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Abstract

The accessories perovskite, pyrochlore, zirconolite, calzirtite and melanite from carbonatites and carbonate-rich foidites
from the Kaiserstuhl are variously suited for the in situ determination of their U-Pb ages and Sr, Nd- and Hf-isotope ratios
by LA-ICP-MS. The **Nd/'*Nd ratios may be determined precisely in all five phases, the !7®Hf/!”Hf ratios only in cal-
zirtite and the 3Sr/%°Sr ratios in perovskites and pyrochlores. The carbonatites and carbonate-rich foidites belong to one of
the three magmatic groups that Schleicher et al. (1990) distinguished in the Kaiserstuhl on the basis of their Sr, Nd and Pb
isotope ratios. Tephrites, phonolites and essexites (nepheline monzogabbros) form the second and limburgites (nepheline
basanites) and olivine nephelinites the third. Our 8’Sr/%6Sr isotope data from the accessories overlap with the carbonatite and
olivine nephelinite fields defined by Schleicher et al. (1990) but exhibit a much narrower range. These and the eNd and eHf
values plot along the mantle array in the field of oceanic island basalts relatively close to mid-ocean ridge basalts. Previously
reported K—Ar, Ar—Ar and fission track ages for the Kaiserstuhl lie between 16.2 and 17.8 Ma. They stem entirely from the
geologically older tephrites, phonolites and essexites. No ages existed so far for the geologically younger carbonatites and
carbonate-rich foidites except for one apatite fission track age (15.8 Ma). We obtained precise U-Pb ages for zirconolites and
calzirtites of 15.66, respectively 15.5 Ma (+0.1 20) and for pyrochlores of 15.35 +0.24 Ma. Only the perovskites from the
Badberg soevite yielded a U-P concordia age of 14.56 +0.86 Ma while the perovskites from bergalites (haiiyne melilitites)
only gave 2°Pb/>*8U and 2°®Pb/>**Th ages of 15.26 +0.21, respectively, 15.28 +0.48 Ma. The main Kaiserstuhl rock types
were emplaced over a time span of 1.6 Ma almost 1 million years before the carbonatites and carbonate-rich foidites. These
were emplaced within only 0.32 Ma.

Keywords In situ determination of Sr, Nd and Hf isotope ratios - In situ determination of U-Pb ages - Accessories in
carbonatites - Kaiserstuhl

Introduction with silicate rocks intrude the alkaline silicate rocks (e.g.
Bell et al. 1999) and appear to be younger just like in the
The relationship between carbonatites and associated alka-  Kaiserstuhl. Results from experimental petrology and major,

line silicate rocks has always been and still is a matter of  trace and isotope geochemistry do not provide a single
intense discussion. Most carbonatites that are associated  answer to the generation of carbonatitic magmas but sug-
gest that carbonatitic melts can be generated by partial melt-
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recent review). The isotopic compositions do not unequivo-
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because the silicate rocks vary much wider in composition
than the associated carbonatites (see, e.g. Bell 1998, and
Gittins and Harmer, 2003). A direct association of carbon-
atites and silicate rocks is only feasible where they overlap in
isotopic composition. The advent of LA-ICP-MS (laser abla-
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the in situ analysis of trace elements and isotope ratios of
minerals in polished mounts possible. This opened entirely
new opportunities for in situ analysis of accessory minerals
especially in carbonatites and alkaline rocks. These contain
phases with incompatible trace element concentrations up to
the level of major elements. Their in situ analysis is fast and
accurate and can substitute conventional whole rock TIMS
analysis to quite an extent in cases (e.g. Sylvester 2008). LA-
ICP-MS analyses may even be superior because contamina-
tion of whole rocks by meteoric water, etc. is excluded. Per-
ovskite (CaTiO3), pyrochlore (Ca,Nb,O,) and schorlomite (a
Ti-rich variety of melanite) already found application (e.g.
Kogarko et al. 2009; Mitchell et al. 2011; Yang et al. 2018)
while other accessories, especially Zr-rich phases like zirco-
nolite (CaZrTi,0,) and calzirtite (Ca,Zr;Ti,0,¢) still need
more investigation (Wu et al. 2010). The latter phases are
scarce in alkaline rocks and carbonatites; they have, how-
ever, great potential for in situ U-Pb geochronology and the
determination of the (Rb)-Sr, Sm—Nd and Lu—Hf isotope
systems (e.g. Rasmussen and Fletcher 2004; Wu et al. 2011).

The aim of the present study is to test and further explore
the potential and proficiency for in-situ laser ablation analy-
sis of five accessory phases from carbonatites and carbonate-
rich foidites, i.e. of perovskite, pyrochlore, calzirtite, zirco-
nolite and melanite (andradite-rich garnet). These accessory
phases were separated from intrusive, massive carbonatites
and from carbonatite and bergalite dikes (haiiyne melili-
tites—Braunger et al. 2018) from the young volcanic edifice
Kaiserstuhl in the Rhine Graben in Germany. Known ages
for the silicate-based intrusives and extrusives range between
16 and 18 Ma. Ages for the carbonatites and bergalites were
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Fig.1 a Simplified geological map of the Kaiserstuhl after Wim-
menauer (2003); essexites are the subvolcanic equivalents to teph-
rites b overview on Kaiserstuhl rock types with the division into five
groups (olivine nephelinites + limburgites, tephrites, phonolite, ber-
galites +hauynophrs and carbonatites after Wimmenauer (1966) and
Keller (1984a, b). The colour coding corresponds to the three groups
that were distinguished by Schleicher et al. (1990) on the basis of
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not known before except for one apatite fission track age of
15.8 Ma from a carbonatite (Wagner 1976). In agreement
with the geological findings absolute ages of the carbonatites
and related rocks should be younger than those of the main
edifice-building rocks of the Kaiserstuhl—by how much was
not known before the present study. We evaluate the preci-
sion and accuracy of the mineral isotope compositions in
comparison to conventional whole rock analyses and of the
U-Pb geochronology in comparison to K—Ar, Ar—Ar and fis-
sion track ages. The new data should give tighter constraints
on age and genetic relationships of the diverse rock types of
the Kaiserstuhl complex.

