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ABSTRACT

To constrain the crystallization of alkaline and volatile-rich lavas present in intraplate settings, we
studied the petrological features and the geochemical composition of major, trace, and volatile ele-
ments of mineral and bulk-rock of two sodalite-bearing phonolites: (1) hailiyne-plagioclase-bearing
Si-K-rich phonolite from Laacher See (Germany) and (2) nosean-nepheline-bearing Si-poor phono-
lite from Saghro (Morocco). In haiiyne-bearing phonolites (55-59 wt% SiO,, K > Na, Na+K/Al =
0.96-1.08), we found that the low silica and low sodium activity promoted the early crystallization of
S-rich haiiyne (13.7-13.9 wt% SOs, 0.4 wt% CI) + S-rich apatite (0.7-0.9 wt% SO,), titanite, and rare
pyrrhotite followed by clinopyroxene-plagioclase-sanidine at relatively low pressure and temperature
(P =250 MPa and T= 850 °C) and oxidized condition (ANNO-NNO+1, where NNO is nickel-nickel
oxide buffer). The crystallization of haiiyne occurred at fluid-undersaturated conditions from a silicate
melt with 6 wt% H,0, 0.17-0.23 wt% CI, 0.11-0.4 wt% S, and 0.07-0.14 wt% F. Nosean-bearing
phonolites from Saghro are silica-poor and peralkaline (52—-54 wt% SiO,, Na > K, Na+K/Al=1.2) and
crystallized at higher P and 7' (300 MPa and 950 °C) and more reduced conditions (NNO) compared
to hatiyne-bearing phonolites. The incongruent reaction to form nosean requires high silica and Na,O
activity. The mineral assemblage and composition suggest early crystallization of nepheline followed
by nosean (7.8-8.8 wt% SOs; 1-1.1 wt% Cl). The sequence of crystallization is: clinopyroxene +
nepheline + S-poor apatite (<0.04 wt% SOs) + pyrrhotite followed by nosean and titanite. Nosean-
bearing magmas are fluid-undersaturated with relatively low volatile content (4 wt% H,0, <0.25 wt%
CL, <0.056 wt% S, 0.08-0.1 wt% F), although Cl may have exsolved during ascent and formed a fluid
phase (NaCl-bearing).

Both hatiyne- and nosean-bearing phonolites are last equilibrated at relatively low pressure and
high temperature. Hailiyne and nosean crystallized at oxidized and volatile-rich pre-eruptive conditions.
They record the volatile concentrations at depth and may be used as oxybarometer. The incongruent
reactions involved to form haiiyne and nosean suggest that phonolitic magmas became more oxidized
during crystallization. The initial volatile concentrations in basanite/nephelinite magmas, from partial
melting of volatile-bearing K,O-rich mantle rock, should have been one important factor influencing
the crystallization of hatiyne-bearing Si-K-rich phonolite and nosean-bearing Si-poor phonolite in
intracontinental setting.

Keywords: Phonolite, sodalite, haiiyne, nosean, volatile elements, pre-eruptive conditions

INTRODUCTION

In alkaline- and silica-undersaturated volcanic rocks, the
presence of minerals of the sodalite group [volatile-bearing
feldspathoid mineral Nag(AlSi0,)s(Cl1,,SO,)] attests to the pres-
ence of volatile in magmas and possible deep magmatic fluids in
both oceanic (e.g., Cape Verde: Holm et al. 2006, Canary island:
Bryan 2006) and continental intraplate setting (Brousse et al.
1969; Worner and Schmincke 1984a; De Fino et al. 1986). So-
dalite minerals are phenocrysts and incorporate volatile elements
such as Cland S. Therefore they are key minerals to characterize
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volatile concentrations and speciation at pre-eruptive conditions,
constrain the behavior of volatile elements during magma dif-
ferentiation and ascent (e.g., crystallization and degassing), and
address the question of the role and origin of volatile elements
in alkaline magma genesis.

Sodalite minerals have been reported in mafic and felsic
alkaline magmatic rock compositions from tephrite to phonolite,
but are predominantly present in phonolite (review in Parat et al.
2011b). Phonolites are alkali-rich and silica-rich magmas and
the processes involved for their genesis are still under debated
including (1) fractionational crystallization from low-silica melts,
with nephelinite, basanite, and melilitite primary compositions
(Edgar 1987; Thompson et al. 2001; Wedepohl et al. 1994;
Worner and Schmincke 1984b), (2) direct melting or fractionat-
ing of the mantle (Price and Green 1972; Bailey 1987; Laporte
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et al. 2014), or (3) remelting of basanite (Legendre et al. 2005).

Phonolites can erupt explosively or form extrusive dome as
a result of variable volatile concentration at depth. However,
published data on volatile concentrations and speciations are
scarce. Interestingly, among sodalite-bearing phonolites, we
identified two groups: (1) Si-rich phonolite with hatiyne (W&rner
and Schmincke 1984a; Holm et al. 2006; Bryan 2006) and (2)
Si-poor phonolite with nosean (Brousse et al. 1969; Berger et
al. 2009) or only sodalite (Klaudius and Keller 2006; Zaitsev et
al. 2012) (Fig. 1).

These two groups of phonolites with haiiyne or nosean
represent a unique opportunity to constrain the condition of
crystallization of sodalite minerals in natural environments. We
selected two samples, one with haiiyne and one with nosean,
and investigated in detail the mineralogy and geochemistry: (1)
haiiyne-bearing Si-rich phonolite, a tephra from Laacher See
(Eifel, Germany) and (2) nosean-bearing Si-poor phonolite, a
lava dome from Saghro volcanic field, Morocco (Fig. 1). We
combine an extensive multi-method geochemical study of major,
minor, and trace elements including volatile elements in sodalite,
silicate minerals, apatite, titanite, pyrrhotite, and bulk rock. We
determined the phase assemblage, mineral-melt equilibrium, and
volatile concentration and speciation in phonolite at depth and
constrained the pre-eruptive conditions and the crystallization
environment of phonolitic magmas in intracontinental settings.

SODALITE GROUP MINERALS IN MAGMATIC ROCKS

Sodalite (cubic, P43n) is a high-temperature, low-pressure
mineral, crystallizing well above the solidus in sodic silica-
undersaturated magmas enriched in NaCl, and its presence
constrains NaCl activities in magmas (Sharp et al. 1989). Sodalite
group minerals are alkali- and volatile-bearing mineral with
solid solutions evolving between 4 end-members: Na-Ca(-K)
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FIGURE 1. Alkali vs. silica composition (after Le Maitre 1984) of the
sodalite-bearing phonolites: haiiyne-bearing phonolites (white diamond
and triangle = this study; Worner and Schmincke 1984a; Holm et al.
2006; Bryan 2006); nosean-bearing phonolites (black diamond and
triangle = this study; Berger et al. 2009; Brousse et al. 1969); sodalite-
bearing phonolite (gray full circle = Klaudius and Keller 2006; Zaitsev
et al. 2012); and nephelinite and basanite, Eifel (white square = Mertes
and Schmincke 1985; Wedepohl et al. 1994), nephelinite Saghro (black
square = Berger et al. 2009).
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end-members and CI-S end-members Nag(AlISiO,)s(Cl,,SO,)-
(Na,Ca), 3(AlSi0,)¢(SO,4,S) (Tomisaka and Eugster 1968):
sodalite (Na-Cl sodalite), nosean (Na-S-Cl sodalite), and haiiyne
(Na-Ca-S sodalite). Only few experimental and thermodynamic
studies have been performed to constrain the stability of sodalite
group minerals at high pressure and high temperature (Tomisaka
and Eugster 1968; Stormer and Carmichael 1971). They showed
that a complete solid solution exists between nosean and haiiyne
at 600 °C and 100 MPa, whereas the solid solution sodalite-
nosean and sodalite-haiiyne is limited, as Cl-and SO~ substitute
with much more difficulty than Ca®>* and Na* (Van Peteghem and
Burley 1963). The presence of volatile elements such as S and
Cl as well as H,O and CO, in haiiyne (up to 1 and 0.75 wt%,
respectively, Bellatreccia et al. 2009) in the structural cavities
of the mineral is directly linked to the composition of magmatic
silicate liquid from which they crystallized. Thus, determin-
ing the composition of sodalite constraints the composition of
magma from which they crystallized and the concentration of
volatile at depth.

The stability of sodalite Nag(AlSiO,)s(Cl,,SO,) has been
examined using thermodynamic equilibrium (Stormer and
Carmichael 1971). The sodalite crystallization is related to the
crystallization of nepheline or plagioclase and is strongly depen-
dent of silica activity and CI and SO, fugacities in the silicate
liquid (lig) with the following incongruent reactions (Stormer
and Carmichael 1971):

Na,Al;Si,0,,Cl = NaCl+ 3NaAlSiO, (1)
sodalite lig nepheline

Na,ALSi,0,,CL+ 6 SiO, = NaCl+ 3 NaAlISi,0, )
sodalite lia q albite

Na,AlSi0,, (SO, )+ 12 SiO, = NaSO,+ 6 NaAISi, O, (3)
nosean lig liq albite

XANES and electron microprobe studies from Jugo et al.
(2010) and Hettmann et al. (2012), respectively, corroborated
the presence of sulfur as pure sulfate (SO?) in haiiyne from
Eifel, Germany, and the high oxidation state at pre-eruptive
conditions, whereas nosean in syenite has a large proportion of
S (e.g., sodalite from Ilimaussaq in Greenland and Mont Saint
Hilaire in Canada) suggesting more reduced conditions. These
previous studies demonstrated that the sulfate/sulfide ratio in
sodalite is strongly correlated with oxidation state of the magmas
(Hettmann et al. 2012) and that the determination of S®*/S? ratio
is a powerful tool to estimate the pre-eruptive redox state of
alkaline magmas.

