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ABSTRACT

Interpretation of calcite-dominated fossil carbonatite volcanoes is complicated by the instability of many igneous carbonatite
minerals on Earth’'s surface. One hypothesis suggests that they originate by eruption of alkali-free calcic carbonatite lavas.
However, liquid calcite is not thermodynamically stable at atmospheric pressure. A second hypothesis suggests that calcite is
secondary and formed after magmatic alkali carbonate minerals, primarily nyerereite, lost their Na or K to surface water. Here,
we experimentally test a combined hypothesis in which solid calcite phenocrysts are suspended in natrocarbonatite lava that
solidifies primarily to nyerereite, and determine calcite solubilities in sodic carbonate liquids. Then, we dissolve alkalis in water
over several months to show formation of secondary calcite after nyerereite. Textural and geochemical observations from our
experiments are consistent with many natural volcanic carbonatites. Magmatic calcite occurs as rounded and elongated sub-
hexagonal prisms, whereas secondary calcite exhibits a range of fine-grained morphologies. Magmatic calcite only contains
Sr as a significant minor element, whereas secondary calcite is chemically diverse with Na, K, P, and Ba as important minor
elements. Strontium is also present in secondary calcite, but in lower concentrations than primary magmatic calcite. Calcite
types with both primary and secondary characteristics occur in many natural carbonatites, indicating that alteration of initially
calcite-nyerereite-bearing natrocarbonatites to calcite carbonatites was more common in Earth’s geological past than previously
recognised.

Keyworps: Carbon cycle; Calciocarbonatite; Experimental petrology; Sovite; Weathered carbonatite; Pyroclastic flow.

T INTRODUCTION

It is well known that carbonatite rocks do not represent the
carbonatite melt compositions from which they formed [Le
Bas 1981; Mitchell 2005; Guzmics et al. 2011; Kamenetsky et
al. 2021; Yaxley et al. 2022]. That these are essentially cu-
mulate rocks has been repeatedly demonstrated for the com-
mon intrusive calcite and dolomite carbonatites [Veksler et al.
1998; Anenburg et al. 2020; Chayka et al. 2021}, with cumulate
processes governed mostly by non-gravitational processes. In
contrast, there has been some expectation for the less abun-
dant extrusive carbonatites to preserve most of their primary
character, similar to how silicate lava flows and tuffs faithfully
record their liquid compositions [Katz and Keller 1981; Keller
1989; Bailey 1990; Mourao et al. 2010; Toscani et al. 2020}, al-
though synmagmatic alkali loss has been suggested [Macdon-
ald et al. 1993; Eby et al. 2009]. However, solidified carbonatite
lavas are infamous for their instability, as shown by the na-
trocarbonatites’ of the Oldoinyo Lengai volcano in Tanzania,
the only currently known active carbonatite volcano [Daw-
son 1962]. Within minutes, these lavas begin to react with
atmospheric moisture, and they experience rapid dissolution
in meteoric water [Hay 1989; Keller and Krafft 1990; Zaitsev
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TWe use the term “natrocarbonatite” to refer to Na-rich carbonatite
melts which primarily solidify to Na-carbonate minerals, often nyer-
ereite. The Oldoinyo Lengai natrocarbonatites also form gregoryite,
reflecting their exceptional Na contents. However, our usage of “na-
trocarbonatite” does not require chemical similarity to the Oldoinyo
Lengai lavas or presence of abundant gregoryjite.

and Keller 2006]. The residual material substantially differs
from the primary carbonatite melt crystallisation products in
terms of its geochemistry, mineral assemblage, and potentially
microstructures.

1.1 Origins of extrusive calcite carbonatites

How does one, given the potential ephemerality of alkali-
bearing carbonatite lavas, interpret a geologically historical
extrusive carbonatite [Barker 1989; Keller and Zaitsev 2006]?
The overwhelming majority of extrusive carbonatites are
dominated by calcite, which led some researchers to speculate
that these were originally calcic melts [von Knorring and du
Bois 1961; Dawson 1964b; Reller 1981; Hayward and Jones
1991; Stoppa and Cundari 1995; Mitchell and Dawson 2021],
with calcite grains crystallising as phenocrysts or as the ma-
trix material [Keller 1989]. This hypothesis overlooks the fact
that the refractory nature of calcite in anhydrous settings, as
expected in dehydrated lavas at the surface, was one of the
arguments against the igneous origin of carbonatites in the
first half of the 20" century [see discussion in Pecora 1956;
Woyllie and Tuttle 1960], and that liquid calcite cannot exist at
Earth’s surface pressures (although carbonatite melts can exist
to pressure as low as 10 bar, equivalent to a few tens of me-
tres depth underground [Wyllie and Tuttle 1962; Wyllie and
Raynor 1965]). Alternatively, some suggested that calcite was
a deeply sourced antecryst or an in-situ formed phenocryst,
suspended within a natrocarbonatite lava, with the sodic lava
altering to calcite of a second generation [Hay 1983; Mariano
and Roeder 1983; Deans and Roberts 1984; Rosatelli et al. 2010;
Zaitsev 2010; Lundstrom et al. 2022]. This hypothesis is dif-
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ficult to test in nature because Oldoinyo Lengai, the only ac-
tive carbonatite volcano, has no calcite phenocrysts [Dawson
1989; Guzmics et al. 2019]. Instead, the CaCO3 component of
its melt is present as a minor component in gregoryite and ny-
erereite solid solutions [Keller and Zaitsev 2006; Berkesi et al.
2020; Baudouin and France 2023]. A third option is that all
calcite is secondary, forming in low temperature conditions
after all or most alkali carbonates have been dissolved, simi-
lar to the actual process happening now at Oldoinyo Lengai
[Zaitsev and Keller 2006, Campeny et al. 2015].

1.2 Calcite phenocrysts in natrocarbonatite liquids?

Oldoinyo Lengai is only one volcano that does not represent
all possible extrusive carbonatite melt compositions, as ob-
served by Le Bas [1981, 1987] who highlighted the difference
between the calcite-free Oldoingo Lengai natrocarbonatite and
the other calcite-dominated extrusive carbonatites. Melt in-
clusion studies of intrusive calcite and dolomite carbonatites
unequivocally demonstrate that they crystallise in equilibrium
with alkali-rich carbonatite melts [Veksler et al. 1998; Guzmics
et al. 2011; Chen et al. 2013; Raldos et al. 2015; Prokopyev et
al. 2020; Chagka et al. 2021; Prokopyev et al. 2021], a fact sup-
ported by formation of calcite in experiments of alkaline car-
bonatites [Weidendorfer et al. 2017; Anenburg et al. 2020]. We
see no reason why these calcite-saturated yet alkali carbon-
atite melts cannot erupt at the surface. Additional calcite can
crystallise directly from the natrocarbonatite liquid if the tem-
perature is below the calcite decomposition temperature [Git-
tins and Jago 1991]. Many extrusive carbonatites contain clear
tabular calcite, as well as turbid calcite which appears to pseu-
domorph another mineral (presumably nyerereite or melilite),
and a fine-grained calcite groundmass [e.g. Turner 1988; Hay-
ward and Jones 1991; Rosatelli et al. 2003; Andersen 2008;
Campeny et al. 2015; Mitchell and Dawson 2021]. If the clear
tabular calcite crystals are indeed phenocrysts, then calcite-
saturated natrocarbonatites are much more common than the
highly alkaline and gregoryite-saturated Oldoinyo Lengai car-
bonatites. Clearly, the high temperature calcite phenocryst
hypothesis is feasible, but distinguishing it from low tempera-
ture secondary calcite is difficult, often requiring cathodolumi-
nescence or in-situ isotopic analysis methods to resolve small-
scale spatial differences [Stoppa et al. 2023]. There is much
debate on the topic based on observations from natural sys-
tems [e.g. Turner 1988; Ngwenya and Bailey 1990; Gittins and
Harmer 1997; Keller and Zaitsev 2006; Mitchell and Dawson
2021], with inconclusiveness exacerbated by an experimental
gap on these systems. This study aims to shed some light on
this topic and provide constraints on natrocarbonatite charac-
teristics, such that natural extrusive carbonatites are easier to
interpret.

