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Introduction
In their overview of the worldwide distribution of carbonatites, 

Woolley and Kjarsgaard (2008) [1] report 527 carbonatite localities, 
46 of which are classified as extrusive. The ratio is unlikely to have 
changed significantly to date. While the intrusive carbonatites 
represent the frozen state of a relatively slow intruding melt that has 
cooled in the host rock, the extrusive carbonatites are the result of 
sudden events that, due to the physical nature of the carbonatite melts, 
leave behind mechanical but only minor chemical traces. The genesis 
of carbonatitic melts can be very different, depending on whether 
they occur alone or in combination with alkali silicate rocks. They 
can be formed primarily by partial melting in the mantle or also by 
fractional crystallization of melilitic-nephelinitic magmas or generally 
by segregation of silicate melts supersaturated with carbonate [2]. 
In all cases considered, the carbonatitic events are determined by 
the unique properties of the carbonatite melts themselves [2]. For 
example, carbonatites generally have a high solubility for rare earth 
elements, which makes them economically interesting. They have a 
strongly pressure-dependent density of 2000 kg /m3 at P = 0.1 GPa up 
to 2900 kg/m3 at P = 10 GPa, a very low viscosity and a high solubility 
of CO2 and H2 O (Genge et al 1995). The high solubility of CO2 in 
carbonatitic melts is associated with the onset of incongruent melting 
of CaCO3 at temperatures > 1230°C and a pressure range of 0.1 - 0.7 
GPa according to the reaction [3].

2CaCO3 (solid) = (CaCO3 +CaO)(liquid) + CO2  Eq (1)

A further increase in pressure ultimately leads to congruent 
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melting [3-4]. The incongruent melting behavior of CaCO3 explains 
the high saturation of carbonatite melts with CO2 . This saturation 
is associated with a drastic reduction in the melting temperature 
(solidification temperature). According to Huang and Wyllie (1976) 
[5], saturation of the carbonate melt with CO2 to 11.5 wt% at 2.7 
GPa results in a melting point reduction from 1610°C to 1505°C. 
Investigations by Eggler (1974) [6] on the solubility of CO2 in diopside 
at 3 GPa show that mantle silicate melts dissolve approx. 5 wt% CO2 , 
which is associated with a melting point reduction of 120 degrees. Due 
to the incongruent melting behavior of the carbonate [Eq (1)], a high 
CO2 content of the melt combined with high fluidity and low density 
is inevitable. A high H2 O content also has the effect of lowering 
viscosity and melting point, which is particularly important in silicate 
melts. The low viscosity of carbonatitic melts leads to magma ascent 
velocities of 20 - 65 m/s (70-230 km/h) if the appropriate tectonic 
conditions are present [45]. However, this also means that extrusive 
carbonatitic events are unpredictable. Furthermore, rapid magma 
ascent leads to rapid depressurization, which results in spontaneous 
release of the CO2 dissolved in the melt and decomposition of the 
carbonate according to the relationship leads.

CaCO3 = CaO + CO 2    Eq (2)

This creates a gigantic CO2 fan at depths of 3 - 20 kilometers. This 
means that the probability of carbonatitic melt reaching the earth’s 
surface is very low. Such carbonatitic diatreme fillings are characterized 
by a quantitatively high proportion of accessory rock xenoliths, which 
can amount to 70% and more [7]. Silicate-magmatic tephra occurs 
when the eruptive reservoir is a carbonate-bearing silicate magma. 

Abstract

The Eifel Volcanic Field (EVC) is one of the best-known intraplate volcanic fields on earth. Carbonatitic ejecta were already described at the beginning of 
the last century and were associated with volcanism. The investigation of carbonatitic tephra from the EVC, the Kaiserstuhl (KVC) and El Hierro (EHSR) 
with regard to shape, size, composition and geochemistry, together with thermodynamic and fluid mechanical considerations, allow a reconstruction of 
the eruption process that ultimately calls into question the sole interpretation of maar formation as a phraetomagmatic eruption.
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Stoppa et al (2003) [8] have pointed out these processes. The type of 
eruption also means that only small traces of the carbonatite itself can 
be found. This may also be the reason why only a small number of 
extrusive carbonatites have been detected to date. A model is being 
developed from the known data of carbonatitic melts, which allows a 
better understanding of the phenomena associated with carbonatitic 
volcanism and a better interpretation of the material found in the 
field. For this purpose, data from sample material from three known 
volcanic fields are used: the Eifel (EVC = Eifel Volcanic Complex), 
the Kaiserstuhl KVC = Kaiserstuhl Volcanic Complex) and El Hierro 
(EHSR = El Hierro South Rift).