General geology of the Kaiserstuhl

The Miocene Kaiserstuhl alkaline complex (Fig. 1a) is
located in the SW of Germany, in the southern part of the
Rhine rift valley. Wimmenauer (1966) and Keller (1984a,
b) distinguished five rock groups (Fig. 1b) on the basis of
petrography and major element anlysis: (1) olivine nephelin-
ites and limburgites (ne-basanites), (2) tephrites and essex-
ites (renamed to nepheline monzogabbro by Braunger et al.,
2018) as the dominant rock types of the complex, (3) pho-
nolites, (4) a group of bergalites and hauynophyres, both
considered as a petrogenetic links between carbonatites
and the alkaline rocks and (5) carbonatites. Carbonatites,
bergalites and related rocks intrude all other silicate rock
types and are, therefore, geologically younger (Fig. 2b).
The carbonatites occur in three forms: soevites (intrusive
bodies of calcite carbonatite; Wimmenauer 1966), alvikites
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Sr-, Nd- and Pb-isotope ratios. The fields in the figure correspond to
those in Fig. 11 of Keller et al. (1990) with carbonatite compositions
added from their Table 8. The field of olivine nephelinites contains
one specimen directly from the Kaiserstuhl and four from its imme-
diate surroundings. A much more comprehensive data set on whole
rock major and trace elements from the Kaiserstuhl can be found in
Braunger et al. (2018)
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Fig.2 Secondary Electron Images (SEI) of a pyrochlore from soevite, b perovskite from soevite, ¢ perovskite from bergalite, d zirconolite and e

calzirtite from alvikite, and f melanite from alvikite

(calcite carbonatite dykes; Lehnert 1989) and lapilli tuffs
(Keller 1981, 1989). Keller (1984a) distinguished a Na-
rich (K,0/Na,0 < 0.8) and K-rich (K,0/Na,O > 0.8) series.
Olivine nephelinites, limburgites, bergalites and hauyno-
phyres belong to the former series, tephrites, phonolites and
essexites to the latter. Based on whole rock Sr-, Nd- and
Pb-isotope ratios Schleicher et al. (1990) distinguished oli-
vine nephelinites and limburgites as one group with the most
positive eNd values, bergalites, hauynophyres and carbon-
atites as a second group with less positive eNd but similarly
low 87Sr/%Sr ratios and tephrites, phonolites and essexites
with highest 87Sr®Sr ratios as a third group. The differences
were interpreted such that olivine nephelinites, carbonatites
and related foidites stem from a similar mantle source with
no modification of the isotopic composition by subsequent
processes and that the tephrite to phonolite family stems
from another mantle source with modification of the iso-
topic composition by crustal processes. Essentially the same
distinction was made by Wang et al. (2014) and Braunger
et al. (2018) whereby several rock types were renamed to
correspond to modern nomenclature. The latter authors
argue that rare basanitic lamprophyres (monchiquites) are
the primitive rock types for the tephritic to phonolitic group
and that olivine melilititic magmas are the primary magmas
for the other group. They model the derivation of the differ-
entiated magmas by fractional crystallization accompanied
by an increase in oxygen fugacity. The Miocene age of the

Kaiserstuhl complex with ages between 16 and 18 Ma has
been established with bulk rock K—Ar and Ar—Ar age deter-
minations and the fission track method in the main silicate
rock types by Lippolt et al. (1963), Wagner (1976), Baranyi
et al. (1976), Schleicher (1986) and Kraml et al. (2006).

Analytical methods

The samples for this study (Table 1) are from the Freiburg
collection of Prof. J. Keller. They stem from the central
intrusive carbonatites (soevites from the Orberg at Schelin-
gen and the Badberg, Fig. 1) and from alvikite and bergalite
dykes in the intrusive center W of Badberg (Brettel gang
group). Soevites are calcitic intrusive carbonatites, alvikites
are fast quenched calcitic dyke rocks and bergalites are cal-
cite-rich melilititic dyke rocks (renamed by Braunger et al.
2018 as haiiyne melilitite). The Schelingen soevite consists
of calcite up to 30 cm, magnetite, almost pure forsterite,
Ba-phlogopite, apatite and pyrochlore. The Badberg soevite
consist of coarse-grained calcites with Ba-phlogopite, mag-
netite and apatite and pyrochlore, Nb-perovskite and lat-
trapite (perovskite-lueshite group, CaTiO;—NaNbO; with
Fe,05...) as accessories. Alvikites from the Brettel dike
system have (comb-layered) calcite (Katz and Keller 1981)
as their main phase with perovskite, pyrochlore, zirconolite,
calzirtite and melanite as accessories. The bergalite dikes
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Table 1 Overview on localities

. Sample number Rock type Locality Minerals separated
and mineral separates

S$10208/S10209 Sovite Badberg Nb-perovskite

S10223/KK680 Sovite Orberg (Schelingen) Pyrochlore

K219xx Alvikite Brettel dyke Perovskite, pyrochlore,
andradite, calzirtite,
zirconolite

K217/K417 Bergalite Brettel; Badberg Perovskite

from Oberbergen consist of hauyne, melilite, perovskite,
nepheline, calcite, mica, magnetite and apatite. The Bret-
tel carbonatite dike contains rounded calcites up to 2 cm
and magnetite up to 1 cm and olivine, zirconolite, calzirtite,
pyrochlore, Nb-perovskite and baddeleyte. More details of
all rock types are described in Keller et al. (1990).

The samples were first placed into cold 2.5 M HCI to
dissolve the carbonates. The undissolved rest was sieved
and sorted according to their magnetic and gravitational
properties. The non-magnetic and heavy fractions were
hand-picked for accessory minerals (see Table 1). The hand-
picked minerals were embedded in epoxy and polished.
Grain sizes varied between 100 and 200 um (see second-
ary electron images, Fig. 2). Generally, one analysis was
performed on each individual grain with a laser spot size
varying between 20 to 100 pm. Multiple grains were ana-
lysed for each mineral species to test for compositional vari-
ation, isotopic homogeneity and to obtain a high precision by
statistics for isotope analysis and U-Pb age determination.
Prior to analysis, the polished minerals were characterized
by secondary electron (SE), back scattered electron (BSE)
and cathodoluminescence (CL) imaging with an electron
microscope (JEOL JSM 6490) to identify and avoid altered
or fractured areas and mineral inclusions during LA-ICP-MS
analysis (Fig. 2). All analyses were performed at the Institut
fiir Geowissenschaften of the Goethe University, Frankfurt
am Main.

Major and trace element analyses

The major elements were analyzed with an Electron Micro-
probe (JEOL JXA-8900RL) at the Goethe University, Frank-
furt am Main. The analyses were carried out in WDS (Wave-
length Dispersive Spectroscopy) mode with an accelerating
voltage of 15 kV, a beam current of 20 nA and a spot size
of 10 pm. The counting time was 30 s with a background
measurement time from 10 to 30 s depending on the ele-
ment. The standards were natural minerals and metals; a
ZAF correction was employed to the raw data. For the ele-
vated abundances of REE, U and Th in pyrochlores, we had
to perform an off-line ZAF correction using the abundances
of trace elements (such as Th, Ce and U) obtained from laser
ablation ICP MS.