1.3 Experimental approach

Bailey [1993] said that “Obviously, alkali melts with a calcite
liquidus may exist... Actual alkali carbonate melts with cal-
cite phenocrysts have yet to be observed in nature, and their
existence still awaits confirmation.” This hypothesis has re-
mained untested for three decades (notwithstanding prelimi-
nary results by Gittins and Jago [1991]). Even recently, Rap-
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prich et al. [2024] noted the apparent conundrum whereby
CaCO3 is not stable in hot surface conditions, and suggested
that rapid eruption may be required to preserve primary cal-
cite crystals. Pure CaCO3 (i.e. calcite) is indeed unstable at suf-
ficiently hot temperatures: the decomposition temperature in
Latm COy gas is around 900 °C [Galan et al. 2012], with lower
temperatures in natural-like atmospheres or lower pressures
(such as on mountain tops). Whilst molten calcite cannot exist
on the surface, Ca®* cations or CaCOj as a thermodynamic
component can be dissolved in an alkali mixed-cation car-
bonate liquid (i.e. a natrocarbonatite). Natrocarbonatite lavas
can erupt in temperatures as low as 600 °C, leaving a 300 °C
temperature gap in which calcite is a perfectly stable mineral
and can potentially carried by or form as a phenocryst from
natrocarbonatite lavas. It also seems likely that when these na-
trocarbonatite lavas are altered, alkalis will be removed with
calcite potentially crystallising from the CaCOs-rich residue.
Currently, CaCO3 solubilities in natrocarbonatites and their
variation with temperature are unknown.

Given that observation of erupting calcite-bearing carbon-
atite lavas may not occur in our lifetimes, an experimental
approach is of value. Here, we conduct high temperature ex-
periments to demonstrate the existence of calcite-saturated na-
trocarbonatite lavas, and we measure their composition. We
also run experiments above the decomposition temperature of
calcite [Galan et al. 2012] to examine the possibility of hot lavas
which carry initially stable calcite from depth into conditions
above its stability limit [cf. Barker 2007]. We also examine
the morphology of calcite phenocrysts that form in our exper-
iments and of euhedral calcite rhombs to test whether they
retain their shape in igneous systems. Finally, we examine the
products of lava dissolution, and whether calcite morphology
and composition differ between high temperature calcite and
calcite formed as secondary replacement.

2 METHODS

2.1 High-temperature experiments

In order to create a natural-like natrocarbonatite lava compo-
sition saturated with calcite, we first prepared a chemical mix
loosely inspired by published Oldoinyo Lengai compositions
[e.g. Dawson 1962; Du Bois et al. 1963; Dawson 1989; Daw-
son et al. 1990; Keller and Krafft 1990]. Chemical compounds
were mixed in an agate mortar and pestle while immersed
in acetone until homogeneity (Table 1). The Ca-free natro-
carbonatite mix was then mixed with powdered CaCOs at a
natrocarbonatite:CaCQj ratio of 30:70. This ratio was selected
to ensure calcite saturation and constrain CaCO3 solubility in
the melt. The combined mix was packed into alumina cru-
cibles and placed in a 120 °C oven to remove all moisture and
acetone residue. Two experiments contained additional mm-
sized cleavage fragments of calcite obtained from calcite peg-
matite veins found along the road in the Cloncurry district,
Queensland, Australia. High temperature experiments were
conducted in a vertical 1atm gas mixing furnace. The alu-
mina crucibles were placed inside a platinum bucket attached
to an alumina rod (Figure 1). The alumina rod was lowered
through an opening at the top of the furnace into the hotspot,

Page 814



VOLCANICA

7(2): 813-833. https://doi.org/10.30909/vol.07.02.813833

\ melt

spillage

alumina
crucibles

Figure 1: Experimental setup after an experiment, showing
three alumina crucibles inside a platinum bucket, hanging from
an alumina ring using platinum wire, and suspended below an
alumina rod. Minor melt loss is observed as the teal material
at the bottom of the bucket.

idling at 600°C. Preliminary experiments revealed that the
sudden temperature increase to 600 °C resulted in some mi-
nor melting and exceptionally rapid expansion of gas bubbles
trapped in the incipient melt. Together with the excellent
wetting characteristics of the melt on the alumina crucibles,
this caused catastrophic spraying and loss of material. We re-
solved this issue by slow and controlled heating of the loaded
alumina crucibles in a box furnace. The crucibles were taken
out of the box furnace at 500°C and demonstrated substan-
tial sintering and volume loss. We crushed and repacked the
starting mix, then repeated the process at 600 °C after which
the crucibles were loaded into the 1atm gas mixing furnace.
Once inside, temperature was increased to the target temper-
ature at 3°Cmin~! and dwelled for two hours. The atmo-
sphere inside the furnace was pure COy, supplied at a rate of
100 cm® min—!. Oxygen fugacity was not strictly buffered, but
we estimate conditions to be between the nickel-nickel oxide
(NNO) and magnetite~hematite (MH) buffers. After each ex-
periment was complete, the alumina rod was pulled up from
the top of the furnace and the bottom of the platinum bucket
was briefly dipped in water to expedite the cooling rate. The
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Table 1: Synthetic Ca-free natrocarbonatite composi-
tion, showing chemical compounds and resulting bulk
composition in terms of chemical components.

Compound  Percentage ~ Component  Percentage
MnSOy4 407 MnO 1.91
MgF» 5.12 MgO 3.80
BaSO4 2.60 BaO 1.71
NayCO3 55.83 NayO 35.43
KoCO3 20.31 KoO 14.62
NaCl 5.25 SrO 2.28
Mg3(POy4)2 1.35 SO3 5.46
SrSO4 4.04 P205 0.86
K2SO4 1.43 F 3.12
Cl 3.18
COy 29.65
-0 =(F, Q) —2.03
Total 100.00 Total 100.00

In addition to these major components, we also added
about 400 ppm of La and 300 ppm of Y.

alumina crucibles were cold enough to the touch within sev-
eral minutes. Despite pre-heating the crucibles, minor melt
spillage and loss was observed in some experiments, where
solidified melt was deposited at the bottom of the platinum
bucket (Figure 1).

After each experiment, the alumina crucible was mounted
in epoxy resin, and once cured, sliced into two halves using
a water-cooled saw in about two seconds. Any water was
immediately wiped and the samples were placed in a 120°C
oven to dry, after which the sections were again mounted in
epoxy resin. Within a day of curing, the first set of sections
(Figure 2A-2D) was polished with sandpaper followed by di-
amond polishing in steps down to 0.25pm, carbon coated,
and taken to electron microscopy for textural and chemical
analysis.

We used a Hitachi 4300 SE/N Schottky field emission scan-
ning electron microscope (FE-SEM) equipped with an Oxford
Instruments INCA X-MAX energy dispersive spectroscopy
(EDS) system employing an 80mm? silicon drift detector
(SDD). Images were taken in both secondary electron (SE) and
backscattered electron (BSE) modes. The EDS system is cal-
ibrated with reference materials, allowing estimation of CO,
contents of the various phases. Analysis was conducted with
15kV accelerating voltage and 0.6 nA beam current. Typically,
a focused beam was rastered over an area of several tens of
pm? to minimise alkali loss [Anenburg et al. 2020; Anenburg
and Guzmics 2023).

Element mapping was conducted using a JEOL 8530F Plus
electron probe microanalyser (EPMA). We used four wave-
length dispersive spectrometers (WDS) with operating condi-
tions of 15kV accelerating voltage, 50 nA beam current, 1 pm
beam diameter. Mapping was conducted at a step size of
24pm and 50ms dwell time. The four elements analysed
were Na and Mg using their Ra lines on a TAP crystal, Ca
using its Ra line on a PET crystal, and Sr using its La line on
a PET crystal.
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Table 2: List of experiments reported in this study.

Experiment  Temperature (°C)  Added calcite?
1 750 no
2 800 no
3 850 no
4 850 yes
5 950 no
6 950 yes

Table 3: Timeline of water replacements in ambient conditions.

Time since first pH immediately before

immersion (days) replacement

1 6.5
6 95

15 not measured
39 6.5

69 6.0

130 5.5

133 not measured

Raman spectra were acquired using a Horiba LabRAM
Soleil instrument. For each spectrum, we performed two ac-
cumulations of 3-5s each, using a 532nm laser running at
32mW. Grating was set to 1800 and the hole size was 200 pm.

2.2 Low-temperature dissolution experiments

After all studies on the pristine high temperature experiments
were complete, a second set of sectioned crucibles (Figure 2E—
2H) was placed face up in a beaker and gently filled with 0.5 L.
of tap water. The water was replaced several times in increas-
ing time gaps, and the pH was measured using a paper pH
indicator (Table 3). The final water replacement after 130 days
utilised deionised water.

After 133 days, the samples were removed from the beaker
and dried in air for around two hours. Optical observation
through binoculars revealed growth of crystalline material on
top of the surface, and the samples were taken for observa-
tion in a Hitachi TM4000II environmental SEM (eSEM) that
does not require any polishing or carbon coating. In order to
confirm the crystalline material identity, we used the Raman
method described above.

For a more thorough assessment of low temperature alter-
ation processes, we repolished the experiments with sandpa-
per to flatten the surface, dried in a 120 °C oven, cleaned in an
ultrasonic bath, and reimpregnated with epoxy. After a final
polishing step down to 0.25 pm, the samples were examined
using the FE-SEM as described earlier.

