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ABSTRACT

The Miocene Kaiserstuhl volcanic complex
in the Rhine graben rift is known for simulta-
neously exposing both intrusive and erupted
(pyroclastic) calciocarbonatites. This makes
Kaiserstuhl a promising candidate for study-
ing the field and genetic relations between
intrusive calciocarbonatite and its eruptive
equivalent, and the processes enabling erup-
tion of the calciocarbonatite at the surface
in particular. Eruptive calciocarbonatites in
Kaiserstuhl are represented by carbonatite
tuff and lapillistone beds covering a debrite
fan on the western flank of the volcano. The
debrites are interpreted as lahar (debris flow)
and possibly also debris-avalanche deposits.
Based on the observed textures, the debris
flows were most likely derived by water di-
lution from debris avalanches resulting from
edifice failure, which occurred in the central
part of the Kaiserstuhl volcanic complex.
The edifice failure ultimately exposed the
intrusive system, and the carbonatite pyro-
clasts (lapilli and ash) were ejected from nar-
row vents represented by open-framework
tuff-breccias aligned along the detachment
scarp. Since the Ca-carbonates break down
rapidly at high temperatures and low pres-
sures, calciocarbonatites are unlikely to form
surface lavas. On the other hand, the pres-
ence of the calciocarbonatite pyroclastic de-
posits suggests that some geological process
faster than the high-temperature breakdown
of Ca-carbonate may facilitate calciocarbon-
atite eruption. We suggest that the sudden ex-
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posure and decompression of a suprasolidus
high-level carbonatite intrusion by edifice
collapse may be a suitable scenario enabling
calciocarbonatite eruption. The absence of
edifice failures on alkaline volcanoes, where
carbonatite intrusion is either supposed or
exposed, may explain the overall scarcity of
erupted calciocarbonatites.

1. INTRODUCTION

Carbonatites are magmatic rocks with >50
modal % primary igneous carbonates and
<20 wt% SiO,, present mostly as intrusive bod-
ies, with extrusive forms representing <10%
of occurrences (Woolley and Church, 2005).
Their ages span from the late Archean (Tuper-
talik, ca. 3.0 Ga; Bizzarro et al., 2002) to the
present day (Oldoinyo Lengai, ca. 0.37 Ma to
recent; Macintyre et al., 1974). Most carbonatite
bodies worldwide are represented by calciocar-
bonatites, i.e., carbonatites with >80 wt% CaO
from cation oxides (e.g., Woolley and Kempe,
1989). According to recent experimental stud-
ies, calciocarbonatites are most likely cumulate
rocks crystallized from melts that may have
had <50 wt% CaCO; (e.g., Weidendorfer et al.,
2017). The predominantly intrusive nature of
calciocarbonatites is also supported by experi-
mental and inclusion-focused studies (Yaxley
et al., 2022).

Our knowledge of the physical properties and
eruptive behavior of carbonatite melts is still lim-
ited and mainly comes from the Oldoinyo Len-
gai volcano, a single carbonatite occurrence that,
however, has a highly unusual sodic character
(Dawson et al., 1990; Keller et al., 2010; Kervyn
et al., 2010). The natrocarbonatite eruptions at
Oldoinyo Lengai alternate with nephelinitic
events. The extrusive natrocarbonatite activity

is mostly characterized by low eruption energy
(volcanic explosivity index [VEI] = 0-1),
whereas the nephelinitic events tend to be more
powerful (VEI = 3), usually destroying the
spectacular landforms of the preceding natro-
carbonatite phase. The extremely low viscosity
and rapid chilling at Oldoinyo Lengai create lava
forms that are not seen at any other volcano.

Since modern human experience with car-
bonatite eruptions is limited to natrocarbon-
atite events at the Oldoinyo Lengai volcano,
the experimental and petrogenetic research has
also mainly focused on natrocarbonatites (e.g.,
Weidendorfer et al., 2017; Guzmics et al., 2019;
Vasyukova et al., 2023), which are less sensi-
tive to decompression and more prone to form
carbonatite lavas than calcic carbonatites. The
number of documented calciocarbonatite pyro-
clastic occurrences (Woolley and Church, 2005)
implies that calciocarbonatite may also erupt
at the surface under certain conditions—and
this process requires better understanding as it
has so far remained beyond the scope of mod-
ern studies.

The major problem for surface eruptions of
carbonatite melts is the instability of calcium
carbonate at high temperatures and low pres-
sures that are typical of igneous rocks erupted
at Earth’s surface (see Shatskiy et al., 2013, and
references therein), resulting in the swift break-
down to CaO and CO,. This reaction is rapid
at temperatures above 790 °C, but it becomes
more sluggish at 600-790 °C (e.g., Karunadasa
etal., 2019). The lower temperature limit for the
magma mobility and eruption is given by the sol-
idus temperature, determined by Podborodnikov
etal. (2018) for CaCO, to exceed 800 °C at near-
surface pressure conditions. This stability limit
of CaCO; largely precludes formation of cal-
ciocarbonatite lavas, as the ascent and emplace-



ment rates are much slower than the breakdown
reaction. On the other hand, explosive eruptions
under favorable conditions may be fast enough
to preserve primary magmatic CaCO;. The erup-
tive behavior of calciocarbonatite is an integral
part of the evolution of high-level carbonatite
complexes. Nevertheless, limited attention has
been paid to the origin (from the perspective
of physical volcanology) of calciocarbonatite
pyroclastic rocks, except for reports describ-
ing their occurrence and mostly providing only
basic textural observations, eventually focusing
on their mineralogy or magmatic petrology (e.g.,
Kaiserstuhl, Germany—Keller, 1981; Barker,
2007; Rangwa, Kenya—Rosatelli et al., 2003;
Ambinsky volcano, Primorye, Russia—Popov
et al., 2007; Fort Portal, Uganda—Barker, 2007;
Kerimasi, Tanzania—Reguir et al., 2008; Brava
Island, Cape Verde—Mourdo et al., 2010; Cat-
anda, Angola—Campeny et al., 2014). Woolley
and Church (2005) provided a comprehensive list
of 53 extrusive carbonatite localities, but some of
these occurrences remain to some extent specu-
lative. Although calcite-dominated pyroclastic
deposits documented on at least some volcanoes
may be calcified natrocarbonatites (e.g., Deans
and Roberts, 1984), and this aspect also requires
specific attention, many other occurrences dis-
play primary calciocarbonatite textures.

To reveal the nature of volcanic processes
leading to the eruption of calciocarbonatites, we
focused on the Miocene Kaiserstuhl volcanic
complex (herein referred to simply as Kaiser-
stuhl) in the Upper Rhine graben, Germany. This
is one of the best-preserved volcanic systems
where eruptive calciocarbonatites are present
(Woolley and Church, 2005; Walter et al., 2018,
2020; Giebel et al., 2019). In addition, at Kai-
serstuhl, subvolcanic feeding conduits and intru-
sive (carbonatite and silicate) facies are exposed
(Wimmenauer and Schreiner, 2003; Braunger
etal., 2018), which rarely is the case for younger
volcanoes. Therefore, Kaiserstuhl appears to be
an appealing candidate to delineate new ties to
calciocarbonatite eruptions.

