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This study presents volatile, trace, and major element compositions of silicate glasses (nepheline-
hosted melt inclusions and matrix glass) from the 2007-2008 explosive eruption at Oldoinyo Lengai
volcano, Tanzania. The bulk compositions of the heterogeneous ash erupted in 2007-2008 are
consistent with physical mixing between juvenile nephelinite magma and natrocarbonatite emplaced
during the preceding ~25 years of effusive carbonatite eruption. The melt inclusions and matrix glasses
span a wide range of silica-undersaturated compositions, from ~46 wt% SiO, and (Na+K)/Al~3 in the
least evolved melt inclusions to 38 wt¥ SiO, and (Na+K)/Al up to 12 in the matrix glass. The depletion
in SiO, between melt inclusions and matrix glass is accompanied by strong enrichment in all of the
incompatible trace elements measured (Ba, Nb, La, Ce, Sr, Zr, Y), which is consistent with fractional
crystallization of a bulk mineral assemblage with SiO, higher than that of the melt inclusions but
inconsistent with silicate melt evolution by assimilation of carbonatite. The melt inclusions are volatile-
rich with 2.7 wt% to 8.7 wt% CO, and 0.7 wt% to 10.1 wt% H,0, indicating that Oldoinyo Lengai is a
hydrous system. This is contrary to the long-held assumption that Oldoinyo Lengai is relatively
anhydrous, which is based on the observation that natrocarbonatite lavas are water-poor. We argue
that natrocarbonatites are derived from hydrous carbonate liquid that degas H,O at low pressure.
The silicate glass data show that H,O concentration is negatively correlated with incompatible element
enrichment, which we attribute to crystallization of the melt in response to decompression degassing
of H,0. The eruptive cycle at Oldoinyo Lengai reflects changes in bulk silicate magma viscosity due to
extensive H,0O-driven crystallization and explosive eruptions occur when volatiles (i.e. H,O > CO, gas,
and carbonate liquid) cannot separate from the crystal-rich nephelinite magma. Melt H,O content
decreases as a function of pressure; however CO, concentration in the melt inclusions is buffered by the
presence of immiscible carbonate liquid. CO, content increases with melt evolution parameters (e.g.
increasing (Na+K)/Al) due to enhanced solubility with alkali enrichment and SiO, depletion in the
melt. The matrix glasses and evolved melt inclusions, on the other hand, experienced low pressure
(<50 MPa) CO, degassing and were not buffered by a coexisting carbonate liquid. Whereas the melt
inclusions are the most CO,-rich yet identified, their CO,/Nb ratios are without exception lower than
that in MORB, indicating that a volatile-rich mantle source is not required for Oldoinyo Lengai.
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1. Introduction

Oldoinyo Lengai (OL) is the only active carbonatite volcano
worldwide and has played a pivotal role in the field of carbonatite
petrogenesis. Silicate magmatic products are however the volu-
metrically dominant component of the magma system (e.g.
Klaudius and Keller, 2006) and are amongst the most peralkaline
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silica undersaturated compositions known (e.g. Mitchell and
Dawson, 2012). As such, OL represents an important endmember
magmatic system in terms of terrestrial volcanism and presents a
unique opportunity to investigate volatile behavior in an active
peralkaline silicate-carbonatite system.

Carbonatites are in themselves a diverse group of magmatic
products (e.g. Mitchell, 2005), and the natrocarbonatites erupted
at OL are alkali-rich. However, it is increasingly recognized that
carbonatite inclusions from many carbonatite-silicate magmatic
complexes are rich in alkalis and may be akin to natrocarbonatites
(e.g. Guzmics et al.,, 2011; Nielsen et al., 1997; Sokolov et al.,
1999). Kimberlites may originate as carbonatite-like melts in the
mantle (e.g. Safonov et al, 2011; Wyllie and Huang, 1975)
in order to carry sufficient volatiles to erupt explosively from
depth (e.g. BrooKker et al., 2011; Russell et al., 2012). The role of
volatiles, particularly CO, and H,O, is fundamental to the
genesis and eruption of carbonatites and kimberlites, yet direct
analyses of volatiles in highly undersaturated natural melts are
lacking. As OL is the only active carbonatite volcano on Earth, its
magmatic system provides important insights into the genesis of
carbonatites and their relationship to undersaturated silicate
magmas.

The close association between carbonatites and alkali-rich
silica-undersaturated nephelinite and phonolite magmas is exem-
plified by the eruptive cycle at OL, where extended periods of
natrocarbonatite effusion are punctuated by explosive ash erup-
tions dominated by nephelinitic products. The 2007-2008 explo-
sive eruption was bracketed by natrocarbonatite effusion, and
study of the ash deposits has sparked renewed debate on the
magmatic system and particularly on the role of volatiles in
generating explosive eruptions at OL. Here we present analyses
of CO,, H,0, and trace elements in silicate melt inclusions from OL
to investigate (1) the behavior of volatiles in highly alkaline
silicate melts associated with carbonatites; (2) the role of vola-
tiles in the 2007-2008 eruption; and (3) volatile characteristics of
the OL mantle source.

1.1. 2007-2008 Explosive eruption of Oldoinyo Lengai

In September 2007, OL experienced an explosive eruption that
lasted until July of 2008, producing ash columns up to 15 km high
and forming a pit crater >100m deep (Kervyn et al., 2010).
Natrocarbonatite effusion from 1983-2007 preceded the explo-
sive eruption (Kervyn et al., 2010). We observed extremely low-
viscosity lava (a diagnostic attribute of natrocarbonatite, though
no samples are available for confirmation) at the bottom of the pit
crater in July 2009. This cycle of prolonged natrocarbonatite
effusion and violent nephelinitic eruptions typifies the eruptive
behavior of OL (e.g. Dawson et al., 1995; Keller et al.,, 2010).

The 2007-2008 explosive eruption first produced mixed
natrocarbonatite+nephelinite ash and later produced dominantly
combeite-wollastonite nephelinite ash (Keller et al., 2010,
Mattsson and Reusser, 2010). Keller et al. (2010) considered the
natrocarbonatite+ nephelinite ash to be a new hybrid magma
type close to immiscible separation into two conjugate liquids,
whereas Mitchell and Dawson (2007) considered the natrocarbo-
natite + nephelinite ash to be a physical mixture of two distinct
magma reservoirs. Mitchell (2009) reported the occurrence of
nepheline-hosted melt inclusions consisting of quenched immis-
cible silicate and carbonate liquids in the 2007-2008 products,
providing the most robust physical evidence for genesis of
natrocarbonatite by liquid immiscibility. We follow the terminol-
ogy of Webster and Mandeville (2007) when referring to melts,
liquids, fluids, and vapors in the complex multicomponent system
of OL and a brief review of the definitions of these terms is given
in the Supplementary Material.