The phase equilibrium and conditions of crystallization have
been studied experimentally in two natural phonolites (Berndt et
al. 2001; Giehl et al. 2014). Haiiyne from Laacher See phonolite
crystallized at relatively low temperature and pressure (760-840
°C, 200-400 MPa) from water-undersaturated melt with 6 wt%
H,O at oxidized conditions at ANNO+2.3 (ANNO = log fo, —
log fo, of the Ni-NiO buffer calculated at P and 7) (Berndt et al.
2001), whereas sodalite from Ilimaussaq phonolite crystallized
at 650-825 °C, 100 MPa, in water-undersaturated and reducing
conditions (low H,O content: 1.2 wt%, ANNO-0.5 to ANNO-1;
Gicehl et al. 2014). So far, neither the stability of nosean nor the
crystallization of sodalite-group minerals in complex fluid (e.g.,
with CO,, S, and CI) has been investigated experimentally.
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SODALITE-BEARING PHONOLITES

Haiiyne-bearing phonolite, Laacher See, Eifel, Germany

Haiiynes have been reported in Laacher See phonolitic
pyroclastic deposits (N50°24'48", E7°1624"") (Worner and
Schmincke 1984a; Bogaard 1995; Schmincke et al. 1999) from
the youngest (12900 + 560 yr BP) eruptive centers of Quaternary
East Eifel volcanic field (400-13 ka). East Eifel volcanic field
erupted basanite, leucitite, nephelinite, and tephrite with a total
magma volume of 1 km?®, whereas the Laacher See volcano
erupted about 5 km? of phonolitic magma (Bogaard 1983) with
alternately plinian and phreatomagmatic phase eruptions of
ash, pumice, and pyroclastic flows that attest of large volume
of dissolved magmatic fluids at depth. The Laacher See tephras
(only phonolitic rocks) are divided into three units based on
stratigraphic position (Woérner and Schmincke 1984a): Lower
Laacher See Tephra (LLST, that corresponds to the upper part of
the magma chamber), a highly vesicular and crystal-poor pumice
(<5% phenocrysts of sanidine); Middle Laacher See Tephra
(MLST) with 15 vol% phenocrysts of sanidine, clinopyroxene
(Cpx), amphibole, and biotite; and Upper Laacher See Tephra
(ULST, that corresponds to the lower part of the magma cham-
ber) with 50-60 vol% phenocrysts of sanidine, plagioclase, and
hatiyne. Laacher See phonolites are silica-rich (54.4-58.7 wt%
Si0,) and Mg-poor (Mg# = Mg/Mg+Fe"' = 0.06-0.15) (Fig. 1).
They have higher K,O content (6.6-8.7 wt%) relative to Na,O
(4.9-7.3 wt% Na,O; Na,0/K,0 = 1.2-0.6) and are slightly per-
alkaline (Na+K/Al = 0.96—1.08). Laacher See phonolites have
high concentrations in rare earth elements (REE) (80—-160 ppm
La; 150-200 ppm Ce; 0.5-2.4 ppm Eu; La/Yb = 36.5-47.5),
Rb (88-188 ppm), Sr (798-1385 ppm), and volatile elements:
F (700-1400 ppm), CI (1200-5500 ppm), and S (300-2000
ppm) (Woérner and Schmincke 1984a). Major, trace element,
and isotope studies constrained the differentiation of phonolitic
magmas to fractional crystallization of olivine, Cpx, plagioclase,
amphibole, FeTi-oxides, and apatite from nepheline basanite and
very limited assimilation of crustal rocks (Worner and Schmincke
1984b; Wedepohl et al. 1994). Sodalite-group minerals have been
reported in all LLST, MLST, and ULST tephras (Worner and
Schmincke 1984a). They are blue minerals with 0.3 wt% Cl in
LLST (rare), MLST (rare), and in ULST (abundant) and white
or black (with abundant small sulfide inclusions) minerals with
1-1.5 wt% Cl in LLST and MLST.

Nosean-bearing phonolite, Saghro, Morocco

Sodalite-bearing phonolites are present in Cenozoic volcanic
rocks from the Saghro volcanic field in Anti-Atlas (Morocco)
on the northern edge of the West African Craton (9.6-2.9 Ma,
Berrahma et al. 1993; Berger et al. 2009). The volcanic deposits
are nephelinite lava flows (low volume; 6 km?®, Missenard and
Cadoux 2011), phonolitic domes and pyroclastic deposits (Ibhi et
al. 2002; Berger et al. 2009). According to the bulk composition
and mineral assemblages, three groups of phonolites have been
identified with variable silica content and Mg# (50.0-55.5 wt%
and 0.04-0.31, respectively, Fig. 1): Sr-rich and alkaline phono-
lite, peralkaline phonolite, and Si-enriched phonolite (Berger et
al. 2009, 2014). All phonolites are depleted in K,O (5.4-7.7 wt%)
relative to Na,O (5.7-10.6 wt%; Na,O/K,0=0.74—1.87) and are
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peralkaline (Na+K/Al = 0.85-1.2). Saghro phonolites have high
content in incompatible elements with high REE content (Berger
et al. 2014) and are enriched in light-REE (LREE) compared to
heavy-REE (HREE) (La/Yb = 32.3-40.1). Geochemical mod-
eling shows that Si-enriched phonolites are residual melt after
fractional crystallization of olivine, Cpx, amphibole, magnetite,
apatite, and alkali feldspar from nephelinitic melt, and crustal
assimilation (Fig. 1, Berger et al. 2009, 2014).

ANALYTICAL METHODS

Major elements

Whole-rock major elements were measured by wide-angle X-ray fluorescence
(WDXRF) using sequential spectrometer Bruker S4 Pioneer at the analytical
services of the Instituto Andaluz de Ciencias de la Tierra (IACT, Spain) using
Rh X-ray (160 kV, 159 mA). One gram of whole-rock powder is weighed with
di-lithium tetraborate flux (8:1 flux:rock) and the mixture is fused at 1000 °C
during 15 min. The concentrations of major elements are measured by comparing
the X-ray intensity for each element with the intensity for two fused beads each
of nine reference geological standard samples.

The concentrations of major elements in minerals were determined using elec-
tron microprobe (Cameca XS100 at the “Microsonde Sud” facility of the University
of Montpellier, France). Operating conditions comprised an accelerating voltage
of 20 keV, a 10 nA beam current, and a beam focalized (1 pm). The counting time
was fixed at 20 s for each element analysis and 40 s for volatile element (S, Cl).
The standards used for major and volatile element analyses are: wollastonite for
Si and Ca; Al,O; for Al; TiO, for Ti; forsterite for Mg; hematite for Fe; orthose for
K; albite for Naj; apatite for P; native metal for Ni, Mn, Cu; barite for S and Ba;
pyrite for S; apatite for F; and chloroapatite for CI.

The valence state of S was determined for haiiyne and nosean by measuring the
wavelengths of the SKa X-rays using electron microprobe wavelength-dispersive
spectrometry (WDS) and an LPET crystal (Carroll and Rutherford 1988). We
counted the S X-rays with a spectrometer sin 6 range of 0.61158-0.61657 using
sin 0 steps of 0.00001, a dwell time of 100 ms per step, and a beam of 10 um. The
electron beam was set at 20 keV and 20 nA current, and we accumulated 5 scans for
BaSO0, and FeS, reference standard analysis, and 10 scans for hatiyne and nosean
analysis to improve precision.

Whole-rock volatile element analyses

Whole-rock sulfur and carbon (total carbon and total organic carbon) concen-
trations were determined for each sample by element analyzer (IACT, Spain, Alt
et al. 2012). Total inorganic carbon (TIC) and carbonate carbon was removed by
reaction with dilute (3 N) HCI, followed by washing in distilled H,O. To minimize
adsorption of atmospheric CO,, powders were degassed at 100 °C and stored under
vacuum in a dessicator. Standard deviations were between 10-40 ppm for sulfur
and 10 ppm for carbon.

Whole-rock F and Cl contents were determined by wet precipitation-ferrithio-
cyanate spectrophotometry using Varian Cary 50 spectrophotometer at the SARM
(Nancy, France). Standard solutions were used to check the accuracy of the analyses.
Standard deviations are less than 5% (Vernet et al. 1987).

Trace elements

Whole-rock analyses were performed using a quadrupole 7700x inductively
coupled plasma-mass spectrometry (ICP-MS) at the AETE facility (University
of Montpellier, France); 0.1 g of whole-rock powder was dissolved with acid
(HF-HNO;). Blanks were prepared with samples spiked with In and Bi to monitor
internal drift. Solutions were analyzed at a final dilution factor of 8000. ICP-MS
sensitivity in this configuration was 200 x10°¢ cps/ppm '"*In. Analytical accuracy
was estimated from measurements of international rock standards UBN and G1.

