified in smectite (Środoń, 1980).

Hydrochloric acid treatment and isotope
geochemistry

As previous mineralogical analyses showed (Table 1
present study, table 1 in Köster & Gilg, 2015) that the
authigenic carbonates in bentonites contain variable
amounts of silicates and oxides (i.e. clays, micas,
feldspars, Fe- and Mn-minerals) carbonate samples
with high carbonate contents and small amounts of all
other minerals were selected and an acid-leach
approach was applied. Prior to the hydrochloric acid

treatment, both the carbonates and the <0.2 µm
fractions of bentonites were dialysed with distilled
water to remove soluble elements until the electrical
conductivity remained at <0.9 µS/cm, and then were
dried at 40°C, and split.

The carbonate samples were dissolved in 1 N HCl in
teflon beakers after reaction at 20°C for 45 min. The
solutions obtained from the dissolution of the
carbonates were separated by centrifugation.

A simplified method was followed for the treatment
of the <0.2 µm fractions (smectites) according to
Chaudhuri & Brookins (1979), Clauer (1979) and
Clauer et al. (1982) involving a two-step procedure. In
the first step a weak hydrochloric acid treatment
extracted the easily leachable, exchangeable and
adsorbed elements. The second step involved a
stronger acid attack to liberate more strongly bound
elements, e.g. in illitic components and octahedral
positions.

Smectites were first treated with triple distilled 1 N
HCl for 15 to 20 min at 20°C and the solution was
centrifuged and constituted the ‘leachate’. The
residual material (i.e. residue) was washed three
times for 1 min each time with 1 N HCl with triple-
distilled water to remove excess acid. The residue was
then treated with 6 N HCl at 90°C for 12 h to extract
the more strongly bound elements. The leachate and

FIG. 3. Simplified geological sections with major sedimentary structures and carbonate accumulations in the Hofen (HF),
Hader (H), Landersdorf (LD) and Rehbach (RB) deposits. Squares and triangles: p-XRF sample localities. Hofen base:

∼1 cm cream-white basal bentonite layer (‘Rahm’).
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FIG. 4. Bentonite and carbonate fabrics. (a) Nodular palustrine dolomite (D) with clay patches (C) and partially altered tuff
(T) in the Gabelsberg deposit (GB07, 08, 10). (b) Pyrite from bluish bentonite beds in the Rehbach deposit. (c) Calcite-spar
(C) in shrinkage cracks with mottles of hematite and goethite (Fe) in the Landersdorf deposit. (d) Sugar-like groundwater
calcite in the Hader deposit. (e) Bluish-grey (ZW50) bentonite with detrital mica (M). (f) Yellow bentonite (ZW48) with
apatite crystal (A) both from Zweikirchen. (g) Almost completely altered volcanic glass (aG) with primary fabric

preservation. (h) Silicified plant remains (sP) with preserved cell walls both from the Gabelsberg deposit (GB37B).
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residue were analysed by inductively coupled plasma
mass spectrometry (ICP-MS, Actlabs, Canada,
UltraTrace 7; method A). As the Rb and Sr (and K)
concentrations of method A were often below the
detection limit but essential for the Sr isotope analysis,
a second approach (method B) was used with a
prolonged leaching time of 18 h and a Perkin Elmer
DRC II ICP-MS at the Department of Geochemistry,
University of Göttingen, Germany. The JA-2 standard
(Japanese Andesite 2) was used in method B for
external accuracy checking and showed an error of
<10–30% relative to its average chemical composition
(Imai et al., 1995). Results were corrected for drift
caused by non-ionized material collected on the
detector leading to erroneous counting of photons as
ions, and for major oxygen interferences caused by
argon from the plasma combining with oxygen
interfering with the reliable detection of ions of a
certain element. 100 mL of 2% HNO3 with four
internal standard elements (Be, Rh, In, Re) were added
to 1 mL of the leachate and residue solutions obtained.

For Sr isotope analyses, the <0.2 µm fractions (of
smectites) were leached according to method A and the
carbonates were dissolved using 1 N HCl for 45 min at
20°C, as for the chemical analysis. The solutions were
centrifuged using an Eppendorf MiniSpin S452 at
12,000×g to remove solids. An ion chromatographic
column separation with Sr-specific crown-ether resin
(Sr-Spec®, EIChroM Industries, USA) was used to
extract Sr and to remove interfering elements such as
Ca, Ba or Rb (Horwitz et al., 1992; Pin &Basin, 1992).
Columns were pre-cleaned with 6.5 N HNO3, 6 N HCl
and triple-distilled H2O, and flushed with 6.5 N HNO3

after introduction of the sample solution. The Sr was
finally eluted with 0.05 HNO3.

The Sr isotope ratios of smectites and carbonates
were determined using a thermal ionization mass
spectrometer (MAT 261.5, Thermo Finnigan,
Germany) in the ZERIN-lab at the Ries Crater
Museum Nördlingen, Germany, using single tungsten
filaments. Significant extant Rb (its evaporation and
ionization temperature is lower than for Sr) was
evaporated by controlled preheating before measure-
ment, because traces of 87Rb would interfere with the
correct determination of the 87Sr/86Sr ratios. Isotope
mass fractionation during analysis was corrected by
referencing to an invariant 88Sr/86Sr value of 8.37521.
To check for proper operation of the mass spectrom-
eter, a certified reference material (SrCO3, NIST SRM
987) was measured and showed a mean 87Sr/86Sr of
0.710211 ± 0.000023 (2σ of the mean; n = 55) during
the time of analyses. The total analytical uncertainty
(precision + accuracy) for 87Sr/86Sr in natural samples
was estimated by replicate analyses of in-house
standards (a red wine) at <50 ppm to verify the
reproducibility of the complete sample-processing
chain from digestion and extraction to measurement.

A split of a dolomite sample containing illite
(MB28) was reacted for 24 h in 1 N HCl at 20°C to
determine the influence of leaching time on isotope
ratios. The Sr isotope ratio of MB28 increased only
slightly from 0.710521 to 0.710541, indicating that
leaching time has a negligible effect on the Sr isotope
ratios of carbonates.

‘Isochron’ ages of smectite leachate and residue
pairs (the <0.2 µm fractions) and carbonate-smectite
residue pairs were calculated using IsoPlot 4.13
(Ludwig, 2008). The Rb/Sr ages were calculated
using results from method A for leachates and results
from method B for residues because the residue Sr

TABLE 2. Discrete illite and interstratified illite content of the <0.2 µm fractions.