2. Samples and analytical methods
2.1. Samples

The lapilli and ash deposits from the 2007-2008 eruption
contain abundant crystals, xenolithic material (> 30% in some
deposits), a variable component of natrocarbonatite, and juvenile
crystal-rich vesicular scoriae (Fig. 1a and b). Our samples are from
two scoria-rich layers from a 0.51 m thick ash sequence on the
west slope of the volcano (S2°45.40’; E35°54.44') collected in
April 2008 during explosive activity and from a 0.85 m thick
stratigraphic sequence in the inactive south crater (52°45.88’;
E35°55.04’) collected in July 2009. The samples used in this study
are from two layers containing the highest proportions of juvenile
lapilli and are coarse grained, relatively equigranular and were
probably deposited from the paroxysmal nephelinitic eruptions in
early 2008 (eruption columns > 10 km; Kervyn et al., 2010).
Vesicular scoriae are phenocryst-rich (usually > 50%), and contain
nepheline, clinopyroxene, garnet, wollastonite, apatite + com-
beite, + melilite, + sulfides (Fig. 1b; Keller et al., 2010; Mitchell,
2009; Mitchell and Dawson, 2007). The matrices of the scoriae are
microlite-rich with interstitial glass.

We report compositions of melt inclusions trapped in nephe-
line crystals and matrix glass in vesicular lapilli representing melt
compositions in the pre-eruptive magma chamber and residual
melt quenched at eruption, respectively. Analysis of glasses
avoids problems associated with whole rock analysis of these
highly heterogeneous mixed pyroclastic deposits and provides
information on the compositions of the silicate melts responsible
for the explosive eruption and associated with natrocarbonatite
lavas at OL.

2o
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Fig. 1. BSE images of (a) ash with a variety of clasts including carbonate-mantled lapilli, ijolite xenoliths and juvenile lapilli, (b) vesicular, phenocryst- and microlite-rich
lapillus containing nepheline, clinopyroxene, and garnet as phenocryst phases. Wollastonite and combeite occur as microphenocrysts, (c) euhedral nepheline crystal with
zoned melt inclusions and (d) three-phase inclusion with silicate glass coexisting with quenched carbonate liquid and a vapor bubble.
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We targeted round to oval, glassy, homogenous silicate melt
inclusions free of daughter crystals. Some of the inclusions
contain a quenched carbonate globule+vapor bubble coexisting
with the silicate glass (Fig. 1d), similar to those that were
described by Mitchell (2009) and Mitchell and Dawson (2012).
The proportion of silicate glass to carbonate is highly variable,
similar to those reported by Sharygin et al. (2012) who provided
detailed descriptions of multi-phase inclusions from a c. 1917 OL
lava flow. The carbonate component is composed of finely crystal-
line quench material (Fig. 1d) and is considered to represent a
carbonate liquid that is parental to the natrocarbonatite lavas
erupted to the surface (Mitchell, 2009).

2.2. Analytical methods

Melt inclusions and matrix glasses were analyzed on a JEOL 8200
electron microprobe at the University of New Mexico for major and
minor elements, and on a Cameca ims 6F secondary ion mass
spectrometer (SIMS) at Arizona State University for CO,, H,0, and
trace elements. Matrix-matched standards for SIMS analysis of CO,
and H,O were prepared at temperatures between 1000 °C and
1200 °C and pressures between 110 MPa and 500 MPa in an Intern-
ally Heated Pressure Vessel (IHPV) at Leibniz Universitit Hannover.
The standard glasses were analyzed by ELTRA CS analyzer and
Karl-Fischer titration for bulk CO, and H,O contents, respectively,
at Leibniz Universitdt Hannover. The details of standard preparation,
analytical methods, and calibration curves used for SIMS analysis of
CO, and H,O are presented in the Supplementary Material. All
samples and standards were polished for microanalysis using kero-
sene and were stored in dessicators at all times. An assessment of
possible glass contamination (Supplementary Material) reveals that
these glass compositions are not affected by atmospheric absorption
during the sample preparation methods used in this work. A separate
study on calibration of various analytical techniques for measurement
of volatiles in these extreme glass compositions is in progress.

3. Results
3.1. Major elements

Compositions of matrix glass and melt inclusions are reported in
the supplementary material (Tables A3 and A4, respectively) and
representative compositions are presented in Table 1. Fig. 2 shows
molar (Na+K)/Al versus SiO, for melt inclusions and matrix glasses
compared to whole rock and glass compositions reported in
previous studies (Keller et al, 2010; Klaudius and Keller, 2006;
Mattson and Reusser, 2012; Mitchell, 2009; Mitchell and Dawson,
2012). The glasses span a large range in composition and define a
cohesive evolutionary trend of decreasing SiO, from ~46 wt% in
melt inclusions to ~38 wt% in matrix glass, though considerable
overlap exists. Our data are consistent with compositions reported
in previous studies (Fig. 2), and show that the glasses from the
2007-2008 eruption show depletion of SiO, (i.e. from melt inclu-
sions to matrix glass), which is accompanied by strong enrichment
in Na,0 (13.8-21 wt%), FeO (8.8-15.1 wt%), MnO (0.3-0.8 wt%), CaO
(3.3-8.7 Wt%), P,05 (0.1-0.9 wt%), S (0.3-1.2 wt%), F (0.2-0.9 wt),
and Cl (0.3-0.6 wt%). All of the glasses are poor in MgO (0.4-
1.4 wt%). Al,O3 is the only oxide other than SiO, to show a clear
depletion trend (10.8-3.6 wt%) between melt inclusions and matrix
glass whereas K;0 (6.9-4.8 wt%) shows weak correlation with SiO».
Melt inclusions near nepheline rims overlap with compositions of
matrix glass, whereas those closer to the center of nepheline crystals
have higher SiO, and Al,O3 and lower Na,O, indicating that the melt
evolved along the trend defined in Fig. 2 throughout growth of
nepheline phenocrysts in the magma chamber.

Table 1

Major, volatile, and trace element compositions of representative nepheline-hosted
melt inclusions, as well as the average composition of matrix glass (=63 for major
element, n=15 for CO, and H,0, and n=8 for trace elements). Major and volatile
element concentrations are in wt% and trace element concentrations are in ppm.

Less evolved Melt inclusion Evolved melt  Average
melt with immiscible  inclusion matrix
inclusion carbonate glass
Analysis ID Neph3_3 E-34_4 Neph11_5
Sio, 47.98 41.57 40.01 40.66
TiO, 0.65 1.75 2.14 141
Al05 10.55 8.25 433 4.66
FeOr 8.34 11.40 12.65 14.14
MnO 0.23 0.57 0.72 0.70
MgOo 0.37 1.11 1.29 1.11
Cao 3.80 4.19 7.62 7.41
Na,0 13.62 15.64 18.24 19.26
K,;0 6.23 6.01 5.03 5.70
P,0s 0.11 0.38 0.71 0.61
S 0.32 047 0.74 0.88
Cl 0.26 0.42 0.47 0.49
F 0.25 0.28 0.59 0.59
H,0 5.59 5.46 1.62 0.66
CO, 2.76 3.27 6.83 3.09
-0=S,CLF —-0.32 -0.45 —-0.72 —0.80
Total 100.73 100.30 102.26 100.59
(Na+K)/Al 2.76 3.91 8.18 8.12
Ba 1260 2210 5870 6439
Sr 1136 1783 4651 5246
Zr 376 751 1474 1762
Nb 118.3 263.8 609.2 627.6
La 345 2223 5384 546.5
Ce 49.1 334.1 764.7 830.5
Y 134 49.9 593 68.2
15
& <—Pre=2007 natrocarbonatite ‘ Melt inclusions
Melt inclusions
_ 1o 7 Sept 2007 ash wi ”_nm' carb.
;\:“100 95% Y/ Late 2007 ash X % X Matrix glass
é 20072008 Glass Bulk ash
1 0 1< 0 \‘53% s
§ 3 2 asj); 39/ 40 50
% 102 (Wi, %) . X
3 Glass range 9~
~ 50% (previous studies)
54
A~ os% >
\o%
J 4+