Trace element concentrations in minerals were determined by a laser ablation
ICP-MS system at the University of Montpellier (France), using GeoLas Q + Ex-
cimer CompEx102. The diameter laser beam was 26 and 56 pm; a laser repetition
rate of 6-10 Hz and a laser power of 0.5 mJ (5 J cm™") were used for this study. The
NIST612 standard, USGS standard BIR-1, BHVO-1, and a NiS bead doped with
platinum group elements (PGE) were used as external standard and SiO,, CaO, and
S content determined by electron microprobe were used as internal standard. The
drift is compensated by the internal standard calculations in the Glitter software (Van
Achterbergh et al. 2001); no other drift corrections are used. For data processing
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and calculation of concentrations, Glitter Software was used to process the raw
data files containing the signal intensity vs. time. This allows precise selection of
blanks and signals, and rapid visualization of the intensity data.

RESULTS
Haiiyne-bearing phonolite, Laacher See, Eifel, Germany

For this study, we selected the more silica-rich tephra (ULST
tephra) containing 5 vol% of sodalite. This lava is peralkaline
(Na+K/Al = 1.03) with 58.7 wt% SiO, and 8.7 wt% K,O and
plots into the silica-rich group of phonolite in TAS diagram
(Fig. 1, Table 1). Our sample has high concentrations in REE
(32.3 ppm La; 56.1 ppm Ce; 0.98 ppm Eu, La/Yb = 47.5), Ba
(2052 ppm), Sr (919 ppm), and volatile elements: C (391 ppm),
F (440 ppm), ClI (820 ppm), and S (4000 ppm). It contains up
to 60 vol% phenocrysts of Cpx (3 vol%), sanidine (37 vol%),
haiiyne (5 vol%), plagioclase (12.5 vol%), amphibole (1 vol%)
+ magnetite (1 vol%, X, = 0.10), titanite (0.3 vol%), apatite
(0.3 vol%), and sparse pyrrhotite (Fig. 2a).

TABLE 1. Major (Wt%) and trace element (ppm) compositions of Saghro
(TAG) and Laacher See (HE2) phonolite

Sample TAG HE2
wt%
Sio, 52.79 58.72
TiO, 0.84 0.51
AlLO; 19.87 20.38
Fe, 05t 4.96 2.12
MgO 1.12 0.18
MnO 0.23 0.09
Cao 2.72 245
Na,O 9.58 5.32
K,0 6.75 8.77
P,0Os 0.20 0.1
Lol 0.89 1.28
Total 99.95 99.93
Mg# 0.31 0.13
Parts per million
C 130 391
S 560 4000
F 520 440
Cl 2530 820
Cr 44.6 4.8
Ni 15.7 2.2
Cu 5.9 7.0
Rb 234 102
Sr 1146 919
Y 21.8 5.85
Zr 1014 171
Nb 278 54.3
Ba 609 2052
La 70.9 323
Ce 108 56.1
Pr 8.8 5.0
Nd 28.1 15.1
Sm 4.2 1.80
Eu 1.4 0.98
Gd 34 1.58
Tb 0.6 0.21
Dy 3.7 1.1
Ho 0.8 0.25
Er 24 0.70
Tm 0.4 0.11
Yb 2.7 0.68
Lu 0.5 0.10
Hf 11.9 3.39
Ta 53 3.04
Pb 18.2 8.06
Th 358 5.06
U 12.5 1.05

Note: Mg# = Mg/[Mg-+Fe®'].
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Sodalite-group mineral occurs as phenocrysts (1 mm in
size, 5 vol%, Fig. 2). They are Ca-rich (9.7-9.9 wt% CaO) and
Na-poor (15.1-15.4 wt% Na,O) (Fig. 3, Table 2). Sodalites in
Laacher See tephra are haiiynes according to the classification
of Lessing and Grout (1971) (Fig. 3). The concentration of S is
higher than C1 (5.2 to 5.6 wt% S; 0.3 to 0.5 wt% CI) and the peak
position determined by WDS is very close to the peak position
of BaSO, standard indicating that sulfur in hatiyne is predomi-
nantly present as S (2.3082 and 2.3081 keV, respectively, S/
St =10.91 + 0.04, see Hettmann et al. 2012 for method). The
sums of oxides from microprobe analysis are close to or higher
than 100, suggesting that no or minor CO, and H,O are present
in haiiynes. Haiiynes are enriched in LREE compared to HREE
(La/Yb=325-1030) with a strong Eu positive anomaly (0.2—0.28
ppm Eu, Ew/Eu* = [2Eu,]/([Sm,]+[Gd,]) = 2.1-3.5) and have
low concentrations of high field strength elements (HFSE) [e.g.,
0.1 ppm Zr, Ta, and Hf < 0.1 (detection limit)] (Table 3, Fig. 4).
These minerals have low content in Cu (<1 ppm), Ni (<1 ppm),
Re (20-100 ppb), PGE (Pd, Ir), and chalcophile elements (Se,
Te) have not been detected (Table 2).

Cpx are unzoned augite phenocrysts (200-800 pm, WoEnFs =
49:30:21; Mg# = 0.37-0.40) (Fig. 2 and Table 2). The REE con-
centrations display a concave pattern slightly enriched in LREE
compared to HREE (La/Yb = 8.9-9.1; Fig. 4). Plagioclases are
present as phenocrysts (500 um, An,e) and as inclusions (Anss) in
sanidine. Plagioclases are enriched in LREE compared to HREE
(La/Yb = 3200-3400) and have a strong Eu positive anomaly
(0.72-0.74 ppm Eu, Euw/Eu* = 7.49-12.15) (Fig. 4, Table 3).
Sanidine phenocrysts (37 vol%) are K-rich with An,Ab,;Orgs and
contain high Ba and Sr content (4200 and 1725 ppm, respectively;
Table 3). Rare amphiboles are kaersutite crystals (100 um), they
are Ti-rich (4.6-4.8 wt% TiO,) and Fe-rich (16.1-16.6 wt% FeO).

Accessory minerals are present as inclusions in Cpx and/or
in the matrix. Titanites occur as inclusions in Cpx. They have
very high REE concentrations (4000 ppm La; 10 ppm Lu, Fig.
4), Nb (9000 ppm), and Zr (5700 ppm) with small negative Eu
anomaly (Fig. 4, Table 3). Apatites (50—-100 pm) are present as
inclusions in Cpx and interstitial crystals in the matrix. They are
fluoro-apatites (3.26-3.67 wt% F, 0.22—0.25 wt% CI) and contain
up to 0.77-0.95 wt% SO;. Apatites have high REE content (La/
Yb=60.1to 93.7, Fig. 4), Eu negative anomaly, and low Sr and
Ba contents (5 and 0.23 ppm, respectively) (Table 3). Sulfides
are scarce and occur as inclusions in magnetite and Cpx. Two
pyrrhotites (Ngs = 0.96) with low Cu content (0.3 wt%) and
very low Ni content (0.02 wt%) have been found as inclusions
in Cpx and magnetite (Cu/Ni=24.6 and 89.4, respectively; Table
4). The concentrations in chalcophile and siderophile elements
are variable (i.e., 7-100 ppm As, 10-20 ppm Se, 1-3 ppm Te,
640 ppb Ir, Table 2). One single crystal of bornite in Cpx has
been identified (62 wt% Cu, 25.4 wt% S, 14% wt% Fe, Table
4). Bornite is richer in chalcophile Se (500 ppm) and siderophile
(Ir =80 ppb) elements than pyrrhotite. FeTi-oxides in the matrix
and as inclusions in Cpx are magnetites (X, = 0.10).

Nosean-bearing phonolite, Saghro, Morocco

Sodalite minerals are only present in silica-poor peralkaline
phonolites [52.2-54.4 wt% SiO,, Mg# = 0.07-0.31, Na+K/Al
=1.05-1.20 (Fig. 1)]. We selected a more silica-poor phonolite
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FIGURE 2. Photomicrographs of phonolite from (a) Laacher See and (b) Saghro. Sa = sanidine, Cpx = clinopyroxene, Hyn = haiiyne, Nph =
nepheline, Nsn = nosean. Scale bar = 1 mm. (Color online.)

with 3 vol% sodalite (Table 1, Figs. 1 and 2). This phonolite
has lower K,O content (6.75 wt%) relative to Na,O content (9.6
wt%; Na,O/K,O = 1.4) and is peralkaline (Fig. 1). Our sample
has high concentrations in REE (70.9 ppm La; 108 ppm Ce; 1.4
ppm Eu, La/Yb =26.3), Ba (609 ppm), and Sr (1146 ppm). The
concentrations of volatile elements are high for CI (2530 ppm)
and low for C (130 ppm), F (520 ppm), and S (560 ppm) (Table 1).