Sample
Host
lithology

%
discrete
illite

°2θ
smectite
d003

°2θ
smectite
d005

% illite in
smectite

(Środoń, 1980)

Δd2
Smectite

001/003–002/003

% illite in smectite
(Moore &

Reynolds, 1997)

ZW39 Tuff ∼16 15.93 26.69 11 5.74 23
ZW48 Bentonite 15.62 26.25 1 5.40 4
ZW50 Bentonite 15.61 26.25 1 5.38 3
MB34 Bentonite 15.68 26.33 1 5.42 6
MB38 Tuff ∼10 15.87 26.63 12 5.48 9
GB41 Tuff ∼11 15.92 26.53 19 5.60 16
GB35A Bentonite 15.72 26.35 8 5.28 0

The error for the interstratified illite in smectite content is estimated at 10–30% (Środoń, 1980) and at 25% for discrete illite.

169Sr isotope and trace-element study of dolomite-bearing bentonite

https://doi.org/10.1180/claymin.2017.052.2.01 Published online by Cambridge University Press

https://doi.org/10.1180/claymin.2017.052.2.01


content was below the detection limit of method
A. The decay constant used in the age calculations
(Table 4) is λ87Rb = 1.42*10−11/y. The Sr and Rb
concentrations were determined by ICP-MS as
described above.

Portable X-ray fluorescence analysis

A portable ED-XRF Bruker Tracer III-SD with a
rhodium anode and a 10 mm2 silicon drift detector,
operating at 40 kV and 30 µA with the yellow filter

(12 mil Al + 1 mil Ti), was used for chemical analysis
of Ca, Sr and Mn on smoothed surfaces of carbonate
samples. The spot size was ∼3 mm× 4 mm.
Measurements were conducted for 30 s. The spectra
were fitted with the ARTAX software (Version 7.4.8.2)
and calibrated using our ICP-MS results and the
international standards BCS393, DWA-1, MAG-1 and
NIM-S (Govindaraju, 1989). Average absolute errors
(1 SD) are ±3.4 wt.% for CaO, ±45 µg/g for Sr and
±744 µg/g for Mn.

RESULTS

Geological sections and sedimentary fabrics

Bentonite deposits (Figs 2, 3) from pedogenic
groundwater (ZW, LD, H) and palustrine (MB, GB,
HF, RB) settings were distinguished based on the
lithostratigraphic position of carbonates, carbonate
mineralogy, microfabrics, stable isotope composition
and colour (Köster & Gilg, 2015). The samples used
for Sr isotope analysis are illustrated in Fig. 2.

Palustrine dolomites are characterized by nodular
replacement beds (Fig. 4a), few but large nodules,
dolomite-lined root moulds and soil churning (Köster
& Gilg, 2015). Pedogenic dolomites and calcites are
characterized by hard and soft nodules, earthy masses
as well as stringer networks. Substantial calcite-spar is
present in shrinkage cracks of pedogenic calcites
(Fig. 4c). Groundwater carbonates form concentric or

FIG. 5. Percentage of interstratified illite in smectite of the
<0.2 µm fractions according to Środon ́ (1980). Diamonds:
bentonite smectites; circles: tuff smectites. Mittersberg
(black), Gabelsberg (grey) and Zweikirchen (white)

deposits.

FIG. 6. Calcium content, d104 positions and cation ordering of dolomites. (a) The d104 reflection vs. calcium content.
(b) Dolomite d104 vs. the I015/I110 intensity ratios. Gao et al. (2012): Silurian, marine-overprinted lacustrine Ca-
dolostones; Casado et al. (2014): Miocene lacustrine/palustrine Mg-dolomites; Carboniferous vein dolomites for

comparison (Hird, 1985). Pedogenic: white (ZW); palustrine: black (MB) and grey (GB).
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nodular masses of clotted micrite and limpid calcite-
spar (Fig. 4d). Based on colour, three redox facies are
distinguished: reduced blue bentonite, intermediate

green, and oxidized yellow bentonite. Blue bentonites
commonly contain pyrite (Fig. 4b) and appear either
homogeneous or laminated because of detrital mica

FIG. 7. Geochemical data of carbonates used for Sr isotope analysis using an HCl-leach method (left) and of bulk
samples using portable XRF (side). (a, b) Sr/Ca vs.Mn content. (c, d) Sr/Ca vs. δ18O values (Köster & Gilg, 2015). (e, f )
Mn content vs. δ13C values (Köster & Gilg, 2015). Squares: palustrine (black and grey) and pedogenic (white) dolomite.
Triangles: groundwater (white) calcite. Note: not all samples measured by p-XRF were analysed for stable isotopes.
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(Fig. 4e). Green and yellow bentonites were encoun-
tered solely as homogenous clay (Fig. 4f). Root traces
and sedimentary fabrics are seldom preserved in
bentonites. Partially altered tuff, however, shows
excellent fabric preservation of deep-reaching roots
(Köster & Gilg, 2015), altered volcanic glass shards
(Fig. 4g) and silicified plant remains (Fig. 4h).

Mineralogical composition

The mineralogical compositions of carbonates and
the <0.2 µm fractions of bentonites and tuffs are shown
in Tables 1 and 2.Well defined peaks at 2.892–2.905 Å
and at 3.022–3.029 Å are characteristic for Ca-rich
dolomite and Mg-enriched calcite, respectively. The
d015 and d110 cation ordering reflections confirm the
actual dolomite character and reveal a moderate degree
of order (Fig. 6; I015/I110: 0.38–0.68). The Ca-rich
composition and moderate cation ordering suggest a
primary origin for the dolomite (Last, 1990).

Dioctahedral smectite (d060; 1.50–1.49 Å) is the
main constituent of bentonite and tuff, with variable
amounts of mica/illite, kaolinite, chlorite, quartz,
feldspar, volcanic glass, pyrite, goethite and hematite.
Oriented, air-dried and ethylene-glycol solvated
<0.2 µm fractions expand upon EG-treatment from
14.7 to 17.3 Å. Some of the <0.2 µm fractions
(Table 2) contain traces of discrete illite/mica, visible
as a small, low-angle reflection (001; ∼10 Å). The
<0.2 µm fraction of strongly altered tuff (GB41) is
composed of R0 mixed-layer illite-smectite (I-S) with
20% illite layers. The tuffitic whole-rock samples
(GB37B) and <0.2 µm fractions of tuff (GB41, MB38)

and tuffitic sandstone (ZW39) contain larger amounts
of discrete illite-mica, quartz, or opal-CT than
bentonite. The percentage of interstratified illite in
the I-S of the <0.2 µm fractions is illustrated in Fig. 5.