Si0, (Wt.%)

Fig. 2. Molar (Na+ K/)Al versus SiO, showing compositions of the silicate glasses (melt
inclusions, melt inclusions containing an immiscible carbonate phase, and matrix glass)
from the 2007-2008 explosive eruption. Silicate glass data from previous studies
(Mitchell, 2009; Mitchell and Dawson, 2012) are shown as a light grey field. Whole
rock compositions (Keller et al, 2010; Mattsson and Reusser, 2010; Mitchell and
Dawson, 2007; this study) are well described as a physical mixture between 1988-
2007 average natrocarbonatite (Keller et al, 2010) and the silicate endmember (i.e.
juvenile nephelinite +ijolite xenoliths) erupted in mid 2008. The field for “Prehistoric
products” shows the whole rock data range for nephelinitic and phonolitic products
from Klaudius and Keller (2006). Mixing line is shown as a solid curve and the inset
shows that the eruption progressed from natrocarbonatite-rich to natrocarbonatite-
poor (whole rock data from Keller et al,, 2010, Mattsson and Reusser (2010), Mitchell
and Dawson (2007), and this study).

3.2. Trace elements

SIMS analyses (Tables A5 and A6) show that matrix glasses are
enriched in incompatible elements relative to melt inclusions. La



382 J. M. de Moor et al. / Earth and Planetary Science Letters 361 (2013) 379-390

and Ce are enriched in matrix glass by up to a factor of ~20
relative to melt inclusions (total range; La 49-880 ppm; Ce 59—
1263 ppm). Yttrium is enriched in matrix glass relative to the
least evolved melt inclusions by up to a factor of ~7 (13-
93 ppm). The high field strength elements Nb (118-771 ppm)
and Zr (367-2172 ppm) are enriched by up to a factor of ~6,
whereas the large ion lithophile elements Ba (1020-9551 ppm)
and Sr (907-8267 ppm) are enriched by up to a factor of ~9. The
trace element abundances reported here span the range in
concentrations reported by Sharygin et al. (2012) for nepheline-
hosted melt inclusions from a nephelinite lava flow erupted in
~1917. Their inclusions have a narrower range in trace element
concentrations and are comparable to the most enriched samples
from this study.

3.3 COZ and Hzo

Fig. 3 shows that melt inclusions have a wide range in H,O con-
tents, that CO, concentration increases with decreasing H,O in melt
inclusions, and that matrix glasses attain low H,O and CO,. Melt
inclusions contain 2.7-8.7 wt% CO,, representing the most CO,-rich
natural silicate glasses reported to date by over an order of
magnitude (Vigouroux et al., 2008). Water concentrations vary be-
tween 0.7 wt% and 10.1 wt%, indicating that the OL magma system
is hydrous, which is in contrast to previous assumption that the
magma system is anhydrous (e.g. Keller et al., 2010; Mitchell and
Dawson, 2012). The matrix glasses contain <0.1 wt% to 7.1 wt%
CO, and < 0.1 wt% to 3.1 wt% Hy0. The least evolved melt inclu-
sions (i.e. those with lowest incompatible element concentrations)
contain up to 10.1 wt% H,0 and ~1 wt% CO,. Melt inclusions show
decreasing H,O (to ~1 wt%) and increasing CO, (to 8.7 wt%) with
increasing trace element concentrations and decreasing SiO,.
Sharygin et al. (2012) reported low water contents (0.1-0.6 wt%
H,O0, although their analyses were calibrated using an sub-optimal
standard that is not matrix matched) in melt inclusions from the
~1917 lava flow, consistent with the trace element enriched
nature of those glasses. Silicate melt inclusions with a coexisting
quenched carbonate liquid (usually with coexisting vapor bubble;
Fig. 1(d)) occur over the range in CO, and H,0 observed in melt

10
9 4 ® @ Meltinclusions
3 O Meltinclusions with
immiscible carbonate
74 ® 5 X Matrix glass
21 %Se® ®o
ZoxR & %
o 44 X %
] ¢ ¢
2
1
0

H,0 (wt.%)

Fig. 3. Plot of CO, versus H,0 showing compositions of melt inclusions and matrix
glass. Inclusions containing immiscible carbonate (Fig. 1d) span the range of CO,
and H,0 contents observed in the melt inclusions.

inclusions. Matrix glass has a distinct trend from the melt
inclusions and is depleted in H,O relative to the most evolved
inclusions, and shows a broad range in CO, content extending to
depleted concentrations ( < 0.1 wt% CO,).

4. Discussion

We consider three hypotheses in the interpretation of melt
inclusion and matrix glass compositions: (1) The silicate melt
may be controlled by equilibration with a coexisting carbonate
liquid (Section 4.1); (2) The compositional variation between melt
inclusions and matrix glass may reflect assimilation of natrocar-
bonatite, as proposed by Mitchell and Dawson (2007, 2012)
(Section 4.2); (3) Degassing and fractional crystallization may
control the observed evolutionary trends (Fig. 2) (Section 4.3).

4.1. Silicate melt evolution in the presence of carbonate liquid

Fig. 4 shows a quasi-ternary plot (projected from CO;
see Brooker and Kjarsgaard (2011) for a thorough review of
Si0,-Na0-Al,03-Ca0-CO, (SNAC) diagrams) of silicate glass
compositions from the 2007-2008 eruption. Also shown are the
average composition of quenched carbonate inclusions (that
coexist with silicate glass) hosted in nephelines from the same
eruption (Mitchell, 2009), fields for other silicate magmas occur-
ring in carbonatite complexes (Brooker and Kjarsgaard, 2011), and
solvi for two immiscible liquid compositions (solid lines). The
silicate melt inclusions fall close to the 100 MPa, 700 °C solvus
determined experimentally by Kjarsgaard et al. (1995) using
natural OL nephelinite and natrocarbonatite compositions, and
overlap with the silicate glass compositions reported by Mitchell
(2009) (Fig. 2). The quenched carbonate inclusions lie on the
silica-poor limb of the solvus, consistent with carbonate liquid
immiscibility with the silicate melt.

The width of the two liquid solvus decreases with decreasing
pressure, increasing temperature, decreasing alkali content and
decreasing partial pressure of CO, (PCO,; see Brooker and
Kjarsgaard (2011) for a full discussion of phase relations in
immiscible silicate-carbonate systems). Matrix glasses from the
2007-2008 eruption plot at more silica-depleted and alkali-rich
compositions than melt inclusions, as previously observed in
Fig. 2, on a trajectory towards the quenched carbonate liquid
composition (SI-CL line). This could be interpreted to reflect
equilibrium contraction of the two liquid field due to decrease
in total pressure and/or PCO, (e.g. by dilution with another
volatile component; Brooker and Kjarsgaard, 2011). Increasing
temperature or decreasing alkali content of the bulk system could
have a similar effect. However, these latter suggestions are
rejected as plausible explanations because no textural evidence
exists for massive reheating of the system, and alkalis are
enriched in matrix glass (Fig. 2).

