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Introduction:  Apollo samples provided the first ev-

idence of silica-enriched lunar rocks. These moderately 
evolved “quartz monzodiorites” (QMD) and more 
evolved felsites are now joined by remote sensing data 
that suggest larger regions of the Moon host silicic 
rocks. These regions, known as red spots due to their 
strong absorbance in the ultraviolet, have high albedo 
and range up to 10s of km in size [1-3] often with mor-
phologies that suggest volcanic features, like domes, 
vents, and pyroclastic deposits [2-5]. Some red spots 
have elevated Th contents, similar to granitic returned 
samples [6], and many also show spectroscopic evi-
dence of Si-rich phase(s) [7]. Key hypotheses as to how 
evolved magma was produced include basaltic under-
plating and silicate liquid immiscibility. Underplating to 
melt lunar crustal rocks does not produce silicic compo-
sitions at T > 1000 ˚C, yet produces low degrees of par-
tial melting at T < 1000 ˚C, which is problematic for the 
ascent and eruption of evolved lunar rocks [8]. On the 
other hand, silicate liquid immiscibility tends to concen-
trate incompatibles like Th in the Fe-rich melt and is 
thought to be inhibited at pressure [8,9] and with added 
water. Because some amount of water likely was present 
[10] when these evolved rocks formed, we address the 
latter hypothesis by investigating how added H2O and 
higher pressure affect the occurrence and manifestation 
of silicate liquid immiscibility in QMD-type synthetic 
samples. This work is a modified continuation of the ex-
periments by Holmberg & Rutherford [9] on KREEP 
basalt and its differentiates. 

Table 1. Starting compositions 
wt.% SM1/2 SM3 SM4 
SiO2 56.51 63.7 53.61 
TiO2 1.27 1.14 4.48 
Al2O3 12.93 13.5 8.94 
FeO 10.47 5.2 14.97 
MgO 3.92 3.47 1.97 
CaO 9.66 9.18 7.72 
Na2O 1.12 1.02 0.69 
K2O 1.97 1.94 3.34 
P2O5 0.24/1.0 0.92 4.05 

Methods:  Four synthetic starting materials were 
created (Table 1), all variations on the bulk composition 
of QMD 15405 [11]. SM1 is equal to this composition, 
SM2 has higher P2O5, SM3 has lower FeO (for rele-
vance to red spots) and SM4 is a 50/50 mixture of the 
immiscible melt end-members formed in SM3 experi-
ments. We performed C-bearing, Fe-present TZM ex-
periments from 1025-1200 °C and 50-200 MPa, using 
Ar as the pressurizing medium. Experiments ranged 
from nominally anhydrous up to ~2 wt.% added water. 

Additional volatiles Cl, F, and S were added at the 0.2 
wt.% level, in the form of KCl, CaF2, and FeS. Dura-
tions ranged from 2 h to 4 days, after which the experi-
mental vessel was quenched in water. With Fe retained 
to the end of each experiment, fO2 was maintained at or 
below the IW buffer. Glass and minerals were analyzed 
via electron microprobe (spot analyses + imaging). 

Results:   
Phase occurrence.  Regardless of pressure or vola-

tile content, all experiments of SM1, SM2, and SM3 
bulk compositions evolve along a silica-enrichment 
trend driven initially by clinopyroxene and plagioclase 
crystallization (Tliquidus ~1130-1150 ˚C), followed by il-
menite (~1055-1060 ˚C) (Figure 1). Clinopyroxene is 
low-Ca initially, but quickly becomes Ca-rich. Overall, 
pyroxene averages En45Wo30, and plagioclase has a 
nearly constant composition of An75, both consistent 
with natural QMD [12]. Phosphates likely begin crys-
tallizing slightly before ilmenite (Figure 1), although no 
crystals have been unambiguously identified, suggest-
ing that they are sub-micron in scale. Silica crystallizes 
at ~1040 ˚C for SM1/2, when the magma is roughly 
89% solidified (for low H2O contents). With SM3 (low 
FeO) experiments, silica crystallizes earlier, at ≥ 1077 
˚C. Immiscible liquids form in SM1/2 at ~1040 ˚C  and 
SM3 at ~1050 ˚C, but only at low H2O contents (~0.3 
wt.%). This immiscibility is expressed as small droplets 
of liquid with 26 wt.% FeO and 35 wt.% SiO2 (LFe) 
within the main liquid of 4 wt.% FeO and 71 wt.% SiO2 

(LSi). LFe is richer in Ti, Mg, P, and Ca, and there is a 
tendency for LFe droplets to wet plagioclase (Figure 2).  