3 REsuLTS
3.1 High-temperature magmatic experiments

3.1.1  Within the calcite stability field

Experiments 1 to 4 were conducted within the calcite stabil-
ity field in a surface pressure COy atmosphere (<900 °C). The
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experimental products are dominated by calcite phenocrysts
with typical sizes from 10-50 pm, consistent with previous
work showing liquidus calcite in some synthetic natrocarbon-
atites [Watkinson and Wyllie 1971; Kjarsgaard et al. 1995;
Lee and Wyllie 1996]. We qualitatively observed that calcite
grain size increased with temperature (Figure 3A-3C), with
10-20 pm grains common in the 750°C experiment (run 1;
Figure 3A), whereas 50 pm grains are abundant in the 850 °C
experiment (run 3; Figure 3C). The crystal shape is subhedral
with tabular stubby prisms and strongly rounded dipyrami-
dal terminations. Basal cross sections are likewise rounded,
but some cases exhibit a very faint hexagonal shape [cf. Lee
and Wyllie 1997]. Rounded calcite is typical for high tem-
perature experimental studies [Lee and Wyllie 1996; Mitchell
and Kjarsgaard 2008; Gittins and Mitchell 2023], and ours are
no exception. Some calcite grains in the 750 °C experiment
have cores with a darker BSE contrast, which we interpret
as residual pure CaCOs3 from the starting materials (arrows
in Figure 3A). No such cores are observed in the hotter runs.
After CaO, the next abundant chemical component in calcite
is SrO at 1.0 + 0.2 wt.% (Table 4). In addition, low K,O and
Y,03 contents, at or close to the detection limit of our EDS
method, were found in many calcite grains.

Carbonatite liquids do not typically quench to glass, instead
forming a dendritic intergrowth of carbonate minerals and
other accessory phases. Accordingly, the matrix surrounding
calcite mostly contains a mixed Na—Ca—K carbonate mineral
(Figure 3, Table 5). This mineral is presumably nyerereite,
but our mineral is more calcic than any other published nyer-
ereite composition (Figure 4A). The Ca-rich character makes it
compositionally closer to NapCag(CO3)3 (shortite) than to end-
member nyerereite at NapCa(CO3); [also noted by Mitchell
and Dawson 2021]. Although potassic shortites have been pre-
viously identified [Golovin et al. 2017b, and see “shortite?”
field in Figure 4A], our Raman spectrum (Figure 5) does not
agree with published Raman spectra for shortite, potassic or
otherwise [Golovin et al. 2015; Kaldos et al. 2015; Golovin et al.
2017a]. Instead of two distinct peaks in the carbonate region,
we only find a single somewhat wider peak (Figure 5B), mostly
consistent with known nyerereite Raman spectra [Golovin et
al. 2017a; Berkesi et al. 2023]. Shortite is unstable at high
temperatures, where it decomposes to nyerereite and calcite
[Frankis and McKie 1973; Cooper et al. 1975]. To complicate
things further, nyerereite may have different polymorphs at
different temperatures (including zemkorite) with questionable
preservation during quenching [Golovin et al. 2015; Christy et
al. 2021]. It is possible that the high Ca contents of our phase
stabilise a certain structure over another, but delving into this
issue is beyond the scope of this project. Our compositions
form the Ca—R-rich end of a compositional trend of Na—Ca—
K-carbonates often referred to in the literature as “nyerereite”,
a trend distinct to analyses of coexisting Na—Ca—K-carbonates
with a shortite-like composition [Figure 4A; e.g. Guzmics et al.
2011; Mitchell and Dawson 2021]. Consequently, we will sim-
ply refer to this carbonate as nyerereite*.

*Single crystal XRD measurements conducted after the acceptance of
this paper indicate that this mineral may in fact be zemkorite and not
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C exp3:850°C

D exp 4:850°C

thick lime film
J thick lime film

~no lime film

b filamentary
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Figure 2: Reflected light images of sectioned alumina crucibles. [A-C] Surfaces of high temperature experiments taken within
minutes of polishing. [D] Similar to previous, with calcite cleavage fragments in dark brown. [E-F] Polished surfaces after im-
mersion in water. White patches and filamentary features are calcite structures that protrude above the samples up to about
1mm to the direction of the camera. [G-H] Initially lime-rich experiments after immersion in water, showing substantial volu-
metric expansion demonstrated by cracked epoxy resin and alumina crucible walls. Recrystallised material protrudes above the
polished surface up to about 1.5 mm. Note abundant spherical calcite.

Nyerereite occurs as elongated laths, which are more ob-
vious in regions with lower abundance of calcite phenocrysts
(e.g. Figure 3D-3F). Other than the major elements, it contains
minor amounts of SrO (=0.5wt.%), P205 (~0.5wt.%), SO3
(=2.5wt.%), and BaO (~0.2wt.%). In the lowest temperature

nyerereite. The two are isochemical polymoprhs and this has very
little implications for the conclusions of the paper
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experiment 750 °C, 1 atm), some nyerereite crystals are zoned
with a darker BSE contrast in their cores whereas the rims are
brighter due to elevated sulfate contents (Table 5, dashed ovals
in Figure 3A, up to 18 wt.% SO3). In all other experiments ny-
erereite grains have a homogenous BSE contrast. We interpret
this to indicate that some nyerereite was an equilibrium min-
eral at 750 °C with additional nyerereite forming during rapid
cooling upon removal from the furnace. In the hotter exper-
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Table 4: Compositions of calcite in wt.%. For experiment 3 at 850 °C, equilibrium phe-
nocrysts are distinguished from elongated quench calcite. Secondary (2") calcite
spots were measured on BSE dark and light areas of grain in Figure 8D.

750 °C 800 °C 850 °C (q.)

850 °C (eq. ph.) 2" dark 29 light

n 7 3 5

NayO 0.01 0.08 n.d.
P,05 n.d. n.d. n.d.
K,O* 0.12 0.09 0.16
CaO 51.30 51.57 51.51
SrO 1.07 0.79 0.97
Y,05" 027 0.22 0.19
BaO n.d. n.d. 0.17

Total 52.87 52.97 53.10

5 1
0.00 0.38
0.00 0.82
0.11 0.13

51.25 51.51
0.82 0.56
0.34 n.d.
n.d. 1.11

52.58 54.51

2
0.25
091
0.11

50.41
0.82
0.13
2.45

55.06

n.d.—not detected; q—quench calcite laths; eq. ph.—equilibrium calcite phe-

nocrysts.

" K,0 and Y03 were often at the detection limit, and should be considered as

qualitative estimates.

Table 5: Representative compositions of alkali carbonates in wt.%.

750 °C 750 °C 800 °C 850 °C 950 °C 950 °C
nyerereite core  nyerereite rim  nyerereite  nyerereite  nyerereite  gregoryite

NayO 19.00 19.45 19.54 19.46 17.19 33.46
P,05 0.57 0.71 0.55 0.51 0.56 2.58
SOz 4.08 18.83 2.40 2.69 2.07 10.23
Cl 0.09 n.d. 0.12 0.10 0.03 n.d.
K0 6.88 6.47 7.94 7.80 8.76 3.03
CaO 27.28 24.75 26.94 26.38 26.43 7.96
SrO 0.38 0.40 0.45 0.48 1.80 0.88
BaO 0.28 n.d. n.d. 0.15 0.46 0.70
Total 58.47 70.75 57.81 57.52 57.39 58.85

n.d.—not detected.

iments, we suggest that no nyerereite was stable at run tem-
perature, and all nyerereite formed by crystallisation from the
cooling carbonatite melt. This is supported by the presence
interstices between nyerereite laths. They are composed of
a very fine-grained intergrowths of various phases, occasion-
ally symplectic, that are compositionally not too dissimilar to
nyerereite, but contain substantial fluoride and chloride con-
tents, with occasional barium-rich sections (Figure 3G). These
textures are consistent with quench textures observed in ex-
periments on carbonatites previously [Mitchell and Kjarsgaard
2008], from natural natrocarbonatites [Dawson et al. 1990}, and
from secondary calcite carbonatites [Keller and Zaitsev 2006;
Zaitsev and Keller 2006; Zaitsev et al. 2008] from Oldoinyo
Lengai and Tinderet [Zaitsev et al. 2013]. Rarely, gregoryite
occurs between nyerereite laths.

The matrix contains ovoid patches of a Mg-rich and Na—
E—Ca-bearing carbonate (Figure 3C, 3D). They are porous and
compositionally heterogenous (as evident by their mottled BSE
contrast). These Mg-rich patches contain minor contents of
all other cations used in our experiments (Sr, P, S, and Ba,
Table 6). They appear to have been solid phases at run tem-
peratures as they truncate the growth of calcite phenocrysts

E}g Presses universitaires de Strasbourg

Table 6: Compositions of ovoid Mg-

carbonate patches in

wt.%.

