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Fig. 2: Model results of non-modal batch melting from
non-garnet-bearing sources 1-3 (Table 1). The point on
each melt path closest to the Bulk Moon composition
represents 10% and the one furthest away represents 1%
partial melting; each tick mark is a 1% increment.
Symbols are as in Fig. 1.
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Fig. 1: Volcanic glass compositions [1-3].

HIGH-Ti VOLCANIC GLASSES: DERIVATION FROM A GARNET-BEARING SOURCE COUPLED
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Introduction:  The presence of garnet in the lu-
nar mantle has been debated from many years (e.g.,
[1-3]). Data from the Apollo seismic network were
unable to unambiguously resolve a garnet signature
in the lower mantle. For example, higher seismic ve-
locities in the lunar mantle (>500 km) could be in-
dicative of an increased proportion of Mg-rich olivine
[2,4], or be due to the presence of garnet (e.g., [3]).
Longhi [5] used melting experiments (with starting
compositions appropriate to terrestrial and lunar
mantles) at 28-30 kbar (560-600 km) to argue against
garnet being in the lunar mantle. However, other in-
vestigators have used several approaches to argue for
the opposite. Thermodynamic modeling performed
by [6-8] is consistent with up to 13 mol.% garnet
being present at >500 km. Multi-saturation experi-
mental evidence also supports garnet in the lunar
mantle at depths greater than ~500 km [11-13] for
both low-Ti (A-15 green) and high-Ti (A-14 black)
glasses. In addition, certain volcanic glasses have
trace-element signatures consistent with garnet being
retained in their source regions [14-16]]. These
glasses are the high-Ti A-12 Red and A-14 Black
groups. They contain Sm/Yb, and Zr/Y ratios that are
higher and Sc/Sm ratios that are lower than KREEP.

Here, we investigate: 1) the high-Ti nature of
these glasses; 2) if certain trace-element signatures in
the high-Ti A-12 Red and A-14 Black glasses are
indeed due to depletion of the garnet-loving elements
because of garnet retention in the source.

Modeling Parameters: We have modeled the

trace element compositions of the glasses by non-
modal batch partial melting and AFC (assimilation &

fractional crystallization) of a late-stage lunar magma
ocean (LMO) product comprised 77.5% ilmenite,
20% Cpx and 2.5% KREEP. In this modeling we
have assumed a Bulk Moon composition and used a
variety of source mineralogies (Table 1) that do not
include ilmenite so density is not an issue in moving
these melts upward at least from the source. Another
assumption is that the initial magma is superheated
allowing for relatively easy assimilation (r = 0.9)
such that the high-Ti nature is imposed through AFC
as the melt passes through the LMO cumulate pile.
Ascent is achieved through gas charging, as it is
known  that,  relative  to  the  crystalline  basalts,  the

Table 1: Source modes and melt proportions (%).

Olivine Opx Cpx Garnet

Source 1 70 25 5 0
Melt 1 60 30 10 0

Source 2 65 30 5 0
Melt 2 55 354 10 0

Source 3 70 30 0 0
Melt 3 65 35 0 0

Source 4 64 30 0 6
Melt 4 40 30 0 30

Source 5 62 25 10 3
Melt 5 40 25 20 15
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Fig. 3: Model results of non-modal batch melting from
garnet-bearing sources 4 & 5 (Table 1). Melt increments
are as in Fig. 2 and symbols are as in Fig. 1.
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Fig. 4: AFC modeling.

glasses are volatile rich [17,18]. Partition coefficients
are from the compilation in [9,10] and the recently
determined garnet partition coefficients of [11-13].

Modeling Results & Discussion: Can the com-
positions of the glasses purported to originate form a
garnet-bearing source be generated by a garnet-free
source? We have tested this by using sources 1-3
(Fig. 2) in our modeling.  While the Zr/Yb and
Sm/Yb ratios are generated, the degree of partial
melting is disturbingly low (<4%) and inconsistent
with experimental evidence (e.g., [5]).

Figure 3 shows melt modeling using the garnet-
bearing sources 4 and 5. These source compositions
generate the ranges in Zr/Y and Sm/Yb at greater
degrees of partial melting (6-10%) than with the gar-
net-free sources.

The high-Ti nature of the A-12 Red and A-14
Black glasses is modeled through AFC. For
illustrative purposes we have taken the 5% and 10%
melt from each of sources 4 & 5 and modeled the
AFC process assuming only olivine (with minor
spinel) is crystallizing (Fig. 4). The AFC paths are in
increments of 2% FC (1.8% assimilation).  Mass bal-
ance shows that at the AFC model paths (up to 20%
FC, 18% A), MgO would be 12-16.5 wt.% and TiO2

13-18 wt.%, consistent with observed compositions.
We note that the A-14 orange glasses (12-13.5 wt.%
TiO2) can also be modeled using this scheme, but
require a larger degree of partial melting and a
reduced amount of assimilation.

Conclusions: A-12 Red and A-14 Black high-Ti
glasses contain trace element signatures consistent
with derivation from a garnet-bearing source.
Modeling suggests that while non-garnet-bearing
sources could generate the observed trace element
ratios in these glasses, the degrees of partial melting

are too low for this to be tenable. The presence of
garnet in the lunar mantle has important implications
for the bulk Moon Al2O3 content and on the nature of
the materials that formed the Moon. We are continu-
ing this work in order to quantify the effects of garnet
in the lunar mantle on the bulk Moon composition.
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