Chemical composition of dolomite and calcite

The ICP-MS analyses of carbonates (Table 3)
confirm the XRD results and reveal dolomites with
Mg/(Mg + Ca) molar ratios of 0.45 ± 0.01 (n = 11) and
calcites with Mg/(Mg + Ca) molar ratios of 0.04 ± 0.02
(n = 3).

The trace-element compositions of carbonates from
the various environments show significant differences.
Strontium concentrations in dolomites exceed those of
most island dolomites (Budd, 1997) and are highest in
the palustrine dolomites (536–1,120 µg/g) that have
Rb concentrations (4.8–9.5 µg/g) similar to the
pedogenic dolomites (Table 4). Palustrine dolomites
have low Mn contents (305–580 µg/g) but elevated
concentrations of Th and U. The palustrine
dolomites also have elevated Li (13–20 µg/g) and Ba
(63–110 µg/g) concentrations (Table 3). The pedo-
genic dolomites have intermediate Sr (208–368 µg/g)
and Rb (1.4–8.5 µg/g) contents and Mn content
(357–1700 µg/g; Tables 3 and 4). Calcites display
much lower Sr (66–126 µg/g) but higher Rb (10.6–
13.3 µg/g) and very high Mn (2880–4729 µg/g)
concentrations (Tables 3 and 4).

The Ca, Sr and Mn concentrations determined by
portable XRF (deposited Table A2, available from
http://www.minersoc.org/pages/e_journals/dep_mat_
cm.html) are dominated by carbonates, but are in part

FIG. 8. REE + Y patterns of HREE-enriched dolomites and calcites. (a) Negative Ce and Eu anomalies (arrows) in
palustrine dolomite. (b) Pedogenic (solid line) and groundwater calcite (dashed line) with variable Ce and Eu anomalies

(arrows).
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influenced by the included silicates or oxides included.
They were used to compare a larger number of samples
(Fig. 7a–f ) on the basis of their 106*(Sr/Ca) molar
ratios, denoted hereafter as Sr/Cam, and Mn content,
respectively. The Sr/Cam and Mn contents measured
by XRF are consistent with the ICP-MS results
(Fig. 7a–f ). Dolomites show negatively correlated
Sr/Cam and Mn content, while calcites display a
positive but less distinct correlation of Sr/Cam and Mn
content. High Sr/Cam of dolomites and calcites are
related to high δ18O values (Fig. 7c,d), whereas Mn
contents and δ13C values show a more complex
relationship (Fig. 7e,f ).

Rare earth element (REE) patterns

The REE plus yttrium (REE + Y; Appendix 1,
available from http://www.minersoc.org/pages/e_jour-
nals/dep_mat_cm.html) patterns (Fig. 8) were normal-
ized against the post-Archaean Australian shale
(PAAS, Nance & Taylor, 1976) as recommended by
Bau & Möller (1992) for sedimentary environments.
Both pedogenic and palustrine dolomites, as well as
groundwater calcites show a slight enrichment of
heavy REE (LREEPAAS ≈ 0.5–0.1 and HREEPAAS

≈ 1.0–1.1) indicating the remobilization of HREE, and
complexation in carbonate-rich waters (Möller et al.,
1984). The palustrine dolomites have small negative
Ce and Eu anomalies suggesting slightly oxidizing

conditions, and/or inheritance from the fluid phase
interacting with detrital rocks. In contrast, the pedo-
genic dolomites and groundwater calcites display
positive and negative Ce and Eu anomalies, suggesting
variable redox conditions in soil and groundwater
settings.

Chemical composition of smectites

The chemical compositions of the smectite
(<0.2 µm fraction) leachates and acid-treated residues
of bentonites, tuffs and sandstone are shown in Tables
3 and 4. The first step (method A) of the 1 N and 6 N
HCl treatment revealed that Ca and Mg are the main
leachable elements with an average molar Mg/(Mg +
Ca) ratio of 0.43 ± 0.11, consistent with previously
reported exchangeable cation compositions (Grim &
Güven, 1978; Ulbig, 1994). The leachates also contain
Sr (7.0–90.1 µg/g), Rb (0.3–4.1 µg/g), as well as traces
of As, Ba, Cu, Pb and V.

The smectite residues (method A) have small MgO
(1.2–1.9 wt.%) and very small CaO contents (0.1 wt.%)
which corresponds to a Mg/(Mg + Ca) molar ratio of
0.96–1.00 confirming the partial dissolution of the
smectite octahedral sheet and possibly suggesting the
presence of trace amounts of carbonate not detected by
XRD or traces of residual Ca in the smectite interlayer.
The acid treatment of residues released variable
amounts of Fe (11.4–19.7 mg/g) but very little SiO2

(<1.3 wt.%) indicating that tetrahedral sheets were
only partially dissolved. Smectite residues from
palustrine deposits (GB and MB) have an elevated Li
content of ∼20 µg/g (Table 3).

The 18 h acid treatment of smectite residues
(method B) released Sr (1.0–3.7 µg/g) and Rb (7.8–
22.6 µg/g). The Rb and K contents are positively
correlated (r2 = 0.85), suggesting that Rb is located in
discrete illite or in the illite layers of the I-S. In both
methods A and B, sample GB35A showed very small
Sr and Rb contents. Sample GB35A has one of the
smallest percentages of illite layers in I-S (Table 2) and
was prone to clumping during treatment, possibly
leading to an insufficient acid attack on the already
small Sr and Rb contents in the illitic component.

The ‘total’ Sr contents of smectites (Leachate +
Residue; mean = 29.4 ± 27.6 µg/g, 1 SD) exceed
slightly the previous results (Vogt & Köster, 1978;
mean: 19.5 ± 4.8 µg/g, 1 SD) of Na-exchanged
smectites treated with 0.1 M EDTA and 0.1 N
ammonium solution, probably because these treat-
ments removed exchangeable Sr. The Sr content of the
residues (mean: 2.7 ± 1.0 µg/g, 1 SD) is rather small. A

FIG. 9. Isochron plot of the Mittersberg deposits showing
Rb-Sr data of dolomites (MB12, 18, 27 and 28) and
smectite residue (MB34). The smectite leachate-residue
pair is included for comparison. Squares: dolomite;

diamonds: smectite from bentonite.
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‘total’ Rb content of 16.9 ± 5.5 µg/g (Leachate +
Residue) was extracted, mostly located in the residues
(14.4 ± 4.9 µg/g, 1 SD; Table 4). This is less than those
reported by Vogt & Köster (1978; 31 ± 12 µg/g, 1 SD),
indicating the partial extraction of Rb from smectite
residues. Strontium is thus more easily extractable from
absorbed and exchangeable positions (65 to 97%)
whereas Rb is fixed more firmly in the residues (77 to
93%), similar to the results from the Clay Spur and
Otay bentonites (Chaudhuri & Brookins, 1979).