Fig. 4(inset) suggests that the peralkalinity of the silicate melt
is buffered at 4-5 by the presence of an immiscible carbonate
liquid at variable and high CO, content, as reflected by the melt
inclusions with coexisting carbonate liquid. In the least evolved
melt inclusions ((Na+K)/Al<6), CO, content increases with
increasing alkalis and decreasing SiO,, which is interpreted to
reflect increasing CO-, solubility due to depolymerization of the
melt as Na™ is enriched and SiO; is depleted (Fig. 2). The matrix
glasses (which do not have coexisting carbonate globules in our
samples) and a population of carbonate-free melt inclusions
attain high peralkalinity and highly variable CO, contents, from
~6 wt% to degassed compositions of < 0.5 wt%. We interpret
these trends to reflect melt evolution and CO, degassing with no
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Fig. 4. Quasi-ternary plot projected from CO, (after Brooker and Kjarsgaard, 2011 see their Fig. 11) showing compositions of silicate melt inclusions, silicate melt
inclusions that contain an immiscible carbonate phase, and matrix glass from the 2007-2008 eruptive products. Also shown are the compositions of the immiscible
quenched carbonate liquid from multi-phase inclusions reported by Mitchell (2009). Fields for alkali silicate rocks found in carbonatite complexes and experimentally
determined two-liquid solvi for mantle and OL conditions are also shown (Brooker and Kjarsgaard, 2011). The two-liquid solvus contracts with decreasing pressure,
decreasing alkali content, decreasing pCO,, and increasing temperature. However, pressure is the dominant control. The point marked “B” refers to the composition of the
bulk system (i.e. silicate melt+carbonate liquid), and was calculated using a mixing ratio of 75% silicate melt (from compositions of silicate melt inclusions with
immiscible carbonate) and 25% carbonate liquid (from compositions of carbonate liquid reported by Mitchell, 2009), which is the carbonate-rich end of the spectrum for
estimates of the bulk silicate-carbonate system (2% to 25% carbonate; Kjarsgaard et al., 1995; Pyle et al., 1991; Williams et al., 1986). A more conservative estimation of the
bulk composition would lie closer to the silicate “melt inclusions with immiscible carbonate” compositions. The line SI-CL is the trace of the projection plane used in Fig. 7.
The “CO, degassing” field is shown schematically to correspond to low P conditions resulting in loss of CO, gas in the absence of carbonate liquid, as observed in the matrix
glass compositions (inset; Fig. 4). The inset shows that CO, concentration increases with (Na—+K)/Al at (Na+K)/Al <6, which is interpreted to reflect carbonate-buffered
conditions. Melt inclusions and matrix glass with (Na+K)/Al> 6 show a wide range in CO, content extending to degassed compositions, which is interpreted to reflect
unbuffered conditions in response to decompression.

basalt Gt

CaO+MgO
+FeO+MnO

buffering by a carbonate liquid and depict this on the SNAC natrocarbonatite magma (C52, .o oo /ngphelinite ~ 10), whereas Zr

diagram with a dashed field: “CO, degassing”. partitions strongly into the silicate melt
(Cohtrocarbonatite/ Caephetinite ~ 0.01) (Keller and Spettel, 1995; for experi-

4.2. Silicate melt evolution by assimilation of natrocarbonatite

Mitchell and Dawson (2007) proposed that the cause of the
2007-2008 explosive eruption was a decarbonation reaction
resulting from natrocarbonatite assimilation by “high-tempera-
ture nephelinite magmas”, producing CO, gas (that drove the
explosivity) and highly peralkaline low SiO; silicate melt, essen-
tially due to dilution by assimilated natrocarbonatite.

Trace elements provide an effective tool for assessing this
assimilation hypothesis because the natrocarbonatite lavas and
nephelinite magmas at OL have distinctive trace element composi-
tions related to partitioning between carbonate liquids and silicate
melts (Fig. 5a). Within our trace element dataset, Ba and Zr provide
the most insight into potential assimilation of natrocarbonatite by
the silicate melt because Ba partitions strongly into the

mental work also see: Hamilton et al., 1989; Kjarsgaard et al., 1995;
Veksler et al., 1998). Fig. 5b shows a plot of Zr versus Ba for silicate
melt inclusions, matrix glass, and recent natrocarbonatite lavas. Melt
inclusions and matrix glasses show a cohesive trend with positive
slope from melt inclusions to more evolved matrix glass. Natrocar-
bonatite lavas form a separate trend at low Zr concentrations and
high Ba with negative slope. Shallow assimilation (i.e. late in the
evolutionary history of the silicate magma) of previously emplaced
natrocarbonatite by the silicate melt would result in decreased Zr
(ie. by dilution) accompanied by increased Ba in the matrix glass,
which is not observed.

Similarly, Y and Nb are depleted in natrocarbonatites and
enriched in nephelinites from OL, and the matrix glass shows
enrichment of these elements relative to melt inclusions. Zirco-
nium, Y, and Nb all increase with decreasing SiO,, the opposite of
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Fig. 5. (a) Incompatible element diagram showing that average matrix glass is enriched in all incompatible elements relative to melt inclusions (Neph3_3; from data
reported in Table 1), which is consistent with evolution by fractional crystallization and inconsistent with assimilation of natrocarbonatite. Data for “Nephelinites” and
“Natrocarbonatites” ranges are from Keller and Spettel (1995) and from bulk samples from the 2007-2008 deposits and from a fresh 2005 natrocarbonatite flow (this
study). (b) Zr versus Ba showing the compositions of melt inclusions, matrix glass, and carbonatite lavas (from Keller and Spettel, 1995 and this study). The evolution from
melt inclusions to matrix glass is inconsistent with assimilation of natrocarbonatite lava.

what would be expected if the depletion in SiO, was due to
assimilation of silica-poor natrocarbonatite. Therefore, none of
the expected trace element signatures associated with the pro-
posed natrocarbonatite assimilation are observed, and the
hypothesis of Mitchell and Dawson (2007) that the enrichment
in alkalis and depletion in SiO, (Fig. 2) is due to assimilation of
natrocarbonatite is rejected. Other arguments against assimila-
tion as the cause of the explosive eruption are given in Keller et al.
(2010) and Mattsson and Reusser (2010).

4.3. Crystallization of silicate melt

As with all other magma types, crystallization must play a
fundamental role in the evolution of the OL silicate magmas,
especially considering the crystal-rich nature of the 2007-2008
samples (Fig. 1b). The recent magmas from OL are highly evolved,
as evidenced from their enriched trace element compositions
(Keller et al., 2010; Klaudius and Keller, 2006). The diversity and
heterogeneity of the eruptive products, even within the 2007-
2008 ashes, speaks to the complexity of the magmatic system,
with distinguishable sub categories of nephelinitic components
present in the deposits (e.g. combeite-wollastonite nephelinite,
mellilite-bearing nephelinite; Mitchell and Dawson, 2012).