750 °C 850 °C 950 °C

F 2.10
Na,O 1091
MgO 41.00
P,05 0.36
SO; 3.08
Cl n.d.

K,O 417
CaO 15.99
MnO 0.18
SrO 0.56
BaO 0.90
Total 77.31

0.90 n.d.
12.42 21.58
33.81 42.04

0.37 1.08

2.08 5.15

0.73 n.d.

5.18 2.24
17.26 5.67

0.47 n.d.

0.29 0.79

0.68 0.47
72.55 79.34

n.d.—not detected.
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Figure 3: [A-C] BSE images of experiments 1-3 showing increasing calcite (Cal) grain size in mostly nyerereite (Nye) matrix. In
[A], dark calcite cores are marked by arrows and dark nyerereite cores by dashed ovals. In [C], calcite terminated by Mg-carbonate
(MgC) is marked by arrows, and oxide aggregates are marked by a dashed rectangle. [D-F] BSE images of melt pools marked with
dashed outlines in experiments 1-3 showing increase of quench calcite (Q.Cal) proportions with temperature. [G] Close-up BSE
image of a melt pool in experiment 3 with quench calcite distinguished from equilibrium calcite (E.Cal) and interstitial quench
halides (Q.H.). [H] High contrast BSE image showing two different oxide minerals, marokite (Mro) and manganosite—periclase
solid solution (Mng-Per). [I] SE image of experiment 3 showing residual lime and portlandite at the melt-atmosphere interface
(now filled with epoxy resin).

(arrows in Figure 3C). However, we cannot conclusively deter-
mine that they were not Mg-rich immiscible carbonate melts,
although we consider this option to be highly unlikely. The
finding of a Mg-rich carbonate in our runs was surprising,
because pure MgCO3 decomposes to MgO at temperatures
much lower than our run conditions. It was probably sta-
bilised by its impure composition, and by having been im-
mersed in carbonate melt.

Presses universitaires de Strasbourg
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Several phenocryst-free globular patches occur in our ex-
periments (Table 7; Figure 3D-3F). They consist of the
same matrix material observed elsewhere with nyerereite and
halide-rich interstices (Figure 3G). In addition, these globules
contain elongated calcite laths in the 800 and 850 °C experi-
ments, which we interpret to crystallise directly from the melt
during cooling—as distinguished from tabular calcite, present
as an equilibrium phase alongside melt [Lee and Wyllie 1997].
The reason for the occurrence of these globules is uncertain,
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Figure 4: Ternary diagrams of K-Na—(Ca + Sr + Ba) on a molar basis. [A] Solid crystals. [B] Melt compositions. Melt composi-
tions from experimental temperature series connected with similarly coloured lines. Brown lines connect our experiments with
experiments at similar temperatures from Weidendorfer et al. [2017]. Dark grid line indicates approximate surface stability limit
of calcite in a pure CO, atmosphere, such that hotter calcite-saturated liquids will decompose to lime upon eruption. [C] Full
ternary range with shaded areas indicating plotted regions for the two previous panels. Data from Andreeva et al. [2006] (An06),
Andreeva [2014] (An14), Baudouin and France [2023] (BF23), Berkesi et al. [2023] (Be23), Chayka et al. [2021] (Ch21), Guzmics
et al. [2011] (Gu11), Kaldos et al. [2015] (Ka15), Keller and Krafft [1990] (KK90), Mitchell and Kjarsgaard [2008] (MK08), Mitchell
and Dawson [2021] (MD21), Nielsen et al. [1997] (Ni97), Panina [2005] (Pa05), Peterson [1990] (Pe90), Weidendorfer et al. [2017]

(We17), Zaitsev et al. [2008] (Za08), Zaitsev et al. [2009] (Za09), and Zaitsev [2010] (Za10).

but we have no reason to believe that their melt composition
was different to the melt that supported calcite phenocrysts.
Some of the globules contain an abundance of empty space
(now filled with epoxy resin; Figure 3E), suggesting they were
hybrid melt—gas globules at high temperature, which would
contribute to their lack of calcite phenocrysts. Calcium con-
tents increase with temperature (Figure 4B), consistent with
greater calcite proportions (Figure 3D-3F). Sulfate contents
systematically decrease with temperature, with the 750 °C run
containing around 5 wt.% of SO3 whereas the hotter runs have
~2.5wt.%. There are no sulfate phases in our experiments, so
the 5 wt.% of the 750 °C run is consistent with our initial sulfate
composition (5.02 wt.% SOs; Table 1) and the sulfate required
to form the sulfate rich nyerereite cores. This indicates a po-
tential and unexpected loss of sulfate as gas, despite the overall
refractory nature of sulfates in our run conditions and short
duration of only two hours.

A small prismatic oxide mineral with a Mn:Ca ratio of about
2:1 occurs in aggregates throughout the experiments (dashed
rectangles in Figure 3). The only known mineral consistent
with our analysis is marokite (CaMn;04) in which Mn is triva-
lent. We found that marokite was the only phase contain-
ing La detectable by EDS. Marokite imparts a dark, almost
black, colour to the solidified lavas (see crucible interior in
Figure 1). Preliminary experiments in which marokite was
concentrated only in certain layers showed that marokite-free
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lavas were teal. This was also evident in the teal spillage
from some experiments (e.g. in the bottom of the bucket in
Figure 1). Due to the non-existence of marokite in natural car-
bonatites and the lack of La in any of the other phases, they
will not be discussed further. Marokite is often associated with
a calcic manganosite—periclase solid solution (Figure 3H) with
Mn:Mg:Ca contents of about 65:30:5, containing Mn?* (as op-
posed to Mn3* in marokite). The coexistence of Mn** and
Mn>* indicates that oxygen fugacity was probably around the
MnO-Mn304 oxygen buffer, which lies close to the MH buffer
[O'Neill and Pownceby 1993).

In the 800 and 850 °C experiments (2—4), a thin film of lime
was observed in the melt—atmosphere interface (Figures 2A—
2D, 3I). We interpret this as the decomposition product of the
CaCOj3 component in the melt when taken out of the pure
CO, atmosphere inside the furnace to the ambient air which
only contained around 415 ppm of CO; at the time of the ex-
periments. This film was marginally thicker in the higher
850°C experiment due to the slightly longer time it took to
cool below the decomposition temperature of calcite in air
(roughly 500-550 °C).

Experiment 4 was run at 850°C and contained cleavage
fragments of calcite (Figure 2D). Overall, the cleavage frag-
ments remained intact with minor melt infiltration along
cleavage planes. The surrounding matrix contained an iden-
tical assemblage to experiment 3, with rounded calcite phe-
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Figure 5: [A] Raman spectra of nyerereite (pink), secondary calcite (purple), and primary calcite (blue). [B] Magnification of the
v1(C032 ) region. Primary calcite results in a typical clean calcite spectrum. Secondary calcite contains additional phosphate
peaks, consistent with its minor P205 contents. Additional peaks indicate some organic material. It is unclear whether this
organic material is part of the sample, introduced (perhaps bacterially) during dissolution experiments, or whether it is contam-
ination introduced during polishing owing to the porous nature of secondary calcite. Nyerereite contains phosphate and sulfate
peaks, consistent with its minor element composition. The v4(CO32 ") region of nyerereite contains two poorly defined bands,
consistent with its impure composition and potential low crystallinity derived from its formation during quench. Interpretation
of Raman spectra guided by Hernanz et al. [2008], Golovin et al. [2017a], Golovin et al. [2015], Kaldos et al. [2015], and Berkesi

et al. [2023].

nocrysts and a nyerereite-dominated quenched melt phase
(Figure 2D). Sharp corners in contact with the melt were re-
crystallised into a finer grained aggregate of rounded calcite
crystals with a similar shape to phenocrysts (Figure 6). In
places where the melt was absent or only consisted of a very
thin film coating the cleavage fragments, this recrystallisation
was minor to non-existing (Figure 6).

3.1.2 Above calcite decomposition temperature

No calcite was expected in experiments 5 and 6, conducted
at 950 °C, higher than the calcite decomposition temperature
of ~900°C [Galan et al. 2012; Karunadasa et al. 2019} In-
stead of calcite, phenocrysts were amoeboid lime (Figure 7A).
Some lime contained patches with darker BSE contrast and
accordingly lower analytical totals of 65-70 wt.%. These to-
tals are higher than calcite (typically <55 wt.%) and it is unclear
whether this is partly decarbonated calcite, intergrown on a
nanoscale with lime, rapid rehydration of lime to portlandite,
or something else. Unfortunately, this material proved unsta-
ble and was altered to portlandite dust within days before we
had the opportunity to examine it with additional methods
(e.g. Raman spectroscopy).