2. GEOLOGICAL SETTING

The Miocene (18-15 Ma) Kaiserstuhl volca-
nic complex in SW Germany is situated close
to the eastern boundary of the Upper Rhine gra-
ben rift and is a part of the Central European
magmatic province (Fig. 1A; e.g., Wilson and
Downes, 2006; Lustrino and Wilson, 2007). The
complex is structurally positioned at the junc-
tion of four major tectonic blocks within the
rift and is affected by Neogene strike-slip and
horst-graben tectonics within the rift (Beccaletto
et al., 2010; Giebel et al., 2019). Generally gen-
tly dipping slopes, disturbed locally by erosional

cuestas, and a volcanic edifice composed mainly
of lavas classify Kaiserstuhl as a shield volcano
(Fig. 1B). The Kaiserstuhl volcanic complex
consists mainly of mafic alkaline 1avas inter-
calated with pyroclastic (mostly scoriae) beds,
intruded by sills, alkaline dike rocks (alkaline
lamprophyres and other alkaline rocks), and
carbonatites (Fig. 1C). Extrusive carbonatites
in the form of pyroclastic deposits occur on the
western margin of Kaiserstuhl.

Erosion has exposed the polyphase subvol-
canic center comprising various intrusive bod-
ies and a rich variety of rock types (e.g., Wim-
menauer and Schreiner, 2003, and references
therein), for the purpose of this study merged
into a single intrusive facies (Fig. 1C). The vol-
canic center is transected by numerous poly-
genetic diatreme breccias (e.g., Baranyi, 1971;
Sigmund and Keller, 1994; Sigmund, 1996),
which provided ascent pathways for several
larger intrusive carbonatite bodies (Fig. 1C).
The breccia matrix is composed of olivine mel-
ilitite (Sigmund, 1996). The sequence is further
intruded by phonolite dikes and medium- to
coarse-grained nosean syenite (e.g., Braunger
et al., 2018; Giebel et al., 2019).

Based on the geochemistry and isotopic
studies, the Kaiserstuhl silicate alkaline rocks
have been interpreted to represent two dis-
tinct magma series: (1) “sodic” series (olivine
nephelinites, haiiyne melilitites, and melilite
hatiynites) derived from a primitive ultraba-
sic melt and (2) “sodic-potassic” series (teph-
rites, phonolites, and syenites) that display a
larger extent of fractionation (e.g., Schleicher
et al., 1990; Wimmenauer and Schreiner, 2003;
Braunger et al., 2018). According to Schleicher
etal. (1990), Kaiserstuhl carbonatites are geneti-
cally linked to the “sodic” series. However, the
detailed petrogenetic processes of the formation
of carbonatites remain debated (e.g., Wang et al.,
2014; Braunger et al., 2018; Walter et al., 2018,
2020, 2021).

At present, Quaternary colluvial, river, and
eolian sediments (loess) cover most of the volca-
nic exposures. In addition, some parts have been
significantly m odified by an thropogenic land
transformation related to viniculture. Despite
limited exposure, the Kaiserstuhl volcanic com-
plex is a classical site for petrological and geo-
chemical studies due to its excellent accessibil-
ity, wide spectrum of rock types distributed over
a small area, and association of carbonatites,
alkaline rocks, and postmagmatic mineraliza-
tion (e.g., Katz and Keller, 1981; Keller, 1981;
Schleicher et al., 1990; Wang et al., 2014; Walter
et al., 2018; Giebel et al., 2019; Ghobadi et al.,
2022). On the other hand, both the geomorphol-
ogy and physical volcanology have not been
studied in detail.

3. METHODS
3.1. Volcanology and Volcanic Morphology

Since the genetic interpretations of volcani-
clastic facies according to their textures (McPhie
et al., 1993) are the key to our understanding of
the eruptive history of any volcano, this study
primarily focused on the volcaniclastic depos-
its to reconstruct the volcanic evolution and to
better understand the mechanisms leading to
explosive carbonatite eruptions. All available
exposures of volcaniclastic rocks were system-
atically investigated and critically reinterpreted
during two field campaigns in 2019 and 2021.
The spatial and temporal (stratigraphic) relations
of various volcanic facies were supported by
morphological interpretations conducted using
a light detection and ranging (LiDAR)-based
digital elevation model (DEM) provided at 5 m
spatial resolution by the Landesamt fiir Geo-
information und Landentwicklung of Baden-
Wiirttemberg (LGL). The 5 m DEM was hydro-
logically corrected using the Topo to Raster tool
provided in ArcGIS Desktop version 10.6.1.
This procedure automatically removes spurious
sinks or pits while maintaining stable, artifact-
free behavior of the fitted surface grid (Sharma
and Tiwari, 2014). Common DEM derivatives
(slope, aspect, and shaded relief) were computed
using the Spatial Analyst extension for ArcGIS
with the aim to better visualize morphological
features of the volcano.

3.2. Mineral Chemistry and Backscattered
Electron Imaging

Quantitative chemical analyses of individual
mineral phases and distribution maps of selected
elements were obtained using a Tescan MIRA
3GMU electron microprobe analyzer (EMPA),
housed at the laboratories of the Czech Geologi-
cal Survey, Prague (CGS), fitted with a silicon
drift detector (SDD) X-Max 80 mm? energy dis-
persive spectrometer (EDS) detector and driven
by AZtecEnergy software (Oxford Instruments,
Abingdon, UK). The analyses were acquired
using 15 kV accelerating voltage, 15 mm work-
ing distance, 3 nA probe current, 30 s acquisition
time, and 30 nm beam diameter. A mineral set of
standards (SPI) and pure Co were used for stan-
dardization and beam calibration, respectively.

3.3. Stable C and O Isotopes and Clumped
Isotopes

With an aim to verify the primary (magmatic)
origin of the carbonatite lapilli in the studied
pyroclastic deposits, the lapilli and secondary
cement were analyzed for stable isotope com-
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Figure 1. Geology of the Kaiser-
stuhl volcanic complex: (A) posi-
tion of the Kaiserstuhl volcanic
complex in the European Ceno-
zoic rift system (adapted after
Deézes et al.,, 2004); (B) slope-
dip analysis of the Kaiserstuhl
volcanic complex based on light
detection and ranging (LiDAR)
data (source: Landesamt fiir
Geoinformation und Landent-
wicklung of Baden-Wiirttem-
berg [Baden-Wiirttemberg State
Office of Geoinformation and
Land-development]); and (C)
simplified geological map of the
Kaiserstuhl (adapted after Wim-
menauer and Schreiner, 2003;
field observations and mapping
[this study]). BF—Black For-
est; BG—Bresse graben; HG—
Hessian graben; LG—Limagne
graben; LRG—Lower Rhine
graben; URG—Upper Rhine
graben; VG—Vosges.

tific™ Delta V Advantage isotope ratio mass
spectrometer housed at the CGS. The results
are reported in conventional delta (§) notation



relative to Vienna standard mean ocean water
(VSMOW) for oxygen and Vienna Peedee bel-
emnite (VPDB) for carbon.