Rb-Sr isotope results

The Rb-Sr isotopic data reveal a systematic increase
in the Rb/Sr ratio and 87Sr/86Sr and a decrease in Sr
concentrations from dolomites via calcites to smectite
leachates and residues (Table 4; Fig. 10). The lowest
Rb/Sr ratio and 87Sr/86Sr are found in palustrine
dolomites (0.005–0.013 and 0.71042–0.71113,
respectively; Table 4) from Gabelsberg and
Mittersberg, with slightly higher values in pedogenic
dolomites from Zweikirchen (0.006–0.37 and
0.71105–0.71135, respectively; Table 4).

Groundwater calcites from Zweikirchen have greater
Rb/Sr ratios and 87Sr/86Sr (0.097–0.177 and 0.71138–
0.71154, respectively) than the pedogenic dolomites
from the same locality (Fig. 10; Table 4).

In the Gabelsberg and Mittersberg deposits, the Rb/
Sr ratios (0.011–0.471) and 87Sr/86Sr (0.71108–
0.71160) of the smectite leachates are greater than in
the associated dolomites and were partly lower than the
respective values of the smectite leachates from the
Zweikirchen deposit (0.034–0.137, 0.71231–0.71285;
Table 4). The Rb/Sr ratios (0.333–14.0) and 87Sr/86Sr
(0.71401–0.72286) of the smectite residues are even
higher and do not display systematic differences
(Fig. 10). Illite-rich samples have the highest Rb/Sr
ratios and 87Sr/86Sr values (Table 4).

The smectite leachate-residue pair model ages range
from 11.8 to 35.5 Ma. Their initial 87Sr/86Sr values
vary between 0.71091 and 0.72161 (Table 4). The
largest initial 87Sr/86Sr values were determined in illite/
mica-poor sample ZW50 with a low Rb/Sr ratio
(2.108). The leachate-residue (L-R) pair ages (Table 4)
are mostly older than the rhyolitic ash (14.7 ± 0.2 Ma;
Abdul-Aziz et al., 2010), indicating the presence of

FIG. 10. Sr concentrations plotted vs.Sr isotope ratios at 14.7 Ma of carbonates and smectites, compared to previous
studies in the North Alpine Foreland Basin. Thin, dashed lines connect smectite leachate-residue pairs. Stars: volcanic
glass shards; black cross: dolomite in the UFM (Graup et al., 1981); SA: Sr isotope ratio range of Sandelzhausen fossil
mammal teeth enamel (Tütken & Vennemann, 2009); box –Mesozoic marine carbonates (McArthur et al., 2001; Zorlu,
2007; Geske et al., 2012). Upper limit of shallow (<150 m) groundwater in the UFM (∼range 0.7080 to 0.712),

according to data in Eichinger et al. (2007), Voerkelius et al. (2010) and Tütken et al. (2006).
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detrital illitic material in the <0.2 µm fractions
(Table 2). Sample MB34 which does not contain
detrital micaceous material yielded a L-R model age of
11.8 ± 1.5 Ma (Fig. 9). As all leachates from the
separated clay fractions have more radiogenic Sr
isotope ratios than the associated early diagenetic
carbonates and as this Sr is located in an exchangeable
position of the smectite, the isotope composition of the
leachates may not be representative of the initial
87Sr/86Sr during smectite formation. We therefore
determined an isochron age using early diagenetic
palustrine dolomites and the smectite residue (<0.2 µm
fraction) of a bentonite from Mittersberg (MB34) that
does not contain detrital illitic components (Fig. 9).
The calculated dolomite-smectite residue age of 14.7
± 4.1 Ma is identical to the eruption age of the volcanic
ash at 14.7 ± 0.2 Ma (Abdul-Aziz et al., 2010) and its
initial 87Sr/86Sr of 0.71069 (Table 4; Fig. 9) is identical
to the average Sr isotope value (0.71070 based on
values in Table 4) of palustrine dolomites.

D I SCUSS ION

The geochemical data of dolomite, calcite and smectite
in the Landshut bentonites provide some new insights
into the fluid compositions and cation source(s) during
carbonate formation and bentonitization in a terrestrial
environment. Köster & Gilg (2015) suggested that the
fluids responsible for carbonate formation and possibly
bentonite formation of the Landshut bentonites were
broadly similar to present-day Ca-Mg-HCO�

3 ground-
water in the UFM (molar Mg/Ca: 0.53–1.37;
CO2�

3 =Ca2þ: 2.50–9.85, rarely ∼25; Egger et al.,
1983). However, the unusual high Sr concentrations
of bentonite-hosted dolomites (up to 1120 µg/g;
Table 4) observed in the present study are difficult to
reconcile with an unmodified freshwater composition
(TDS: 0.28 g/L; Egger et al., 1983). Sr-rich dolomites
are often attributed to marginal marine lagoons,
microbial-mediation or to strongly evaporative envir-
onments (e.g. Sánchez-Román et al., 2011) where Sr
content and Sr/Cam correlate broadly with salinity
(Banner, 1995). Marine or terrestrial evaporite deposits
with sulfates or halides, however, are absent from the
North Alpine Foreland Basin and the UFM was
never subjected to marine incursions (Lemcke, 1973;
Unger, 1996). Sr-rich carbonate formation in saline
environments during the Mid-Miocene has rarely been
reported in the North Alpine Foreland Basin. The
alkaline-saline lake in the Mid-Miocene Ries impact
crater (Arp & Wiesheu, 1997) and calcitic saline soils
with minor dolomite and palygorskite at Mergelstetten

(Kallis et al., 2000) are notable exceptions in terms of
the formation of carbonates with >2000 µg/g Sr.
Evaporation processes, as expected in a palustrine
setting, might, therefore, have played a significant role
for dolomite formation in the Landshut bentonites.