Calcite rhombs were completely decomposed to lime and
penetrated by natrocarbonatite melt (now appearing mostly as
nyerereite). These lime—nyerereite domains retain the overall
outline of the decomposed calcite rhombs (Figure 7B). The
former liquid matrix is similar to the previous experiments
and dominated by nyerereite, with occasional oxide miner-
als and fine-scale dendritic intergrowths of halide-rich mate-
rial (Figure 7C). Nyerereite is substantially richer in SrO than
previous experiments, probably because the lack of calcite to
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Table 7: Compositions of melt pools in wt.%.

750 °C* 750 °C* 800 °CP 850 °C 950 °C

NaoO 1877 1780 1653 1566  14.59
MgO 0.08 n.d. n.d. n.d. 0.09
SiOy 0.18 0.24 0.82 0.20 0.24
P,05 0.54 0.42 0.44 0.46 0.24
SO3 4.46 5.69 247 243 2.32
2910) 8.07 7.37 6.68 5.54 5.02
CaO 2473 2438 2924 3036 3218
SrO 0.58 0.55 0.50 0.65 1.11
BaO 0.44 0.81 0.32 0.69 0.93
F 0.29 1.22 n.d. 1.36 n.d.
Cl n.d. 0.61 0.40 0.18 n.d.
Total  57.83 5726  57.00 5598  56.72

@ Two different melt pools analysed for experiment 1.

b Raw data had low totals stemming from large epoxy-
filled cavities in the rastered area, and was normalised
to 57 wt.% to standardise it with the other measure-
ments.
n.d.—not detected.

sequester Sr (Table 5). Gregoryite is more common in these
runs, often occurring between nyerereite laths, and contained
elevated amounts of many elements other than Na (Table 5;
Figure 7A).

We found small patches of wollastonite in some parts of
the capsule, which we interpret to result from the reaction of
the melt with any silicate minerals which were accidentally
included with the calcite rthombs (Figure 7C). Interestingly,
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Figure 6: [A, B] BSE images of calcite rhombs from experiment 4, where the rims are surrounded by a thin film of natrocarbonatite
melt. The calcite rhombs contain an unmodified core, mantled by a recrystallised zone which contains small rounded calcite
crystals with minor interstitial melt, annotated by the dashed lines. The unmodified cores are distinguished from the recrys-
tallised mantles by a slightly darker BSE contract owing to minor Mg contents whereas newly crystallised calcite is brighter as it
contains minor Sr. [C] A WDS map of [A] showing the Ca in red and Na in blue, distinguishing calcite from sodic melt. [D] A WDS
map of the same region, showing original Mg-rich calcite rhombs in red and recrystallised Sr-rich calcite in blue.

Figure 7: BSE images. [A] Experiment 5 with lime (Lm) in a matrix of nyerereite and gregoryite (Ggy). Patches of darker BSE
contrast are shown with arrows. [B] Experiment 6 with decomposed calcite rhombs, now dominated by lime with interstitial
nyerereite indicating melt infiltration after volume loss. [C] A closeup of [B] showing a melt pool with small-scale crystallisation
of wollastonite (Wo) forming after unplanned silica contamination.
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the melt pool contains only traces of SiOy, providing further
support to the negligible silica solubility in carbonatite melts
at crustal conditions [see discussion on antiskarns, Anenburg
and Guzmics 2023; Anenburg and Walters 2024].

3.2 Low-temperature dissolution experiments

After immersion in water for roughly four months, almost all
nyerereite dissolved (Figure 8A, 8B) apart from minor residues
which could only be accessed after repolishing and expo-
sure of fresh surfaces (Figure 8C, 8D). Previous dissolution
attempts only lasted 24h, in which most nyerereite was re-
tained, demonstrating the benefit of running months-long ex-
periments [Keller and Krafft 1990]. Any halide-rich phases
interstitial to nyerereite were completely gone, except fluorite.
All original calcite, regardless of genesis (cleavage fragments,
phenocrysts, or quench laths), remained intact (Figure 8A, 8B).
Raman spectroscopy and EDS analyses confirmed substantial
growth of new calcite (Table 4; Figure 5), filling in cavities
formed by dissolution of nyerereite. Rare examples of residual
nyerereite contain rounded dissolution holes filled with euhe-
dral calcite (Figure 8C, similar to calcite-shortite relationships
observed by Zaitsev et al. [2008]). This nyerereite is porous
with patchy and fine-scale zone indicating Na-loss (Figure 8D).
Most newly-crystallised calcite has a euhedral trigonal shape
with grain sizes up to 50 pm. We found occasional aggregates
of larger calcite crystals with somewhat rounded rhombohe-
dral shapes (Figure 8E, 8F). Rarely, these aggregates serve as
roots for calcite filaments or tubes growing upwards from the
surface or the sample up to a height of I mm (Figures 2F,
2F, 8E, 8F). This filamentary tubular calcite has conspicuous
growth steps, and occasionally forms a closed loop where it
contacts the surface of the sample at its other end (Figure 8E).
This new calcite is often porous and compositionally hetero-
geneous, with the brightest BSE zones reaching up to 2.5 wt.%
BaO (Table 4; Figure 8D). In addition, this new calcite contains
up to 1wt.% P20s5, 0.8 wt.% SrO, 0.4 wt.% NayO, and 0.2 wt.%
K20 (Table 4). It is unknown whether these elements are
present in the calcite solid solution, or whether they occur as
discrete nano-scale phases which could not be resolved using
our methods (with a similar question raised by Zaitsev et al.
[2013]). Raman spectroscopy suggests some incorporation of
organic material (Figure 5), but confirmation this requires fur-
ther investigation beyond the scope of this manuscript. Often,
calcite crystals are coated by fluorite or baryte. Baryte also
occurs as ~1 pm inclusions in calcite (Figure 8A, 8D).

Experimental runs 5 and 6 (950 °C) experienced substantial
swelling with a sufficient force to crack the alumina crucible
and epoxy resin (Figure 2E, 2F). Here, calcite often occurs
as spherical aggregates, themselves composed of many sub-
spherical aggregates of rounded subhedral calcite (Figure 8G).
In addition to calcite, euhedral portlandite prisms occur in
some of the larger dissolution cavities, either as isolated crys-
tals (Figure 8H) or as rounded aggregates (Figure 8I).

We acknowledge a limitation in our study whereby these
dissolution and recrystallisation results are probably depen-
dent on various conditions such as wetting and drying cycles,
temperature, groundwater chemistry, etc. Natural dissolution
of natrocarbonatites progresses in a more complex way than
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simple immersion in water, with formation of several interme-
diate minerals such as shortite, pirssonite, gaylussite, or trona
[Dawson et al. 1987; Hay 1989; Zaitsev and Keller 2006; Zait-
sev et al. 2008]. These minerals are water-soluble and form in
nature owing to incomplete wetting—drying cycles. In our ex-
periments, these water-soluble minerals did not form because
of continuous water immersion. Nonetheless, we believe our
results closely represent the end result of aqueous alteration
of natrocarbonatites.

4 DiscussION

4.1 Calcite morphology in extrusive carbonatite systems

Many carbonatites of alleged extrusive origin contain coexist-
ing calcite of different textures and compositions. Often, cal-
cite phenocrysts are surrounded by a calcite-dominated ma-
trix, typically with abundant iron oxides [Dawson 1964b; Le
Bas and Dixon 1965; Reller 1981; Deans and Roberts 1984;
Woolley et al. 1991; Campeny et al. 2014]. Calcite crystals
of all associations exhibit many different crystal shapes, de-
scribed as fibrous, euhedral (presumably rhombohedral), an-
hedral, and platy [Deans and Roberts 1984; Keller 1989; Barker
2007; Zaitsev et al. 2013; Mitchell and Dawson 2021]. Of in-
terest is the description of Kerimasi by Mariano and Roeder
[1983] who suggest that lavas were initially natrocarbonatites
with calcite phenocrysts, and were later altered to produce
an almost monomineralic calcite rock. They show a ground-
mass of extremely fine-grained euhedral calcite (5pm) that
presumably replaced nyerereite, and large tabular and elon-
gated calcite crystals. They also show several tabular calcite
crystals with somewhat rounded skeletal-like elongated ap-
pendages [also observed elsewhere, see Turner 1988; Rosatelli
et al. 2003]. Although Mariano and Roeder [1983] do not elab-
orate on this texture, the resemblance to our quench calcite
(Figure 3) is remarkable. This hypothesis received additional
support with Zaitsev [2010] discovering that magnetite in these
rocks contains inclusions of nyerereite, itself sometimes al-
tered to calcite. Evidently, the Kerimasi natrocarbonatites dif-
fered from the better known Oldoinyo Lengai lavas by being
calcite-saturated [Guzmics et al. 2011] and therefore with a
Ca-richer carbonatite melt that formed additional calcite as
it cooled (although calcite-saturated natrocarbonatites proba-
bly existed in pre-modern eruptions of Oldoinyo Lengai, see
Hay [1989]). Next, fine grained calcite rhombohedra formed
upon aqueous alteration of nyerereite (similar to textures in
Figure 7). Essentially, our experiments faithfully recreate cur-
rently observed textures at Rerimasi.