The investigated phonolite is crystal-poor (12 vol% pheno-
crysts) with Cpx (1.5 vol%), sanidine (3.5 vol%), nepheline (6
vol%), nosean (0.4 vol%), altered amphibole (0.1 vol%), mag-
netite (0.3 vol%), titanite (0.05 vol%), apatite (0.05 vol%), and
pyrrhotite (<0.01 vol%). Sodalite minerals (1 mm, gray-brown
color, Fig. 2) have high Na,O and K,O content (18-23 and
0.5-3.3 wt%, respectively; Fig. 3a), high S and low CI content
(S =2.8-3.5 wt%; Cl = 0.75-1.27 wt%; Fig. 3b), and S > Cl,
characteristic for nosean (Na-S-Cl sodalite) (Lessing and Grout
1971). MSKa) peak position for Saghro nosean is between
S (BaSO,) and S* (FeS,) indicating that both sulfur species,
S and S*, are present [AM(SKo.) = 2.30805 keV, S¢*/S* = 0.87
+ 0.04; see Hettmann et al. 2012 for method]. Noseans have
high LREE content (3—10 ppm La), low middle-REE (MREE)
(0.2-0.3 ppm Sm), and HFSE (1.4-6 ppm Zr, <0.1 ppm Hf)
contents, very low HREE content (<0.01 ppm) and a strong Eu
negative anomaly (Fig. 5b). Noseans have variable Cu (6-500
ppm) and Ni (0.5-23 ppm) contents and, siderophile element
contents (Pd, Ir). Although sulfide-free crystal surfaces have
been analyzed, high Cu content may be due to the presence of
tiny sulfide crystals at depth. Chalcophile elements (Se, Te) have
not been detected (Table 4). Nosean crystals have reaction rims
(150200 pm, Fig. 2) with low Na,O (15 wt%) and high K,O
and FeO content (10 and 3 wt%, respectively). Cl content is
lower (0.06 wt%) at the rim than at the core, whereas S content
is constant (3-2.5 wt% S) (Fig. 3b).

Cpx are phenocrysts (300 pm) with green core and yellow
rim. The cores are rich in MgO (Mg# = 0.7-0.8), AL,O; (8-10
wt%), TiO, (3—4.5 wt%), and Cr,0; (0.15-0.3 wt%). REE pat-
terns show a concave shape enriched in LREE compared to
HREE (20-30 ppm La, 8-10 ppm Sm, 0.1-0.5 ppm Lu, Fig. 5a,
Table 3). Trace element analyses display relatively high content
of Zr (300—400 ppm), Rb (0.02-3.7 ppm), and Sr (60—650 ppm).

There is an abrupt change in composition at the rim of Cpx
crystals. The rims are 100 pm wide and have low MgO (Mg# =
0.4-0.6), and high FeO (11-13.7 wt%) and Na,O (2.5-3 wt%)
content. The rims are enriched in Zr (400-2700 ppm), LREE
(30-100 ppm La), and HREE (0.25-1.6 ppm Lu) and depleted
in MREE (67 ppm Sm) compared to the core (Fig. 5a, Table 3).

Nepheline crystals are euhedral (I mm) with high Na,O
(11.2-13.25 wt%) and SiO, content (43.3—48.5 wt%) (Table 2).
The concentrations of trace elements in nephelines are below
the detection limit for trace elements, except for Rb, Sr, and Ba
(82,42, and 7.4 ppm, respectively). Rare sanidine crystals (<100
um) have less than 0.01 wt% CaO and Or;.
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FIGURE 3. (a) Cl vs. S content in sodalite, (b) Composition of the
sodalite group in phonolites recalculated to cation percentage (after
Lessing and Grout 1971); symbols as in Figure 1.
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TABLE 2. Representative major element compositions (wt%) of mineral in Saghro (TAG) and Laacher See (HE2) phonolite
Sample TAG TAG HE2 HE2 TAG HE2 HE2 TAG HE2 TAG HE2 TAG TAG HE2 HE2 TAG TAG HE2 TAG HE2
Mineral Cpx  Cpx  Cpx  Cpx Ttn Ttn  Amp Nph PI Sa Sa  Nsn Nsn Hyn Hyn Ap Ap Ap Mt Mt
Type core rim core core core core core (Core core core core core rim core core inCpx int int core core
Sio, 4484 51.14 4635 4560 29.66 29.22 38.55 4596 57.94 63.73 63.27 3851 3559 33,52 3331 055 046 087 023 0.11
TiO, 34 0.94 1.73 2.04 36.04 3660 4.79 - 0.05 0.07 0.1 - - - - - - - 834 756
Al,O, 866 213 621 713 113 126 13.04 3558 2598 1847 19.86 3443 30.51 2895 2921 0.01 - - 0.14 236
FeO® 624 1365 1142 1131 159 122 1614 076 035 079 017 030 052 021 0.18 012 007 - 8859 86.69
MnO 0.1 0.77 069 062 006 013 0.61 bd. bd bd bd - - 0.02 0.02 0.04 0.03 0.09 158 184
MgO 1206 844 974 944 002 002 930 001 002 bd 001 - - 0.03 0.04 - - - 083 14
Ca0 2332 19.70 2246 2251 2783 2802 11.87 001 752 001 077 001 036 988 987 5359 5435 5294 0.18 0.01
Na,O 0.56  2.81 1.27 1.18 1.05 0.01 217 1223 631 330 3.16 2049 1501 1509 152 0.1 0.03 0.05 - -
K,O b.d. 0.02 b.d. b.d. 0.01 0.01 247 526 161 13.15 1191 142 1115 1.7 1.12 0.01 0.01 - - -
P,0s - - - - - - - - - - - 007 023 001 0.03 4036 41.24 4191 - -
Cr,0; 0.34 0.02 0.01 0.02 b.d. bd. 002 bd. 001 - - - - - - - - - 0.05 0.02
SO, - - - - - - - - - - - 6.52 6.01 11.08 11.14 0.08 0.04 0.78 - -
F - - - - - - - - - - - - - - - 3.05 375 362 - -
Cl - - - - - - - - - - - 119 0.9 0.31 0.30 0.04 0.01 0.25 - -
Total 995 99.6 99.88 99.85 97.8 96,51 98.96 99.85 99.79 99.52 99.25 1029 99.65 1003 1004 97.97 99.29 99.79 100 100
So+/Stet - - - - - - - - - - - 087 087 091 0.91 - - - - -
Mg# 0.60 0.32 040 0.39 - - 0.50 - - - - - - - - - - - - -
Numbers of ions on the basis of
60 50 230 320 8O0 4 0 on Al+Si tetrahedrons 260 40
Si 167 194 175 172 1.01 099 587 861 260 295 290 584 597 595 590 0.0 0.08 0.15 001 0.01
VAI 0.33 0.06 025 0.28 - - 213 - - - - - - - - - - - - -
VAl 0.05 0.03 0.02 0.04 - - 0.21 - - - - - - - - - - - - -
Altet - - - - 0.05  0.05 787 138 1.01 1.07 6.6 603 6.05 6.10 - - - 0.01 0.12
Ti 0.10 0.03 0.05 0.06 092 094 0.5 - - - - - - - - - - - 0.28 0.25
Fe?* 0.08 025 0.13 0.15 - - - - - - - - - - - - - - - -
Fe3* 011 018 023 021 - - - - - - - - - - - - - - - -
Fetot - - - - 0.05 0.03 205 0.12 0.01 0.03 0.01 0.04 0.06 0.03 0.02 - - - 3.29 3.5
Mn - 0.02 0.02 0.02 - - 0.08 - - - - - - - - 0.01 - 0.01 0.06 0.07
Mg 067 048 055 053 - - 2.11 - - - - 000 000 0.00 001 - - - 0.06 0.09
Ca 0.93 0.80 091 091 1.01 1.02 194 - 0.36 - 0.04 0.00 0.06 1.60 159 1020 992 970 0.01 -
Na 0.04 021 0.09 0.09 001 - 0.64 446 055 03 028 578 416 442 443 0.5 - 0.02 - -
K - - - - - - 048 126 009 078 07 026 203 023 022 - - - - -
P - - - - - - - - - - - - - - - 586 595 587 - -
SO% - - - - - - - - - - - 1.27 1.64 1.72 1.73 0.02 0.01 0.15 - -
S - - - - - - - - - - - 019 024 017 017 - - - - -
Cl - - - - - - - - - - - 0.53 0.12 0.11 0.10 - - 0.02 - -
OH - - - - - - - - - - - - - - - 1.03 091 0.92 - -
F - - - - - - - - - - - - - - - 096 1.09 1.06 - -
Total 400 400 400 4.00 3.03 3.04 16.00 2232 5.00 5.00 5.00 20.07 20.11 20.27 2027 1823 1796 1789 3.70 3.70

Notes: b.d.= below detection, Cpx = clinopyroxene, Ttn = titanite, Amp = amphibole, Nph = nepheline, Pl = plagioclase, Sa = sanidine, Nsn = nosean, Hyn = haliyne,
Ap = apatite, int = interstitial, Mag = magnetite. Mineral abbreviations from Whitney and Evans (2010).