Salinity and Mg/Ca of the dolomite and calcite-
forming water

The correlation of Sr/Cam with the δ18O values of
the dolomites (r2 = 0.84; Fig. 7c,d) indicates evapor-
ation (Gasse et al., 1987; Banner, 1995) and suggests
that the salinity of the water that precipitated dolomites
is also correlated with Sr/Cam and Sr content (Folk &
Land, 1975; Banner, 1995). The presence of Li only in
Sr-rich palustrine dolomites (13–20 µg/g; Table 3) also
implies elevated salinities (Gaines, 1980). The dolo-
mites in the Landshut bentonites have Sr concentra-
tions rather similar to those of carbonates from fresh to
brackish lakes in the Palaeogene Madrid basin (202–
496 µg/g Sr, Sr/Cam: 250–640; Bustillo et al., 2002),
the Miocene La Roda ‘white earths’ (494–834 µg/g Sr,
Sr/Cam: 1000–1500; García del Cura et al., 2001), both
in Spain, or the Holocene lake sediments of the
northern Sahara (1033–3246 µg/g Sr, Sr/Cam: 1640–
5580; Gasse et al., 1987).

The Sr/Cam of dolomite and calcite in the Landshut
bentonites may be derived from those of shallow
groundwater in the UFM (Wagner et al., 2003;
Eichinger et al., 2007; Kainzmaier et al., 2007) using
established Henderson and Kracek distribution factors
for calcite (0.03 ± 0.2, Banner, 1995), non-stoichio-
metric dolomite (DSr = 0.0118 + ΔCa* 0.0039), and a
highDSr of 0.051 for palustrine dolomite (Vahrenkamp
& Swart, 1990), taking rapid precipitation and
evaporation into account (Gaines, 1980; Lorens,
1981; Banner, 1995). Therefore, a Sr-rich precursor
phase such as Sr-rich aragonite (Tucker & Wright,
1990; Anadón et al., 2002) in the form of Charophyta
remains in palustrine dolomite (Köster &Gilg, 2015) is
not required. Moreover, most Charophyta species are
composed of calcite (Tucker & Wright, 1990) and
residual aragonite or its dissolution fabric has never
been observed in bentonites (Vogt, 1980; Köster &
Gilg, 2015). In addition, bioclast-bearing (Gabelsberg)
and bioclast-poor dolomites (Mittersberg) have iden-
tical Sr concentrations and 87Sr/86Sr (Table 4; Fig. 10)
indicating the same Sr sources.

Sánchez-Román et al. (2011) recently reported high
Nernst and Henderson and Kracek Sr partition
coefficients (22–37 and 0.12–0.22, respectively) for
microbially mediated dolomites. Dolomicritic grains

180 M.H. Köster et al.

https://doi.org/10.1180/claymin.2017.052.2.01 Published online by Cambridge University Press

https://doi.org/10.1180/claymin.2017.052.2.01


and aggregates resembling microbial remains were
observed in the Landshut bentonites (Köster & Gilg,
2015). The low cation ordering d015/d110 ratios of
dolomite, its non-stoichiometric composition, and the
presence of framboidal pyrite in bluish bentonite (Figs
2 and 4b; Ulbig, 1994) that could be related to bacterial
sulfate reduction (e.g. van Lith et al., 2003) might be
suggestive of microbial mediation for dolomite forma-
tion. Nonetheless, dolomicrite also forms by rapid
inorganic precipitation (Banner, 1995). Assuming
that microbial activity occurred in palaeosols of the
UFM (Schmid, 2002) and was probably beneficial for
dolomite formation (e.g. Sánchez-Román et al., 2011),
it is still considered a minor factor for the observed Sr
enrichment in the palustrine dolomites. This is because
the δ13C values (−7.3 ± 0.3 ‰, 1 SD; Köster & Gilg,
2015) of dolomites are inconsistent with typical
organic derived microbial carbon isotope values,
being too low for fermentation processes but too high
for sulfate reduction (Nelson& Smith, 1996) to explain
oxygen isotope enrichments.

Assuming a starting salinity (TDS) of 0.28 g/L in
water (Egger et al., 1983), a Sr/Cam of ∼80 (Wagner
et al., 2003) for calcite-precipitating water (Table 5)
and a linear relationship of salinity with Sr/Cam, we
calculated salinities of 2.3 to 6.4 g/L during dolomite
precipitation, with extreme values of 15.3 g/L in
palustrine settings (Table 5) most affected by evapor-
ation. These salinities are consistent with dolomite
formation in lacustrine environments and in the
range of dolomite-precipitating brackish waters of
Lake Balaton (0.5 g/L; higher during playa-like
periods), Lake Neusiedl (1.5 g/L), and Lake
Specchio di Venere (16.0 g/L) (Last, 1990).

As both the molar Mg/Ca and the salinity of the fluid
exert a major control on dolomite precipitated from it
(Folk & Land, 1975) even in non-evaporite-bearing
environments (Last, 1990), the results obtained can be
used to estimate the molar Mg/Ca of the dolomite
precipitating water, using the Mg/Ca–salinity

relationship of Folk & Land (1975). A molar Mg/Ca
of 2–5 was derived, assuming that the influence of
temperature, alkalinity or pH is either negligible or
constant. The molar Mg/Ca is consistent with
dolomite-forming lacustrine environments such as
Lake Balaton during dry periods (1.5–3.5; Tompa
et al., 2014) and water in its sediment pore-space (7–
12; Müller et al., 1972), and water of Lake Neusiedl
(7.9; Schroll &Wieden, 1960), suggesting that ourMg/
Ca estimates are realistic. The molar Mg/Ca of 2 to 5
for dolomite precipitating water is also consistent with
the calcium-rich composition of dolomites (Folk &
Land, 1975).

The molar Mg/Ca of water in pedogenic and
groundwater settings precipitating calcite was deter-
mined using a linear temperature-dependant relation-
ship which relates the Mg/Ca of calcite to that of the
water from which it formed (Last, 1980). In addition,
the salinity–Mg/Ca diagram of Folk & Land (1975)
was used to estimate the Mg/Ca of calcite precipitating
water. These two methods yield molar Mg/Ca of
0.8–1.8 at 15–31°C (Köster & Gilg, 2015) and of 1.0
respectively. Both results are consistent with the Mg/
Ca of waters in the UFM (range 0.53–1.37; Egger
et al., 1983), indicating that the calcites in bentonites
precipitated from largely unmodified soil and
groundwater.

Redox–sensitive elements

Dolomites and calcites from oxidized, intermediate
and reduced bentonites (Figs 2 and 3) have highly
contrasting Mn concentrations with calcites generally
being enriched in Mn relative to dolomites (Table 3).
The contrasting compositions of calcites and dolomites
suggests distinct fluid compositions, as the preferential
inclusion of Mn into Mg sites would have produce
rather Mn-enriched dolomite (Kretz, 1982) if they had
formed from the same fluid.

