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Introduction: The primitive lunar picritic magmas 
are not saturated with pyroxene and ilmenite at their 
liquidi at pressures below multi-saturation. Once 
segregated from their source regions, the picritic 
magmas will have a strong tendency to interact, both 
thermally and chemically, with their surrounding 
lunar mantle at shallower depth [1,2]. Such thermo-
chemical interaction between a through-going magma 
and its surrounding mantle is referred to as melt-rock 
reaction. The processes of melt-rock reaction during 
basaltic magma transport in the Earth’s mantle are 
relatively well understood. They involve preferential 
dissolution of pyroxene and precipitation of olivine, 
as olivine normative basalts percolate through a 
harzburgite or lherzolite matrix [3-5]. Evidences of 
melt migration and melt-rock reaction in the Earth’s 
upper mantle were preserved in the mantle section of 
ophiolites where tabular to elongated dunite bodies 
formed by reactive dissolution of harzburgite or 
lherzolite are exposed [3].  
 Melt-rock reaction will inevitably lead to 
assimilation that can significantly modify the 
through-going melt composition. Assimilation has 
been called upon in several occasions to explain the 
high Ti content of some lunar picritic glasses. It has 
been suggested that assimilation of ilmenite-bearing 
late cumulates (and KREEP) or even armalcolite to 
the low Ti primary magmas at shallow levels can 
produce the high Ti magmas observed on the lunar 
surface [6-11]. Nevertheless, the processes that gave 
rise to assimilation in the lunar mantle are still not 
well understood, in part because the mineralogy of 
the lunar mantle is not well constrained. In a 
companion study, we determined the thermodynamic 
stability of ilmenite and armalcolite in a dunite and a 
harzburgite in the context of lunar cumulate overturn 
[12]. We have shown that subsolidus ilmenite and 
olivine mixture (ilmenite-bearing dunite) is stable 
over a wide range of temperatures (T) and pressures 
(P), whereas armalcoite-bearing harzburgite is more 
stable than ilmenite-bearing harzburgite at pressures 
less than 1.4 GPa. This raises an important question: 
is assimilation of armalcolite, instead of ilmenite, in 
the shallow lunar mantle feasible? And if so, what are 
the consequences and mechanisms of armalcolite and 
ilmenite assimilation during melt transport and melt-
rock reaction in the lunar mantle?  
Experiments: In order to better understand the 
processes of assimilation and melt-rock reaction 
during magma transport in the lunar mantle, we 
conducted a serious of dissolution experiments using 

dissolution couples formed by juxtaposing a pre-
synthesized armalcolite-bearing or ilmenite-bearing 
harzburgite against a pre-synthesized Apollo 15 
yellow glass in either Ni or C-Pt-Mo capsules. 
Dissolution experiments were conducted at 1250-
1350°C and 1 GPa. Starting compositions and 
experimental procedures were described in [1,4,5,12]. 

 
Figure 1. False colored BSE image of an armalcolite-
bearing harzburgite reactive dissolution charge showing the 
distinct lithologies produced by preferential dissolution. 
White horizontal lines mark the sharp boundaries between 
the three lithologic units identified in the figure. Minerals 
colored in green in the upper portion of the image are 
armalcolite, minerals colored in yellow are ilmenite, 
minerals in magenta are opx, and blue to purple are olivine. 