The mineralogical diversity of the 2007-2008 eruptive pro-
ducts, the heterogeneity of the ashes, and the effects of carbonate
liquid separation and extraction (Section 4.1) obscure a major-
element based fractional crystallization assessment of the silicate
melt evolution. In this regard, trace element compositions of
glasses (i.e. from less enriched melt inclusions to highly enriched
matrix glass) provide an alternative approach to assessing the role
of crystallization in the silicate melt. The spatial resolution
(~7 pm) of high-precision SIMS analysis of trace elements in
melt inclusions and interstitial matrix glass provides unprece-
dented insight into melt evolution processes at OL. It is important
to note that we only address the compositional variation within
our dataset and do not attempt to establish a genetic relationship
to a primitive parental source magma for the OL nephelinites.

The primary observation of the dataset presented here is that
all of the incompatible trace elements are enriched in matrix glass
relative to melt inclusions. Part of this enrichment must be due to
crystallization because, considering the endmember scenario of
carbonate liquid extraction with no crystallization, the silicate
melt would be depleted in elements that are more compatible in
the carbonate liquid. The light REE best exemplify trace elements
that are strongly compatible in the carbonate liquid (Hamilton
et al., 1989; Keller and Spettel, 1995) (Fig. 5b). La and Ce are

enriched by a factor of ~20 between melt inclusions and matrix
glass (considering the full compositional range), which is consis-
tent with high degrees of crystallization and inconsistent with
carbonate liquid extraction only. Furthermore, these elements are
compatible in apatite (e.g. Watson and Green, 1981), a phase
observed as a microphenocrysts/microlites and as inclusions in
nepheline phenocrysts. Significant apatite crystallization would
therefore also deplete the silicate melt in La and Ce. Crystal-
lization of phases that do not incorporate the light REE (i.e. the
primary nephelinite phenocryst phases: nepheline, clinopyrox-
ene, and garnet) must therefore predominate as the process
controlling La and Ce enrichment.

In Section 4.2 we showed that assimilation of natrocarbonatite
is an insignificant factor in the compositional evolution of the
silicate melt. The trace element enrichment cannot be attributed
to assimilation because this process would result in dilution of
trace elements (Y, Zr, Nb) that are depleted in the carbonate liquid
during immiscible separation. We observe an enrichment by a
factor of ~7 for Y and ~6 for Zr between melt inclusions and
matrix glass (full data range), which is again consistent with
crystallization of the silicate melt and inconsistent with natro-
carbonatite assimilation. The observation that Y and Zr are less
enriched than La and Ce is consistent with the compatibility of
these element in OL garnet (Petibon, 1999), which is a primary
sub-liquidus phase in all of the recent silicate magmas at OL, and
also occurs as one of the primary components of ijolitic cumulate
xenoliths that are common in the eruptive deposits. We therefore
conclude that the strong and ubiquitous incompatible element
enrichment in the matrix glass relative to melt inclusions can
only be attributed to extensive crystallization, which is consistent
with the crystal-rich nature of the juvenile nephelinite lapilli and
ijolite cumulates (Fig. 1b). If crystallization is the process respon-
sible for trace element enrichment and La and Ce are assumed to
be completely incompatible, then 95% fractional crystallization
can account for the observed enrichment. This is probably a
conservative value because carbonate liquid extraction and apa-
tite crystallization both occurred and these phases incorporate
light REE. Robust modeling of the differentiation processes could
quantify the relative importance of fractional crystallization
versus carbonate liquid extraction in melt evolution but would
require trace element data for the phenocryst phases present as
well as for the quenched carbonate liquid phase. SIMS analysis of
the carbonates would require development of matrix matched
standards, which is beyond the scope of this study.

Dawson (1998) highlighted the “paradox” in establishing a
simple fractional crystallization relationship between moderately
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peralkaline wollastonite nephelinite ((Na+K)/Al=~1.5) and
highly peralkaline combeite nephelinites ((Na+K)/Al up to ~15
in matrix glasses) because the matrix glasses have lower SiO,
than whole rock samples. Melt inclusions in our dataset also show
significantly higher SiO, than matrix glasses and the average SiO,
content of melt inclusions with (Na+K)/Al <4 is 44.9 wt% (i.e. at
or below carbonate liquid buffered conditions, Section 4.1).
Clinopyroxene, wollastonite, and combeite from nephelinites at
OL have SiO, concentrations >50wt% (average values of
50.6 wt%, 51.3 wt%, and 50.3 wt%, respectively; data compiled
from Dawson, 1998; Keller et al., 2006; Kjarsgaard et al., 1995;
Klaudius and Keller, 2006; Mattsson and Reusser, 2010; Mitchell
and Dawson, 2007). Crystallization of these phases from a melt
with lower SiO, content would therefore deplete the melt in SiO,,
providing a reasonable explanation for the depletion in SiO, in
matrix glass. Fig. 6a shows that matrix glass is enriched in Ce but
depleted in SiO,, consistent with crystallization of a bulk pheno-
cryst assemblage with higher SiO, than the melt, resulting in
matrix glass enriched in Ce but depleted in SiO,.
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Fig. 6. (a) Plot a shows that Ce is enriched in the melt as SiO, is depleted, which is
interpreted to reflect Ce enrichment by crystallization of a phenocryst assemblage
with higher SiO, than the melt (see Section 4.3). (b) Plot b shows that H,O degassing
is associated with Ce enrichment, indicating that H,O degassing drives crystallization.

4.4. The fundamental role of volatiles

4.4.1. Silicate melt evolution due to decompression and degassing

Fig. 6b shows that melt inclusions with the highest water
contents are also the least evolved in terms of trace element
enrichment due to differentiation. The correlation between H,0O
loss and Ce enrichment, a trend that includes both melt inclusions
and matrix glass, argues for a direct relationship between degas-
sing of H,0 and crystallization (Fig. 6b), as is common for most
silicate melts due to elevation of liquidus temperature with
decreasing water content (e.g. Sparks, 2003).

We attribute the decrease in silicate melt H,O concentration
(Figs. 3 and 6b) to decompression degassing as the silicate magma
ascended through the crust. A minimum estimate of melt inclu-
sion entrapment pressure can be determined by considering the
H,0 contents of melt inclusions. This is a minimum estimate
because CO, content is not considered but exsolution of other
gases (e.g. CO,) may decrease H,O fugacity and hence lead to
fluid saturation at higher pressure. CO, and H,O solubilities have
not been determined for the compositions of OL silicate melts,
and the high alkali contents of these melts could drastically alter
their pressure dependences (e.g. Behrens et al., 2009; King and
Holloway, 2002; Moore, 2008). Application of any CO,-H,0
solubility model could therefore be misleading. Nevertheless, for
the majority of melt inclusions containing 2 to 8 wt% H,0, the
H,0 solubility model for phonolite of Schmidt and Behrens (2008)
gives pressure estimates between 30 and 300 MPa, which is
generally compatible with previous estimates of magma chamber
pressures at OL (e.g. Kjarsgaard et al., 1995; Petibon et al., 1998).
As argued above, H,O degassing plays a fundamental role in
crystallization due to raising the temperature of the liquidus and
solidus, which results in evolution of the silicate melt to more
enriched compositions (Fig. 6b).