For selected samples, clumped isotope sys-
tematics ('°0'3C!80; expressed as Agq) were
determined using a TILDAS-FD-L2 laser spec-
troscopy system (Aerodyne Research Inc., Bil-
lerica, Massachusetts). Carbonate samples of
~12 mg mass were digested at 90 °C, and the
resulting gas was processed as described in
Weise and Kluge (2020). Measurement and data
evaluation followed the principles described by
Yanay et al. (2022). Isotopic calibration was
based on the Inter-Carb approach (Bernasconi
et al., 2021) and used the A,;-temperature cali-
bration of Anderson et al. (2021).

3.4. Radiogenic Sr Isotopes

Strontium separation by column chromatog-
raphy and isotope analyses using a Triton Plus
thermal ionization mass spectrometer (TIMS;
Thermo Fisher Scientific, Bremen, Germany)
were done at the Czech Geological Survey.
Powdered samples, either in the form of bulk
samples or drilled domains within a sample,
were dissolved in 4 mL of doubly distilled 2 M
HCI, from which aliquots, corresponding to an
estimated 500-1000 ng of Sr, were dried down
and re-dissolved in HNO;, prior to further pro-
cessing via column chromatography. Strontium
was isolated from the dissolved matrix follow-
ing an abbreviated version of the techniques
described elsewhere (Pin et al., 1994; Mikova
and Denkov4, 2007) and using Sr resin (TrisKem
International, Bruz, France).

Strontium isolated by column chromatogra-
phy was loaded onto previously outgassed Ta
single filaments that were allowed to develop an
oxide coat. TIMS analyses were done in static
mode, with simultaneous collection of 34Sr, °Rb,
86Sr, $7Sr, and #Sr, at typical ion beam intensi-
ties of 57 V on mass 8Sr for 100 ratios, each
with 8 s integration time. Signal intensities were
first corrected for gain and baseline, and the
87Sr signal was corrected for isobaric interfer-
ence using the measured 35Rb signal and assum-
ing $’Rb/%Rb = 0.386. Isotopic ratios were
corrected for instrumental mass fractionation
assuming 36Sr/%8Sr = 0.1194. External repro-
ducibility was estimated from repeated analyses
over a 3 yr period of the Sr standard NBS-987
(®¥7St/%Sr = 0.710267 + 22, 20; n = 87).

4. RESULTS
4.1. Field Observations and Petrography

The landscape of Kaiserstuhl is dominated
by remnants of structural slopes fragmented by

gullies (Fig. 1B), suggesting an early stage of
erosion of the volcano. This contrasts with the
landscape of eroded volcanic complexes domi-
nated by high-level intrusive bodies (phonolite
laccoliths) exposed by selective erosion (e.g.,
Raska and Cajz, 2016). Despite their common
occurrence, phonolite intrusions in Kaiserstuhl
are exposed in walls of the erosional gullies
and do not display significant morphological
features. Intrusive rocks (essexites, tinguaites,
etc.) and deeper diatreme facies are exposed
solely in the Schelinger valley; its role is dis-
cussed in more detail in the following text. The
general character of the landscape suggests that
gully erosion only had a limited effect on the
morphology, which can thus (even with care)
be interpreted in terms of volcanic processes.
Overall weak erosion of Kaiserstuhl since the
Miocene (ca. 17 Ma) can be explained in terms
of its position at the bottom of the Rhine gra-
ben, i.e., in an accumulation region close to
the erosional base and, therefore, with limited
erosion rates, compared to the uplifted (denuda-
tion) areas. Although Kaiserstuhl is dominated
by lavas, weakly eroded pyroclastic cones of a
similar age are also documented elsewhere in the
Central European volcanic province (Rapprich
et al., 2007; Tietz and Biichner, 2015).
Erosional remnants of erupted carbonatites at
Kaiserstuhl are found in the western foothills,
around the mouth of the broad Schelinger valley,
which drains the central part of Kaiserstuhl west-
ward (Fig. 1B). Even though the valley follows
the geologically and geophysically documented
Schelingertal fault (Fig. 1C; Giebel et al., 2019),
its open U-shape (Fig. 2A) does not resemble a
typical tectonic valley; rather, it suggests signifi-
cant reshaping by erosion through mass move-
ment (e.g., Chen, 2000; Bouquety et al., 2020,
and references therein). In addition, unlike
common tectonic valleys, the Schelinger valley
does not transect Kaiserstuhl completely, but it
extends from its center solely toward the west
(Fig. 1B). In the highest part, in the Kaiserstuhl
center, the Schelinger valley ends in a 2.5-km-
wide amphitheater (Figs. 1C and 2A). There is
no evidence of Kaiserstuhl volcano ever hav-
ing been glaciated. On the other hand, a large
accumulation of debrites was documented at the
mouth of the Schelinger valley on the western
margin of the volcano (Fig. 1C). These debrites
were documented at several smaller outcrops
in vineyards, road cuts, and small abandoned
quarries along the main roads in the Kaiserstuhl
foothills. The debrites consist of poorly sorted,
matrix-supported polymict volcanogenic con-
glomerates, forming ~2-m-thick beds at individ-
ual outcrops (Fig. 2B). The debrites are unsorted
and matrix-supported and contain subrounded
to rounded boulders of both eruptive (lavas) and

intrusive rocks of the Kaiserstuhl volcanic com-
plex (Fig. 2C). Locally, finer-grained (sandy)
facies remain preserved atop some of the debrite
units (Fig. 2C). The presence of volcaniclastic
debrites building up the plateau between Nie-
derrotweil and the Outer rift-axis fault was con-
firmed in borehole 36 (Wimmenauer and Sch-
reiner, 2003, and references therein; Fig. 1C).
This drill core documents a > 60-m-thick
sequence dominated by volcaniclastic deposits
(Fig. 2D). Despite being described as pyroclastic
agglomerates in the original drill log, the detailed
description, noting chaotic texture, the absence
of sorting, and the presence of rounded blocks of
variable dimensions enclosed in a finer matrix,
links these deposits with debrites exposed at
the surface. Textures of all these debrites (sur-
face exposures and drill core) correspond well
with lahar (volcaniclastic debris-flow) deposits
(McPhie et al., 1993; Graettinger et al., 2010).
Locally, slightly offset, originally jigsaw-fitting
angular subclasts were observed in the debrite
deposits (Fig. 2E). This specific texture suggests
an earlier presence of shattered megablocks with
jigsaw-fit textures, which represent a common
feature in debris-avalanche deposits (Ui et al.,
2000; van Wyk de Vries and Delcamp, 2015).
The increasing spacing between individual
subclasts of the original megablocks suggests
a transition of the debris avalanche into lahars,
possibly due to increased water saturation, as
the mass flow mixed with available stream
water during its passage through the valley (e.g.,
Bernard et al., 2019). The possible presence of
debris-avalanche deposits can be expected also
in borehole 36, where, according to the provided
description (Wimmenauer and Schreiner, 2003,
and references therein), apparently coherent
bodies of tephrite (Fig. 2D) comprise frequent
joints filled with clayey material. Such textures
could correspond to the debris-avalanche matrix
that migrated into joints in the shattered mega-
blocks. Therefore, it is likely that at least some of
the lahars initiated as debris avalanches derived
from a failure of the volcanic edifice (Belousov
et al., 1999; Capra et al., 2002; Clavero et al.,
2002; van Wyk de Vries and Delcamp, 2015).
Such a scenario would explain both the shape of
the Schelinger valley, with the wide detachment
amphitheater, as well as the lahar distribution.
According to previous reports, the carbonatite
pyroclastic deposits in Kaiserstuhl are associated
with carbonatite lava exposed on the southern
slope of Kirchberg hill (Fig. 1C; Keller, 1981;
Wimmenauer and Schreiner, 2003, and refer-
ences therein). Our examination of this outcrop
(sample KS04A) revealed that the rock originally
described as carbonatite lava is a well-compacted
carbonatite tuff in which interclast voids appear
to be significantly reduced (Fig. 3A), most likely
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Figure 2. Morphology and studied volcanic facies of Kaiserstuhl volcanic complex (see
Fig. 1C for photo locations): (A) Schelinger valley with detachment amphitheater in rear;
(B) two units (I and II) of matrix-supported debrites with rounded to subrounded boulders;
(C) close-up on unsorted matrix-supported debrite with rounded boulders of lavas (b) en-
closed in sandy to clayey groundmass (g) with reworked sandy top (s); (D) reinterpreted
profile of drill-hole no. 36 (Wimmenauer and Schreiner, 2003); and (E) larger block indicat-