Titanites are euhedral crystals (300 pm) in the matrix with
high LREE content (La/Sm = 6.6-7.7, La/Yb = 49-51) (Fig. 5,
Table 3). Apatites are fluoro-apatite microcrystals (20-30 pm
in size) with no S and CI [up to 3 wt% F, <0.04 wt% ClI, and
0.05-0.1 wt% SO; (200400 ppm S)]. Apatites as inclusion in
Cpx and titanite have high REE concentrations (2800-3200
ppm La; 2.1-3.4 ppm Lu) and Sr (9800-13 000 ppm) and low
Cu/Ni ratio (0.29-0.65). Interstitial apatites have higher Sr
content (10000-18 000 ppm) and Cu/Ni ratio (1.2—1.4) relative
to the apatite as inclusions in Cpx (9000-12 000 ppm Sr) and
titanite. Sulfides are relatively abundant and have pyrrhotite
composition (Fe,_,S) with low Cu and Ni content (<2 and <1.4
wt%, respectively; Cu/Ni = 0.05-50, Table 4). Pyrrhotites as
inclusions in Cpx have N values from 0.90 to 0.92, whereas
interstitial pyrrhotites have higher N values (0.92—-0.98). The
concentrations of chalcophile elements are variable (6—1000 ppm
As, 10-150 ppm Se, 0.4-5 ppm Te) and the concentrations of
siderophile elements are very low [i.e., [-PGE (Os, Ir, Ru) are
often under detection limit (Table 4)]. FeTi-oxides are interstitial
magnetites with X,;,, = 0.15-0.16 and 0.03-0.10 wt% Ni and
0.01-0.05 wt% Cu (Cu/Ni = 0.1) (Table 2).

DISCUSSION

Crystallization of sodalite minerals

The stability of pure sodalite [Nagy(AlSi0,)s(CL,,SO,)] is di-
rectly related to incongruent reaction of melt with nepheline and
albite (reactions 1 and 2 above, Stormer and Carmichael 1971).
However, the presence of Ca in natural sodalite and feldspar (Fig.
3, Table 2) requires both Na and Ca in the equilibrium reactions
to constrain the solid solution for sodalite-group minerals and
determine the stability of sodalite and feldspar in natural systems.
Using mineral stoichiometry (Table 2) and phase equilibria in
phonolites, we established the reaction for haiiyne (Ca-bearing
sodalite) and plagioclase in Laacher See phonolite and nosean
(Ca-free sodalite) and nepheline in Saghro phonolite.

For Ca-bearing minerals (Laacher See phonolite), the reaction
can be expressed as follows:

Na4.5cal.5AIGSi6OZ4 <804 )

hatiyne

=4 Nao.zscao.4 (All.4Si2.6)08+ 2 NaZSO4

liq

_+48i0,+15Na,0+0250,
1i

iq lig

plagioclase

@
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The presence of silica and sodium (component in the melt)
on the left side of the incongruent reaction 4 indicates that low
silica and low sodium activity would promote the crystallization
of haiiyne (feldspathoid), whereas plagioclase crystallized from
silica-saturated silicate melt. Since oxygen is also present on the
left side of the equation it indicates that the reaction from hatliyne
to plagioclase consumed oxygen, and the silicate liquid becomes
more oxidized as plagioclase crystallized.

For Ca-free sodalite, in Si-undersaturated silicate liquid
with low silica activity and low volatile activity, nepheline
is the first phase to crystallize leading to an enrichment of
silica and volatile (Cl and SO?) in the residual melt (Barker
1976; Sharp et al. 1989). This continues until nosean begins
to crystallize. NaCl and Na,SO, activity of the magma is then
buffered as follows:

6 NaAISiO, +1.5 Na,SO,+0.75 NaCl4-34 0,
iq

nepheline liq

= Na,ALSi0,,[(S0,) . €1, |+1.5Na,0

1. liq (5)

nosean

Sample/chondrite

BAUDOUIN AND PARAT: HAUYNE AND NOSEAN CRYSTALLIZATION IN PHONOLITES

100

b
g 10}
5
c
S
Q@
o}
£ t*ﬁ
& o1k AN #*
N
NN
Halyne
0.01 Il Il Il Il Il Il Il Il Il
La Ce PrNd SmEu GdTh Dy Ho Er TmYb Lu
100000
d
10000
1000 |
4
100 | t
Apatite
10 Il Il Il Il Il Il Il Il Il
La Ce PrNd SmEuGdTh Dy Ho Er TmYb Lu

FIGURE 4. REE content in (a) Cpx, (b) haiiyne (stripped zone: HREE
concentration close to detection limit), (¢) titanite, (d) apatite, and (e)
plagioclase from Laacher See phonolite. Normalization values from
McDonough and Sun (1995).

The incongruent reaction nepheline/nosean constrains the
crystallization at high Na,O activity. Again, the reaction con-
sumed oxygen as nosean crystallizes. Consequently, for both
cases, the oxygen fugacity increases and the magma becomes
more oxidized.

Hatiyne and nosean have similar REE patterns, enriched in
LREE compare to MREE (La/Sm = 35.4-46.4 and 20.2-36.5
for haiiyne and nosean, respectively, Figs. 5 and 6). The strong
positive Eu anomaly, present only in haiiyne crystal (Fig. 5b),
suggests that Eu substitutes to cation in the structure of haiiyne
[Kdpineraymarix (in situ) varies from incompatible (Kd = 0.05,
Francalanci et al. 1987) to moderately incompatible (Kd = 0.6,
Worner et al. 1983)]. The element distribution in hatiyne is thus
very similar to what is observed in plagioclase (Fig. 4) with
Eu?*-Ca* substitution (Schnetzler and Philpotts 1970).

In nosean (Ca-free), Eu should behave as incompatible ele-
ments with Eu*" behaving like Sm and Gd (no Eu anomaly).
The strong negative Eu anomaly observed in nosean (Fig. 5) is
then related to prior crystallization of Eu**-rich minerals and to
Eu-depleted composition of the silicate melt from which they
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TABLE 3. Representative trace element compositions (ppm) of mineral for Saghro (TAG) and Laacher See (HE2) phonolite
Sample  TAG TAG HE2 HE2 TAG HE2 HE2 HE2 TAG  TAG TAG HE2 HE2 HE2 TAG TAG HE2 HE2
Mineral  Cpx Cpx Cpx Cpx Ttn Ttn PI Sa Nsn Nsn Nsn  Hyn Hyn Hyn Ap Ap Ap Ap
Type core rim core core core core core core core  core rim  core  core core inCpx int int int
Ni 3.1 - 0.6 0.5 0.3 2.7 1.94 3.6 1.6 0.6 543 0.8 0.7 0.8 0.9 6.1 1.9 19
Cu 0.2 - 0.1 0.2 2.6 1.3 0.36 237 311 6.4 59.9 0.2 0.2 2.2 0.3 3.9 0.9 0.59
Rb b.d. 7 0.5 - 0.1 0.1 2.78 107 4.9 8.6 40.8 5.6 4.9 54 - 2.8 - -
Ba 0.3 2.7 0.9 0.1 0.1 0.2 1384 4264 206 107 184 213 20.7 26.7 236 15.3 22 1.6
Th 0.3 1.3 0.2 0.1 54.2 124 0.03 0.56 0.3 0.3 3.26 b.d. - b.d. 85 109 107 86.9
U b.d. 0.2 b.d. b.d. 8.8 16 b.d. 0.03 0.1 0.1 4.21 - - - 6.9 139 8.4 7.3
Nb 39 13.9 4.9 3.8 5863 9128 0.07 3.6 35 33 19.4 0.6 0.6 0.5 6.7 3303 0.9 0.9
Ta 0.8 0.5 0.6 0.4 325 583 b.d. b.d. b.d. b.d. 0.1 b.d. b.d. b.d. - 178 - -
Pb 0.1 0.2 0.3 0.2 0.3 1.2 3.28 7.2 16.2 37 753 1.1 1.1 1.1 29 7.5 13 13
Sr 570 278 66.5 39.6 1388 5 2609 1725 303 268 1153 492 461 474 10942 9880 852 872
Zr 319 137 358 318 1706 5722 0.27 10.9 5.7 14 225 0.1 0.1 0.1 4.6 1156 14.5 12.8
Hf 9.1 55 10.6 9.2 375 172 b.d. 0.11 b.d. b.d. 0.35 b.d. - b.d. - 259 - -
Y 213 14.9 35.1 337 543 954 0.24 0.73 0.5 0.7 1.62 0.5 0.5 0.5 330 588 555 528
La 23.6 14.3 414 38.6 1505 4035 219 9.5 54 8.9 6.39 11.6 1.5 11.9 2808 3204 3320 3150
Ce 65.5 39.6 116 112 3699 9041 225 6.2 8.9 13.2 6.21 17.5 171 179 3939 5703 6345 5774
Pr 9.32 5.94 15.2 14.7 427 928 143 0.45 0.7 1.1 0.77 1.5 14 15 331 542 580 550
Nd 429 28.7 60 55.7 1505 2469 3.2 1.3 2.1 31 2.23 3.9 3.9 3.9 1045 1786 1898 1771
Sm 9.4 6.8 9.8 8.9 237 290 0.24 0.20 0.2 0.3 0.27 0.3 0.3 0.3 139 242 206 192
Eu 29 2.1 23 2.1 66 441 0.74 0.71 b.d. b.d. 0.09 0.2 0.2 0.2 39.2 65.6 43 40.8
Gd 7.5 5.9 79 7.1 186 208 0.17 0.40 0.2 0.3 0.27 0.2 0.3 0.2 115 190 169 157
Tb 1.0 0.7 1 1 244 29.2 0.01 b.d. b.d. b.d. 0.03 b.d. 0.2 0.2 11.6 23 187 167
Dy 53 3.8 6.9 6.5 132 168 0.03 0.12 0.1 0.1 0.19 0.1 0.1 0.1 65 133 105 96.1
Ho 0.8 0.6 1.3 1.3 21.2 33.1 b.d. 0.15 b.d. b.d. 0.03 b.d. b.d. b.d. 11.2 21.7 19.4 18.3
Er 1.9 13 3.8 3.7 49.5 102 b.d. 0.04 b.d. b.d. 0.11 b.d. b.d. b.d. 29.1 53.1 524 484
Tm 0.2 0.2 0.6 0.5 6.1 14.4 b.d. b.d. b.d. b.d. 0.02 b.d. b.d. b.d. 33 6.7 6.7 6.1
Yb 1.5 0.9 4.5 4.3 314 88.6 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 18.1 327 386 36.8
Lu 0.2 0.1 0.8 0.7 3.1 10 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 2.1 3.4 5.0 4.9