The unusual behavior of CO; in the OL silicate melt (Fig. 3) is
more complex due to the buffering effect of a coexisting carbo-
nate liquid (Fig. 4, projected from CO,). Fig. 7a shows phase
relations and the two liquid solvus in isobaric CO, space (after
Brooker and Kjarsgaard, 2011) along the line SI-CL in Fig. 4, which
is defined by the compositions of the coexisting silicate and
carbonate liquids and projected to the axes. The bulk composition
(point “B”) is shown schematically along the tie line between the
silicate melt inclusions that coexist with an immiscible carbonate
liquid and the compositions of the quenched carbonate
liquid reported by Mitchell (2009); however the presence of a
CO,-bearing vapor phase (Fig. 1d) could result in a bulk composi-
tion with higher CO, content. The salient point of Fig. 7a is
that if the bulk composition of the system is in either the two
liquid field or the two liquid plus vapor field then the composition
of the silicate melt and carbonate liquid are fixed at a given
pressure.,

Fig. 7b shows the response of the two liquid solvus to changes
in pressure, as determined experimentally by Brooker and
Kjarsgaard (2011). At higher pressure, the two liquid field is
broader and point “B” is in the one liquid field, in which case the
OL bulk composition (silicate melt+ carbonate liquid) would exist
as a homogenous melt with ~12 wt% dissolved CO,. High
temperatures at depths of magma generation and earlier in the
evolutionary history of the magma would also promote one liquid
conditions (Brooker and Kjarsgaard, 2011). Upon decompression
due to magma ascent, the two liquid solvus intersects the bulk
composition and the magma exsolves a carbonate liquid, repre-
sented by the quenched carbonate inclusions of Mitchell (2009).
As the magma continues to rise and decompress, the bulk
composition enters the one liquid+vapor field, in which case
the silicate melt is no longer buffered by the carbonate liquid and
can lose CO,, to the vapor phase. This is reflected in the OL matrix
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Fig. 7. (a) The two-liquid solvus plotted in CO, space for constant pressure and
temperature (~100 MPa, 2.6 to 3.9 wt% H,0, and ~ 700 °C; Kjarsgaard et al., 1995)
along the projection plane SI-CL in Fig. 4 (after Brooker and Kjarsgaard, 2011; see their
Fig. 9). The compositional fields for silicate melt inclusions, silicate melt inclusions with
immiscible carbonate, matrix glass, and carbonate liquid (from Fig. 4) are plotted
against the measured CO, content for the silicate glasses. The CO, content of the
carbonate liquid was not analyzed by Mitchell (2009) and thus the deficits from 100%
in analytical totals were used to estimate the CO, content. The bulk composition (“B")
is depicted on the tie line between the coexisting silicate and carbonate liquids, but
may fall at higher CO, conditions if a CO,-bearing vapor phase was present. The
position of the CO, apex is determined by projecting a vertical line through the bulk
composition to 100% CO,. The two-liquid solvus corresponds to ~100 MPa and
~700°C for Oldoinyo Lengai compositions (Brooker and Kjarsgaard, 2011;
Kijarsgaard et al., 1995). The matrix glass field extends to ~0 wt% CO, due to degassing
of CO, at low pressure (see and Fig. 4 and Section 4.1). (b) The two-liquid solvus plotted
schematically in CO, space for variable pressure (after Brooker and Kjarsgaard, 2011).
The 100 Mpa 700 °C solvus is the same as that in (a). At conditions early in the
evolutionary history of the system (i.e. high PCO, and high temperature) the bulk
composition probably lay in the one-liquid field because increasing pressure displaces
the two-liquid solvus towards the CO, apex and increasing temperature results in
contraction of the two-liquid field (see schematic solvus labeled “P3> 100 Mpa,
T> eruption T”; after Brooker and Kjarsgaard, 2011). Ascent, decompression and
cooling of the system results in intersection of the two-liquid field with the bulk
composition (“~100Mpa” solvus). As pressure decreases and the solvus migrates
towards the field labeled “P < 100 MPa” the bulk composition first passes through the
2 liquid+vapor field, which would result in CO, gas exsolution from the systermn.
Further decrease in pressure results in the bulk composition passing into the
1 liquid+vapor field resulting in matrix glass (which was quenched during eruption
at low pressure) that has degassed most of its CO, (Fig. 4) and silicate melt that was no
longer buffered by the carbonate liquid (Fig. 4 inset).

glasses, which display a wide range in CO, concentrations
extending to degassed and highly peralkaline compositions.

Fig. 7a is based on the compositions of coexisting silicate glass
and quenched carbonate liquid in inclusions from the 2007-2008

eruptive products and the two liquid solvus determined experi-
mentally at 100 MPa for compositions of OL starting material
containing 2.6-3.9 wt% H,0 (Kjarsgaard et al., 1995). Brooker and
Kjarsgaard (2011) show that H,O (and other volatiles) present in
the vapor phase dilute CO,, resulting in PCO, less than total P.
The water-rich nature of OL melts is demonstrated for the first
time in this study, and the behavior of water in the system could
have important consequences for natrocarbonatite genesis. In
a hydrous system, with PCO, less than Py, due to the presence
or predominance of H,O in the vapor phase, immiscible silicate
and carbonate liquids could coexist at significantly higher pres-
sures than previously determined. The commonly held assump-
tion that OL magmas are anhydrous is based on the observation
that natrocarbonatite lavas have low water content.

4.4.2. Carbonate fluid evolution due to decompression and H>0
degassing

There are few studies that have investigated water solubility in
carbonatites due to experimental complexities, however Keppler
(2003) found that water is highly soluble in carbonatite liquids,
that solubility is strongly pressure dependent, and is given by the
empirical relationship:

W =0.4675pP% 63> ¢))

where W is the solubility of H,0 in wt% and P is pressure in MPa.
For example, at 200 MPa the experimental Na-Ca-Mg carbonate
melt was water saturated at 13 wt% H,O, whereas at 50 MPa it
was saturated at ~6 wt% water. This is a reasonable result
because water solubility would be expected to increase with
pressure, Thus for the pressure range estimated from H,O con-
centrations (30-300 MPa; minimum estimates) in silicate melt
inclusions, an immiscible water-saturated carbonate liquid could
contain 4.1-17.5 wt% H,0, and the H,0 content of the carbonate
liquid would depend on the initial H,O concentration of the
silicate melt and the partitioning behavior of H,0O between silicate
melt and carbonate liquid.

Koster van Groos (1990) conducted a study on phase relation-
ships in the binary system Na,CO3-H,0 at 100-925 °C and 40-
370 MPa. Anhydrous Na,COs; melts at 851°C at 1atm and
anhydrous melting temperature increases with pressure. The
natrocarbonatites at OL erupt at the surface as a liquid (with
phenocrysts) at temperatures in the range of 550-650 °C and are
relatively dry (~0.5 wt% H,0; Keller and Spettel, 1995), illustrat-
ing that the pure Na,COs system is not directly comparable to the
natural OL carbonatite. Vapor saturated melting temperature of
NayCO3+H,0 decreases with pressure to about 600 °C at
100 MPa. However, the results of the study of Koster van Groos
(1990) illustrate that Na,COs+H,0 can exist as a supercritical
fluid at crustal pressures. For example, at 200 MPa and 700 °C a
mixture of 45% Na,COs and 55% H,O0 is a single supercritical fluid
but at 100 MPa the same composition exists as a liquid composed
of ~60% Na,CO3 and ~40% H,0 and a vapor phase that is ~95%
H,0 and ~5% CO,. The liquid +vapor field expands with decreas-
ing pressure such that the liquid becomes less hydrous (20% H,0O
at 50 MPa and 900 °C), consistent with the observation that
erupting OL natrocarbonatites have low water content, and that
H,0 solubility in carbonate liquids decreases with pressure,
resulting in H,O degassing. Similarly, carbonate liquids can also
lose CO, to a vapor phase due to depression of the two liquid
solvus in CO; space (Fig. 7b).