@ Springer

The trace elements were analyzed using an Element 2 sec-
tor field ICP MS, Thermo Finnigan, coupled to a RESOLu-
tion M-50 Excimer (193 nm) laser from Resonetics. Helium
(about 0.6 1/min) was used as carrier gas in the two-volume
ablation cell and was mixed with about 0.8 I/min Ar, and
5 ml/min N, after the cell and before introduction into the
plasma. Depending on the size and element concentration of
the grains, the laser spot size was varied from 20 to 60 pm
with a fluence of 3—4 J/cm? and a repetition rate of 5-10 Hz.
The ablation time was 33 s with 20 s for background meas-
urements. The following isotopes were analyzed for deter-
mining the abundances of trace/major elements: 295, 31p,
#Ca. $Sc, “ITi, 85Rb, 35S, 89y, 9Zr. SNb, '¥"Ba, ¥La,
140Ce, 141py, 146N, 147Sm, 151y, 157Gd, 1%° Tb, 6'Dy, '65Ho,
167Ey, 1697, 172yb, 751y, 178HE, '81Ta, 2°%Pb, 22Th, and
238U, Data were reduced offline using GLITTER 4.0 (Grif-
fin et al. 2008) with **Ca for internal standardization and
NIST SRM612 soda lime glass as the external calibration
standard. The signal intensities were corrected for the gas
blank background and the final element concentrations were
calculated by comparing the Ca-normalized signals of the
internal standard with that of the NIST SRM612 glass fol-
lowing Pearce et al. (1997). The Ca content of each mineral
was determined beforehand by electron microprobe analysis
(EPMA).

In situ analysis of Sr-, Nd- and Hf-isotopes

The isotope analyses were performed using a Thermo Finni-
gan Neptune MC-ICP-MS equipped with 9 Faraday detec-
tors and attached to a RESOLution M-50 excimer laser
(193 nm) from Resonetics. The laser spot size was varied
from 45 to 100 pm with a fluence of 1.5 J/cm?, using a rep-
etition rate of 6 Hz.

Sr-isotope analyses were carried out on perovskites and
pyrochlores. The isotope ratios were measured in a static
multi-collector mode with 60 s ablation time for 30 inte-
grated blocks using a cup configuration as suggested by
Ramos et al. (2004). The nine Faraday detectors were set to
measure the isotopes from *Kr to ®Sr with monitoring the
masses 83.5, 85.5 and 86.5 to evaluate double charged ions
of 1Er**, "'Yb?* and !> Yb?* respectively. At high abun-
dance levels of the HREE different double charged Yb and
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Er isotopes interfere with Sr and Rb isotope masses:'®*Er
and '°8Yb on #Sr, '"°Er on ¥3Sr and *’Rb, "*Yb on ®°Sr,
74Yb on 7Sr and 'Rb and finally !"Yb on 38Sr. These
interferences were estimated from the background-corrected
signals on masses 83.5, 85.5 and 86.5 and the ratios of
168 /167, 164E,/167E 166,/167E, 170,167, 168y /173y,
12yb/'3Yb, and *Yb/'7*Yb. Gas blanks were measured
frequently throughout the sequence to monitor Kr and other
possible interferences on the selected mass range. The
gas blank was subtracted directly from the signal of each
individual analysis prior to interference and mass bias cor-
rection. For correction of the Rb interference on mass 87,
we monitored 5Rb and used the natural #’Rb/*°Rb ratio of
0.38564, the respective Sr mass bias (8Sr="°St/*®Sr, . .o
relative to Sr/®Sr, .; 0.1194) and a SRb/BSr correc-
tion factor (~0.93). The latter was empirically determined
(®’Rb/®Rb mass bias / 3Sr/*Sr mass bias) from soda-lime
glass SRM-NIST610 (interference of ’Rb on ¥’Sr>300%;
87Sr/8Sr~0.709) analyses at the beginning of the analytical
session. Due to the low abundances of Rb and the high Sr
contents, the interferences of 8’Rb on ¥’Sr were negligible
in most cases. The monitored 33Kz, after '®°Er interference
subtraction, was used to check the potential interferences of
Ca dimers (e.g., $3Ca*Ca) and Ca argides (e.g., #Ca*%Ar).
However, as shown before (Ramos et al. 2004; Vroon et al.
2008; Wu et al. 2011) no interferences were imposed and a
correction was not necessary. For Sr mass bias correction,
an exponential law was used, assuming the natural ratio of
86G1/38Sr =(0.1194. For the HREE mass bias, we used a B
factor of 1.31 as obtained from the analysis of Yb isotopes
in zircon. To monitor the accuracy and reproducibility of our
method, we used in house standard plagioclase megacrysts
from the Miringa volcano (Biu plateau, Nigeria; named Mir'
a) and Mir' b), previously analyzed by IDFTIMS (Ranken-
burg, 2004). Our measurements during several separate ses-
sions yielded 8’Sr/®Sr ratios of 0.703043 +0.00029 (n=4)
and 0.703087 +0.000024 (n=12), respectively. The values
given by Rankenburg et al. (2004) are 0.703096 respectively
0.703044. For instrumental mass bias correction, we used
the exponential law assuming the natural ratio for 36Sr/*8Sr
of 0.1194.

The Sm—Nd- isotopes were analyzed in perovskite,
pyrochlore, zirconolite, calzirtite and melanite. Data were
collected in static mode using nine faraday cups for moni-
toring “2Nd, 3Nd, Nd, %SNd, MONd, ¥7Sm, “8Nd,
1499Sm, 1°Nd with an ablation time of 62 s for integrating
60 blocks. The only significant interference for Nd-isotope
analysis is 144Sm on '**Nd, while the effect of the other
isobaric mass (i.e.: '*?Ce on '*>Nd) is negligible. For mass
bias correction, the exponential law was applied, using the
natural "**Nd/'**Nd ratio of 0.72190. The results were then
normalized to an off-set correction factor, calculated from
the deviation of the measured in-house standard from its

accepted values. We used Merck 500 ppb as our in-house
standard and obtained an average of 0.511722 (+0.000002,
n=2) for ¥*Nd/'*Nd. NIST 610 was measured several
times to monitor instrumental offset. During two sessions
we obtained “Nd/'"**Nd=0.511912 +0.000035 (n=6) and
0.511931+£0.000018 (n=15). These values are close the
value of 0.511908) suggested by Foster and Vance (2006).
If necessary, a small correction was performed to account
for the offset between our analyses and the accepted value.

The Hf isotopes were determined in calzirtites from alvi-
kites. The masses '"2Yb, '°Yb, 'Lu, '7°Hf, '""Hf, '"*Hf,
19Hf, 139Hf and '®!Ta were measured in static mode on 9
detectors with 58 s ablation time, integrating 55 blocks.
All analytical and correction procedures are described in
detail by Gerdes and Zeh (2009). The isobaric interferences
on "8Hf by '"6Yb and "’Lu were corrected by monitoring
the masses '7Yb, !7Yb and '"Lu and calculating '7Yb
and '7°Lu with using the ratios "°Lu/!">Lu=0.02658 and
7% b/'3Yb=0.795015 (both GUF in house values; Gerdes
and Zeh, 2009). Instrumental bias correction was by expo-
nential law using '7’Hf/!'""Hf =0.7325 (Patchett and Tatsu-
moto, 1980). Because of the low abundances of Lu in calzir-
tites (Table 2), the interference of !"°Lu was negligible. For
instrumental offset correction we used GJ1 as our reference
and measured it twice before, during and after our analyti-
cal sequence. The average of "°Hf/!"’Hf(t)d for our internal
standard (GJ1) during measurement is 0.282000 + 16 (2o,
n=6), which was adapted to 0.282003 + 18 (20) as obtained
by Gerdes and Zeh (2009).