ing the earlier presence of jigsaw-fit texture.

by postdepositional compaction of the lowermost
layer of the pyroclastic sequence. Apart from this
outcrop, we investigated samples of other out-

crops previously described as carbonatite lava:
from the well-known (e.g., Barker, 2007) occur-
rences of carbonatite pyroclastic deposits on

Henkenberg hill (samples KSO5A and KS05B)
and an outcrop on Kirchberg hill near the contact
with the phonolite intrusion (sample KS12). The
carbonatite pyroclastic deposits mainly consist
of well-sorted, clast-supported carbonatite tuffs
and lapillistones cemented by secondary calcite
(Barker, 2007; Fig. 3B). The pyroclast grain
size generally varies from ~0.4 mm to ~4 mm
(coarse ash to fine lapilli), but individual samples
are characterized by very good sorting. Unfortu-
nately, the relations between individual beds or
domains with distinct grain size as well as the
character of borders (sharp boundary vs. diffuse
transition) between different grain-size domains
are not observable. All carbonatite pyroclasts,
independent of the grain size, are characterized
by spherical shape and the absence of vesicles.
No fragments of older volcanic rocks or base-
ment country rocks were observed within the
carbonatite pyroclastic deposits. The carbonatite
tuffs and lapillistones form beds covering the
earlier tephrite eruptive facies (Henkenberg), but,
more importantly, also lahars in the area of Nie-
derrotweil (Kirchberg). Such a position indicates
that the carbonatite explosive eruption occurred
following the formation of lahars, and the source
vent was not affected by the edifice failure and
should thus still be identifiable. In addition, the
absence of paleosols or any signs of fossil weath-
ering below the lapillistones precludes a lacuna
of any significant duration between deposition
of debrites (lahars) and the carbonatite tuffs and
lapillistones.

Coherent carbonatites are exposed in the form
of numerous bodies in the central part of Kai-
serstuhl, in association with the intrusive facies
(Fig. 1C). Many of these apparently coherent
carbonatites have brecciated textures, where
fragmented carbonatites commonly carry angu-
lar fragments of other rocks, and are injected
and annealed by a younger generation(s) of
carbonatites (Fig. 3C; e.g., Baranyi, 1971; Sig-
mund, 1996; Giebel et al., 2019). The compact
appearance of these breccias and the absence of
fine-grained clastic groundmass imply multistage
intrusive and nonexplosive emplacement of the
carbonatite. In contrast, a different type of car-
bonatite breccia along the detachment escarp-
ment has also been revealed. The carbonatite
tuff-breccia occurrences on the slopes of Kath-
arinenberg hill and Orberg hill (Fig. 1C) occur as
narrow (few-meter-wide) zones characterized by
an open-framework structure (Figs. 3D and 3E),
which is partly cemented by secondary calcite.
These tuff-breccias consist of angular to subangu-
lar fragments of sdvite (coarse-grained intrusive/
cumulate carbonatite, 2—100 mm in diameter) and
spherical pyroclasts (ash to lapilli size, 0.1-4 mm)
of porphyritic carbonatite resembling the texture
of spherical carbonatite ash and lapilli grains in



the documented pyroclastic deposits (cf. Fig. 3B).
Similar to the carbonatite pyroclastic deposits, the
open-framework carbonatite breccias also lack
fragments of older volcanic or basement rocks.
At Orberg hill, the open-framework tuff-breccia
crosscuts the coherent intrusive sovite, but with-
out sharp boundaries; the contacts have the char-
acter of a diffuse transition. The margins of the
tuff-breccia at Katharinenberg hill are not well
exposed. Although lapilli and ash grains in the
open-framework tuff-breccia are more irregularly
shaped than in the tuff and lapillistones, their sim-
ilar appearance indicates possible correlation with
each other. In addition, the open framework and
the absence of the fine-grained fraction (substi-
tuted by secondary calcite cement; Fig. 3E) imply
explosive fragmentation of the tuff-breccia, with
the fine-grained fraction carried away by escaping
gases (McPhie et al., 1993).

The eruptive story of the volcanic complex
terminated with the growth of two scoria cones
(Figs. 1C and 2H), which penetrated and partly
buried the lahar deposits.

4.2. Carbonatite Pyroclast Composition

The individual spherical pyroclasts of the car-
bonatite tuffs and lapillistones have a porphy-
ritic texture (Fig. 3B), which together with the
presence of frequent dispersed apatite (Fig. 4A)
sets them clearly apart from the pure carbonate
(calcite and minor dolomite) secondary sparitic
cement. Common phenocrysts (0.05-0.20 mm)
in the spherical pyroclasts are represented by
calcite, apatite, and magnetite with rims enriched
in spinel (MgAl,O,; Fig. 4B). There are scarce
clinopyroxene and melanite phenocrysts, but
these phases reach larger diameters (0.5-1 mm).

Figure 3. Studied volcanic facies
of Kaiserstuhl volcanic com-
plex (see Fig. 1C for photo lo-
cations): (A) microphotograph
of compacted carbonatite tuff
lacking interclast voids (for-
merly interpreted as lava), with
ash grains (1) and their bound-
aries (b) indicated; (B) micro-
photograph of the carbonatite
tuff showing spherical ash par-
ticles (1) of porphyritic (calcite
phenocrysts [p]) carbonatite
with good sorting and clast-
supported texture, indicating
pyroclastic fall deposition, and
deposit cemented by secondary
calcite (c¢); (C) macrophoto-
graph of intrusive carbonatite
breccia carrying angular frag-
ments of silicate rocks and dis-
playing several generations of
carbonatite injection; (D) mac-
rophotograph of groundmass
in the open-framework texture
tuff-breccia; (E) microphoto-
graph of the open-framework
tuff-breccia with fragments
of sovite (s), and spherical ash
grains of porphyritic carbon-
atite (I) and secondary calcite
cement (c); and (F) poorly
sorted clast-supported scoria
constituting Schlossberg and
Schneckenberg scoria cones.