Results: Figure 1 shows an experimental example of 
harzburgite reactive dissolution in an Apollo 15 
yellow glass melt at 1250°C and 1 GPa. Reaction 
between the armalcolite-bearing harzburgite and 
yellow glass melt produces two distinct reactive 
boundary layers: a layer of melt-bearing, armalcolite- 
and ilmenite-free, and opx significantly depleted 
dunite, and a layer of ilmenite- and melt-bearing, 
armalcolite- and opx-free dunite. The few relics of 
unreacted opx grain in the dunites in Fig. 1 are due to 
the relatively low temperature nature of this run 
where the yellow glass is near opx saturation. Indeed, 
melt-bearing dunites produced by reactive dissolution 
of harzburgite in alkali basalt and Apollo 15 red and 
yellow glass melts at higher temperatures (≥ 1300°C) 
are all opx-free [1,4,5 and this study]. Formation of 
the dunite, ilmenite-bearing dunite, and armalcolite-
bearing harzburgite sequence is consistent with a 
model that involves preferential dissolution of 
armalcolite and opx, precipitation of olivine, and 
precipitation and then re-dissolution of ilmenite. 
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Hence disproportionally more armalcolite and opx 
are assimilated to, whereas olivine is subtracted from, 
the reacting melt. This selective rather than bulk 
assimilation is characteristic of melt-rock reaction in 
the lunar (and Earth’s) mantle.  
A simple model for preferential assimilation of 
armalcolite and ilmenite during melt transport 
and melt-rock reaction in the lunar mantle: The 
lithology of lunar cumulate mantle is not well 
constrained but is probably dominated by harzburgite 
(olivine + opx ± cpx ± ilmenite ± armalcolite) after 
cumulate mantle overturn. Depending on the 
efficiency of convective mixing during cumulate 
overturn, isolated regions of the shallow lunar 
harzburgitic mantle (< 270 km) may contain 
armalcolite and the deeper lunar mantle likely 
contains ilmenite. The primitive lunar picritic 
magmas have only olivine on their liquidi at 
pressures below multisaturation [7,13-16]. Hence 
reaction between the picritic melts and ilmenite- and 
armalcolite-bearing harzburgites is inevitable during 
magma transport in the lunar mantle.  

Figures 2a-2c are schematic diagrams showing the 
processes of melt transport and melt-rock reaction in 
the lunar mantle. Partial melting in an upwelling 
harzburgitic diapire in the deep lunar mantle 
generates low Ti picritic magma (Fig. 2a). Driven by 
buoyancy, the picritic melt migrates upward through 
a combination of porous flow and conduit flow. Once 
segregated from its source region, the picritic magma 
will have a strong tendency to react with its 
surrounding lunar mantle, producing either high 
permeability dunite channels when the overlaying 
mantle is partially molten (Fig. 2b) or melt-bearing 
dunite reaction boundary layer on the sidewalls of 
magma conduit when the mantle is melt-free (Fig. 
2c). If regions of the overlaying mantle are ilmenite- 
or armalcolite-bearing (depending on their depth), 
preferential assimilation of armalcolite and/or 
ilmenite likely take place through the reactions: 
   arm + opx + melt1  ol ± ilm + melt2  (P < 1.4 GPa) 
   ilm + opx + melt3  ol + melt4            (P > 1.4 GPa) 
where the high pressure reaction is deduced from our 
phase equilibrium study [12]. Preferential dissolution 
of ilmenite, armalcolite, and opx and precipitation of 
olivine selectively assimilate TiO2, FeO, and SiO2 to 
the reacting picritic magma. This is broadly 
consistent with the simple mass balance calculations 
of Wagner and Grove [7] who proposed a 
petrogenetic model for high Ti lunar ultramfic glasses 
that involves ilmenite, cpx, and pigeonite 
assimilation and olivine subtraction at shallow levels. 
Our proposed dissolution reaction for armalcolite 
assimilation is also consistent with the earlier 
speculation of Anderson [10] and the simple mass 
balance calculation of Jones and Delano [11] 

regarding armalcolite assimilation. Preferential 
assimilation of armalcolite and ilmenite at various 
depths in the lunar mantle is a viable mechanism 
through which some of the compositional diversities 
of the picritic glasses were produced. Results from 
this study provide a petrologic framework for 
understanding ilmenite and armalcolite assimilation 
during magma transport in the lunar mantle. 

 
Figure 2. Schematic diagrams showing sequences of 
dunite, ilmenite-bearing dunite, and ilmenite- or 
armalcolite-bearing harzburgite formed during reaction 
between a low Ti picritic magma and an ilmenite- or 
armalcolite bearing harzburgite in the lunar mantle. Case 
[c] is likely to occur in relatively cold lunar lithospheric 
mantle where fractures develop. Case [b] may occur in 
deep lunar mantle above the low Ti picritic magma source 
region where the ilmenite-bearing harzburgite is partially 
molten. Arrows indicate local melt flow directions.  
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