Sr- and Nd-isotope dilution analysis

As a comparison for LA-ICP-MS analysis about 7.7 mg of
perovskites and 1.69 mg of pyrochlores were handpicked
from the Badberg respectively Schelingen soevites and each
divided into two beakers. The grains were first leached in
6 M HCl at room temperature in an ultrasonic bath and after-
wards washed with MQ water twice, each time for about
20 min. Prior to dissolution, a "**Sm:!*°Nd double spike was
added. The minerals were dissolved in 100 pl of HF:HNO;
(3:1) on a hot plate at 120 °C for one day. Just before entire
evaporation, 100 pl of perchloric acid (HCIO4) was added
to each beaker at a temperature set to 150 °C for one day.
After evaporation to dryness 0.5 ml of 6 M HCI was added
to each beaker at a temperature of 130 °C for one day. The
procedure was repeated a second time. Finally 1 ml of 2 M
HCI was added to each beaker for preparing the samples for
Sr and Sm:Nd chromatographic separation. Sr and LREE
were separated using the following chromatographic proce-
dure: after washing out most major and minor elements with
3 ml of 2.2 M HCI, Sr and LREE were separated by 6 ml
of 3 M HCl and 10 ml 6 M HCI, respectively, using cation
exchange resin (column 1, Bio Rad 50Wx8); the Nd and Sm
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Table2 Major and trace elements of mineral separates: Per 01 and
03 =perovskites from sovite; Per0O4 and 05 from alvikite; PerBOl,

sovite; Zrct01, 02 and 03 = zirconolites from alvikite; Calz01, 02 and
03 =calzirtites from alvikite; GrtO1, 02 and 03 = andradites from alvi-

B10 and B26=from bergalite; Pyr01, 02 and 03 =pyrochlores from kite

Per01 Per03 Per04 Per05 PerBO1 PerB10 PerB26 Pyr01 Pyr02 Pyr03
CaO 31.6 323 37.55 38.17 36.31 35.89 36.25 17.9 17.2 17.6
Na,O 29 24 0.73 0.71 0.57 0.66 0.82 3.6 45 3.71
TiO, 35.1 38.06 52.43 54.7 52.94 51.85 53 0.35 0.88 0.45
FeO 4.7 4.1 2.09 1.18 2.05 2.18 1.85 0.98 1.1 1.31
MgO 0.2 0.2 b.d 0.02 0.017 0.014 0.01 0.6 04 0.57
Nb,O4 18.9 16.4 3.23 1.79 1.77 2.39 2.66 60.6 61.1 59.9
SiO, b.d b.d b.d b.d 0.025 0.02 0.026 b.d b.d b.d
ZrO, 0.18 0.12 0.14 0.02 0.043 0.027 0.09 2.9 2.9 2.9
Ta,05 1.96 2.06 0.18 0.12 0.15 0.251 0.115 0.07 0.09 0.07
Al Oy b.d b.d 0.31 0.23 0.354 0.302 0.22 b.d b.d b.d
F b.d b.d b.d b.d b.d b.d b.d 23 2.8 23
Total 95.6 95.6 96.7 96.9 94.22 93.58 95.04 89.3 90.97 88.9
Ba 267 69 291 49 15 24 12 148 216 224
Rb 1.39 0.2 0.3 0.2 9 1 1 0.2 0.5 0.6
Sr 2094 2037 3412 2320 4995 4267 3177 2092 1520 1489
La 6333 6140 8748 7178 9242 9124 7335 7258 10,995 10,926
Ce 10,158 10,601 13,808 13,126 16,379 18,067 15,729 33,443 48,094 51,103
Pr 1230 1238 1137 1641 1629 1674 1596 2412 3986 4102
Sm 439 423 481 957 633 616 538 1134 2151 2130
Nd 4282 4188 3711 6474 5425 5440 5000 9344 14,061 14,472
Yb 15 13 30 40 17 14 12 85 166 190
Lu 1 1 22 45 2 1 1 7 14 17
Hf 17 11 7 2.8 8 7 6 67 131 126
U 104 89 592 334 155 124 104 122 270 261
Th 90 85 948 1332 1828 1766 1717 709 2159 2011
Pb 30 5.41 67 10 21 8 7 39 81 37

Zrct01 Zrct02 Zrct03 Calz01 Calz02 Calz03 Grt01 Grt02 Grt03

CaO 11.7 12.1 12.1 12.02 12.31 12.43 32.6 32.6 32.8
Na,O 0.0 0.0 0.0 0.07 0.12 0.08 0.1 0.16 0.1
TiO, 19.3 19.9 20.0 11.57 11.71 12.22 6.13 6.5 33
FeO 7.6 7.5 7.5 2 1.8 1.68 21 21.8 22.5
MgO 0.6 0.6 0.5 0.33 0.28 0.28 0.55 0.56 0.35
Nb,O5 11.8 11.9 12.0 4.88 4.69 4.05 b.d b.d b.d
Sio, 0.1 0.1 0.1 b.d b.d 0.01 334 335 355
710, 31.5 32.7 333 63.03 64.59 65.39 b.d b.d b.d
Ta,04 4.2 4.0 39 222 2.24 2.06 b.d b.d b.d
AL O, 0.4 0.5 0.4 0.27 0.21 0.3 33 24 3
F b.d b.d b.d 0.27 0.25 0.21 0.7 0.7 0.9
Total 87.2 89.2 89.7 96.7 98.2 98.7 97.7 98.2 98.4
Ba 8 4 3 2.2 1.6 91 2 20 4.8
Rb 1 1 1 0.4 0.3 0.7 0.1 0.16 1.9
Sr 87 119 82 37 37 70 54 84 89
La 1856 2920 2186 132 89 137 106 97 120
Ce 9487 13,339 11,576 645 450 565 681 549 638
Pr 1448 2201 1685 120 89 81 134 99 115
Sm 1542 1770 1750 230 167 147 139 85 98
Nd 6810 8606 7880 733 539 491 713 491 565
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Table 2 (continued)
Zrct01 Zrct02 Zrct03 Calz01 Calz02 Calz03 Grt01 Grt02 Grt03
Yb 290 290 318 249 211 210 29 13 15
Lu 34 42 38 23 19 204 4 2 2
Hf 528 705 645 1158 1063 1477 14 13 15
U 31,136 37,573 40,986 2640 2307 2718 26 26 33
Th 29,993 20,365 36,262 943 428 325 38 45 62
Pb 56 29 67 14 12 17 0.2 0.5 1.1

were separated by 6 ml 0.25 M HCI and 2 ml 0.75 M HCI,
respectively, using Eichrom Ln resin. Samples were taken
up in a 1 ml mixture of 2% HNO; and 0.1% HF. The Sr and
Nd isotope ratios were analyzed using the Neptune MC:ICP
MS in a static mode with 30 integration blocks (with 2 min
duration for Sr and Sm isotopes and 4 min for Nd isotopes)
followed by 8 min of washout. The cup configuration was
the same as for LA MC ICP MS analysis. The aliquots were
aspired using a dual glass spray chamber (wet plasma). Pro-
cedural blanks were < 150 pg for Sm and Nd and <300 pg
for Sr and thus negligible. During Nd isotope analysis, two
measurements of Merck standard solution (500 ppb Nd,05)
yielded "*Nd/'"**Nd=0.511722 + 2, which is very close to
the suggested value by Deckart et al. (2005) and Caro et al.
(2006). For the Sr isotopes, three measurements of NBS987
standard solution yielded 3’Sr/*°Sr=0.710260 + 17, which
is in agreement with literature values (e.g. Thirlwall 1991).