Geological Context of the Regions Belonging to the Sample 
Material

EVC, Eifel Volcanic Complex

One of the most famous intraplate volcanic districts in the world 
is located in the Eifel, as it contains the type locality of the Maar 
eruption type. The Eifel volcanic field has two quaternary volcanic 
fields that follow tectonic northwest-southeast AC fissures of the 
Variscan folded crust. The West Eifel consists of around 240 eruption 
centers, the East Eifel of around 100 [9]. Due to the economic use of 
the volcanic structures for the extraction of building materials, gravel 
and pumice, the two Eifel volcanic fields are excellently accessible for 
geological investigations. Multiphase volcanic activity began in both 
volcanic fields around 700 ka ago [10-11]. The last activities occurred 
in the Western Eifel around 11 ka ago with the eruption of the Ulmen 
Maar [12] and in the Eastern Eifel around 13 ka ago with the eruption 
of the Laacher See Volcano [13]. Two older foidite suites (melilitite, 
melilitite-nephelinite and ol-nephelinite/leucitite and leucite-
phonolite) and a younger basanite-tephrite-phonolite suite [14-16] 
occur in both volcanic fields. In the West Eifel, the basanite suite first 
appears around 80 ka, in the East Eifel at around 215 ka [10-11]. These 
alkali-rich magmas originate from varying degrees of partial melting 
in the upper mantle (< 120 km), which were subjected to more or less 
strong differentiation by fractional crystallization on their way to the 
Earth’s surface. The foiditic magmas in particular are potential sources 
of carbonate-bearing to carbonatitic magmatic rocks, which have long 
been known from the Laacher See region [17-19]. They were first 
described from the West Eifel by Lloyd and Bailey (1969) – [20] and 
again investigated by Riley et al. (1996) [21] and Riley et al. (1999) 
[22]. To date, however, scientific interest in the Eifel carbonatites has 
remained rather low. A dissertation on the genesis of the Laacher See 
carbonatites was published by Liebsch (1997) – [23]. He interpreted the 
Laacher See carbonatites as precipitates from a phonolitic silicate melt 
supersaturated with carbonate in the last stage of differentiation and 
cooling. This work is little known as its results have not been published. 
Schmidt et al. (2010) [24] investigated the temporal development of 
intrusive carbonatites using uranium-thorium dating on the same 
sample material. Since 2019, an international working group led by 
the German Volcanological Society has turned its attention to the 
problem of Eifel carbonatites. The initial focus is on a geological survey 
combined with the discovery of further carbonatite deposits.

The carbonatite deposit of the Laacher See volcano is the youngest 
in the Eifel with an age of 13 ka years. The other known carbonatite 

deposits in the Eifel are located in the Rieden complex (Eastern Eifel) 
[25] and in the Western Eifel in the Rockeskyll and Essinger Maar 
area. They are generally linked to phonolitic magmatism and are 
characterized by the associated occurrence of sanidine megacrysts 
with masses of up to 60 kilograms. In terms of age, the West Eifel 
deposits can be dated to approx. 469 ka years ago and the East Eifel 
deposits to 410 ka years ago [10, 26]. If one takes the conspicuous 
association of sanidine megacrysts and carbonatites as an indicator, 
then there are still 3 carbonatite-rich areas. One area is the Kerpener-
Maar in the West Eifel. This is a phonolitic maar, which is also known 
for its sanidine megacrysts [14]. The other two deposits are located in 
the Eastern Eifel. One is located on the southern edge of the Wehrer 
Kessel, a polyphase phonolitic eruption center where, according to 
Frechen (1976) [27], sanidine megacrysts were also found in the Wehr 
I tephra. The age of the deposits of the Wehr I eruption is given by 
Wörner et al. (1988) [28] as 480 ka years. The other occurrence is 
in the area of the Leilenkopf near Niederlützingen, where the oldest 
melilitic-nephelinitic deposits of the Leilenkopf volcano are also 
said to contain sanidine megacrysts [29]. The age of these sanidine 
ejecta was determined to be 405 ka years [30]. However, all 3 of these 
carbonatite-rich deposits are currently unexplored.

KVC, Kaiserstuhl Volcanic Complex

The Kaiserstuhl Volcanic Complex is the best-studied carbonatite 
complex in Europe [31-34]. Its age is given as 16-19 Ma [35], Braunger 
[36]. It consists mainly of tephritic to phonolitic rocks, associated with 
a small proportion of olivine nephelinites and melilites. The youngest 
formations are the carbonatites, whose age is given as 15 Ma [33]. The 
magmatic origin of the carbonatites from the Kaiserstuhl was first 
postulated by Högbom in 1895 [33]. The carbonatites of the KVC 
occur both as subvolcanic carbonatite bodies of sövitic character and 
as extrusive events in the form of dykes, veins and carbonatitic tephra. 
Carbonatitic tephras are of particular importance for the investigation 
of the eruption mechanism of carbonatitic volcanoes. A special feature 
of the Kaiserstuhl ejecta are the lapillite tuffs known from Henkenberg 
and Kirchberg, which are only known from a few other localities 
(Cape Verde, Silva et al. 1981 [37], Fort Portal Volcanic Field, Uganda, 
Barker and Nixon 1988) [38]. They are so distinctive that they form 
the locus typicus for this type of tuff. Since this paper is concerned 
with the interpretation of the eruption mechanisms of carbonatitic 
volcanoes, only those samples that can be expected to contribute to 
this topic were considered in the processing.