Notes: b.d.= below detection, Cpx = clinopyroxene, Ttn = titanite, Pl = plagioclase, Sa = sanidine, Nsn = nosean, Hyn = haiiyne, Ap = apatite, int = interstitial.

crystallized. The absence of plagioclase and the absence of a
negative Eu anomaly in Cpx, titanite, and apatite, however,
suggest that the Eu anomaly in nosean is not related to the crys-
tallization of Eu-bearing minerals. The negative anomaly can
then be the consequence of a very low Eu**/Eu? ratio in parental
silicate melt, which makes Eu more incompatible than neigh-
boring REE. Similar negative anomalies have been previously
observed in zircon and were related to the oxidation state of the
magma (Trail et al. 2012). Drake (1975) estimated from Eu and
Sr partitioning in plagioclase that Eu*"/Eu,, = 0.5 at ANNO-3
and recent experimental data by Cicconi et al. (2012) suggest
a strong control of the silicate melt composition on Eu specia-
tion (Eu**-Eu?") (Eu’*/Eu,yy = 0.5 at ANNO-1 for haplogranitic
melt). Considering that nosean contains sulfur as sulfide (S*)
and sulfate (S¢%), we can, however, infer that the crystallization
environment of phonolitic melt was oxidized, close to NNO (Jugo
et al. 2010) and the silicate melt contains predominantly Eu*".
Thus, the change of Eu speciation from Eu®* to Eu*" may occur
at high oxygen fugacity in alkaline undersaturated silicate melt
and the Eu anomalies in nosean represent a potential oxygen
fugacity barometer, which could be calibrated experimentally.

Pre-eruptive conditions of sodalite-bearing phonolitic
magma

The pre-eruptive conditions (7, P, fugacities of volatiles)
of phonolitic magma can be constrained using the mineral
assemblage present in the rock and the composition of min-
erals (major, minor, volatile, and trace elements). The depth
and temperature of crystallization can be estimated assum-
ing equilibrium between Cpx and silicate melt and using the
composition of both phases (Masotta et al. 2013; Putirka et al.
2003; Putirka 2008; Mollo and Masotta 2014). In Laacher See

and Saghro phonolites, the silicate melt in equilibrium with
Cpx has been calculated using trace element concentrations in
Cpx and published partition coefficient using matrix mineral
compositions from stratified layer ULST (sample 1088, Worner
et al. 1983). The composition of silicate melts calculated from
Cpx composition is very close to the measured bulk-rock
composition (Figs. 7 and 8), suggesting that Cpx are suitable
as thermobarometer. The thermobarometer defined by Masotta
et al. (2013) for alkaline differentiated magmas (error: 7 =
15 °C and P = 115 MPa) constrains the equilibrium pressure at
220-270 MPa and 760-870 °C for Si-rich phonolite (Laacher
See) and 280-330 MPa and 925-950 °C for Si-poor phonolite
(Saghro) (Fig. 6). Using the method of Mollo and Masotta
(2014) to minimize the error of temperature (e.g., considering
the difference between predicted and observed components in
Cpx, ADiHd = 0.02), the equilibrium temperature for Laacher
See is the highest estimated temperature with 7= 850 °C (P =
250 MPa) for Laacher see and 7= 950 °C (P = 300 MPa) for
Saghro phonolites (Fig. 6). The relatively high temperature
and low pressure of Laacher See phonolite agree with previous
estimates from mineral compositions and xenolith evidence
(Worner and Schmincke 1984b) and with experimentally de-
termined pre-eruptive conditions for the ULST Unit of Laacher
See, i.e., 200 MPa and 830-870 °C (Berndt et al. 2001). The
higher crystallization temperature of nosean-bearing phonolite
(Cl-rich) is consistent with the higher temperature of crystal-
lization of Cl-sodalite determined experimentally relative to
SO,-sodalite (Tomisaka and Eugster 1968).

The fugacities of volatile elements (i.e., fo,, fs,) represent
the redox state of the magmatic system and controlled the
crystallization and the composition of minerals and the phase
equilibria. The fugacity of oxygen may be estimated using phase
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FIGURE 5. REE content in (a) Cpx, (b) nosean (stripped zone: HREE close to detection limit), (¢) titanite, and (d) apatite from Saghro phonolite.
Gray = Laacher See phonolite. Normalization values from McDonough and Sun (1995).

assemblage, mineral composition and element speciations in
mineral and melt. The oxygen fugacity strongly controlled the
speciation of iron (Fe**/Fe?*) and sulfur (S¢*/S?) in the silicate
melt and the crystallization of ferrous/ferric mineral and sulfate/
sulfide mineral (i.e., Carroll and Rutherford 1988; Jugo 2009).
In phonolite, the co-crystallization of sulfate-bearing sodalite
(S°%) and apatite (S°*) as well as sulfide (S*) in both nosean-
and hatiyne-bearing phonolite indicates that the redox state of
phonolitic magmas at pre-eruptive conditions was relatively
oxidized with an oxygen fugacity close to ANNO-NNO+1
(Jugo 2009; Jugo et al. 2010).

Pyrrhotite is present in silicic magmas at reduced and in-
termediate oxidation state (i.e., ANNO-NNO+1) (e.g., Carroll
and Rutherford 1988; Luhr 1990; Clemente et al. 2004; Parat
etal. 2008) and the composition (N.s) is function of the sulfur
fugacity of the silicate melt and the temperature (Toulmin and
Barton 1964; Whitney 1984). In the Laacher See phonolite,
rare pyrrhotites as inclusions in Cpx and magnetite indicate
that they crystallized close to the liquidus and their composition
(low Ng.s, Table 4) is representative of the liquidus environment
(Whitney 1984). Assuming that both Cpx and pyrrhotite are
liquidus phases and considering the temperature of crystalliza-
tion of Cpx (7' = 850 °C), the sulfur fugacity estimated from
pyrrhotite composition (Ngs = 0.92-0.93) is log fs, = 0.02 to
—0.69 (1-0.2 bar). For Saghro phonolite, pyrrhotites have low
S content and Ngs = 0.92-0.97. For T= 950 °C, logfs, = 0.8
to —2.3 (7 to <0.1 bar). The coexistence of magnetite (X, =
0.08-0.17) and pyrrhotite at 850 and 950 °C indicates an oxygen
fugacity close to ANNO-NNO+1 for Laacher See phonolite
and ANNO-0.7-ANNO+1 for Saghro phonolite (Whitney
1984), in agreement with sulfate/sulfide crystallization (Jugo
2009) and high-Cl content in sodalite minerals (Stormer and
Carmichael 1971).

Volatile element concentrations and speciation in
phonolitic melt

The abundance of volatile elements CO,, H,0, S, and halo-
gens dissolved in magmas are strongly variable because their
solubility and ability to be fractionated in minerals and in the
vapor phase depend on several parameters such as pressure,
temperature, melt composition, and redox state. In phonolitic
melts, water, CO,, and S partition less strongly in favor of flu-
ids, by an order of magnitude, compared to rhyolitic or dacitic
melts owing to greater solubilities of these volatiles in the melt
(Scaillet and Pichavant 2003; Webster et al. 2011, 2014). Also,
the partitioning of Cl, H,O, CO,, and F varies with the molar
ratio (Na,0/Na,0O+K,0) of the melts (Webster et al. 2014). The
two phonolitic system studied here show a strong variability of
volatile according to mineral assemblage and composition that
may be related to their different alkalinity and/or initial volatile
content in parent nephelinite (Saghro) and nepheline basanite
(Laacher See).