U-Th-Pb geochronolgy

In situ U-Th—Pb isotope analyses were carried out on per-
ovskites from the Badberg soevite and from bergalites, on
pyrochlores from the Schelingen soevite and on calzirtites
and zirconolites from alvikites. Analyses were performed
with a Thermo Finnigan Element 2 ICP MS connected
with a Resonetics laser ablation system. Data were col-
lected in time resolved—peak jumping—pulse count-
ing mode over 810 mass scans with 19 s of background
scanning followed by 30 s of sample ablation. Depending
on the size of the grain and U content, the ablation spot
varied from 30 to 65 pm. Off-line data processing was
performed for correcting background signals, common
Pb, interferences of 204Hg, elemental fractionation dur-
ing ablation and instrumental mass discrimination, using
an Excel® spreadsheet by Gerdes and Zeh (2006, 2009).
For the correction of mass discrimination and elemental
fractionation during ablation, we normalized the data to
zircon GJ-1 (Jackson et al. 2004), which was repeatedly
measured during each analytical sequence. As secondary
standards and for quality control of the analysis we used
zircon 91,500 (Wiedenbeck et al. 1995) and Ice River per-
ovskite (Heaman 2009); the latter was particularly used

for monitoring matrix effects observed in perovskite. The
concordia and weighted average age diagrams were plot-
ted, using Isoplot 4.

Results
Mineral major and trace element compositions

Minerals are partly oscillatory zoned and vary in com-
position from grain to grain. Selected analyses for major
and trace elements of the perovskites, pyrochlores, zir-
conolites, calzirtites and garnets are given in Table 2.
Totals are always lower than 100% when Fe is calculated
as FeO. However, when all Fe is calculated as Fe,O; and
trace elements are recalculated to oxides, the totals always
reach more than 99 wt%. A confirmation for the exist-
ence of Fe’™ in such accessories is the report of Fe,0,
analysed directly in zirconolites (see review by Williams
and Gieré, 1996). Also, high Fe,O; in the accessories of
Kaiserstuhl carbonatites is not surprising considering the
high oxgygen fugacity (above the FMQ buffer) calculated
by Braunger et al. (2018) for the Kaiserstuhl carbonatites.
The range of trace element variations shown in Fig. 3
depicts the minimum and maximum values for each min-
eral species. Zirconolites and calzirtites have the overall
highest trace element contents followed by pyrochlores,
perovskites and melanites (Fig. 3). Calzirtites show fairly
flat chondrite normalized REE patterns whereas they are
negatively inclined for all other phases except for La that
is lowered in pyrochlore, zirconolite and melanite. Perovs-
kites Per01 and 03 (Table 2) are from the soevites. They
have the highest Nb,0Os, Ta,05 and Fe,O; of all three rock
types. These elements are incorporated via the substitu-
tions Ca+ Ti <> Na+ Nb and Ti+ Ti <> Nb + Fe**. Trace
elements in other soevitic perovskites overlap with those
in the alvikites. They are, therefore, combined in Fig. 3
within one compositional range. The perovskites from ber-
galites lie within this range for soevitic perovskites, esp.
also the REE (Fig. 3c¢).

@ Springer



580 International Journal of Earth Sciences (2022) 111:573-588
8 0.7040
10 a a
o _
£ 10°7 pero ero perovskite
‘2‘5 L0.7038 - (alv) soev) b
2 10* 1 g
B e 7
S 4
& 1071 * 0.7036-
©
GCJ 0 7
.= 10° 7
=
Ba U Ta Ce Sr Zr Sm Gd Dy Ho Tm L 0.7034 ! ! !
1072 L P bt 900 1700 o, 2500 3300
ppm
Rb Th Nb La Pb Nd Hf Eu Tb Y Er Yb
108 8
b b
g106 + 6 1 . . . .
s calzirtite perovskite zirconolite
= = (alv) (carb) (alv)
210 1 24
gloz T calzirtite (alv) 9. lﬁ ¥ D
© . . \
5 melanite erovskite rochlore
_E 100 - pyrochlore (alv) P (berg) Py (carb)
s (soev) 0
T T T T 1
Ba U Ta Ce Sr Zr Sm Gd Dy Ho Tm Lu 250 500 1000 2500 5000 10000 25000
102 H—————— Nd ppm
Rb Th Nb La Pb Nd Hf Eu Tb Y Er Yb
0.28305
“— C
108 g
s s é
& &
) 5 P
S 104+ 0.28303 Mean =0.28301+2 5 + $
S 5 LK JE
< ¢
o ®
=
© 0.28301
g 1021
s calzirtite in alvikites
. 0.28299 1 I
perOVSklte 0 0.001 0.002 0.003
176|_u/177Hf
100 i i l l 1 l i i 1 1 i i i

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig.3 a Primitive mantle normalized (McDonough and Sun 1995)
spidergrams of perovskites from soevites (soev)+ alvikites (alv), ber-
galites (berg) and melanite; b spidergrams of zirconolites, calzirtites
and pyrochlores; ¢ REE patterns of all phases normalized to chondrite
(McDonough and Sun 1995)

Mineral isotope compositions

The results of single-spot measurements of isotope ratios are
presented in Fig. 4 a-c, their average values with 2¢ devia-
tions are given in Table 3. Figure 4a shows the results for
87S1/36Sr and Sr contents in perovskites and pyrochlores from
bergalites, soevites and alvikites. Because of the very low
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Fig.4 a Single point measurements of 8Sr/%Sr and Sr contents in
pyrochlores and perovskites (pero), black lines mark their averages.
Green symbols are the values of ID measurements of pyrochlo-
res respectively perovskites. b eNd,,, vs. Nd contents in ppm; the
finer black line marks the average of all measurements except for
those of perovskites from bergalites (average = thicker black line) and
of one of the two groups of melanite (black frame). ¢ 176Hf/177Hf([) Vs
6L u/'""Hf in calzirtites from alvikites,

abundances of Rb in perovskites and pyrochlores (Table 1)
the measured values correspond to the initial 8’Sr/*Sr ratios.
The Sr-concentrations of pyrochlores from the Schelingen
carbonatite range from about 1000-1900 ppm (n=13) and
the /Sr/%®Sr ratios vary between 0.70359 and 0.70370.
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Table 3 Sr-, Nd- and Hf isotope ratios—averaged results from LA MC ICP MS measurements
Isotopes in rock types n Perovskite n Pyrochlore n Zirconolite n Calcirtite n andradite
$7Sr/*0Sr