The secondary sparitic calcite that fills the
original voids between individual spherical
pyroclasts differs in composition from the
magmatic calcite found in the lapilli either in
the form of phenocrysts or as a fine-grained
groundmass. Whereas the primary magmatic
calcite in the spherical pyroclasts is enriched
in Sr, the secondary calcite in the cement is
very low in Sr but enriched in Mg (see Table 1
for average values; see Supplemental Material
Table S1 for full data set"). This difference is
well documented in Mg and Sr distribution

ISupplemental Material. Table S1. Mineral
chemistry data of analyzed carbonates from studied
carbonatite pyroclastic deposits. Please visit https://
doi.org/10.1130/GSAB.S.24119295 to  access
the supplemental material, and contact editing@
geosociety.org with any questions.



Figure 4. Distribution maps of selected elements in the carbonatite lapillistone from Hen-
kenberg (sample KS05): (A) P; (B) Mg; (C) Sr; and (D) Na. Ap—apatite; Cal—calcite; c—
cement; l—lapilli; Mag—magnetite. Scale bar is the same for all figure parts.

maps (Figs. 4B and 4C), and also in the SrO
versus MgO binary diagram (Fig. 5A). Within
the spherical pyroclasts, both the calcite pheno-
crysts as well as small crystals in the ground-
mass are characterized by Na-enrichment in the
outermost rims. This enrichment is well docu-
mented in the Na-distribution map (Fig. 4D),
although we note that the rim was too thin for a
detailed spot analysis. Nonetheless, the highest

Na,O content in the calcite crystal rim obtained
from microprobe analysis exceeded 0.8 wt%
(Table S1).

The #7Sr/%Sr determinations on bulk rock,
separated lapilli, and secondary cement from
sample KS12 from Kirchberg were indistin-
guishable within analytical uncertainty, i.e.,
0.70362-0.70363 (Table 1). These values fit in
the range of #7Sr/%Sr values between 0.7036 and

TABLE 1. COMPOSITION OF CARBONATE PHASES FROM STUDIED
PYROCLASTIC DEPOSITS OF KAISERSTUHL VOLCANIC COMPLEX*

Rock sample: KS05A

Mineral: Calcite Calcite Calcite Calcite Dolomite
Type: L-x L-p L-g C C

n: 4 9 9 10 1
FeO 0.04

MgO 0.85 0.04 0.01 0.34 1752
CaO 53.38 52.23 53.32 53.46 32.43
SrO 121 1.18 0.01 0.53
Total 54.27 53.71 54.52 53.81 50.47

Note: L-p—phenocryst in pyroclast; L-g—pyroclast groundmass; L-x—glomerocryst with noncarbonate
mineral phase; C—cement in between pyroclasts; n—number of analyses.

*Values are in wt%.

0.7040 reported for Kaiserstuhl intrusive carbon-
atites by Schleicher et al. (1990).

In contrast to Sr isotope ratios, the stable C
and O isotope compositions differ between the
pyroclastic rocks and intrusive carbonatites.
The Kaiserstuhl intrusive carbonatites (samples
KSO01, KS03B, KS03D, and KSO3E in Table 2)
fit well in the field of primary igneous carbon-
atites (sensu Taylor et al., 1967), whereas the
pyroclastic carbonatites deviated toward lighter
carbon (§13C from —9.2%0 to —8.0%0) and, at
the same time, '80-enriched compositions (6'30
from 15.9%0 to 16.5%o; Table 2; Fig. 5B). Small
differences in §'3C were observed between
pyroclastic samples deposited on the lahar fan
(both localities on Kirchberg, ~—8.0%0) and the
samples collected from the cover of the prelahar
edifice (Henkenberg, ~—9.0%0). The secondary
cement in the lapillistone (coarser-grained facies
were processed because distinct domains could
be separated more easily) covering the lahar
fan (Kirchberg) did not differ compositionally
from the lapilli, whereas a significant shift in
both carbon (8'3C from —11.8%0 to —11.3%o0)
and oxygen ('30 from 24.0%o to 24.2%0) was
observed in the case of Henkenberg lapillistone
cement. The values and also the shift between
lapilli and cement in the samples from Hen-
kenberg correspond well with the earlier results
obtained from this locality (Hubberten et al.,
1988; Barker, 2007). In addition, clumped iso-
tope Ag;g values (Table 2) of secondary cements
were higher than values of separated pyroclasts
(0.576%0 £ 0.004%0 vs. 0.302%0 %= 0.020%0
and 0.448%o¢ £ 0.015%o¢). The higher Ag;; value
of the cement sample corresponds to a lower
temperature of ~31 °C compared to the much
higher temperatures of the measured separated
pyroclasts of 241 °C and 91 °C, respectively.

5. DISCUSSION

5.1. Eruption Style and Carbonatite
Fragmentation

The character and geometry of pyroclasts are
widely used tools in deciphering the eruption
style and process leading to magma fragmenta-
tion (e.g., Fisher and Schmincke, 1984; Cas and
Wright, 1988; McPhie et al., 1993). First, we
focus on the tuff-breccias. Their monomict com-
position, consisting solely of calciocarbonatite
clasts and lacking any fragments of older vol-
canic or basement rocks, strongly contrasts with
diatreme breccias of common phreatomagmatic
maar-diatreme volcanoes or kimberlite pipes
(e.g., Lorenz and Kurszlaukis, 2007; Kjarsgaard
et al., 2022; Walter et al., 2023). The monomict
composition together with the diffuse transi-
tion between open-framework tuff-breccia and
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intrusive carbonatite at the Orberg hill provide
strong evidence that the breccia was derived and
erupted from the intrusive carbonatite. There is
no lithological evidence of significant influence
of external water on the eruption dynamics.
Pyroclastic deposits consisting of poorly
vesiculated juvenile fragments of silicate mag-
matic rock and lacking significant amounts of
basement-rock xenoliths provide evidence of
hydromagmatic fragmentation in a Surtseyan-
style eruption (e.g., Kokelaar, 1983; Cole et al.,
2001; Murtagh and White, 2013; Németh and
Késik, 2020). On the other hand, fragments
of the hydromagmatic hyalo-tuffs are (besides
low vesicularity and a hypocrystalline texture)
commonly characterized by irregular shapes,
combining concave (vesicle walls) and straight
(brittle fragmentation during quenching) grain
boundaries. Spherical shapes of ash grains or
lapilli usually require reshaping of the melt
shreds by surface tension, which requires very
low viscosity, allowing for faster changes of the
shape than cooling and freezing of the clast. At
certain conditions, spherical lapilli can also be
formed from silicate melts of extremely low vis-
cosity (e.g., Jones et al., 2022, and references
therein). Experiments of Comida et al. (2023)

80 (%0 V-SMOW)

with low-viscosity silicate melts confirmed the
formation of spherical particles during Hawai-
ian-style eruptions as a result of melt sprayed
by pressurized (rapidly escaping) gas. Spheri-
cal particles of silicate melts were also obtained
during experimental phreatomagmatic eruptions
(Zimanowski et al., 1997), though in a mixture
with other geometries combined with more
intense fragmentation, whereas the investigated
carbonatite pyroclastic deposits consist solely of
spherical pyroclasts.