TABLE 5. 106*(Sr/Ca) ratios of calcites and dolomites, and salinities derived using a freshwater salinity of 0.28 g/L for
waters precipitating calcite (from Egger et al., 1983).

Median Mean Min Max Median Mean
106*(Sr/Ca) molar SAL (g/L)

Pedogenic calcite 81 78 27 128 0.28 0.28
Groundwater calcite 83 88 9 224 0.28 0.28
Palustrine dolomite 1,513 1,837 894 4,379 5.30 6.43
Pedogenic dolomite 534 651 435 1.042 1.87 2.28

181Sr isotope and trace-element study of dolomite-bearing bentonite
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Pyrite-bearing blue bentonites from the Zweikirchen
deposit contain groundwater calcites that are highly
enriched in Mn (2880–4720 µg/g) but have low U
concentrations (Table 3). As Mn2+ is water-soluble in
reducing environments whereas uranium is not, calcites
will be enriched inMn2+ if precipitated from such water
but will incorporate little uranium. The composition of
the calcites therefore indicates reducing conditions and/
or a high Mn availability, and possibly slow precipita-
tion rates (Dromgoole & Walter, 1990; Rimstidt et al.,
1998), as suggested by low δ13C values (Fig. 7e,f ) and
redox limits (∼200 µg/g Mn) defined by Lohmann
(1988). However, the large range of Mn concentrations
(37–4839 µg/g) in calcites examined by p-XRF
(Fig. 7a–f; Appendix 2, http://www.minersoc.org/
pages/e_journals/dep_mat_cm.html) suggests highly
variable redox conditions during calcite formation in
bentonites, aswas indicated byvariableREE+Ypatterns
(Fig. 8b) and contrasting Ce anomalies, with negative
Ce anomalies indicating less reducing to oxidizing
conditions (Möller et al., 1984; Bau & Möller, 1992).
The presence of Mn-poor calcite-spar (Appendix 2,
available from http://www.minersoc.org/pages/e_jour-
nals/dep_mat_cm.html; Fig. 4d) in grey-brown benton-
ite from Hader (31–282 µg/g; Fig. 3) and calcites with
high and lowMn concentrations in yellow bentonites of
Gabelsberg and Zweikirchen (Appendix 2, available
from http://www.minersoc.org/pages/e_journals/dep_
mat_cm.html, Fig. 2) confirms later oxidation because
Mn-rich calcites cannot form simultaneously with
oxidized (yellow) bentonite. So, although Mn-rich
calcites in pyrite-bearing blue bentonites are indicative
of some cogenetic calcite and bentonite formation in
reducing waters, Mn-rich and Mn-poor calcites in
oxidized bentonites require contrasting redox condi-
tions for their formation (Lohmann, 1988; Tucker &
Wright, 1990), and indicate at least two calcite
generations.

The down-section increasing Mn concentrations
(353–1,700 µg/g; Table 3) in pedogenic dolomites of
the Zweikirchen deposit point to increasingly reducing
conditions and higher Mn availability in soils with
depth, in accordance with positive Ce anomalies and
REE + Y patterns (Fig. 8b). Note that groundwater
calcites in the lower parts of the Zweikirchen
deposit have even higher Mn concentrations (2,880–
4,720 µg/g) than pedogenic dolomites (Möller et al.,
1984; Bau & Möller, 1992) at the same locality,
consistent with increasingly reducing conditions with
depth.

Palustrine dolomite has the lowest Mn concentra-
tions (305–580 µg/g; Table 3) and show less

pronounced (MB) or absent (GB) downward trends
in Mn content. The Mn concentrations and low δ13C
values of the palustrine dolomites (−7.3 ± 0.3‰, 1 SD;
Köster & Gilg, 2015) are similar to lacustrine La Roda
“white earths” formed in oxic to suboxic environments
(García del Cura et al., 2001). The systematically
negative Ce anomalies (Fig. 8a) and high U concentra-
tions (2.3–13.6 µg/g; Table 3) thus point to rather
oxidizing conditions during dolomite precipitation.

Sr provenance for carbonates

Dolomites, calcites and the smectite leachates all
have very small Rb/Sr ratios; therefore the measured
87Sr/86Sr values (Table 4) do not require any age
corrections. The 87Sr/86Sr of the Sr-rich palustrine
dolomites from the two studied deposits ∼12 km apart
are very homogeneous (0.71052–0.71113) and only
slightly less radiogenic than the pedogenic dolomites
from the Zweikirchen deposit (0.71105–0.71135).
Both are significantly more radiogenic than the
unaltered volcanic glasses (∼0.7098) at 14.7 Ma that
contain only 40 µg/g Sr (Horn et al., 1985) and
therefore indicate that Sr and, by inference, also Ca and
Mg were not derived from volcanic glasses but
introduced from the surrounding sedimentary envir-
onment. The Sr isotope values of our dolomites are
similar to those of early diagenetic dolomite unrelated
to bentonite in the UFM (Horn et al., 1985) and
mammal tooth enamel from the Sandelzhausen fossil
site, situated 3.5 km north (Fig. 1) of Mittersberg
(Tütken & Vennemann, 2009). The Sr isotopic
compositions of the UFM dolomite and fossil tooth
were interpreted by Graup et al. (1981) and by Tütken
& Vennemann (2009) as representative of Miocene
surface sediments and waters.

The 87Sr/86Sr of the Sr-poor groundwater calcites at
the Zweikirchen deposit are, however, more radiogenic
than the pedogenic dolomites from the same site
(Fig. 10). This indicates that two distinct fluids were
involved in the precipitation of the two carbonate
minerals at this site in support of the conclusions from
Sr and Mn trace-element chemical data.