Region El Hierro, South Rift (EHSR)

El Hierro is one of the seven volcanic islands of the Canary Islands 
archipelago, which is located approximately 100 kilometers northwest 
of Africa in the Atlantic Ocean. The age of the archipelago is estimated 
at around 60 million years, with the island of El Hierro being the 
youngest link in this chain at around 1.2 million years old. All islands 
are considered volcanically active [39]. El Hierro can be divided into 
3 rift systems [40]. The North-East Rift (Tinor Volcano, 1.2-0.88 Ma), 
the West Rift (El Golfo Volcano, 0.55-0.176 Ma) and the South Rift 
(0.158 Ma - today). The South Rift is the youngest formation and 
had its last eruption in 2011 as a submarine volcano off the southern 
tip of the island. The South Rift volcanism is characterized by highly 
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differentiated lavas of tephritic character. Such lavas originating from 
tephritic magmas are certainly indicative of carbonate-enriched 
silicate rocks and their differentiates (carbonatites). The search for 
carbonatitic ejecta is therefore quite promising and opens up the 
possibility of verifying the thesis of the dissociation of CaCO3 with 
subsequent recombination according to equations 2 to 5 by applying 
the C14 determination method. Since C14 is only formed under the 
influence of high-energy particles in the atmosphere, volcanic CO2 is 
ad hoc free of C14 . If the detection of C14 in carbonatitic tephra is 
successful, then the proof for the sequence of reactions according to 
equations 2 to 5 is provided. As the isotope C14 is a relatively short-
lived nuclide with a half-life of 5730 years, verification must take 
place in a young volcanic area with carbonatitic episodes. Through a 
systematic search, the author found suitable sample material for a C14 
determination in the South Rift of El Hierro.

Gas Mechanical Processes in the Light of Volcanology

Depending on pressure, flow velocity, flow type, solid and liquid 
content, a gas flow through a tube produces effects that have long been 
used in technology and that can be studied excellently on extrusive 
carbonatites from the Eifel. Some of the gas-mechanical processes 
that we will deal with below are known as fluidized bed processes. In 
volcanology, publications dealing with this topic appear from time to 
time [41-44].

Basically, three processes can be distinguished in the fluidized bed 
process, depending on the prevailing conditions:

1. Agglomeration, granulation, integration

2. Abrasion, disintegration, fragmentation

3. Transportation

The result of all three modes can be demonstrated on diatremes 
in the Eifel.

We want to understand a diatreme sensu stricto as a volcanic 
ascent channel, which is very narrow in relation to its length and can 
reach the Earth’s mantle under certain circumstances. It is tectonically 
pre-formed and is created by mechanical fragmentation as a result of 
rapidly rising highly fluid melts (70-230km/h; Genge et al 1995) [45]. 
In the case of carbonate-containing melts, these reach a pressure level 
during ascent at which the decomposition reaction of the calcium 
carbonate according to Eq. (1) and Eq. (2) begins explosively, which 

is accompanied by a fragmentation of the residual channel up to the 
earth’s surface. This leads to foreign xenolith contents of up to 70% 
and more in the eruption centers. The explosive initial phase can be 
followed by a quieter degassing phase, which can be described by a 
kind of boiling reaction in a relatively narrowly defined area of the 
ascent zone, whereby this area can be characterized by the diameter 
of the diatreme and the thickness of the boiling zone. The intensity of 
the eruption is determined by the amount of material extracted from 
the depth per unit of time. The onset of the reactions according to 
equations (1) and (2) is associated with the emission of large quantities 
of CaO in the volcanic ejecta. This fact has not yet been mentioned 
in the literature, although one has to ask how carbonatitic tuff was 
formed. Obviously, it is tacitly assumed that a carbonate liquid phase 
cemented the tephra particles. However, we have no known C, O 
and Sr isotope data to prove that the binding phase of the tephra is 
magmatic in nature (according to the usual criteria for magmatic 
isotopy, Taylor et al. 1967) [46]. As a way out of this dilemma, it is 
argued that the isotopy of the tephra has been altered by alteration 
processes (Demeny et al 1998) [47].