Calciocarbonatite viscosity at 800 °C (near
solidus according to Podborodnikov et al., 2018)
and near-atmospheric pressure was calculated to
be 0.08 Pa-s (Wolff, 1994; Jones et al., 2013).
Although the viscosity of natrocarbonatite is
even lower (0.008 Pa-s) and very close to the
viscosity of water (0.001 Pa-s at standard tem-
perature and pressure [STP]), all carbonatites
were characterized by viscosity far below values
of even very basic and high-temperature silicate
melts (Kono et al., 2014). Viscosity of basa-
nitic lavas of Cumbre Vieja (La Palma, Canary
Islands), erupted in 2021, varied in the range of
10-160 Pa-s depending on temperature (1150—
1200 °C) and slight changes in composition
(Castro and Feisel, 2022). These values were

predicted earlier on the basis of experiments and
models by Giordano et al. (2008). Thus, calcio-
carbonatite viscosity is 100-2000 times lower
than the viscosity of basanite under comparable
conditions, which significantly influences the
behavior of carbonatite pyroclasts during erup-
tion. The extremely low viscosity of carbon-
atites, which is not significantly dependent on
temperature until the freezing point, also enables
effective reshaping of the melt shreds forced by
surface tension. When supported by very low
viscosity, this process is faster than freezing
of the melt shreds and may result in spherical
pyroclasts devoid of vesicles, as observed in all
documented carbonatite pyroclastic deposits
worldwide (e.g., Keller, 1981; Rosatelli et al.,
2003; Barker, 2007; Reguir et al., 2008; Mourzo
et al., 2010; Campeny et al., 2014).

Only a handful of experiments have been
conducted with carbonatite melts, represented
solely by alkali carbonatites. Experiments by
Zimanowski et al. (1986) focused on phreato-
magmatic (magma-water or fuel-coolant interac-
tion) explosions producing spherical pyroclasts,
but according to their observations, the CO, exso-
lution appears to have suppressed any magma-
water interaction effect under test conditions.

TABLE 2. ISOTOPIC COMPOSITIONS OF STUDIED COHERENT AND PYROCLASTIC CARBONATITE ROCKS FROM KAISERSTUHL VOLCANIC COMPLEX

Sample Locality Latitude Longitude Type 818C 580 Agag Agss Ngag T &'Sr/%Sr 1SD N 2SE
(°N) (°E) (%0, VPDB) (%0, VSMOW) (%o, CDES 1 SE (%)  (°C)
90)
KSO01 Badloch 48.09282 767297 Intrusive —6.2 79
KS03B Ohrberg 48.10376 769075 Intrusive -6.0 8.0
KS03D Ohrberg  48.10409 768983  Intrusive -5.6 7.5
KSO3E Ohrberg 48.10488  7.69204 Intrusive -5.8 8.2
KS04A Kirchberg  48.08151 761382  Pyroclast -8.1 15.9
KS12-L Kirchberg  48.08216 761493  Pyroclast -8.1 16.5 0.448 0.015 92  0.703621 0.000046 97 of 100 0.000009
KS12-C Kirchberg  48.08216 761493  Cement -8.0 16.2 0.703622 0.000050 99 of 100 0.000010
KS12-B Kirchberg  48.08216 761493  Bulk rock -8.1 16.1 0.703627 0.000049 97 of 100 0.000010
KS05A-C Henkenberg 48.09407 760874  Cement -11.8 242 0.576 0.004 31
KSO05A-L Henkenberg 48.09407 760874 Pyroclast -9.2 16.1 0.302 0.020 241
KS05b-C Henkenberg 48.09407 760874  Cement -1.3 24.0
KS05B-L Henkenberg 48.09407 760874 Pyroclast -9.0 16.2

Note: Coordinate system is WGS84, decimal degrees. VPDB—Vienna Peedee belemnite; VSMOW—Vienna standard mean ocean water; CDES—carbon dioxide
equilibrium scale at a reaction temperature of 90 °C; SE—standard error; SD—standard deviation.




Melts with very low viscosity may, in all like-
lihood, still produce spherical particles during
the interaction with water under conditions of
noneffective cooling (small amounts of water or
just above the explosion site; Zimanowski et al.,
1986). Nonetheless, the absence of wall-rock
xenoliths in both the vent breccia and the carbon-
atite pyroclastic deposits makes a phreatomag-
matic scenario for the Kaiserstuhl pyroclastic
deposits less likely. On the other hand, reaction
with small amounts of surface water represented
by a crater lake (hydromagmatic eruptions) can-
not be excluded. The amount of escaping gas
spraying the low-viscosity carbonatite melt
appears to be the crucial factor in formation of
spherical carbonatite pyroclasts.

5.2. Conditions of Carbonatite Pyroclast
Formation and Deposition

The origin of the carbonatite pyroclastic
deposits and conditions of their deposition and
cementation can be further constrained by stable
C and O and radiogenic Sr isotopic composi-
tions. The main assumption qualifying the car-
bonatite lapilli for further genetic interpretation
is the absence of postdepositional recrystalliza-
tion or reequilibration of isotope systems with
the new environment. The original porphyritic
texture of the carbonatite pyroclasts contrasts
with the sparitic texture of the cement (Fig. 3B),
and the carefully separated pyroclasts devoid of
any traces of cement did not display any signs
of recrystallization. In addition, the presence
of Na-enriched rims enveloping all fractions of
calcite crystals in the lapilli (Fig. 4D) excludes
any possible ion exchange (such as calcification
of different carbonate phase; e.g., Deans and
Roberts, 1984), as the crystal rims would be the
first phase affected by such a process. The data
obtained from the carbonatite pyroclasts can thus
be considered reliable. Further evidence for the
origin of the lapilli comes from the clumped iso-
tope data. The determined clumped isotope tem-
perature of 241 °C for KSO5A-L suggests rapid
cooling, preventing solid-state isotope reorder-
ing. These data also exemplify the need for care-
ful separation of primary carbonatite pyroclasts
from secondary cement when studying carbon-
atite pyroclastic deposits.

The very narrow §'30 variation (15.9%c—
16.5%0) in carbonatite pyroclasts from this
study suggests a distinctive shift from the
original mantle values of the intrusive Kaiser-
stuhl carbonatites, here represented by samples
KSO01, KS03B, KS03D, and KSO3E with 5130
values ranging between 7.5%o0 and 8.2%o. This
d180 shift of ~8%o is not likely to be related to
the transport, deposition, or cementation of the
pyroclasts because these processes would lead to