The dolomites and calcites also reveal co-varying
87Sr/86Sr, Sr concentrations, and δ18O values (Fig. 11).
This emphasizes contrasting Sr sources and also
suggests two end-members: a generally Sr-rich
brackish surface water with low 87Sr/86Sr, similar to
the ratios in palustrine dolomites (with a mean of
∼0.71070 derived from Table 4) and a dilute
groundwater with more radiogenic Sr and 87Sr/86Sr
greater than or equal to those of calcites (≥0.71150
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derived from the values Table 4). The Sr isotope values
of dolomites and calcites in bentonites are within the
87Sr/86Sr range for sediments and groundwaters of the
UFM in the North Alpine Foreland Basin (0.708–
0.713; Tütken et al., 2006; Eichinger et al., 2007;
Voerkelius et al., 2010; Waber et al., 2014) and
consistent with the high 87Sr/86Sr values (>0.710) of
sediments in the Eastern Molasse basin (Tütken &
Vennemann, 2009). Here, the 87Sr/86Sr values of
waters in the UFM mirror the composition of the
sediments, with Sr having high 87Sr/86Sr derived from
silicate rocks of the Variscan basement (crystalline
basement rocks of the Ries impact: 0.7100–0.7180 and
0.7216–0.7236 in Graup et al., 1981; Horn et al., 1985;
plutonic rocks of the Bavarian Forest: 0.70881–
0.74060; Siebel et al., 2005; Köhler et al., 2008) and
Sr with low 87Sr/86Sr derived from lime- and
dolostones of the Mesozoic cover both in Alps and
the South German Block (0.70835 to 0.70965;
McArthur et al., 2001; Zorlu, 2007; Geske et al.,
2012).

High weathering rates of lime- and dolostone clasts
in soils profoundly affect the Sr isotopic composition
of water even in silicate-rich sediments (Blum et al.,
1998) because of the prevailing release of Sr from
carbonates (Clow et al., 1997). The widespread
dissolution and precipitation of carbonates in sedi-
ments (Egger et al., 1983) and paleosols of the UFM
(Schmid, 2002) are therefore responsible for both the
formation of Ca-Mg-HCO3 waters (Egger et al., 1983)
and a disparate release of Sr from carbonate weathering
in the UFM. The rapid weathering of dolomite in soils
is also a major Mg source that can produce waters with
high molar Mg/Ca ratios (∼2.0) in dolomite-bearing,

mixed carbonate-siliciclastic sediments (Jin et al.,
2008). Therefore the low 87Sr/86Sr (∼0.71070) in the
dolomites of this study argue for Sr predominantly but
not exclusively derived from lime- and dolostones
whereas the higher 87Sr/86Sr (∼0.71150) of calcites
point to more radiogenic Sr from silicate weathering, as
confirmed by high Mn and Rb contents (Tables 3 and
4), and high Rb/Sr (Table 4). The latter point to Rb/Sr
of groundwater in carbonate-free, siliciclastic sedi-
ments of the UFM (carbonate-free: 0.0266; carbonate-
bearing: 0.0023 and 0.0025, Wagner et al., 2003;
Kainzmaier et al., 2007).

Sr isotope geochemistry of smectites and
carbonates, and Rb-Sr dating

Although the Sr content in smectites (<0.2 µm
fractions) is mostly concentrated in the exchangeable
interlayer and is much smaller than in the associated
carbonates, the 87Sr/86Sr values are much larger
(Fig. 10, Table 4) than those of the soil and
groundwater carbonates (Fig. 4a,c,d). This suggests
strongly that the interlayer Sr in the smectites has been
partly or completely exchanged after carbonate
formation with more radiogenic fluids than those
involved in carbonate precipitation.

This post-formational interlayer exchange is corro-
borated by a comparison of the molar Mg/Ca (MB and
GB: 0.59 ± 0.21; ZW: 1.15 ± 0.21) in the exchangeable
interlayer site with the Mg/Ca (2–5) estimated for the
dolomite precipitating fluid, assuming a cogenetic
origin of dolomite and bentonite (Köster & Gilg,
2015). The molar Mg/Ca ratios of the smectite
leachates (<0.2 µm fractions) are in equilibrium with

FIG. 11. Covariance of 87Sr/86Sr with: (a) Sr concentration; and (b) δ18O values (from Köster & Gilg, 2015). Triangles
(white): calcite, squares: pedogenic (white); and palustrine dolomite (grey and black).
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a water having a molar Mg/Ca ratio of 0.9–1.5. These
values are lower than theMg/Ca values (2–5) estimated
for the fluid involved in dolomite formation even
taking into account preferential Ca uptake into the
smectite interlayer (Laudelout et al., 1968; Sayles &
Mangelsdorf, 1979), and are more like values (0.8–1.8)
estimated for the water(s) that precipitated calcite. The
chemical (Sr, Mg, Ca) and isotopic (87Sr/86Sr)
compositions of smectite leachates are therefore not
indicative of the fluids involved in bentonite formation,
nor are they related to dolomite precipitation in
bentonites.

The post-formational interlayer cation exchange
with more radiogenic Sr has influence on the smectite
leachate-residue model ages of the <0.2 µm fractions
which should be yielding younger apparent ages.
Nevertheless almost all <0.2 µm fractions reveal
smectite leachate–residue ages (35.5–17.5 Ma;
Table 4) in excess of the depositional age of the
volcanic ash (14.7 Ma ± 0.2 Ma, Abdul-Aziz et al.,
2010). Therefore, an illitic component consisting of
discrete illite and/or R0 I-S (Tables 1 and 2; Fig. 5) is
probably responsible for the high Rb/Sr in the smectite
residues (2.1 to 14.0; Table 4) and also the excess ages.
Potential contaminants are detrital sedimentary clays in
the UFM or fine fractions of shales and limestones
from the base of the Northern Calcareous Alps that
have high 87Sr/86Sr14.7 Ma and Rb/Sr values (Kralik,
1983; Horn et al., 1985).

However, a single bentonite sample (MB34) from
the Mittersberg deposit (Figs 1 and 2) not containing
detrital illitic components is characterized by the
absence of discrete illite and a small amount of illite
layers (<10%) in mixed-layer I-S (Table 2; Fig. 5).
Both smectite leachate-residue (11.8 ± 1.5 Ma) and
dolomite-residue models (14.7 ± 4.1 Ma) indicate an
age (Fig. 9; Table 4) which post-dates ash deposition.

This illite-poor I-S in sample MB 34 and possibly
also in samples containing older detrital illitic
components could have been formed by illitization of
smectite during wetting and drying cycles in the
palustrine environment (e.g. Eberl et al., 1986; Hugget
& Cuadros, 2005) or even directly from the volcanic
glass (Gilg et al., 2003). The syngenetic dolomite-
smectite age model and the elevated Li concentrations
in both the palustrine dolomites and the smectite
residues (∼20 µg/g; Table 3) indicate a cogenetic
formation from Li-bearing evaporated fluids, and thus
an onset of bentonitization during dolomite formation.
The Rb-Sr data (Fig. 9) also suggest that bentonitiza-
tion of the volcanic ash in the Landshut bentonites
occurred no later than 4 m.y. after deposition.