Sovite 16 0.70365 +3 20 0.70361 +3 - -

Alvikite 6 0.70365+3 - - -

Bergalite 24 0.70371 £4 - - -
L3N/ 44Nd

Sovite 7 0.512780+1 0.512773+2 26

eNd 31+03 3.0+0.3

Alvikite 21 0.512781+2 - 26 0.512781+1 17 0.512777+?? 13 0.512759+2

eNd 32+03 32+02 33+0.3 2.8+0.4

Bergalite 36 0.512764 + 1 - - -

eNd 28+0.2

1OHf/ TTHE - - - 16 0.28301+2 -

eHIf(t) 83+2

The Sr-concentrations and 3Sr/%6Sr ratios in perovskites
from alvikites and the Badberg soevite completely overlap
and range from 1500 to 2800 ppm (n=19) and 0.70356 to
0.70366. Perovskites in bergalites have Sr-concentrations
between 2200 and 3000 ppm (n=23) and 3’Sr/%Sr ratios
of 0.70364-0.70382. The latter are highest both in concen-
tration levels and isotope ratios of all measured mineral
grains. The averaged ®’Sr/%Sr ratios (Table 3) are lowest
in the pyrochlores (0.70361). They overlap within the error
with the somewhat higher average (0.70365) of the perovs-
kites from alvikite and of the Badberg soevite from Badberg.
The latter only marginally overlaps with the high average of
0.70371 of the perovskites from bergalites.

Element concentrations were high enough to determine
the *Nd/!'**Nd isotope ratios in all phases that were sepa-
rated from bergalites, alvikites and soevites. The results of
single measurements are shown in Fig. 4b) in a diagram
of eNd,, versus Nd concentration and averaged values are
given in Table 3. Neodymium concentrations are lowest
in calzirtite and garnets (around 400 ppm), significantly
higher in perovskites (~5000 ppm) followed by zircono-
lite (7000 ppm) and then pyrochlore (15,000 ppm). The
143N d/'*Nd values are time corrected (15 Ma) and the corre-
sponding eNd values calculated according to the chondritic
value of '*Nd/"**Nd=0.512638 (Bouvier et al. 2008). In
general, the '**Nd/'"*Nd values of all phases overlap closely
within their 2¢ errors and give an average of 0.512774

(n=383). In detail, the values of one group of garnets lies
below those of all other phases while a second group falls
within their range. The garnet group with the lower values
does not differ in texture or major element composition from
the other garnet group. Also, the perovskites from the ber-
galites form a group on the low side of the Nd isotope range
of all other phases.

The Lu—Hf isotopes could be analyzed only in calzir-
tites from alvikites. The results for 16 analyses are shown
in Fig. 4c in a "°Hf/"""Hf versus '"®Lu/!""Hf diagram.
The average is 0.28301 +2 (Table 3) that corresponds to
eHf(r)= +8.3.

A larger number of individual analyses of an isotopically
homogeneous material statistically yields an accurate aver-
age value with a low 2¢ error that corresponds to the value
obtainable by isotope solution. Indeed, the duplicate isotope
dilution measurements for the Sr and Nd isotope ratios of
perovskites and pyrochlores correspond within the isotope
dilution error to the average values from LA-ICP-MS meas-
urements (Fig. 4a,b and Table 4).

U-Th-Pb geochronology

U-Pb ages were determined for perovskites, pyrochlores,
calzirtites and zirconolites from the soevites and alvikites.
Error ellipses of all individual measurements are shown
in concordia diagrams (Fig. 5a—d); derived U-Pb and

Table 4 Nd and Sr isotope

; . Badberg Perol Badberg Pero2 Schelingen Pyro 1 Schelingen Pyro 2
ratios— results from isotope
dilution Nd/*Nd 0.512793 +4 0.512784 +4 0.512771+4 0.512773 +4
eNd 3.4+0.08 3.2+0.08 3.0+0.09 3.0+0.09
Nd conc ppm 3321 3539 10,362 15,792
87Sr/%6Sr 0.703608 + 18 0.703634 + 18 0.703611 +12 0.703586+ 15
Sr conc ppm 2074 2038 2092 1367
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Fig.5 U-Th-Pb ages of a per-
ovskites from Badberg soevites,
b of pyrochlores in soevites
from Schelingen, ¢ of calzirtites
in alvikites from Brettel and

d of zirconolites in alvikites
from Brettel. e +f Weighted
average ages of 2%®Pb/**2Th and
206pp/238Y of perovskites from
bergalites

206ph/238U ages are given in the figures and in Table 5. A
concordia age of 14.56 +0.86 Ma together with a weighted
average of 14.97 +0.85 Ma for 206pp,,238y (Fig. 5a) was
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found for perovskites from the Badberg soevite. Pyrochlo-
res from the Schelingen soevite gave a concordia age and
also a 2%Pb/?*8U weighted average age of 15.35+0.24 Ma
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Table 5 U-Th-Pb isotope ratios from LA MC ICP MS measurements and derived ages
Mineral Perovskite Pyrochlore Zirconolite Calcirtite
Rocktype (n) Sovite (21) Bergalite (41) Sovite (24) Alvikite (28) Alvikite (24)
206pp/238y 0.00235+27 0.00239 +20 0.00233+16 0.00243 +4 0.00241+4
2W07pp/235y 0.01670+636 0.01196+222 0.01638 +383 0.01536+67 0.1547 +7
208pb/232Th 0.00076 +5
Ages in Ma
Concordia 14.56 +0.86 15.35+0.24 15.6+0.1 15.5+0.1
206pp/238y 14.97+0.85 15.28+0.48 15.35+0.24 15.5+0.01 15.5+0.08
208pp/232Th 15.26+0.21
(Fig. 5b). The Zr-rich minerals calzirtite and zirconolite 18
from alvikites give similar concordia ages of 15.5 (+0.1) £
and 15.66+£0.16 Ma and *°Pb/>*U ages of 15.5 (+0.08) v 5
respectively 15.67+0.11 Ma (Fig. 5c, d and Table 5). Per- § 16 - Tapatite =
ovskites from the bergalites did not yield a concordia age £ Acarbonaﬁte % bergalite
because of their low U and high common lead abundances. gﬂls |
They only gave a lower but not an upper intercept value. 14 - BPero-50evéPyro-soey,
Instead, their 2°°Pb/?38U and 2%®Pb/?**Th yielded averaged 5 :S::z'_ﬁlgrgﬁégm"”"

T T T I I

ages of 15.28 +0.48 Ma and 15.26 +0.21 Ma, respectively
(Fig. Se, f and Table 5). Calzirtite, zirconolite, pyrochlore
and perovskites from bergalites give the same ages within
error around 15.45 Ma whereas the perovskites from soevite
give a younger age of 14.56 Ma. This age with a large 20
error barely overlaps with that of the other phases. Pyrochlo-
res from soevite give an older age consistent with that from
the other accessories.