H,0 and CO, content in phonolites. H,O and CO, are the
most abundant volatile elements in magmatic systems (e.g., John-
son et al. 1994; Métrich and Wallace 2008). In phonolitic mag-
mas, the H,O content are highly variable from 1 to 5 wt% H,0O
and CO, can reach up to 3000 ppm (e.g., Signorelli et al. 1999;
Scaillet et al. 2008; Oppenheimer et al. 2011). The hygrometer
from Mollo et al. (2015), specific for phonolitic-trachytic melt,
allows us to estimate the water content in Laacher See silicate
melt in equilibrium with sanidine at 5.9 (+0.7) wt% H,O sug-
gesting that minerals have crystallized close to water-saturated
conditions (Schmidt and Behrens 2008; Webster et al. 2014).
This value corroborates data from melt inclusions (<6 wt%
H,0O, Harms and Schmincke 2000) and experimental study at
200 MPa and water-saturated and CO,-free conditions (Berndt
et al. 2001). The presence of CO,, S, and Cl lowered the water
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TABLE 4. Representative major and trace element compositions of

pyrrhotite
Sample  TAG TAG TAG HE2 HE2 HE2
Mineral Po Po Po Bornite Po Po
Type int int in Cpx in Cpx in Mag in Cpx
wt%

Fe 60.06 60.05 53.03 14.46 57.93 58.86
S 37.41 374 38.77 25.34 38.55 38.31
Cu 1.84 1.07 <0.01 60.78 0.37 0.30
Ni 0.85 1.38 0.04 0.03 <0.01 0.01

Total 100.1 99.9 92.8 100.5 96.85 97.48
Nees 0.96 0.97 0.9 - 0.92 0.93

Parts per million
As 940 1162 6 100 19.4 79
Se <19.6 326 50 541.7 19.9 15.1
Te 23 19 14 9.4 3.2 3.6
Pb 462.0 207.0 155 59.1 22 1.7
Bi 24 0.1 0.03 0.6 <0.1 <0.1
Ag 18.3 40.5 61.2 6.1 0.6 0.65
Parts per billion

Os 6 (7.5) 30 410 158 23.6
Ir (2.6) 1.4 30 87 41 6.2
Ru 60 260 230 1360 150 440
Rh 230 96 80 1380 66 129
Pt (18.0) 10 30 270 27 14
Pd 1900 300 920 nd. 2300 1700
Au 100 60 100 1400 60 30
Re 60 50 120 50 n.d. n.d.
Cu/Ni 22 0.8 0.05 55.3 89.4 24.6
Pd/Ir 711 185 30.6 933 14.8 120
S/Se 25400 15424 8000 615 18139 23857
Se/Te 8.40 16.7 35.7 57.8 6.2 4.1

Notes: Ngs = fraction of FeS (Toulmin and Barton 1964), concentration under
detection limit in parantheses; Po = pyrrhotite, int = interstitial, Cpx = clinopy-
roxene, Mag = magnetite.

solubility in phonolitic melt (at 900 °C, H,O solubility is 6.5
and 8 wt% in Cl-bearing and CO,-free phonolitic melt and in
CI-CO,-free phonolitic melt, respectively, Webster et al. 2014)
leading to the presence of a fluid phase at depth. However, for
Laacher See, the low bulk CO, content in phonolite and CO,-
free melt inclusions reported by Harms and Schmincke (2000)
suggest that CO, was not a factor that may have induced fluid
saturation in the phonolitic magma.

Contrary to Laacher see phonolite, Saghro phonolite has not
been studied experimentally and does not have melt inclusions
in phenocrysts or glassy matrix. The bulk CO, content suggests a
minimum value of 130 ppm C after degassing (Table 1), whereas
the water content can only be estimated using K-feldspar-melt
equilibrium (Mollo et al. 2015). Calculation yields water content
in the melt coexisting with sanidine equals to 4.1 (+0.7) wt%
H,O0. The partitioning of H,O and CO, into the fluid phase in-
creases (and Cl decreases) with increasing molar Na/Na+K in
melts (Webster et al. 2014). The lower Na/Na+K ratio of Laacher
See phonolite (Na/Na+K = 0.48) compared to the Saghro phono-
lite (Na/Na+K = 0.68) as well as the presence of other volatile
species indicate water-undersaturated conditions for Laacher
See at low pressure, whereas Saghro phonolite might have been
closer to water-saturated conditions.

S content and speciation in phonolites. The presence of
sulfur in phonolitic magmas is clearly demonstrated by the
crystallization of S-bearing phases such as pyrrhotite, haiiyne,
nosean, and S-bearing apatite. Laacher See phonolite has abun-
dant haiiyne (5 vol%, 5.2-5.5 wt% S) and S-rich apatite (0.5
vol%, 0.7-0.9 wt% SOs), whereas pyrrhotites are rare and the
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FIGURE 6. P-T conditions calculated from Cpx-liquid thermobarometer
(Masotta et al. 2013) for Saghro and Laacher See phonolites.

whole-rock sulfur content of the phonolite after eruption (i.c.,
minerals and silicate melt after volatile exsolution during ascent)
is high with 4000 ppm S.

The initial sulfur content at pre-eruptive conditions can be
estimated using experimentally determined partition coefficient
for apatite (Kd@™!", Parat and Holtz 2005; Parat et al. 2011a).
S-rich apatites from Laacher See are in equilibrium with S-rich
melt with 1100-3200 ppm S (as S°*). These concentrations are
higher than those measured in melt inclusions (S = 520-1490
ppm) and matrix glasses (S =200-940 ppm) from ULST tephra
(Harms and Schmincke 2000), suggesting partial degassing or
crystallization of S-bearing mineral phases before melt inclusion
entrapment. These values are lower than the whole-rock sulfur
content suggesting that slight haliyne accumulation may have
occurred in the lower part of the magma chamber.

Nosean-bearing phonolites from Saghro have 0.4 vol%
nosean (2.8-3.5 wt% S), relatively abundant pyrrhotite and low
whole-rock sulfur content (S = 560 ppm, Table 1, Fig. 9). Apatites
are S-poor (SO; < 0.1 wt%) and the sulfate content (S¢) in the
melt in equilibrium with apatite is less than 20 ppm. Nosean-
bearing phonolites from Saghro are sulfate-poor with low S¢/
S?" ratios in the silicate melt [presence of pyrrhotite (S*)].

Cl content in phonolites. Laacher See phonolite has Cl-poor
hatiyne (0.3-0.5 wt% Cl) and Cl-rich apatite (0.22—0.25 wt% Cl),
whereas Saghro phonolite has Cl-rich nosean (1.1-1.3 wt% CI)
and Cl-poor apatite (<0.03 wt% CI). Cl is present in large amount
in Laacher See melt inclusions (1770-2600 ppm Cl) and matrix
glasses (2100-5540 ppm Cl) (Harms and Schmincke 2000) rel-
ative to bulk rock (820 ppm Cl) (Fig. 9). Using experimentally
determined partition coefficient, Kd®™" for hydrous phonolitic
melts (Webster et al. 2009), the Cl concentration in the melt in
equilibrium with apatite is 2000-2300 ppm Cl. This is one order
of magnitude higher than the concentration estimated for Saghro
phonolite, where Cl-poor apatite crystallized from a melt with
Clye <91 ppm.

The Cl solubility in hydrous trachytic and phonolitic melts is
strongly dependent of pressure and peralkaline index (Signorelli
and Carroll 2002) and decreases with increasing sulfur content
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(Webster et al. 2014). The two studied phonolites have very dif-
ferent peralkalinity and thus theoretical solubility: for Laacher
See phonolite (P =200 MPa, Na+K/Al = 1.04), CI solubility is
5000 ppm, whereas for Saghro phonolite (P =300 MPa, Na+K/
Al=1.2) Cl solubility is 8000 ppm (Signorelli and Carroll 2002).
The maximum of ClI solubility decreases with S, from 9400 to
6700 ppm Cl in S-poor and S-bearing phonolite, respectively
(Webster et al. 2014). These values are higher than those esti-
mated from apatite compositions suggesting that the phonolitic
melt was not saturated in Cl during apatite crystallization and
the co-crystallization of haiiyne in Laacher See phonolite oc-
curs in the absence of an exsolved Cl-bearing fluid (before Cl
saturation) (Fig. 9). The late crystallization of nosean in Saghro
phonolite (Fig. 10) may suggest crystallization close to or at Cl
saturation in the silicate melt.

F content in phonolites. Fluorine is the volatile element
that has the lowest partition coefficient between fluid phase and
silicate melt (e.g., Webster et al. 2014) and F is mainly incor-
porated in apatite during fractional crystallization. The partition
coefficient of F between apatite and melt has been quantified
experimentally and in situ for silicate melt, increasing from basalt
to phonolite from 3.4 to 40, respectively (Mathez and Webster

FIGURE 7. Calculated liquid compositions in equilibrium with (a)
Cpx, (b) haiiyne, (c¢) titanite, (d) apatite, and (e) plagioclase for Laacher
See phonolite. Liquid composition calculated using partition coefficients
from Worner et al. (1983), Olin and Wolff (2012), Prowatke and
Klemme (2006), and Francalanci et al. (1987). Whole-rock and partition
coefficients from Worner et al. (1983) are for sample 1088 from ULST.
Normalization values from McDonough and Sun (1995).

2005; Webster et al. 2009; Parat et al. 2011a). In Laacher See and
Saghro phonolites, the fluorine content in apatite ranges from
3.3 to 3.9 wt%, and using partition coefficient for phonolitic
melt, F concentration in the melt in equilibrium with apatite is
800—-1000 ppm. These values are lower than the concentration
of F solubility determined experimentally for phonolitic melt
(5000-7500 ppm, Webster et al. 2014) suggesting that at the time
of apatite crystallization, the silicate melt was undersaturated in F.