In some cases, calcite-dominated extrusive carbonatites
have been interpreted as cemented and recrystallisation-
hardened ashes that rained down during explosive eruptions
[Dawson 1964a; b; Campeny et al. 2014]. This is supported
by previous observations of carbonate ash in carbonatite vol-
canoes. However, the only ash to have been witnessed dur-
ing eruption was the natrocarbonatite ash at Oldoinyo Lengai,
which contained no calcite [Hobley 1918; Woolley 2021]. All
other accounts of carbonatite ash were formulated after the
event, and assertions for the unaltered nature of said ashes
are questionable [e.g. von Knorring and du Bois 1961; Keller
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Ba-poor
Ba-rich

Figure 8: [A] BSE image of calcite phenocrysts with formerly nyerereite-filled interstices replaced by secondary calcite and baryte
(Brt). [B] SE eSEM image of a calcite rhomb, with cleavage planes infiltrated by melt now replaced to calcite. Additional calcite
is growing on the surface. [C] BSE image of a partly-preserved melt pool exposed by deep polishing showing secondary calcite
(S.Cal) growing on quench calcite laths, replacing nyerereite. [D] A higher contrast close-up of [C] showing zoning euhedral
calcite with compositional zoning, and patchy zoning in nyerereite. [E-G] SE eSEM images showing filamentary and rounded
aggregates of calcite growing on the polished surfaces of experiments 1, 3, and 5, respectively. Everything in the images is
calcite, except the darker epoxy patches in the substrate. [H-I] Portlandite replacing lime in the 950 °C experiments, in a matrix

of mostly calcite.

1981; Barker and Nixon 1989; Eby et al. 2009; Rosatelli et al.
2010; Toscani et al. 2020]. We stress that ashes cannot be
solidified calcite that was liquid during the eruption owing
to its refractory nature. At Kaiserstuhl, Keller [1981] argues
that droplet-like lapilli, composed primarily of calcite with no
other carbonates, represent calcitic melt that was erupted as a
liquid. Calcite in the lapilli consists of elongated calcite laths
in a matrix of fine-grained calcite. We agree with the inter-
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pretation of the calcite laths as igneous crystallisation from
a liquid—they look remarkably like the elongated quench cal-
cite produced in our experiments. However, the calcite matrix
cannot represent liquid calcite. Our experiments put a limit
on the amount of CaCOj3 that can be dissolved in a natrocar-
bonatite melt (Figure 4B, see below), such that any additional
CaCOg3 simply adds more solid calcite, and does not shift the
liquid to more calcic compositions. That the melt had initially
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been alkaline is supported by abundance of alkaline melt and
fluid inclusions from Kaiserstuhl [Walter et al. 2021]. Even if
the melt was alkali-poor and still liquid at a shallow depth
of several tens of metres [as proposed by Whyllie and Tuttle
1962], calcitic liquids would solidify immediately upon erup-
tion and not maintain their droplet shape (according to cooling
models by Capaccioni and Cuccoli [2005]), particularly for the
duration required for droplets to land back at the surface (as
hypothesised by Heller [1981]). Instead, we proffer that the
lapilli were calcite-saturated natrocarbonatite melts that crys-
tallised to elongated quench calcite in a matrix of nyerereite.
Nyerereite was then inevitably replaced by fine-grained cal-
cite during aqueous alteration. This is supported by isotopic
studies on the Raiserstuhl lapilli showing the primary nature
of the calcite phenocrysts, but secondary nature of the ground-
mass calcite [Hubberten et al. 1988]. Reller [1981] claims that
the vesicular nature of the lapilli indicates that replacement
could not have occurred because any introduction of Ca would
result in calcite filling in cavities. Conversely, our experimen-
tal results indicate that Ca introduction is not required, as it
is supplied by the CaCO3 component in the nyerereite solid
solution, all the more so with Ca-rich nyerereite expected in
calcite-saturated environments (Figure 4A). The porous na-
ture of the Raiserstuhl lapilli is consistent with volume loss, as
expected by dissolution. The overall droplet shape of lapilli
stones need not be erased during alteration, with abundant ex-
amples of nyerereite phenocrysts retaining their crystal shape
upon replacement to calcite [Hay 1983; Deans and Roberts
1984; Clarke and Roberts 1986; Zaitsev and Keller 2006]. This
possibility was also noted by Dawson et al. [1987] and Mari-
ano and Roeder [1983]. Natural nyerereite has been observed
to alter to pirssonite and gaglussite [Zaitsev and Keller 2006,
resulting in a volume increase. In many extrusive calcite car-
bonatites there is good preservation of magmatic textures, in-
dicating no volume increase. This led some to suggest that cal-
cite cannot pseudomorph nyerereite as original textures will
be destroyed [Gittins and Jago 1991; Gittins and Harmer 1997,
Mitchell and Dawson 2021} However, our results indicate that
immersion in water leads to dissolution of nyerereite and re-
placement to calcite without an intermediate pirssonite stage
(Figure 7C), solving the volume increase paradox (the paradox
may not even exist, see Reller and Zaitsev [2006]). Further-
more, Zaitsev and Keller [2006] demonstrate clear replacement
of nyerereite by fine-grained euhedral calcite in their study of
Oldoinyo Lengai. The calcite is often zoned and appears in
contact with outlines of nyerereite ghosts. Zaitsev and Reller
[2006] do not elaborate on which elements cause zoning, but
their data tables indicate highly variable BaO contents, and the
resemblance to our secondary calcite is striking (Table 4). We
only observe volume increase in cases where calcite decom-
posed to lime at temperatures greater than 900 °C, and then
rehydrated (Figures 2G, 2H, 8G).

We suggest the alternative hypothesis that most, if not all,
fine-grained calcite that occurs as cements and other matrix
materials is the residue of dissolved Ca-bearing alkali car-
bonates, as suggested before [Hay 1983; Mariano and Roeder
1983; Deans and Roberts 1984; Bambi et al. 2012; Campeny
et al. 2015]. Nyerereite in calcite-saturated natrocarbonatites
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is richer in Ca, providing more material for secondary calcite
formation (Figure 4A). In a detailed study of the Tinderet vol-
cano, Deans and Roberts [1984] provided the first compelling
and holistic account for calcification of natrocarbonatite, fur-
ther corroborated by Zaitsev et al. [2013]. They identify mostly
intact semi rounded tabular calcite phenocrysts or antecrysts,
and calcified groundmass which they interpret as replacement
of often quenched dendritic nyerereite. Similarly, Mariano
and Roeder [1983] and Hay [1983] in their study of Kerimasi,
identify tabular clean primary calcite in a matrix of dirty fine-
grained calcite that formed as a replacement of nyerereite.
We agree with this interpretation, and it is well supported by
our experiments (Table 4, Figure 8). Additionally, Deans and
Roberts [1984] identify coarser grained calcite with the same
characteristics of the groundmass replacement calcite, which
they interpret as pseudomorphs after nyerereite phenocrysts.
Although in our experiments we did not form any clear ny-
erereite phenocrysts (whether the nyerereite cores in run 1
at 750 °C are true phenocrysts is speculative), we have no rea-
son to believe that the Deans and Roberts [1984] interpretation
is wrong, given similar findings by Zaitsev and Keller [2006].
We find that any pre-existing calcite is unharmed by the al-
teration process (Figure 8A), whereas nyerereite has the clear
propensity to transform to calcite (Figure 8B, 8C). Therefore,
we agree that if coarse grained calcite looks similar to other
clearly finer-grained calcite pseudomorphs—in terms of tex-
ture and composition—then it is indeed replacing nyerereite.
Our demonstration of alteration of nyerereite to calcite whilst
in the presence of preexisting calcite phenocrysts is crucial
(Figure 8). Too often, the fact that both textural varieties of
calcite can coexist has been overlooked, leading to somewhat
staunch claims on both side of the debate [e.g. Gittins and
Harmer 1997; Campeny et al. 2015].