different extents of oxygen isotope shift. Instead,
we posit that this uniform 80 enrichment must
have taken place prior to the eruption. The
180-enriched character of the carbonatite pyro-
clasts does not fit well with the potential role
of infiltration of meteoric water that is isotopi-
cally much lighter than the intrusive carbonatites
themselves. Instead, it points toward residual
water that was affected by progressive evapora-
tion. Evaporative oxygen isotope fractionation
toward an '80-depleted signature in vapor versus
180-enriched compositions in residual brines of
several per mil units compared to source-crater
meteoric lake waters was shown earlier (Rowe,
1994; Varekamp and Kreulen, 2000). We antici-
pate that the oxygen isotope relation among indi-
vidual components of the carbonatite pyroclastic
deposits could be explained in terms of open-
system hydrothermal circulation with the escape
of isotopically light vapor from the volcano’s
crater and subsequent reaction of the residual
130-enriched water with the topmost parts of the
fresh carbonatite intrusion. This process would
shift the oxygen isotopic composition toward
higher 6'80, with homogeneous values among
subsequently sprayed and dispersed pyroclasts.
The difference in 6'3C between Henkenberg
and Kirchberg requires another explanation.
Although §"3C values in both localities are shifted
toward 3C-depleted compositions compared to
the intrusive carbonatite '3C/'>C signature (6'3C
from —6.2%0 to —5.6%0; Table 2), this shift is
more pronounced in the case of Henkenberg
(613C of ~—9%0) compared to Kirchberg (6'*C
of ~—8%g; Fig. 5B; Table 2). The shift toward
isotopically lighter carbon cannot be explained
in terms of atmospheric CO, involvement but
rather points to the involvement of biogenic car-
bon. The difference between both localities sug-
gests a significant role of postdepositional car-
bon reequilibration under distinct morphological
conditions at each locality. Both occurrences of
carbonatite pyroclastic deposits differ in their
substrata (i.e., in the rocks covered by pyroclas-
tic deposits) and also in the time provided for
pre-eruptive vegetation to grow. Whereas the
carbonatite tephra in the area of Kirchberg was
deposited directly on fresh debrites (lahar and
debris-avalanche deposits), the identical pyro-
clastic deposit in the Henkenberg area fell on
long-exposed and probably vegetated remnants
of the earlier tephrite shield volcano (Fig. 1C).
Although the debris avalanches and lahars incor-
porated a significant mass of vegetation during
their slide down the volcano slope (its decom-
position provided some amount of light carbon),
their surface at the time of carbonatite lapilli
deposition was lacking any vegetation cover. In
contrast, more distal parts at Henkenberg were
represented by the surface of the Kaiserstuhl

lavas, at that time vegetated and providing a
significant proportion of '3C-depleted carbon to
reequilibrate the carbon isotope composition of
the pyroclastic deposit.

An additional shift in stable isotope com-
positions is also apparent between the cement
and lapilli at Henkenberg, while the cement at
Kirchberg does not differ compositionally from
lapilli (Fig. 5B). The more pronounced shift
toward heavier oxygen and lighter carbon com-
position in the Henkenberg cement indicates the
additional contribution of evaporation-modified
water and rich vegetation, probably suggesting
deposition and cementation of the Henkenberg
pyroclastic deposits in vegetation-rich shallow
(evaporating) ponds or marshes.

5.3. Trigger of the Volcano Instability

The superposition of carbonatite lapillistones
directly on the surface of lahar deposits and the
alignment of the open-framework tuff-breccia
occurrences along the detachment scarp col-
lectively provide unequivocal field evidence for
the close temporal relation between carbonatite
eruption with its products (open-framework tuft-
breccias and tuffs to lapillistones) and volcano
flank failure and its deposits (debris-avalanche
deposits and lahars; Fig. 1C).

A volcano flank failure triggering an explosive
eruption is a well-documented scenario for the
prehistorical eruption of the Soufriere volcano,
Guadeloupe (Boudon et al., 1984), and was even
eye-witnessed for the events of Bezymianny in
1956 (Belousov, 1996) and Mount St. Helens in
1980 (e.g., Reid et al., 2010; Walter, 2011). These
events represent examples of differentiated
calc-alkaline volcanoes in convergent settings.
Magma in such volcanic systems is rich in vola-
tiles (in particular, water), resulting in (1) high
hydrothermal alteration potential and (2) high
explosive potential (large volume of expandable
gases). Flank failure, usually enabled by intense
hydrothermal alteration of the volcano interior
(e.g., van Wyk de Vries et al., 2000) or even
overpressurization of the hydrothermal system
(Reid, 2004), may release the pressure under
which a geochemically evolved cryptodome sits
inside the volcano edifice, resulting in decom-
pression exsolution of the magmatic gases and
explosive eruption.

Despite distinct mineralogy and geochemis-
try, silicate alkaline—carbonatite volcanoes may
share some important physical properties with
arc-related silicic volcanoes, resulting in partly
comparable eruptive scenarios: (1) Carbonatite
magmas are accompanied by complex fluid sys-
tems (e.g., Rankin, 2005; Walter et al., 2020,
2021), which commonly lead to pervasive altera-
tion and metasomatic overprinting of the origi-



nal rock environment (Kresten and Morogan,
1986; Elliott et al., 2018; Liu et al., 2018), and
(2) although intraplate or continental rift—related
alkaline magmas are generally low in volatiles,
carbonatites themselves represent a crucial res-
ervoir of volatiles (namely CO,, F). Because car-
bonatites are dominated by igneous carbonates,
the amount of potentially available CO, is enor-
mous (at full decomposition, 1000 kg of CaCO,
releases 245 m? of CO, at STP, and this volume
increases significantly with temperature).

Flank failures have been documented for
carbonatite volcanoes in the East African Rift,
e.g., Oldoinyo Lengai and Kerimasi (Kervyn
et al., 2008; Reguir et al., 2008; Delcamp et al.,
2016), but the association of sector collapse
with subsequent carbonatite explosive erup-
tion was not documented. In addition, both the
Oldoinyo Lengai and Kerimasi volcanoes have
been issuing natrocarbonatites, i.e., erupted
fractionated members of primordial carbonatite
magma (Weidendorfer et al., 2017), the surface
physical properties of which are distinctively
different from typical calciocarbonatite. The
calciocarbonatites that intruded repeatedly into
the central part of Kaiserstuhl (Wimmenauer
and Schreiner, 2003; Walter et al., 2018; Giebel
etal., 2019) were associated with extensive fluid
activity causing pervasive alteration of the vol-
cano interior (e.g., Walter et al., 2018). The most
common alteration associated with carbonatites
is fenitization, i.e., alteration associated with
vast enrichment in alkalis, namely potassium
(e.g., Kresten and Morogan, 1986; Elliott et al.,
2018; Liu et al., 2018). As a result of the mas-
sive supply of K, the fenitized rock is character-
ized by the replacement of the original mineral
assemblage by K-feldspar (in Si-rich rocks: e.g.,

Kresten and Morogan, 1986; Morogan, 1989) or
phlogopite (in Mg-rich rocks: e.g., Holub et al.,
2010; Viladkar, 2015; Ackerman et al., 2017).
Unfortunately, disentangling the alkali enrich-
ments in the originally alkali-rich rocks may be
difficult due to the presence of primary alkali-
rich phases. Despite some doubts about the role
of alteration in the central part of Kaiserstuhl,
hydrothermal alteration of the originally solid
rocks has been documented at several places
(e.g., Weisenberger et al., 2014). Moreover,
a systematic geophysical survey has revealed
strong fenitization in the central part of Kaiser-
stuhl based on K/Th maps (Brauch et al., 2018).
The K/Th ratio, in contrast to simple K contents,
separates the effects of fenitization (enriched in
K but not in Th) from the presence of phonolitic
bodies (enriched in both K and Th). In addition,
we have also investigated a potentially fenitized
phonolite from Orberg (north of quarry V) using
a microprobe. Although no significant composi-
tional shifts were identified in the petrography
or bulk-rock chemistry, the microprobe observa-
tions revealed massive replacement of primary
sanidine with a secondary mixture of microcline
and sericite (Fig. 6), suggesting a significant sup-
ply of K-rich fluids. Indirect evidence of hydro-
thermal activity is also provided by heavier sta-
ble O isotope signatures of the carbonatite lapilli
(see section 5.2 of the Discussion).