Crystallization environment of sodalite-bearing phonolites

Haiiyne-bearing Si-rich phonolite: Laacher See. The
Laacher See phonolite represents a late stage of crystallization
that evolved from nepheline basanite magmas (Wedepohl et al.
1994; Worner and Schmincke 1984b). The phonolitic magma is
Si-undersaturated and peralkaline and the crystallization of Cpx,
plagioclase, amphibole, apatite, haiiyne, sanidine, pyrrhotite, and
magnetite occurs at depth in a shallow magma chamber (250
MPa and 850 °C). The crystallization environment is oxidized
(ANNO-NNO+1) and the oxidation state increased with crys-
tallization (hatiyne-plagioclase crystallization). More oxidizing
conditions at the top of the Laacher See magma chamber are
also indicated by the speciation of sulfur in glass inclusions,



BAUDOUIN AND PARAT: HAUYNE AND NOSEAN CRYSTALLIZATION IN PHONOLITES 2319

1000 1000
e == = \\hole Rock (this study)
Kd- Worner et al. 1983

a .. = = =Whole Rock (this study) |y
.t ——Kd- Worner et al. 1983
------- Kd- Francalanci et al. 1987

=
o
o

S 2 =
5 5 N
c f=4
o [}
S S 10
S~ S~
k) @
Q. [=%
€ €
3 8 1
Clinopyroxene Nosean
1 Il Il Il Il Il 01 L | |
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu a Ce PrNd SmEuGd Tbh Dy Ho Er Tm Yb Lu
1000 10000
== == = \Whole Rock (this study) C = e @ \Whole Rock (this study) d
Kd- Worner et al. 1983 Kd- Worner et al. 1983

....... Kd- Olin and Wolff 2012 +++++++++ Kd-Prowatke and Klemme 2006

N
o
=]
)

100

=
o
o

- an o ==

Sample/ chondrite

10

Sample/ chondrite

-
o

Titanite
1 Il Il Il 1

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

Apatite

FIGURE 8. Calculated liquid compositions in equilibrium with (a) Cpx, (b) nosean, (¢) titanite, and (d) apatite for Saghro phonolite. Liquid
composition calculated using partition coefficients from Worner et al. (1983), Olin and Wolff (2012), Prowatke and Klemme (2006), and Francalanci
et al. (1987). Normalization values from McDonough and Sun (1995).

the S¢/S*! ratio being higher in the LLST (top of the magma als have crystallized from a melt with a composition close to
chamber) than in the ULST (bottom of the magma chamber) the bulk composition. Melt calculated from Cpx shows a small
(Harms and Schmincke 2000). discrepancy with a concave shape compare to the bulk rock with

The REE compositions of the theoretical silicate melts in  a depletion in MREE relative to LREE and HREE suggesting a
equilibrium with Cpx, apatite, haiiyne, titanite, and plagioclase  slightly early crystallization of titanite before Cpx crystallization
calculated from mineral composition and available empirical ~ [Kd(titanite/melt) for MREE = 3872 in titanite, Olin and Wolff
partition coefficient for phonolitic system (Worner et al. 1983;  2012] in agreement with the occurrence of titanite as inclusions
Francalanci et al. 1987; Lemarchand et al. 1987; Villemant in Cpx. The rims of Cpx are depleted in MREE and enriched in
1988; Olin and Wolff 2012; Figs. 7 and 8) suggest that miner- ~HREE compared to the core (Fig. 5), suggesting that titanite also
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crystallized during the crystallization of Cpx rim. The trace ele-
ment concentrations with different compatibility such as Cu/Ni
[Cu s incompatible in silicate minerals, whereas Ni is moderately
compatible; Ewart and Griftin (1994)] corroborate one crystal-
lization environment for all minerals with similar Cu/Ni ratio
(Fig. 10). The coeval crystallization of minerals in Laacher See
phonolite agrees with the study of Harms and Schmincke (2000)
in which melt inclusions in all minerals from the ULST have
very similar composition (57-59 wt% SiO,).

The incongruent reaction haiiyne-plagioclase and the nega-
tive Eu anomaly observed in Cpx, titanite, and apatite, suggest
an early crystallization of haiiyne leading to an increase of the
oxygen fugacity (e.g., magma becomes more oxidized) with
differentiation in agreement with experimental and melt inclu-
sion studies suggesting more oxidizing conditions at the top of
the Laacher See magma chamber (more evolved magma, LLST;
Berndt et al. 2001; Harms and Schmincke 2000). The sequence
of crystallization may be then defined as: early crystalliza-
tion of hatliyne-apatite-titanite followed by Cpx-plagioclase-
sanidinetamphibole. The lower trace element contents and
positive Eu anomaly of the studied bulk-rock sample compared
to published bulk-rock compositions of Laacher See tephra of
the ULST unit and the Eu negative anomaly (Fig. 7, Worner et
al. 1983; Worner and Schmincke 1984a) indicate, as discussed
for volatile elements, that accumulation of hatiyne and possibly
plagioclase may have occurred in the lower part of the magma
chamber.

During crystallization, the water content in the phonolitic
melt (<6 wt% H,0) indicates that at depth (250 MPa), the melt
was fluid-undersaturated. However, the evolution of S, CI, and
F content in the melt in equilibrium with apatite and in the melt
inclusions show an increase of F and constant S and C1 (Fig. 9),
S being probably buffered by the crystallization of S-rich hatiyne,
whereas the melt become Cl saturated with differentiation leading
to the presence of a NaCl fluid phase (Dalou et al. 2015). More
likely the upper part of the magma chamber was water-saturated
and the Cl partitioned into an exsolving H,O fluid phase.

Nosean-bearing Si-poor phonolite: Saghro. The last stage
of crystallization of Saghro phonolite represents a moderately
peralkaline melt with low silica and low Na,O activities and the
crystallization of nepheline, Cpx, sanidine, nosean, apatite, and
pyrrhotite at high-temperature (950 °C), low-pressure (300 MPa),
and relatively oxidized conditions (ANNO) in a volatile-poor
fluid-undersaturated magma (4 wt% H,O).

The trace element ratios and the calculated melt composi-
tions in equilibrium with Cpx (Cu/Ni = 0.1) and apatite (Cu/Ni
= 0.3-1.4) suggest that both are early crystallizing mineral in
equilibrium with the bulk-rock composition (Figs. 7a—7d and 10).
Although the calculated melts are slightly different compared to
the bulk-rock composition, the uncertainty of the partition coef-
ficient allows us to consider that all minerals crystallized in one
environment (Fig. 8). The large variability of the Cu/Ni ratio in
minerals (Fig. 10) suggests however that the evolution of Saghro
lava most probably involved a more fractionated differentiation
compared to Laacher See. With decreasing temperature, the
sequence of crystallization is Cpx-nepheline-apatite-pyrrhotite
followed by nosean-titanite. The incongruent reaction nepheline-
nosean consumed oxygen during nosean crystallization and
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consequently, the oxygen fugacity increased and the magma
became more oxidized.

The volatile content in Saghro phonolitic melt is very low
(Fig. 9) although it allows saturation of K-rich and Na-poor
nosean (S- and Cl-bearing) in the late stage of crystallization.
The rim of nosean have S content identical to the core, whereas
Cl and Na strongly decreases suggesting that during ascent Cl
most probably exsolved and formed a NaCl-bearing fluid phase

(Fig. 3).
IMPLICATIONS

Our work shows that haiiyne- and nosean-bearing pho-
nolites are last equilibrated at low pressure and relatively
high temperature with different volatile concentrations. Frac-
tional crystallization of olivine+Cpx+amphibole+plagioclase+
FeTi-oxidestapatite in Laacher See and olivine+Cpx+amphibole+
magnetite+apatitet+alkali feldspar in Saghro from basanite/
nephelinite magmas may have led to volatile-bearing silicic per-
alkaline magmas. The difference in major element composition,
e.g., Na, K, and Si and the concentration of volatile elements in
Si-rich and Si-poor phonolites are the result of slightly different
parental magma compositions and different fractional crystal-
lization evolution involving haiiyne or nosean crystallization.

Although fractional crystallization appears to be the main
proposed processus for phonolite genesis (e.g., Edgar 1987;
Ablay et al. 1998; Thompson et al. 2001), recent experimental
study from Laporte et al. (2014) on partial melting of K,O-
bearing lherzolite reproduced the major element composition
of nosean-bearing phonolite for very low partial melting. The
experiments fail however to reproduce the high SiO, and K,0
values in haiiyne-bearing phonolite, even for very low partial
melting. These experiments are volatile-free and the influence of
volatiles in mantle rocks on partial melting should be addressed
to constrain the genesis of Si-rich and volatile-rich sodalite-
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bearing phonolite and other volatile-bearing phonolites (e.g.,
Signorelli et al. 1999; Oppenheimer et al. 2011) and confirm
the hypotheses in which volatile-rich and Si-rich phonolites are
the last stage of fractional crystallization of nepheline basanite
magmas, whereas volatile-bearing and Si-poor phonolites may
result from partial melting of K,0O-rich mantle rocks.
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