4.5, Conceptual model for the eruptive cyclicity
OL has a cyclical eruptive history, alternating between pro-

longed effusive natrocarbonatite eruptions and short-lived explo-
sive nephelinite events (Dawson et al., 1992; Keller et al., 2010;



J. M. de Moor et al. / Earth and Planetary Science Letters 361 (2013) 379-390 387

Stage 1: Natrocarbonatite effusion
and open-vent degassing

€O, + H,0
€O, + H0

Carbonatite effusion and
open-vent degassing

50 MPa

Gas and carbonatite
b separation from silcate-dominated

100 MPa
magma system

200 MPa
H,0 degassing drives
crystallization

300 MPa

Exsolution of hydrous
carbonate fluid and H,0
due to decompression

Recharge by melt,
volatiles, and heat

Stage 2: Gas-magma separation
inhibited by high-viscosity plug

Recharge by melt,
volatiles, and heat

~

Stage 3: Explosive eruption driven by

Natrocarbonatite component of ash
decreases as eruption progresses.
Juvenile component dominated by
nephelinite magma.

Natrocarbonatite
reservoir/deposits
expelled

Low pressure
degassing of CO
Crystal-rich plug prevents
volatile separation from

silicate magma. Crystal-rich apex is expelled

Pressure builds

Recharge by melt,
volatiles, and heat

Fig. 8. Conceptual model for the cyclical eruptive behavior at OL. Stage 1: Effusive natrocarbonatite eruption and open-vent degassing is allowed because low viscosity and
low density carbonate liquids and H0+CO- gas can separate from the nephelinite magma chamber. Recharge of melt, volatiles, and heat causes ascent of the silicate
magma through the crust. Decompression results in exsolution of carbonate liquid and H,0+CO, gas. Loss of water from the melt drives crystallization. Stage 2:
Decompression, water loss, and crystallization result in high viscosity crystal-rich magma at the apex of the silicate magma system. Volatiles exsolved from deeper melt
accumulate and cause overpressure. Stage 3: Explosive eruption occurs, expelling the crystal-rich apex and the overlying carbonatite reservoir (including previously
emplaced natrocarbonatite) to produce mixed nephelinite +carbonatite ash. Once the mixed portion of the magma system is erupted, the ash becomes dominantly
nephelinitic in composition. Once the crystal-rich apex of the magma system is expelled, natrocarbonatite effusion resumes (arrow).

Mitchell and Dawson, 2007). The samples of this study are most
likely from the paroxysmal nephelinitic eruptions in early 2008
and provide insight into the explosive behavior. Here we present
a conceptual model of the magmatic system, synthesizing models
presented in the literature (Dawson, 1998; Keller et al., 2010;
Kjarsgaard et al., 1995; Mattsson and Reusser, 2010; Mitchell,
2009; Mitchell and Dawson, 2012; Petibon et al., 1998; Pyle et al.,
1991) with additions and modifications based on interpretation of
the data in this study.

Volatiles, namely H,O and CO,, play a crucial role in the
evolution and behavior of the magmatic system at OL. During
effusive carbonatite periods (Fig. 8, stage 1), low viscosity and low
density carbonate liquids exsolve from the nephelinite magma
and are able to separate from the silicate magma chamber
(e.g. Petibon et al., 1998), which makes up 98-75% of the total
magma mass (e.g. Pyle et al., 1991). Voluminous gas emissions
composed mostly of H,O and CO, that are ultimately derived
from decompression of silicate magmas occur during these open-
vent periods (Brantley and Koepenick, 1995; Oppenheimer et al.,
2002). We envision that the underlying nephelinite magma
reservoir is replenished at depth by heat, volatiles, and melt,
driving continuous rise of a complex and diverse magma column
of crystallizing nephelinite melts, exsolution of hydrous carbo-
nate liquid and H,0 > CO, gas (these could exist as a supercritical
fluid at depth), depleting the silicate melt in H,O and driving
crystallization (Fig. 6b), whereas its CO, content is buffered by
the presence of carbonate liquid (Figs. 4 and 7). Low density
carbonate liquid is able to separate from its host and percolate up
through the overlying magma column. Crystallization reduces the
ratio of melt:crystals, allowing continual exsolution of carbonate
liquid at buffered peralkalinity and dissolved CO (Fig. 6). The low

density carbonate liquid is able to separate from the nephelinite
magma and ascend, resulting in decompression and H,O degas-
sing, to erupt at the surface as anhydrous natrocarbonatite
(Section 4.4.2).

A fundamental change occurs when the system enters
explosive episodes (Fig. 8, stage 2). The melt inclusion data show
that the system is rich in volatiles, and that H,O degassing takes
place continuously through the evolution of melt. The nephelini-
tic source of volatiles provides the most likely cause of the
explosivity. High degrees of crystallization driven by H,O degas-
sing results in increasing bulk magma viscosity, which inhibits
gas separation from the silicate portion of the magma chamber
(Fig. 8 stage 2). Overpressure in the silicate magma chamber
causes the onset of the explosive eruption, expelling the upper
natrocarbonatite reservoir and the mixed portion of the magma
system (Fig. 8 stage 3) to produce mixed natrocarbonati-
te+nephelinite ash during the early phases of the eruption
(Fig. 2; Keller et al., 2010; Mattsson and Reusser, 2010; Mitchell
and Dawson, 2007). Decompression of the silicate magma cham-
ber and expulsion of the overlying carbonatite portion of the
magma chamber allows the silicate magma to continue evolving
by rapid crystallization in response to decompression beyond
carbonate liquid buffered conditions, either because the carbo-
nate liquid had been expelled, or due to disequilibrium conditions
(Brooker and Kjarsgaard, 2011), allowing the silicate melt to
attain peralkalinity >5 and to degas CO, at low pressure
(Dawson, 1998; Kjarsgaard et al., 1995), which may have con-
tributed to the explosivity. The later eruptive deposits are
dominated by combeite-wollastonite nephelinitic magmatic pro-
ducts (Keller et al., 2010; Mitchell and Dawson, 2012) because the
upper portions of the magma system containing accumulated
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Fig. 9. H,0/Ce versus CO,/Nb showing the field for MORB from Cartigny et al.
(2008), melt inclusions and matrix glass from the 2007-2008 eruption, and
natrocarbonatite lava (the average composition of natrocarbonatite lavas erupted
between 1988 and 2007; from Keller et al, 2010). Though the silicate melt
inclusions are CO,-rich, their CO,/Nb ratios are less than MORB. The star indicates
the composition of “Popping Rock”, which is considered to be a pristine
undegassed MORB sample. Also shown are calculated compositions of hydrous
carbonate liquid at pressures determined from the H,O content of the silicate melt
inclusions, and mixing lines between hydrous carbonate liquid (the precursor to
natrocarbonatite) and nephelinite melt inclusions. Carbonatite and silicate melts
probably coexist in the magma system in a proportion of between 2 and 22 wt%
carbonatite to 98-78 wt% silicate magma (Pyle et al., 1991). Therefore, the bulk
magmatic system should fall on a mixing line between nephelinite melt inclusions
and co-existing carbonate liquid at values between 2% and 22% (addition of
carbonatite to silicate melt), indicating that a mantle source with high CO,/Nb is
not required.

carbonatite and mixed carbonatite+nephelinite were expelled
during the early eruption (Fig. 2). Once the high viscosity crystal-
rich nephelinite magma at the apex of the plumbing system has
been explosively expelled, quiescent degassing and natrocarbo-
natite effusion resumes (Fig. 8 stage 1).