4.1.1 Eruptions hotter than calcite decomposition temperature

The above discussion concerned lavas erupted within the cal-
cite stability field. However, Ca-richer carbonatite melts are
possible in higher temperatures or pressures (Figure 4B). Once
erupted, the fate of these compositions is constrained by cal-
cite stability at atmospheric pressures. As demonstrated by
experiments 5 and 6, calcite would decompose to lime with
substantial volume reduction (Figure 7B). A calcic natrocar-
bonatite melt will intrude newly-formed holes in decomposed
calcite, which will solidify primarily to calcite. The melt itself
can also decompose upon expose to the atmosphere, forming
additional lime (Figure 3I). It is unknown how rapid the de-
composition is, because dynamic changes in gas composition
and temperature are difficult to recreate in our experimental
setup. However, formation of lime films indicates that decom-
position can occur in seconds. This is supported by Galan et
al. [2012] who demonstrated substantial CaCO3 decomposi-
tion occurring in under a minute at temperatures of ~950 °C.
A natural rock will likely contain fine-scale intergrowths of
partly decomposed calcite, lime, and nyerereite (Figure 7B).
Alteration of this assemblage will lead to volume expansion
by hydration of lime to portlandite, and finally a perplexing
calcite-dominated rock with no obvious calcite phenocrysts or
evidence for nyerereite replacement (Figure 8H, 81).
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Curiously, Hay [1978] described calcite globules from the
Laetolil beds that he interpreted as replacement of solidified
natrocarbonatite droplets. Hay [1983] later revised the inter-
pretation to that of gas bubbles filled with late calcite. We note
that these calcite globules look remarkably like the spherical
calcite aggregates observed in our 950 °C experiments (runs 5
and 6, Figure 2H). The Hay [1978] calcite globules are asso-
ciated with melilite, which is typically a higher temperature
mineral. We suggest that perhaps those natrocarbonatite lavas
erupted at a temperature higher than the calcite decomposition
point at roughly 900 °C, or close to it, such that formation of at
least some lime formed and subsequently altered to spherical
calcite aggregates.

4.1.2 Rounded calcite

A decades-long debate concerned whether round calcite glob-
ules in experiments and natural rocks represent anhedral (or
at least non-rhombic) solid calcite crystals, or solidified liquid
calcite liquid [e.g. Pirajno and Yu 2022]. Gittins and Mitchell
[2023] reviewed the history of this debate and came to the con-
clusion that round calcite is not solidified liquid, but instead
it is solid calcite. Our findings support this view, with round
calcite being the dominant morphology in our experiments.
Only some grains are elongated and approach "tabular” shape
(Figure 3). Moreover, our rhomb-bearing experiments show
that even if classically-shaped euhedral calcite rhombs are in-
troduced into a carbonatite melt, they destabilise and trans-
form into the rounded shape (Figure 6). Gittins and Mitchell
[2023] raised the question of why experimental calcite is al-
ways round whereas natural calcite is not. In our experiments
we find that only equilibrium calcite is rounded (Figure 3A—
3C). Calcite formed during quench is highly elongated (Fig-
ure 3E-3G). We extend this to natural systems where lavas
are slowly cooled rather than quenched, leading to the typical
morphology of somewhat rounded, but tabular crystals.

Calcite morphology can also change at low temperatures.
During subsequent alteration of natrocarbonatites, CaCO3
residues from nyerereite can lead to secondary calcite over-
growths on primary round calcite, straightening some of the
crystal faces making them less rounded (e.g. Figure 8D).
Rounded calcite aggregates can also form by carbonation of
lime or portlandite.

We note that this discussion is mostly relevant for
monomineralic calcite globules. Rounded calcite globules con-
taining other carbonatite-typical minerals probably were lig-
uid carbonatite droplets [Rosatelli et al. 2003; Zaitsev et al.
2003; Eby et al. 2009]. We emphasise that these droplets likely
contained nyerereite, which is now all transformed to calcite.

4.2 Compositional trends
4.2.1

There are great uncertainties on compositions of natural car-
bonatite melts. Published carbonatite melt compositions are
usually derived from homogenised melt inclusion data, and
cover most of the compositional range from Ca-rich (but
nonetheless alkaline) to Na-rich Oldoinyo Lengai type natro-
carbonatites. Despite issues with carbonatite melt inclusion
data (such as lack of quenched glasses, volatile or alkali loss,
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and post entrapment modification), we consider the composi-
tional range to provide a semi-quantitative estimate of natural
liquids. Our liquid compositions mostly agree with published
data (Figure 4B). Most useful is the comparison to the Weiden-
dorfer et al. [2017] experiments, who show the only systematic
experimental study covering almost the entire range of natural
melt compositions. Our natrocarbonatite compositions follow
their experiment at equivalent temperatures (albeit at slightly
higher KO contents; Figure 4B). This indicates that between
1bar and 1kbar, there is no appreciable pressure effect. Wei-
dendorfer et al.[2017] also demonstrated liquidus calcite down
to about 630°C, lower than our lowest temperature run at
750°C.

Since these melts are calcite-saturated, the natrocarbonatite
lavas cannot contain any more CaCOs. If the entire system is
more calcic, the implication is simply a higher proportion of
solid calcite phenocrysts. The surface pressure calcite stabil-
ity limit of ~900 °C in a carbon dioxide atmosphere, and lower
in more realistic atmospheric compositions, prevents the for-
mation of lava flows with Ca contents higher than indicated
by the dark grey grid line on Figure 4B. Eruption of these
compositions at >900 °C will lead to a lava flow with unstable
calcite phenocrysts, and higher CaCO3 than possible in sur-
face conditions calcite-saturated melt. Thus, in rapid cooling
the excess CaCO3 will immediately solidify to calcite whereas
in slow cooling calcite will decompose to lime, and additional
lime crystals will form in the lava.

4.2.2 Calcite

The Ba-rich composition of our secondary calcite (Table 4,
Figure 8D) is consistent with natural observations of calcite
suggested to replace nyerereite, where its BaO contents are
greater than BaO in associated calcite phenocrysts, if present
[Hay 1983] Zaitsev and Keller [2006] and Keller and Zait-
sev [2006] show convincing evidence of secondary calcite with
high SrO, BaO, K,0, and P,05, among other elements. Inter-
granular calcite from presumed altered natrocarbonatite dykes
from Oldoinyo Lengai likewise show high BaO of up to about
1.5 wt.% [Dawson 1993; but not without controversy, Gittins
and Harmer 1997]. Elevated K20, NayO, and P20s in calcite
understood to replace nyerereite is also observed at Tinderet,
in contrast to tabular calcite phenocrysts that are rich primar-
ily in SrO and nothing else [Deans and Roberts 1984; Zaitsev
et al. 2013], in agreement with our experimental results (Ta-
ble 4; Figure 8D). The altered natrocarbonatites described by
Dawson [1993] also contain pure Sr-bearing calcite, suggest-
ing their magmatic origin alongside secondary calcite. Zaitsev
[2010] and Zaitsev et al. [2013] similarly describe presumably
phenocrystic pure Sr-calcite, and a groundmass of impure and
zoned calcite. Zaitsev [2010] writes about the banded nature of
this groundmass calcite, and whether it indicates alteration of
both nyerereite and gregoryite, but our experiments indicate
that secondary calcite can be zoned (or “banded”) by alter-
ation of nyerereite alone. Similar relationships are shown for
the Rangwa Complex, where phenocryst calcite is typically
purer than fine-grained matrix calcite (although with much
variability, and without comment by Rosatelli et al. [2003] on
whether alteration of nyerereite is implicated in its genesis).
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Although the textural type of this calcite is not specified by
Dawson [1993], he differentiates it from secondary calcite (the
Ba-rich "intergranular calcite" mentioned above), implying that
it is primary tabular calcite. The overall higher SrO contents
of phenocrystic calcite relative to secondary calcite have been
observed elsewhere [Barker and Nixon 1989]. Curiously, the
high BaO and SrO of calcite from Rockeskyll (Eifel) were used
to interpret it as magmatic because presumably low tempera-
ture calcite should reject Sr and Ba [Riley et al. 1996; also see
a recent perspective by Stoppa et al. 2023]. Our experiments
clearly show the contrary, with higher Sr and Ba in calcite re-
placement of nyerereite compared to calcite phenocrysts. Ri-
ley et al. [1996] also show elevated PoOs and K20 contents in
their calcite, further supporting our suggested alteration model
(Table 4). Rapprich et al. [2024] documented Na-rich calcite
rims and groundmass in lapilli from Raiserstuhl, which they
likewise used to argue against calcification, but our results in-
dicate the opposite: sodic calcite is consistent with replace-
ment of a nyerereite and indicate the former presence of na-
trocarbonatite lava (Table 4). Similar calcite compositions are
described by Innocenzi et al. [2024] which they interpret as
evidence for primary calcite, but our results indicate that their
composition is more consistent with a secondary origin by
alteration.

5 IMPLICATIONS FOR CARBONATITE LAVA COMPOSI-
TIONS

Historically, the calcic composition of many extrusive carbon-
atites, together with the preservation of primary igneous tex-
tures, led to the widespread acceptance that many lavas were
dominated by the liquid calcite component [Bailey 1993]. Kog-
arko et al. [1991], for example, asserted that “calcium carbon-
ate liquids undoubtedly exist, having been extruded as lavas
and tuffs...”. This view has persisted in the literature, with
claims that calcic carbonatite liquids can flow on the surface
persisting to recent times [Mourdo et al. 2010; Toscani et al.
2020]. Nonetheless, the notion that extrusive calcite carbon-
atites represent altered natrocarbonatites was not fully rejected
(with Gittins and Harmer [1997] referring to this group as “cal-
citizers”).