Analogous to the various isotope ratios, the average of
a larger number of U-Pb analyses statistically gives a very
good precision and accuracy of the in-situ age values. A
precision of around +0.2 Ma is significantly better than
the +0.7 Ma of the previous methods employed in the Kai-
serstuhl. The exception is the age of 14.56 Ma with its large
error of +0.86 Ma for the perovskites from the Badberg.
This large error could be due to the relatively low U and Pb
abundances in these perovskites compared to zirconolite,
pyrochlore and calzirtite and the larger variability of the
trace elements compared to the pervoskites from the ber-
galites (Fig. 3).

Discussion

Accessories as accurate and reliable age monitors
of their whole rocks

Existing age data for the Kaiserstuhl tephrites, essexites
and phonolites are shown in Fig. 6 together with our new
data on the accessories from the carbonatites and bergalites.
The former fall in the time span between 16.2 and 17.8 Ma
and mark the main intrusive and extrusive activity in the

Si0, wt% 40 50 60

Fig.6 K-Ar ages (Ma) of tephrites, essexites and phonolites (black
filled symbols) as determined by Lippolt et al. (1963) plotted against
SiO, taken from Wimmenauer (2003). Errors for the K—Ar ages
are around +0.7 Ma (20). The black, up-side down triangle with the
white dot is the average of four ages obtained by Kraml et al. (2006)
from minerals of the phonolitic Limberg T3 tephra: apatite by fission
track, apatite and titanite each by (U-Th)/He) and sanidine by laser
Ar—Ar. Coloured symbols are the results from the present study.)

Kaiserstuhl. Age data for the carbonatites and related rocks
were not available before our study except for one younger
apatite fission track age of 15.8 +0.5 from a carbonatite
(Wagner 1976).

We obtained significantly younger ages for the carbon-
atites and bergalites. Perovskites from the Badberg gave the
youngest age of 14.56 Ma but with a large error. Still, the age
overlaps within error with the more precise ages of the other
phases (Fig. 6). These span the time range between 15.35
and 15.67 Ma (Table 5 and Fig. 6) including the °Pb/**Th
and 2%°Pb/>38U ages of the perovskites from the bergalites.
The bergalite dykes intrude the carbonatites and are thus
geologically younger. However, this is not resolvable with
our methods. Pyrochlores, calzirtites and zirconolites yield
the most precise age data with errors of only 0.1-0.2 Ma.
Perovskite ages are less precise because of their relatively
lower U and lead contents.

The K—Ar and Ar—Ar age data for the Kaiserstuhl from
the literature entirely stem from the geologically older extru-
sive tephrites and intrusive phonolites and essexites while
our in-situ age determinations are from members of the
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geologically younger carbonatite and carbonate-rich foidite
family (Fig. 1b). These two rock groups have been distin-
guished based on field relationships, mineralogy, petrology
and geochemistry. Their difference in time can now be quan-
tified by geochronology. The ages of the main Kaiserstuhl
rock types lie between 16.2 and 17.8 Ma, i.e. they signal a
long time span for emplacement of 1.6 Ma. The new ages
from the accessory phases are significantly younger between
15.35 and 15.67 Ma and demonstrate that the carbonatites
and foidites intruded within a much shorter time span of
0.32 Ma. The phase of intrusion of the carbonatitic rocks is
much shorter than the main build-up of the volcanic edifice.

Accessories as accurate fingerprints of the isotopic
composition of their host rocks

Based on the Sr, Nd and Pb isotope characteristics Schleicher
et al. (1990 a,b) distinguished three groups of volcanics and
subvolcanics in the Kaiserstuhl (see above “General Geol-
ogy”). The Sr and Nd isotope fields are outlined in Fig. 7a,
b). Olivine nephelinites and melilitites (from the Kaiserstuhl
and its surroundings) have the lowest ®’Sr/*°Sr and the most
positive '**Nd/"*Nd ratios. Their major and trace elements
closely correspond to primary melt compositions. Tephrites,
essexites and phonolites have the highest #’Sr/%Sr and lower
3Nd/'"**Nd ratios than the primary melts and represent
fractionated alkaline rocks. Carbonatites, bergalites and
hauynophyres have 87Sr/%Sr ratios overlapping with those
of the primary magmas and '**Nd/!"**Nd ratios intermediate
between but also overlapping on either end with the primary
melts and the fractionated alkaline rocks. Primary melts and
the carbonatitic to foiditic rocks plot within the mantle array
in a "®Nd/'*Nd vs ¥’Sr/%0Sr diagram (Fig. 7b) whereas the
fractionated alkaline rocks align oblique to the mantle array
and lie partly outside.

Our new isotope data on accessories in carbonatites and
bergalites are in accord with this division. They appear,
however, to be more precise and accurate and allow finer
distinctions than whole rock data. This is especially appar-
ent for the 37Sr/®%Sr ratios. The new mineral 37Sr/6Sr
values overlap with the values of the primary magma
field and fully overlap with the carbonatite whole rocks
(Fig. 7a). The field for the bergalites, however, lies at
somewhat higher 8’Sr/%0Sr ratios than the values for the
perovskites from bergalites and the carbonatite field. This
may reflect a meteoric influence in the easily weathering
bergalites as suggested by Hubberten et al. (1988) on the
basis of whole rock oxygen isotopes. Combined with the
Nd-isotope ratios the field for carbonatite and bergalite
accessories falls somewhat removed from the previously
established carbonatite—bergalite field onto the edge of the
mantle array (Fig. 7b), Both the Sr and Nd isotope ratios
are lower possibly also reflecting a meteoric influence in
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Fig.7 The outlined fields with black symbols depict the range
of whole rock data after Schleicher et al. (1990) The colored sym-
bols are our own new data. a Comparison of the ¥’Sr/*°Sr ratios
and Sr contents of whole rock and minerals. b Comparison of the
ISNd/'*Nd and 37S1/%Sr isotope ratios of whole rocks and and pyro-
chlores and perovskites from carbonatites and bergalites. Also shown
are the mantle array and the right-hand edge of the HIMU field. ¢ eHf
vs eNd for calzirtites from bergalites. They plot within the field of
oceanic island basalts just above the terrestrial array. Fields of MORB
and OIB are from Dobosi et al. (2003) and Vervoort and Blichert-
Toft (1999). The Terrestrial Array is from Vervoort and Blichert-Toft
(1999)

the whole rocks. Furthermore, the perovskites from ber-
galites plot somewhat away from the pyrochlores and per-
ovskites from carbonatites to even lower Nd values. The
Hf-isotopes could only be determined in calzirtites from
the bergalites. Combined with their Nd-isotopes they plot
in an eHf versus eNd diagram within the field of oceanic
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island basalts above the terrestrial array in the quadrant for
long time depletion (Fig. 7c).