The alteration together with the vertical off-
set along the rift-related Tuniberg fault created
conditions that predisposed the edifice to subse-
quent flank failure. The total vertical displace-
ment on the Tuniberg fault reaches 1000 m to
the north and 3000 m to the south of Kaiser-
stuhl, respectively (Giebel et al., 2019, and ref-
erences therein); at least several hundred meters

Figure 6. Backscattered-elec-
tron image of the fenitized
phonolite from Orberg. Mc—
microcline; Sa—sanidine;
Ser—sericite.

of movement occurred during the development
of Kaiserstuhl (Figs. 1C and 7B). Tectonic
activity associated with Rhine graben subsid-
ence explains the formation of the topography
required for edifice instability, because the shield
volcanoes, including Kaiserstuhl, are character-
ized by gently dipping slopes built from effu-
sions of low-viscosity lavas. An edifice failure
occurring on a carbonatite-hosting alkaline
volcano may uncover a carbonatite intrusion,
abruptly changing its physical conditions and
allowing it to erupt (Figs. 7C and 7D). This
proposed scenario of volcano failure leading to
carbonatite eruption (Fig. 7) was also visualized
in a near-realistic three-dimensional animation
following the concepts developed by Rapprich
et al. (2017) and is publicly available at https://
www.youtube.com/watch?v = GSNiFXzsCHA.

5.4. Implications for the Eruption of a
Calciocarbonatite

Although some recent authors (e.g., Wei-
dendorfer et al., 2017; Yaxley et al., 2022)
considered calciocarbonatites to be solely
cumulate rocks, the observed porphyritic
textures (Fig. 3B) indicate that the calcio-
carbonatite pyroclasts at Kaiserstuhl formed
from a melt at conditions between solidus
and liquidus. Although the carbonatite melt
contained some Na,O, incorporated into late-
stage crystallized calcite (Fig. 4D), the entire
system was dominantly calcic. Experiments
carried out for various pressure conditions
have indicated a systematic decrease in soli-
dus temperature for CaCO; with decreasing
pressure (e.g., Cooper et al., 1975; Ivanov
and Deutsch, 2002; Shatskiy et al., 2013).
Podborodnikov et al. (2018) experimentally
determined a solidus temperature of 813 °C
at 0.1 GPa. This means that decompressed
calciocarbonatite melt following flank failure
would have occurred at a set of pressure-tem-
perature conditions where the CaCO; phase
is unstable, resulting in its rapid breakdown,
according to the experiments of Karunadasa
et al. (2019). The porphyritic textures of the
carbonatite pyroclasts (calcite phenocrysts in
calcite groundmass) from Kaiserstuhl indicate
that the pyroclasts were rapidly chilled from a
temperature somewhere between the liquidus
and solidus, which corresponds to the condi-
tions for the high-rate CaCO; breakdown reac-
tion (>790 °C; Karunadasa et al., 2019). As
a consequence, eruption of calciocarbonatite
lava is highly unlikely because its cooling rate
is too sluggish compared to the high rate of the
CaCOj; breakdown reaction. In contrast, gas
expansion during an explosive eruption, com-
bined with a large cooling surface area, would
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lead to rapid chilling of erupted pyroclasts (but
after their shaping to spherical form driven by
the surface tension).

If the carbonatite system is not easily capable
of segregating natrocarbonatite magma, which is
more prone to surface eruptions (Oldoinyo Len-
gai), an edifice failure instantly exposing partly
cooled calciocarbonatite intrusions (but still
above the solidus temperature) may represent an
alternative important process triggering calcio-
carbonatite eruptions. The Kaiserstuhl example
may then explain why the surface-erupted cal-
ciocarbonatites are globally so subordinate. The
absence of edifice failure, which would have
to occur in the time interval during which the

calciocarbonatite intrusion was in the required
temperature range, may also explain the fact that
many alkaline volcanoes that are expected to, or
have already, exposed calciocarbonatite intru-
sions are not associated with surface-erupted
calciocarbonatites (e.g., Napak, Toro Ankole,
Virunga, all Uganda—Simonetti and Bell, 1994;
Pitcavage et al., 2021; Doupovské hory Moun-
tains in the Ohfe Rift, Czech Republic—Holub
et al., 2010).

6. CONCLUSIONS

The volcanic evolution of the Kaiserstuhl vol-
cano remained, to a great extent, an overlooked

collapse-induced
decompression leads to
explosive eruption of the
carbonatite intrusion

/ uppermost part

open hydrothermal
system: isotopically
lighter vapor escapes,
heavier residual water
interacts with the upper-
most part of the carbo-
natite intrusion

Figure 7. Interpreted eruption
history of the Kaiserstuhl vol-
canic complex: (A) growth of
a shield volcano with central
intrusion complex; (B) destabi-
lization of the volcanic core due
to rift-related tectonics (rift-
related Tuniberg fault) and
carbonatite-related alterations;
(C) flank failure of the volcano;
(D) exposure of the partially so-
lidified carbonatite intrusions
leads to decompression-trig-
gered explosive eruption of the
D calciocarbonatite, depositing
its pyroclastic fall deposits onto
a lahar fan; and (E) late-stage
scoria cones penetrating and
covering the lahar fan.

problem of this interesting magmatic system
despite extensive studies on its mineralogy, mag-
matic petrology, and geochemistry. Our research
demonstrates the importance of a basic textural-
based approach when studying the evolution of
magmatic systems comprising multiple volcanic
facies. The principal conclusions of our investi-
gations can be summarized as follows:

(1) The Miocene Kaiserstuhl volcano likely
experienced calciocarbonatite eruption follow-
ing edifice failure of the volcano that exposed
the intrusive system.

(2) The monomict composition of the carbon-
atite pyroclastic deposits is inconsistent with a
phreatomagmatic style of eruption, although lim-



ited influence of surface water (hydromagmatic
scenario) on the eruption cannot be excluded.

(3) Spherical and vesicle-free carbonatite
pyroclasts most likely resulted from reshaping
of extremely low-viscosity melt shreds forced by
surface tension, or direct spraying of the melt by
rapidly escaping gases.

(4) Calciocarbonatite eruption requires rapid
unloading of the overburden of an intrusion,
such that cooling outpaces the rapid carbonate
breakdown kinetics.

(5) The absence of edifice failure features on
alkaline volcanoes may then explain the global
scarcity of erupted calciocarbonatites.

(6) The physical volcanology of carbonatite
complexes has not yet attracted intensive atten-
tion despite the fact that understanding of the
eruptive evolution may significantly contribute
to improved understanding of the entire mag-
matic system.
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