Our experiments indicate that the lava composition can-
not exceed a certain amount of CaCOs3. Once a threshold is
achieved, additional CaCO3 merely adds more solid calcite
(Figure 4B). Our compilation of carbonatite melt compositions
supports this, showing that natural melts exist along a Na—
Ca continuum with variable minor K, but never close to pure
CaCO3 compositions (Figure 4B). Whilst we have no objec-
tion to abundant phenocrystic calcite carried in natrocarbon-
atite lavas [e.g. Gittins and Jago 1991; Mitchell and Dawson
2021], we find no evidence to support that the liquid itself is
angwhere near calcite composition. Calcitic carbonatite melts
can exist underground at depths of just several tens of metres,
but this requires sufficient dissolved HoO. Water solubility in
natural-like carbonatite melt compositions is negligible at sur-
face pressures [Keppler 2003; Jacobson et al. 2020]. This indi-
cates that any erupted calcitic liquid would crystallise imme-
diately upon evaporation of its contained water. Moreover, al-
though Ca-dominated compositions have been demonstrated
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in experiments, whether they exist in nature is open for debate
as virtually all carbonatites contain evidence for having crys-
tallised from an alkali-bearing melt [Yaxley et al. 2022} The
claim that alkali-free liquids were propelled into the air and
crystallised into calcite is questionable on the basis that alkali-
free carbonatite melts probably do not even occur in nature,
at least in the geological environments in which these rocks
are found—associated with alkaline silicate rocks.

A commonly invoked argument for the existence of mobile
calcite carbonatite lavas is the lack of any alkali carbonates in
the extrusive rocks [Keller 1989; Bailey 1990]. Our experiments
demonstrate that the sodic components of natrocarbonatites
can be completely replaced and disappear within months (Fig-
ure 8). Therefore, any attempt to find such alkali carbonates
in surface rocks from deep geological time is futile, and lack of
thereof should not be taken as evidence for the primary nature
of volcanic calcite carbonatites. We argue that this is the case
for even relatively recent carbonatite eruptions, such as those
in Cape Verde, Polino, or Fort Portal [Eby et al. 2009; Mourao
et al. 2010; Rosatelli et al. 2010] where nyerereite is absent,
but calcite contains minor elements indicative of a secondary
origin as described above (i.e. P, Ba, Na, K; Table 4). Another
main argument against an altered natrocarbonatite origin for
extrusive calcite carbonatites was that alteration of nyerereite
is accompanied by volume changes, either loss by dissolution
or gain by transformation to pirssonite, that is expected to
erase volcanic textures [Mitchell and Dawson 2021]. This in-
cludes delicate textures such as droplet-shaped lapilli stones.
However, our dissolution experiments showed no increase in
volume, and complete preservation of magmatic textures, in-
cluding menisci and gas bubbles (Figures 2, 8). We also note
that nyerereite in calcite-saturated rocks is likely to contain
more CaCOs compared to gregoryite-saturated rocks, yield-
ing more calcite upon alkali dissolution (Figure 4A). Given that
dissolution can preserve volcanic textures, previously-existing
and newly-formed cavities can be easily cemented with addi-
tional calcite [e.g. Barker 2007; Campeny et al. 2014, leading to
complete fossilisation of primary natrocarbonatites in the form
of calcite carbonatites. As the phenocryst phase in our experi-
ments was calcite, not nyerereite, we could not directly test the
nyerereite phenocryst pseudomorph hypothesis. Nonetheless,
we observed three textural varieties of calcite in most experi-
ments: (1) subhedral tabular calcite phenocrysts, (2) elongated
calcite quench crystals, and (3) fine-grained euhedral calcite
replacing groundmass nyerereite. These textures are typical
for many purported calcite carbonatite lavas, but we conclude
that these lavas were probably calcite-saturated natrocarbon-
atites. These carbonatite melt compositions are expected to
be common because experimentally-determined liquid lines
of descent lead to them [Figure 4B; Weidendorfer et al. 2017].
We suggest that most extrusive carbonatites found in the ge-
ological record were initially similar, and only acquired their
almost pure calcitic composition after alteration [see further
support for post-magmatic modification in the oxygen isotope
study of Fosu et al. 2021]. It follows that Oldoinyo Lengai is
likely to be an exceptionally rich sodic anomaly [Guzmics et
al. 2019] saturated with nyerereite and gregoryite, and not rep-
resentative of most extrusive carbonatites which are likely to
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be at nyerereite and calcite saturation, with gregoryite merely
being an uncommon accessory mineral.

6 CONCLUSIONS

Most of the controversy in the carbonatite literature concerned
two endmember models for extrusive calcite carbonatites;
(1) calcitic lavas with calcite phenocrysts can exist on the sur-
face [Gittins and Jago 1991; Bailey 1993], or conversely that
(2) calcite is replacement of nyerereite, whether as phenocryst
or in the groundmass [Dawson et al. 1987]. The middle-
ground view that calcite can replace nyerereite of multiple
textural forms as well as coexist in the same rock as primary
phenocrystic crystals has been frequently suggested or im-
plied [Zaitsev et al. 2013], but was often excluded from the
mainstream debate between the “calcitizers” and their oppos-
ing interlocutors. This oversight is clearly demonstrated by
Mitchell and Dawson [2021] who wrote that “... melts ... crys-
tallised calcite as a primary liquidus phase, and thus cannot
differentiate to natrocarbonatite”, erroneously implying that
calcite and natrocarbonatites are mutually exclusive. On the
other hand, Campeny et al. [2015] report tabular calcite with
concentric zoning observed in cathodoluminescence, which in
our view is phenocrystic calcite, yet they interpret it as calcitic
replacement of nyerereite [Campeny et al. 2015].

Our results demonstrate that natrocarbonatite liquids with
calcite phenocrysts can undoubtedly exist. Here, we show that
the middle-ground is feasible, and we suggest that most ex-
trusive carbonatites—presently dominated by calcite—record
a process in which calcite- and nyerereite-bearing natrocar-
bonatites erupted and their liquid fractions crystallised into
mostly nyerereite (sequestering most chemical components of
the lava) and accessory phases (mostly halides and sulfates
sequestering elements excluded from nyerererite). Nyerere-
ite is subsequently replaced by calcite with minimal volume
changes such that magmatic textures are preserved, creating
illusive “calcitic lavas”. We affirm the suspicion of Bailey [1993]
that calcite-saturated natrocarbonatites exist. Moreover, we
believe that they are the rule rather than the exception. Since
the term “natrocarbonatite” is often understood to refer to the
calcite-free Oldoinyo Lengai lavas (although the recent formal
definition of Yaxley et al. [2022] imposes no such calcite-free
condition), and the term “calcite carbonatite” is often under-
stood to refer to plutonic rocks, we suggest that the unaltered
varieties of these extrusive rocks be termed “calcite natrocar-
bonatites”, and their current alkali-free forms could be referred
to as “altered calcite natrocarbonatites”.

We suggest the following criteria for identification of vari-
ous altered calcite natrocarbonatite constituents:

1. Semi-rounded or tabular calcite with SrO and no other
minor elements (except perhaps REE charge-balanced by a
monovalent cation) indicate equilibrium phenocrysts present
at high temperature.

2. Elongated calcite, either isolated or growing from tab-
ular calcite, indicate calcite crystallising upon rapid cooling
or quench from a CaCO3 component dissolved in the natro-
carbonatite liquid during eruption. These quench calcites are
likely to be compositionally similar to calcite phenocrysts.
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3. Fine-grained calcite, potentially rhombohedral or trigo-
nal, with minor BaO, NayO, R,0, or P,0s, indicates direct re-
placement of nyerereite. Strontium is often present as well, but
not diagnostic. Individual calcite grains might be zoned, with
Ba variation the largest contributor to variable BSE brightness.
We suggest that if this calcite appears to pseudomorph a min-
eral, then it replaces nyerereite phenocrysts. If it forms part of
the groundmass, then it replaces nyerereite groundmass. Both
forms can coexist in the same rock.

4. Clear calcite, pure or with minor Mg and Mn, that occurs
interstitially, in veins, or as cavity fillings is likely to form late
calcite with externally-introduced CaCOg3, and did not partic-
ipate in the alteration process.

We note that these criteria are based on crystal morphology
and composition. A thorough study of any carbonatite locality
will benefit from additional methods such as trace element
analysis, cathodoluminescence, and stable isotopes [Stoppa et
al. 2023].
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