Genetic relationships amongst the Kaiserstuhl
magmatic rocks

The intrusion and extrusion of the Kaiserstuhl magmatic
rocks coincided with the updoming of the Moho underneath
the Kaiserstuhl to 24 km depth, i.e. hot mantle material was
rising underneath the Kaiserstuhl. This occurred during the
uplift and NS compression of the southern Rhine Graben
segment in the late Aquitan and Burdigal (21-16 Ma; see
overview by Keller et al. (2002), Lutz and Cleintuar (1999),
Larroque and Laurent (1988). Schleicher et al. (1990, 1991)
deduced the genetic relationships of the various intrusives
and extrusives from the Sr-, Nd- and Pb isotopic compo-
sitions and embedded them into a history of updoming of
the mantle underneath the Kaiserstuhl: (a) they proposed
that parental, primary olivine nephelinites stem from the
upwelling of a long-time depleted mantle that was re-
enriched in incompatible elements in the cause of the rift-
ing processes and that the derivative tephrites, essexites and
phonolites are the products of AFC processes in the crust.
(b) They also suggested that the carbonatites and bergalites
stem from a second depleted mantle source whose isotopic
composition was continuously, even though little modified
by metasomatism in the process of the continued updoming
of the asthenosphere. The carbonatites, bergalites and related
magmas are not primary mantle melts but are differentiation
products of olivine nephelinite magmas at high pressures.
Prove for high-pressure crystal fractionation in the man-
tle is the presence of clinopyroxene megacrysts in olivine
nephelinite tuffs in the Kaiserstuhl (Keller 1978; Ulianov
et al. 2007). Keller (1978) demonstrated experimentally
that these clinopyroxenes are high-pressure liquidus phases
of the olivine nephelinites at around 2 GPa. The crystal-
lisation of mainly clinopyroxene drives the residual liquids
towards bergalitic and eventually carbonatitic melts. Whole
rock REE patterns from olivine nephelinites to bergalites
and carbonatites from Braunger et al. (2018) and Keller et al.
(1990) are in qualitative agreement with such a model.

Similarly, Braunger et al. (2018) postulated two mantle
sources with distinct prevailing oxygen fugacities. In their
model, basanitic lamprophyres (monchiquites) are the primi-
tive rocks for the tephrite to phonolite series with fractional
crystallization of mainly clinopyroxene, amphibole and oli-
vine accompanied by an increase in oxygen fugacity. Olivine
melilititic magmas are the primary magmas for the bergalites
(hauyne melilitites) and more fractionated rocks. These dif-
ferentiates developed by fractional crystallization of mainly
olivine, spinel/magnetite, melilite, perovskite and nepheline
at even higher oxygen fugacities.

The model of Schleicher et al. (1990) contains the geo-
logical findings that the carbonatite—foidite group is younger
than the tephrite—phonolite group. We have shown here that
the time difference is considerable and almost one million
years and that the time span for the emplacement of the
tephrite—phonolite group is much longer than for the carbon-
atite—foidite group. Reasons for these differences may lie in
processes connected with the updoming of the mantle under-
neath the Kaiserstuhl and in the differences of the properties
of silicate and carbonatite melts. For the generation of the
strongly Si-undersaturated primary melts the depth of par-
tial melting and melt segregation is roughly constant in the
mantle but the portion of the melting peridotite is renewed
in an upwelling mantle with time. Because of the relative
properties of small melt fractions of silicic or carbonatitic
melts as metasomatizing agents Green (2015) hypothesized
that a carbonate-bearing melt moves slower than a silicate
melts and also slower than an upwelling mantle. If so and
if partial melting is intermittent, an earlier melting process
may tap a long-time depleted mantle portion (required by
positive eNd) that was refertilized in incompatible elements
by a relatively water-rich, CO,-poor melt. The generated
parental melts will differentiate into tephritic to phonolitic
compositions. The second melting would occur in a depleted
mantle that was metasomatised by a more carbonatitic melt.
The resulting parental melts with higher CO,/(CO, +H,0)
reach their volatile-saturated liquidus at higher pressures
than those with lower CO,/(CO, +H,0) during uprise. They
precipitate Si-rich phases like clinopyroxene and differenti-
ate eventually to foidites and carbonatites.

Summary and conclusions

We have shown that accessories from young carbonatites
and carbonate-rich foidites are accurate and precise record-
ers of the age and isotopic compositions of their host rocks.
Depending on the trace element abundances and patterns
(mother/daughter element ratios) the investigated phases are
variously suited for U-Pb geochronology and the determina-
tion of their Sr-, Nd- and Hf-isotope ratios.

a) Zirconolite and calzirtite have highest U contents and
highest U/Pb ratios. They yield the most precise ages
with 2o errors of only 0.1 Ma followed by pyrochlore
with an error of 0.2 Ma. Errors of *°Pb/>*8U ages are of
similar size or less. Perovskites with lower U/Pb ratios
appear to be less suited because they either yield concor-
dia ages with a much higher error or no age at all. Still,
meaningful ages may be obtained from 2°°Pb/>**U and
208pb/232Th geochronology.
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b) Perovskites and pyrochlores have the highest Sr-con-
tents. They yield 8’Sr®®Sr ratios with a precision very
close to that of isotope dilution measurements.

c) All accessory phases perovskite, pyrochlore, zirconolite,
calzirtite and melanite are suitable for the precise deter-
mination of the Nd-isotopes.

d) The Hf-isotopes could only be determined with high
precision in calzirtites. They have the largest positive
Zr-Hf anomalies compared to all other phases.

Zircon, baddeleyite zirconolite, calzirtite and perovs-
kite have been previously used to determine precise U-Pb
ages and isotope ratios by SIMS and TIMS for various rock
types from 130 — 2000 Ma old carbonatite complexes (Wu
et al. 2010 and 2011; Heaman 2009). Our results show that
this is also possible for a young volcanic complex like the
Kaiserstuhl by LA ICPMS. They also confirm the findings
of previous studies that precise data can be obtained from
calzirtites and zirconolites (Wu et al. 2010) and perovskites
and pyrochlores (Ghobadi et al. (2018).

Our new Sr-isotope ratios confirm the results of
Schleicher et al. (1990) that olivine nephelinites and carbon-
atites with their associated carbonate-rich foidites entirely
overlap which suggests a close genetic relationship between
them. However, Schleicher et al. (1990) also pointed out
that the olivine nephelinites had more negative eNd values
and lower 2%°Pb/2%*Pb ratios. They resolved this by suggest-
ing that the mantle source underneath the Kaiserstuhl was
continuously modified by incoming melts or fluids during
the updoming of the Moho. Indeed, our results show that at
least 1 Ma passed after the intrusion and extrusion of the
main silicate rock types of the Kaiserstuhl until the carbon-
atites and bergalites were emplaced providing time for the
modification of the carbonatite mantle source. This source
has not directly produced the calcic carbonatites of the Kai-
serstuhl as partial melts. Direct partial melting products of
a carbonatized peridotitic mantle at low degrees are rather
dolomitic (Wallace and Green 1988) that cannot reach the
Earth’s surface because of decarbonatization reactions on
the way up.
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