Accordingly, large quantities of CaO and CO2 are released into 
the atmosphere during the eruption. The overall isotopic picture of 
the CaCO3 is therefore split into a CaO isotope and a CO2 isotope. 
Both components are carried into the atmosphere, where they are 
influenced by the prevailing conditions such as humidity, temperature 
and air velocity. While the CO2 remains as a gas, the CaO sinks back to 
the earth’s surface as dust. The CaO can recombine with volcanic CO2 
or CO2 from the air or react with the moisture in the air. The following 
reactions are possible: 

CaO + CO2 = CaCO3     Eq (3)

CaO + H2 O = Ca(OH)2     Eq (4)

Ca(OH)2 + CO2 = CaCO3 + H O2    Eq (5)

There is therefore ultimately a fallout of clasts (predominantly 
xenoliths from secondary rocks, but also xenocryst fragments from 
the primary carbonate melt) and a dust mixture of CaO, Ca(OH) 2 
and CaCO3 , with CaO as the main component. This dust forms the 
binding material for the carbonatitic tuff, whereby CaO and Ca(OH) 

2 are transformed into CaCO3 by the atmospherics according to Eqs. 
(4) and (5), a process that also takes place with quicklime. Ultimately, 
a tuff with a carbonate binder phase is formed. We will return to these 
facts below (Figure 1a-1c).

 a Hohenfels-Essingen 
        Rockeskyll 

     b Thürer Wald 
      Riedener complex 

           c Henkenberg 
              Kaiserstuhl 

Figure 1a-c : Tuff with carbonate binder phase.
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Above the evaporation zone, turbulence can occur within the 
ascent channel if the appropriate conditions for flow velocity and 
pressure are present, leading to the formation of a fluidized bed. This 
means that the diatreme is in agglomeration or granulation mode. 
Depending on the role played by the liquid phase involved, we obtain 
accretionary lapilli or droplet lapilli. Accretionary lapilli are formed 
when dust particles collect in a rotating gas flow and stick together 
due to a highly fluid medium (carbonatite melt). Droplet lapilli are 
formed when low-viscosity silicate melt (e.g. melilititic or melilite-
nephelinitic) is atomized and the droplets agglomerate in the turbulent 
gas space. This causes the so-called “cauliflower surface” of these lapilli 
(Figure 2a-2b).

The lapilli can occur with or without a nucleation center, with 
the droplet lapilli often forming around an inclusions or juxtaposed 
xenolith (Figure 2c-2d) with and without nucleation center 
(micrograph, edge length approx. 2.5 cm). If the flow conditions in the 
ascending channel change, the system can switch from agglomeration 
mode to abrasion mode. In this case, the rotating clasts transported in 
the conveyor chute are rounded in a similar way to a sandblasting fan. 
The rounded sanidine megacrysts from Rockeskyll and Hohenfels-
Essingen, whose rounded surfaces have so far been interpreted as 
fusions, are well known (Eilhard 2018) [48]. There are also plenty of 
rounded accessory rock xenoliths and comagmatic clasts in the form 
of pyroxenites and amphibolites (Figure 3a-3b).

 

2a : Accretionary lapilli from                                                             2b: Dropletlapilli from Pulvermaar  
                  Auf Dickel              surface 

 

 

 

     2c : Accretionary lapilli       2d : Droplet lapilli 
Figure 2:
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The Problem of the Carbonatitic Binding Phase in Tephra

Ultimately, the problem of CO2 emission in carbonatitic volcanic 
eruptions can only be solved according to equation 2 by analyzing the 
binding phase of carbonatitic tephra. For this reason, we will deal with 
carbonatitic tephra from various volcanic regions in the following. 
These volcanic areas are the Eifel (EVC = Eifel Volcanic Complex), 
the Kaiserstuhl (KVC = Kaiserstuhl Volcanic Complex) and El Hierro 
(EHSR = El Hierro South Rift).

Sample Material from the EVC

The sample material comes from both the Eastern Eifel (EEVC) 
and the Western Eifel (WEVC).

In detail, the samples are as follows: 

68.3 Tephra, EEVC, Thürer Wald

101.5 subvolcanic soevite, EEVC, Thürer Wald

101.6 Sövite, carbonatitic vein, EEVC, Thürer Wald

94.1 Tephra, WEVC, Essinger Maar

94.5 Tephra, WEVC, Essinger Maar

94.6 Tephra, WEVC, Essinger Maar

95.1 Tephra WEVC, Pulvermaar

Material 101.5 and 101.6 are subvolcanic carbonatites. Figures 4a 
and 4b provide a visual impression.

The isotope signature can be used as a starting point (Table 1):

These data are typical for magmatic carbonatites. We will find 
comparable data in the subvolcanic soevites of the Kaiserstuhl.

Description of the Sample Material

Tephra Thürer Wald, Sample 68.3

The volcanic clastics are cemented by a zeolitic-carbonatitic 
binding phase. As a result of a syneruptive or posteruptive 
hydrothermal phase. The geochemical data of the carbonatitic phase 
are listed in the following table (Table 2).

The oxygen signature indicates that the fluid phase was under the 
influence of vadose waters, with the magmatic signature of carbon and 
Sr preserved.

Tephra Essinger Maar, Sample 94.1/5/6 and Tephra 
Pulvermaar, Sample 95.1

They show the volcanic clastics embedded in a carbonatitic 
binding phase, whose isotopic signature is shown in the following 
table (Table 3 and Figure 5a-5c).