BENTON ITE AND CARBONATE
FORMATION

Two modes are proposed here to explain dolomite and
calcite formation in the Landshut bentonites, as well as
the onset of bentonitization (Fig. 12). Although these
modes may resemble features of topographic “highs”
and “lows” suggested by Ulbig (1994, 1999), they are
based on the fluvial-lacustrine depositional environ-
ment of the anastomosing to braided river system and
associated palaeosols of the UFM (Schmid, 2002;
Maurer & Buchner, 2007). This circumvents the
problematic preservation of unconsolidated volcanic
ash on topographic “highs” (Ulbig, 1994) in a strongly
seasonal climate and the inherent dryness of such
topographic “highs” (Böhme et al., 2007) that contra-
dicts the sedimentological evidence of moist soils and
wetlands (Unger, 1996; Schmid, 2002; Maurer &
Buchner, 2007; Abdul-Aziz et al., 2010).

Palustrine settings

(1) Palustrine deposits, such as Mittersberg and
Gabelsberg, have a pronounced asymmetric character
with tuff and/or dolomite in the upper part but
bentonite with or without carbonates in the lower
part above a clayey footwall (Fig. 12). Deep-reaching
root features in partially altered tuffs and bentonites,
and modern rooting depths (Canadell et al., 1996) of
sclerophyllous (5.2 ± 0.8 m), tropical (7.3 ± 2.8 m) and
temperate deciduous forest and shrubland (2.9 ± 0.9 m)
resembling Miocene vegetation (Böhme et al., 2007)
imply strict surface vicinity of the bentonite deposits
during the onset of bentonite and carbonate formation.
The elevated Li concentrations (∼20 µg/g; Table 3)
and Sr isotope data of smectite residue (especially
MB34; Table 4; Fig. 9) and palustrine dolomites
strongly suggest a cogenetic origin from the same
evaporated Li-enriched fluid with low 87Sr/86Sr
(∼0.71070), and thus links smectite to dolomite
formation. The formation of dolomite and bentonite
in floodplains, ponds or wetlands therefore occurred in
brackish evaporated surface waters with a molar Mg/
Ca of 2 to 5, but a fluid with a more radiogenic Sr
isotope composition (Fig. 10) was later involved in
cation exchange reactions. A combination of insuffi-
cient leaching of K from the K2O-rich glass (Ulbig,
1994) due to frequent wet-dry cycles (Eberl et al.,
1986, 1993) and cyclic water-logging in palustrine
deposits (Köster & Gilg, 2015) favouring a return to
reducing conditions could have led to the incipient
illitization of smectite and formation of illite-poor R0
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I-S, similar to observations in calcareous palaeosols of
the UFM (Stanjek & Marchel, 2008), although the
direct formation of illite-poor R0 illite-smectite from
the K-rich glass cannot be excluded. Bentonitization
was therefore limited to phreatic horizons permanently
saturated with brackish, Sr-rich and Li-bearing water
and probably isolated against dilute groundwater
having more radiogenic Sr by the clayey footwalls
(Fig. 2).

Pedogenic and groundwater-dominated settings

(2) Pedogenic- and groundwater-dominated depos-
its (Fig. 12), such as that at Zweikirchen, have the
characteristic symmetry of bentonite–tuff–bentonite
(Vogt, 1980) hosted by sand or gravel. It is suggested
that this is the result of its more protected alteration
setting (Fig. 12) that has less evaporation and less risk
of desiccation to dryness as the palustrine environ-
ments, indicated by lower δ13C and δ18O values
(Fig. 7; and Köster & Gilg, 2015), lower Sr concentra-
tions but higher Mn and Rb/Sr and 87Sr/86Sr ratios
(Tables 3, 4, Fig. 10). Dolomite and calcite are abundant

but calcites dominate the lower horizons. The lower parts
of the deposits (Figs 2 and 12) were continuously below
reducing groundwater levels while water levels fluctu-
ated at the top (Köster & Gilg, 2015). Infiltration of
surface water and significant evaporation (Fig. 12) were
nevertheless essential for the precipitation of dolomite.
In contrast, calcite formation and bentonitization
occurred in the predominantly saturated zone from
waters similar to recent reducing groundwater in the
UFM. Some Mn-poor calcites (Table 3) formed during
later oxidation events in the now yellow bentonite,
possibly from the samewaters thatwere involved in post-
formational cation exchange reactions with the smectite
interlayer (Fig. 10).

SUMMARY

Themajor and trace-element geochemistry includingSr
isotopes of carbonates and smectites from the terrestrial
Landshut bentonites in Germany were examined
systematically to explore fluid composition and cation
provenance, and reveal clearly that two distinct fluids
were involved in dolomite and calcite formation.

FIG. 12. Dolomite and calcite formation in bentonites in the alteration and depositional context of the fluviatile-lacustrine
environment of the UFM. Not drawn to scale!
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Strontium, Ca and Mg for carbonate and bentonite
formation were re-mobilized by carbonate and silicate
weathering in soils and from subsurface sediments in
the North Alpine Foreland Basin.

Dolomites precipitated from evaporated surface
water with variable salinity and high molar Mg/Ca.
Calcite formation was restricted to dilute, both
oxidizing and reducing ground- and soil waters with
low molar Mg/Ca. Dolomite-rich palustrine environ-
ments received a larger contribution of Sr from lime-
and dolostone weathering, whereas pedogenic and
groundwater settings are characterized by more
radiogenic Sr from silicate weathering.

The original interlayer cation composition in all
smectites appears not to be fully preserved and was, at
least partly, replaced with cations from more radio-
genic, younger groundwater.

Most <0.2 µm fractions separated from bentonites
still contain detrital illitic components. However, a
<0.2 µm fraction of the bentonite (MB34) from
Mittersberg that contains no detrital illitic material
has been dated at 14.7 ± 4.1 Mausing theRb-Srmethod
on the acid-leached <0.2 µm fraction and cogenetic
dolomites. The smectite-rich <0.2 µm fraction of the
Mittersberg bentonite contains some illitic components
as an interstratified clay mineral that probably formed
during pedogenesis in a palustrine environment, and/or
directly from the alteration of a K-rich volcanic glass.
The geochronological data show that the bentonitiza-
tion of volcanic ash in the terrestrial distal Landshut
bentonites occurred within <4million years. The Rb-Sr
method therefore appears to be a new viable technique
for dating smectites and associated carbonates from
terrestrial bentonites using acid-leach techniques,
possibly even in combination with K-Ar dating.
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