Figure 1. Repre-
sentative liquid line 
of descent. The plot-
ted experiments used 
SM2. None of the 
plotted experiments 
contain immiscible 
melts, but samples 
with lower H2O con-
tent become immisci-
ble as SiO2 nears 70 
wt.%. 
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Figure 2. Representative backscattered electron image of ex-
perimental sample with immiscible liquids LFe and LSi. 
 

Experiments of SM4 composition are characterized 
by large regions of liquid immiscibility at all conditions 
tested, with both LFe within LSi and vice versa. These 
experiments are not intended to mimic natural lunar 
magmas, as with SM1-3, but rather to produce areas of 
LFe and LSi that are large enough for SIMS analyses. Not 
considering volatiles, the viscosity of LSi is 1.35 x 106 

Pa s, roughly 2,000 times greater than that of LFe (676 
Pa s) [13]. Ilmenite, silica, and phosphate crystallize at 
≥ 1075 ˚C, and clinopyroxene enters at ~1055 ˚C. Pla-
gioclase is not present until below 1040 ̊ C. At high tem-
perature, the composition of each liquid is equivalent to 
that of the immiscible liquids formed from the low-FeO 
(SM3) experiments. As temperature decreases, LFe 

evolves to a composition somewhat closer to LSi, and 
the composition of LSi remains relatively constant. This 
counterintuitive direction of evolution with temperature 
is likely due to metastability of the immiscible liquids 
below the bulk liquidus [14], where the two-liquid evo-
lution appears driven by crystallization rather than su-
perliquidus thermodynamics. 

Volatile content.  Minor volatile species tend to par-
tition into LFe. Based on preliminary EPMA analyses, 
SO2 concentrates into LFe with a partition coefficient of 
>1.8 (Kd = wt.% in LFe / wt.% in LSi). The Kd for Cl is 
similarly high (1.73), whereas F has no strong prefer-
ence for either liquid (Kd = 0.99). Vesicles occur in only 
the silica-rich melt, LSi, suggesting a composition- or 
viscosity-driven control on their distribution. Scheduled 
SIMS analyses of H, C, S, Cl, F will verify or modify 
these data and will be presented at the meeting. 

Discussion: Our results show conclusively that 
silicate liquid immiscibility in lunar magmas can occur 
at depth and in the presence of H2O. However, it appears 
that the formation of immiscible liquids in these evolved 
magmas is inhibited at bulk H2O contents greater than 
~3000 ppm. While this concentration level is higher 

than any measured in lunar samples, QMD-type rocks 
are somewhat evolved and would have concentrated 
H2O from more primitive parents. Using initial H2O 
contents of 500-1000 ppm [10], 75% crystallization of 
a KREEP basalt parent [9] would result in 2000-4000 
ppm H2O in the remaining melt. Thus, if intermediate 
QMD-type magmas were produced in this manner, they 
could contain H2O at levels either favorable to or inhib-
iting immiscibility upon further evolution. In addition, 
the consistent crystallization of a cpx+plag±ilm assem-
blage constrains QMD magmas to lie near the edge of 
the miscibility gap at the high-Si end (Figure 3). Thus, 
whether residual liquids enter or avoid this gap is largely 
controlled by small differences in minor element (e.g., 
P, Ti) and H2O concentrations. While the nuances of this 
system are manifold, we can draw the unambiguous 
conclusion that moderately evolved lunar magmas can 
enter the field of silicate liquid immiscibility at depth in 
the lunar crust, and in the presence of small amounts of 
H2O and other volatiles. 

 
Figure 3. Pseudo-ternary projection showing starting materi-
als (SM) and end-member immiscible melts from experiments 
using all SM. 
 

References: [1] Whitaker E. A. (1972) The Moon, 
4, 348-355. [2] Malin M. C. (1974) EPSL, 21, 331-341. 
[3] Head J. W. and McCord T. B. (1978) Science, 199, 
1433-1436. [4] Wilson L. and Head J. W. (2003) JGR, 
102, E25012. [5] Boyce J. M. et al. (2017) Icarus, 283, 
254-267. [6] Hagerty J. J. et al. (2006) JGR, 111, 
E06002. [7] Glotch T. D. et al. (2010) Science, 329, 
1510-1513. [8] Gullikson A. L. (2016) Am. Mineral., 
101, 2312-2321. [9] Holmberg B. and Rutherford M. J. 
(1994) LPSC XXV, 557-558. [10] Hauri E. H. et al. 
(2011) Science, 333, 213-215. [11] Irving A. J. (1977) 
Proc. Lunar Sci. Conf., 8, 2433-2448. [12] Ryder G. 
(1976) EPSL, 29, 255-268. [13] Giordano D. et al. 
(2008) EPSL, 271, 123-134. [14] Thompson A. B. 
(2007) RiMG, 65, 99-127. 

2117.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)