3a : Rounded sanidine megacrysts.   
                  

 3b: Rounded wall rock xenoliths. 
Figure 3:

 4a : solid sövite                                   4b : sövitic vein 
Figure 4:

ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

101.5 - -6,12 7,52 0,70442 14990
101.6 - -5,79 7,53 0,70439 15060

Table 1: Isotope signature.
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The direct indication of the magmatic origin of the Eifel tephra 
is provided by the high Sr content. The Sr content of sedimentary 
limestones of the Eifel is max. 300 ppm. The C and O isotopy of the 
carbonate tephra binding phase can no longer represent the Taylor 
criteria for magmatic isotopy [46] due to its origin. The strontium 
content of the carbonate binding phase was determined at the tephra 
of the three localities EM, PM and TW using the ICP-OES method. 
The tephra of the Pulvermaar is not yet diagenetically consolidated 
due to its young age. The CaCO3 appears as an outer coating on the 
tephra particles, as demonstrated in the Figure 6.

The figure shows the state of the tephra of the Pulvermaar on the 
left and the state after treatment with diluted acetic acid on the right. 

The CaCO3 coating has been removed in this case. However, this 
means that the tephra particles were embedded in the dusty fallout 
of CaO, Ca(OH) 2 and CaCO3 and not in a liquid binding phase of 
CaCO3 melt.

Sample Material from KVC

The material was collected in 2023 and then processed. In detail, 
the samples are as follows: 

Sample.   Remarks.

69.1.   subvolcanic sövite, Badloch

97.2   Droplet lapilli, Kirchberg

105.1.   Droplet lapilli, Henkenberg

1 05.4.   Droplet lapilli, Henkenberg

105.5.   white tephra, Henkenberg

105.6.   hydrothermal limestone, Henkenberg

105.9.   gray tephra, Henkenberg

105. 10.   gray tephra, Henkenberg

Sample 69.1 is the reference value for the initial magma with the 
following isotope ratios (Table 4):

ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

68.3 - -7,54 21,68 0,70442 3500

Table 2: Geochemical data of the carbonatitic phase.

ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

94.1 - -17,94 19,47 0,70594 800

94.5 0,53 -13,32 22,18 0,70645 410

94.6 0,59 -20,35 19,51 0,70613 1900

95.1 - -12,64 25,60 0,70603 1900

Table 3: Volcanic clastics embedded in a carbonatitic binding phase.

 
Figure 5: The tephra of the Essinger Maar is shown in a-c.

Figure 6: Tephra from the Pulvermaar.
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Description of the Sample Material

Droplet lapilli from Kirchberg, 97.2.

Figures 7a and 7b provide a visual impression of the sample 
material. The scale in mm is indicated at the bottom of the images. 
Figure 7b clearly shows the spherical shape of the droplets (droplet), 
which indicates that they were deposited in a solid state.

The isotope data are as follows (Table 5):

Figures 8a, b and c show the BSE image and the Ca and Sr element 
distribution mapping of a droplet. The Sr- mapping shows very nicely 
large Ca primary crystals floating in a matrix of fine crystalline CaCO3 
, which can be interpreted as residual solidification.

A pronounced carbonatitic binding phase similar to that of the 
Thürer Wald sample material is not present. This is also confirmed 
by comparing the ẟ13C values of the whole rock (wr) and the isolated 
droplet, which are almost identical (see Hubberten 1988 [49] Hay and 
O’Neil 1983 [50] and table 10.

Droplet Lapilli vom Henkenberg, 105.1 and 105.4.

A striking feature of Figure 9a is the occurrence of light (Dl) 
and dark (Dd) droplets in the center of the image, embedded in a 

strongly developed carbonate phase (M). Detailed examinations of 
the microstructural components (see pictures) reveal the following 
picture (Table 6).

The absence of strontium and the high ẟ18O value of 24.6 ‰, as 
well as the occurrence of drusen spaces with calcite crystals in the 
matrix (9b) indicate a hydrothermal post-phase with vadose waters, 
which also explains the partial alteration of the magnetites and the 
associated brown coloration of part of the droplets.

Siliceous tephra from Henkenberg, 105.9 and 105. 10.

Figure 10 gives an optical impression of the tephra. 84% of the 
material consists of CaCO3 . In addition, fragments of silicate minerals 
such as olivine, pyroxene, Al-Ca-Fe-containing garnet and Mg-Al-Ti-
containing iron spinel occur.

The isotope data are as follows (Table 7):

Figure 7a and b: Droplet lapilli from Kirchberg.

Figure 8: a, b and c show the BSE image and the Ca and Sr element distribution mapping of a droplet. The Sr- mapping shows very nicely large Ca primary crystals floating in a matrix of fine 
crystalline CaCO3 , which can be interpreted as residual solidification. 

ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

0,60- -6,05 7,08 0,70357 0,70357

Table 4: The reference value for the initial magma with isotope ratios.

ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

0,48 -7,92 15,53 0,70354 4690

Table 5: Isotope data.

ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

Dd dark 0,66 -7,91 14,66 0,70376 3450

Dl light - --9,43 15,67 0,70376 3450

Matrix 0,80 -11,57 24,6 - <NWG

Table 6: Detailed examinations of the microstructural components.



Geol Earth Mar Sci, Volume 6(7): 8–13, 2024 

Hans-Jörg Hunger (2024) Contribution to the Eruption Mechanism of Carbonatitic Diatremes and Volcanoes

Remarkable is the occurrence of calcite crystal fragments, with 
strontium contents of approx. 3000 μg g-1, which are interpreted as 
ejected primary crystal fragments from the carbonatitic magma 
(Figure 11a-b, 12a-b, and 13a-c).

Silicate-free tephra from Henkenberg, 105.5.

The material consists of 99% CaCO3 . Figure 15 gives a visual 
impression of the sample material (Figure 14)

The isotope data are as follows (Table 8):

The thin section shows a uniform growth structure with grain 
sizes of 20µm to 50µm. No foreign mineral phases are recognizable 
(Figure 15).

The results of samples 105.5, 105.9 and 105.10 can be easily 

explained if one assumes that CaO and CO2 are erupted during 
a carbonatitic volcanic eruption and that the reactions take place 
according to equations 2 to 5.

Figure 9: a, b and c provide an optical impression of the sample material. Figure c shows a micrograph.

Figure 10: 84% of the material consist of CaCO3. In addition fragments of silicate minerals such as olivin, pyroxene, Al-Ca-fe containing garnets and Mg-Al-Ti containing spinel occur.

Figure 11: a and b shows an 800 µm x 450 µm primary crystal fragment in thin section. Figure a parallel polarizers, figure b crossed polarizers. It can be clearly seen that the calcite matrix has 
recrystallized at the edge of the primary crystal fragment. The grain size of this edge is up to 100 µm in contrast to the matrix, which has a grain size of approx. 15 µm. The same proportions 
can also be seen on the primary crystal fragments of garnet and spinel in Fig. 12 a and b.

Sample ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

105.9 0,42 -10,02 24,02 0,70477 281

105.10 0,80 -10,26 23,95 0,70485 239

Table 7: Isotope data.

Sample ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1

105.5 1,03 -9,82 24,42 0,70656 68

Table 8: Isotope data.
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During the eruption, CaO dust is blown into the atmosphere, 
which gradually sediments again. Coarser particles, such as mineral 
fragments and calcite clasts, are also deposited near the eruption 
site, as can be seen in material 105.9 and 105.10. The heavy SrO is 
also deposited near the eruption site. The material of sample 105.5 
was transported further, making it xenolith-free, as the heavy crystal 
fragments sediment near the eruption site. Similarly, the strontium 
content decreases with distance from the eruption site. The material 
from Badloch has a strontium content of 9300 μg g-1, material 105.9/10 
has a strontium content of 280 μg g-1 and material 105.5 of 68 μg g-1. 
The xenolith crystals of samples 105.9/10 act as nucleation centers for 
carbonate formation, as can be clearly seen.

Sample Material from EHSR

The find situation can be seen in Figures 16 and 17.

The discovery points are approx. 3 kilometers apart.

Description of the Sample Material

The geochemical data is shown in the table (Table 9 and Figure 
18a-c). These three tephras are not yet strongly diagenetically 
consolidated. As a result, surface waters can exert a strong altering 
influence. Nevertheless, the tephras show a clear magmatic signature, 

Figure 12:

Figure 13: a, b and c show the BSE image and the Ca and Sr mappings of the calcite xenolith.

Figure 14: Silicate-free tephra.

Figure 15: Thin section of sample 105.5.

sample ẟ44Ca ẟ13C ẟ18O 87Sr/86Sr Sr/μg g-1 14C

108.1 0,79 -7,71 28,55 0,70390 980 0,5497

108.2 0,91 -8,931 28,12 0,70373 1100 n.d.

108.3 1,41 -8,832 29,24 0,70464 494 0,3262

Table 9: Geochemical data.
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the C and O isotope values are shifted in the sense of Hay and O’Neil 
towards carbonates in equilibrium with meteoric water [50]. The 14C 
isotope analysis has shown that a considerable 14C content is present, 
which correlates with ages of 9000 and 4000 years. These ages represent 
maximum values, as the dilution effect of the natural air CO2 content 
by the volcanic CO2 means that the initial value of 14C is lower than 
is normally assumed. In any case, the detection of 14C in the tephra 
confirms the sequence of reactions according to equations 2 to 5.