4.6. Nature of the mantle source

OL is one of the largest sources of volcanic CO, gas emissions
globally, representing 2-3% of the estimated subaerial CO, flux
(Brantley and Koepenick, 1995), and produces silicate glasses
with the highest dissolved CO, measured to date. A fundamental
issue related to the genesis of this carbon-rich system is the
nature of the mantle source. Carbonatitic and hydrous metaso-
matic fluids are often invoked to explain trace element and
radiogenic isotope characteristics of lithospheric xenoliths and
erupted lavas (e.g. Aulbach et al., 2011), yet carbon-rich magmas
can be produced from depleted mantle sources by low degrees of
partial melting (e.g. Eggler, 1989).

Fig. 9 shows a plot of H,0/Ce versus CO,/Nb for the upper
mantle as sampled by MORB, silicate melt inclusions and matrix
glass from OL (this study), the average composition of recent
natrocarbonatite lavas, and the modeled composition of hydrous
carbonate liquid at pressure. Significantly, the melt inclusions and
matrix glasses have lower CO,/Nb ratios than the MORB range.
The element pairs H,O/Ce and CO,/Nb have similar solid-melt
partition coefficients and are minimally fractionated by melting
or crystallization (e.g. Cartigny et al., 2008; Kingsley et al., 2002;
Saal et al., 2002). However, exsolution of volatiles will decrease
these ratios dramatically because neither Ce nor Nb is volatile.
Fig. 9 shows that although melt inclusions from OL are extremely

CO,-rich (Table 1, Fig. 3), they have lower CO,/Nb ratios than
primitive melts derived from MORB mantle (Cartigny et al., 2008).
Melt inclusions with the highest H,O/Ce and CO,/Nb are least
evolved, as evidenced by low La and Ce, whereas the highly
evolved matrix glass has low H,O/Ce and CO,/Nb. This relation-
ship reflects H,O and CO, loss due to volatile exsolution in
conjunction with enrichment of Ce and Nb by crystallization.
The steep slope of the nephelinite trend in Fig. 9 indicates that
H,0 (rather than CO,) was preferentially lost from the nephelinite
melt, which is supported by high H,0/CO, in gas emissions from
OL measured by open-path Fourier transform infrared spectro-
scopy (Oppenheimer et al., 2002), as well as in our gas samples
(full compositions to be presented elsewhere).

In comparison to melt inclusions or MORB, the natrocarbona-
tite lavas have high CO,/Nb, and low H,0/Ce (data from Keller
et al, 2010). However, H,0 solubility increases dramatically in
carbonate liquids with increasing pressure (Keppler, 2003). Pres-
sures calculated from the H,O content of silicate melt inclusions
were used to estimate the H,O content of the corresponding
carbonate liquid (from Eq. (1)) over a reasonable pressure range
(Kjarsgaard et al., 1995, Petibon et al., 1998). Radiogenic isotope and
experimental studies suggest that natrocarbonatite originates by
immiscible liquid “unmixing” of 2-25% carbonate liquid from
nephelinite melt (e.g. Kjarsgaard et al, 1995; Pyle et al., 1991;
Williams et al., 1986). The bulk liquid composition of the magma
system should therefore fall on a mixing line between silicate melt
and coexisting carbonate liquid. Mixing between the silicate melt
inclusions and calculated hydrous carbonate liquid (Fig. 9) pass close
to and through the field for MORB. The CO,/Nb ratios for the magma
system at reasonable mixtures of silicate and carbonate (i.e. <25%
carbonate liquid) does not exceed the range observed in MORB. Our
data indicate that an unusually carbon-rich mantle source is not
required for any of the magmas erupted at OL. This model does not
consider the gas phase, however a key piece of evidence in this
regard is that the CO,/>He of pristine gas samples from OL overlap
with MORB (Fischer et al.,, 2009). Therefore, two completely inde-
pendent volatile-based approaches (melt inclusions and gas sam-
ples) are consistent with a MORB-like CO, concentration in the
mantle source region.

It is important to note that the magmas at OL are highly
enriched in incompatible elements (in terms of whole rock and
matrix glass compositions), have low MgO contents, and are
therefore considered highly evolved. Even the least evolved melt
inclusions cannot represent primary parental melts because
they have low MgO contents. However, the lowest La, Ce, and
Nb concentrations in the silicate melt (35 ppm, 50 ppm, and
100 ppm, respectively) are only slightly elevated outside of the
MORB range (~1-20 ppm La, ~4-40 ppm Ce and ~1-40 ppm
Nb; Cartigny et al., 2008). This observation highlights the long-
standing problem in identifying primary parental magmas for the
OL magmatic products (e.g. Klaudius and Keller, 2006; Mitchell
and Dawson, 2012; Peterson, 1989; Peterson and Kjarsgaard,
1995), which is beyond the scope of this study but is an important
issue that requires further investigation.

5. Summary and conclusions

The nephelinitic melt inclusions from the 2007-2008 explo-
sive eruption of OL contain 2.7 wt% to 8.7 wt% CO,, representing
the highest CO, concentrations measured in natural silicate
glasses to date, and 0.7 wt% to 10.1 wt% H,0, indicating that
water is an important component of the OL magma system.
Whereas the glasses have exceptionally high CO, content, their
CO,/Nb ratios are lower than that in MORB, indicating that a
carbon-rich mantle source is not required for generation of OL
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magmas. We attribute the explosivity of the 2007-2008 eruption
to the volatile-rich nature of the nephelinite melt. Degassing of
water occurs over the range in melt inclusion compositions and
carbonate liquids (precursors to natrocarbonatite lavas) exsolved
from the silicate melt would contain up to 20 wt% H,O at the
highest H,O-saturated pressures calculated for the silicate melt
inclusions (300 MPa). Loss of water from the nephelinite melt is
associated with incompatible element enrichment, suggesting
that crystallization was driven by raising of the liquidus due to
H,0 degassing.

We present a conceptual model for the eruptive cyclicity at OL
in which magma ascent drives exsolution of hydrous carbonate
liquids and H,0-dominated gas. H,O loss results in crystallization
and increased bulk magma viscosity, which impedes gas separa-
tion from the silicate magma chamber and results in explosive
expulsion of the crystal-rich apex of the nephelinite plumbing
system, as well as the overlying mixed carbonatite+nephelinite
upper magma reservoir. Once the crystal rich plug is expelled,
quiescent degassing and natrocarbonatite effusion resume.
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