Results and Discussion

It can be seen that the ẟ18O value of the carbonatitic binder 
phase is generally greater than 20 ‰. Obviously, the ẟ18O value of 
the carbonatitic source materials (CaO and CO2) changes under the 

influence of atmospheric oxygen (ẟ18O = 23.5 ‰) in the eruption 
cloud to these high values of ẟ18O > 20‰ (Table 10).

The ẟ13C value does not change during the eruption as it lacks the 
exchange partner and the small amount of CO2 in the air also has a 
ẟ13C value of -6.5 ‰. This means that the change in the ẟ13C value of 
the tuffitic binding phase is due to later alteration. This can be seen 
very clearly in the tephra of El Hierro, which can be regarded as recent 
at around 3 ta and which still fulfills the Taylor criterion for carbon 
with values of ẟ13C of around -8‰, while the oxygen is already far from 
this with values of 28 ‰. This shows that the C isotope ratio will be 
changed by alteration processes after the eruption. However, the lapilli 
tephra from Kaiserstuhl also shows that the isotopic composition ẟ13C 

of massive carbonatite, as present in the lapilli, is much more stable 
than the ẟ18O isotopy. The values in the table also show that in cases 
where the ẟ13C isotope does not deviate or deviates only slightly from 
the Taylor criterion, the 87Sr/86Sr value has a magmatic signature. The 
formation of the droplet lapilli at Kirchberg and Henkenberg must 
have taken place under conditions that are extremely rarely realized 
in nature. This shows that only three such sites are currently known: 
Kaiserstuhl [51], Cape Verde Islands [37] and Fort Portal Volcanic 
Field, Uganda (Barker and Nixon 1988 [38]). The carbonate melt must 
have spattered. It then formed into a sphere due to the surface tension 
and suddenly solidified. Accordingly, the micrographs Figure 8c show 
calcite primary crystals precipitated from the melt and a fine-grained 
matrix as residual solidification.

The synthesis of physical data on the pressure- and temperature-
dependent phase relationships in the CaCO3 system and the findings 
on the dissolution behaviour of CaCO3 and H2O in silicate melts 
and their influence on the density and fluidity of the melts under 
consideration, as well as the calculation of the associated ascent 
rates, allow conclusions to be drawn about the eruption behaviour 
in diatremes. Diatremes are bound to tectonically predetermined 
structures that allow the highly fluid melts to rise rapidly and thus 
leave them no time to cool. If the melts reach the pressure range that 
results in the decomposition of the CaCO3 or the release of the CO2 
, a gigantic fan is created that opens the vent to the Earth’s surface 
by fragmenting the overlying cover, which explains the high content 
of wall rock xenoliths in the diatreme. If one now takes into account 
the phenomena known from technology that are associated with the 
transport of particles in flowing gases (fluidisation), then the tephras of 

Figure 16: Finding point sample 108.1.

Figure 17: Finding point samples 108.2 and 108.3.

a: Sample 108.1   b: Sample 108.2   c: 108.3
Figure 18: a to c provide an impression of the sample material.
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volcanic pipes that can be found in the terrain can be easily explained. 
Furthermore, the detection of the carbon isotope 14C in carbonatitic 
tephra confirms the dissociation and recombination of CaCO3 during 
the eruption. For the Eifel, this means that the formation of the maars 
exclusively by phreatomagmatic processes must be reconsidered. This 
concept was already criticised in the work of Rausch et al. (2015) [52], 
but was only included in the work of Schmincke et al (2022) [53], in 
which the formation of maars in the Eifel by sudden magma degassing 
is also considered possible.
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Appendix

Analytical Methods

1. Chemical analytic: main- and trace elements

The bulk chemical analysis of selected samples was performed 
by X-ray fluorescence (XRF) spectrometry with an AXIOS XRF 
instrument of PANalytical. Major element concentrations were 
analysed on fused glass beads (0.4 g sample + 4g di-lithium tetraborate 
flux) using the SuperQ software (PANalytical) which was calibrated 
in-house with a set of international standards. Trace element 
concentrations were analysed on pressed pellets (5g sample + 1g Wax) 
using the Pro Trace software (PANalytical).

2. Electron microprobe

The chemical composition of minerals has been determined using 
a Cameca “SX5FE” field-emission electron microprobe. For carbonate 
analyses an acceleration voltage of 15 kV and a probe current of 10 nA 
were used. As carbonates are very beam-sensitive, the electron beam 
was defocussed to 5 μm diameter and a time-dependent intensity 
correction was applied. Natural minerals were used as reference 
materials: major elements were calibrated using carbonate minerals 
[54]. Silicate and oxide minerals were measured at slightly higher 
probe currents (20 nA). The XPhi method of Merlet (1994) [55] was 
used for quantification of the raw data. Element distribution mapping 
was done using a combination of energy-dispersive and wavelength-
dispersive X-ray spectrometry at 15 kV acceleration voltage and probe 
currents of up to 120 nA.

3. Sr-Isotope analysis

The powdered samples were weighted into Savillex vials, dissolved 
for 2-3 hours in 2.5 N HCl on a hot plate (80oC), and then dried and 
transferred into 3.5 M HNO3 (200 µl) solutions for further column 
chemistry. We used this relatively weak acid to dissolve only the 
carbonate part without dissolution of other minerals. Strontium was 
separated from all other elements in 200 µl Teflon columns using the 
resin Sr spec (Charlier et al., 2006) and then loaded onto pre-degassed 
W-filaments. The Sr isotope composition was determined on a MAT 
262 mass spectrometer at the isotope laboratory TU Bergakademie 
Freiberg. The international standard NBS987 (RSM) yielded 
0.71025 ± 0.00005 (n=27) during the course of measurements. The 
measurement errors of samples were usually in the range of ± 0.00001 
to 0.00002. Instead of these measurement errors we use the external 
reproducibility of the standard (± 0.00005) for all our measurements 
as a measure of their uncertainty.

4. Oxygen and carbon isotope analysis

Oxygen and carbon isotope composition were analyzed using 
a Thermo KIEL-IV carbonate preparation device connected to a 
Finnigan Delta+ mass spectrometer. The uncertainties in ẟ18O are in 
the range of 0.1‰ and in ẟ13C in the reange of 0.06‰. All data are 
related to VSMOW (ẟ18O) and PDP (ẟ13C).

5. Ca isotope analysis

The analysis of the calcium isotope composition of carbonatite 

samples was carried out in the laboratories of the Institute of Geology, 
Mineralogy and Geophysics of the Ruhr-University Bochum. 
Depending on the Ca concentration, between 0.1 and 2.3 mg of the 
carbonatite powder samples were weighed using an XP 56 balance 
(company Mettler Toledo). Subsequently, the samples were dissolved 
by adding 1 ml 6M HCl and evaporated on a hotplate at 90°C. Selected 
samples were dissolved (i) in 1 ml 1 M acetic acid for 24 h or (ii) in 1 
ml 0.5M acetic acid for 30 min to dissolve only the carbonate fraction 
(Maloney, 2018). Subsequently, the samples were centrifuged and the 
solution was dried on a hot plate at 90°C. In the next step, the samples 
were re-dissolved in 1 ml of an H2O2: HNO3 mixture (1: 1; 30%: 65%) 
in order to destroy organic matter and prevent cation complexation. 
After that, the samples were again evaporated at 60°C. Chemical 
separation of the Ca fraction from the matrix was accomplished using 
a prepFAST MC (company Elemental Scientific) device equipped 
with a CF-MC-SrCa-1000 column. For this, the samples were taken 
up again with 1 ml 2M HNO3. The matrix was removed with 3 ml 
2M HNO3 and the Sr fraction with 10 ml 5M HNO3. The Ca fraction 
was gained with 5 ml 0.1M HCl and dried on a hotplate at 90°C. For 
a ready-to-measure solution with a Ca concentration of 2.5 ppm, the 
samples were dissolved in 3.5% HNO3. A Thermo Fisher Scientific 
Neptune MC-ICP-MS was used for Ca isotope analysis (d44/42Ca, 
d44/43Ca). ẟ-values are given in ‰ against IAPSO. The long-term 
reproducibility was determined using the standard SRM915a: d44/42Ca 
= -0.94‰ ± 0.08 2s and d44/43Ca = -0.44‰ ± 0.07 2s (n = 122, 2020-
2022). The d44/42Ca values have been converted to d44/40Ca values 
for better comparability using the equation by Heuser et al. (2016), 
assuming kinetic fractionation: 

  
  

Furthermore, the standard IAPSO was converted into SRM-915a 
using the following equation (Heuser et al., 2016):

 

6. Radiocarbon Dating

Radiocarbon dating on carbonate tephra from El Hierro was 
conducted at the Alfred Wegener Institute MICADAS 14C dating 
facility following standard operating procedures [56]. Parts of the 
tephra handpieces were pre-cleaned by adding 10 drops of hydrochloric 
acid (1% HCl) onto the sampling side. After drying (60 °C for 2 h) 
the pre-cleaned sections were subsampled using 3 mm drill bits. The 
obtained tephra powder was hydrolyzed using the carbonate handling 
system (CHS, Ionplus AG) by adding 1 ml of phosphoric acid (≥85% 
H3PO4) to the sample vials. Following a reaction time of 60 min at 
60 °C, evolved CO2 was transferred to the automated graphitization 
system (AGE-3, Ionplus AG). CO2 was reduced to elemental C over 
iron powder in the presence of hydrogen at 550 °C and pressed into 
graphite targets for radiocarbon measurement on the MICADAS AMS 
(Ionplus AG). Radiocarbon data were normalized against sample size-
matched Oxalic Acid II (NIST SRM4990C) and blank correct against 
size-matched IAEA-C1 reference material. Normalization and blank 
correction was performed using the BATS software [57]. Radiocarbon 
data was reported as fraction modern carbon (F14C).


