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Introduction:  Grossite-bearing Ca-, Al-rich in-
clusions (CAIs) occur in a variety of carbonaceous 
chondrites and are especially common in the CHs [1-
2].  Some of these objects appear to have crystallized 
from a melt based on textural arguments but relevant 
phase diagrams, which would help quantify interpre-
tation of possible igneous events, are available only 
for the ternary system CaO-Al

2
O

3
-SiO

2
 (CAS) [3] 

and small portions of CAS+MgO (CMAS; [4]). Here, 
a grossite-saturated liquidus phase diagram is 
developed for melilite+grossite bearing CAIs. 

Data sources and phase fields: Figure 1a shows 
the projections of experimentally determined com-
positions of CMAS liquids saturated with respect to 
grossite and one or more additional phase(s) ([4-8] 
and references cited therein). Each liquid 
composition is projected from CaAl

4
O

7
 (grossite; 

GRO) onto the plane defined by the end-member 
compositions CaAl

2
O

4
 (calcium monoaluminate; 

CA), MgAl
2
O

4
 (spinel; SP) and CaAl

2
Si

2
O

8
 

(anorthite; AN). The data plot in a generally 
consistent manner so that phase fields can be readily 
outlined.  Figs. 1bc show the saturation surfaces 
contoured in terms of wt % GRO component and 
temperature.  

The primary phase field for grossite in CMAS de-
scribes a lozenge-shaped volume but the composition 
of end-member grossite lies outside the volume be-
cause it melts incongruently.  In projection, this 
means there can be regions with no, one, or two sta-
ble grossite-saturated liquid compositions plotting at 
a single point. In Fig. 1b, for example, the most AN-
rich contours in the hibonite+(grossite+liquid) field 
approximate the AN-rich limit for grossite-saturated 
liquids. The saturation surface curves back away 
from AN in this region and there are no stable gros-
site-saturated liquids whose compositions will plot 
any closer to the AN apex.  The depicted fields in 
Fig. 1 describe the lower surface of stability for gros-
site. The upper surface is poorly constrained except 
in the ternaries CaO-Al

2
O

3
-MgO, plotting along CA-

SP, and CAS, which plots along CA-AN.  For the 
latter, the maximum wt% of the GRO component that 
a bulk composition can have and still have grossite 
on the liquidus ranges from +70 wt % at the CaAl

2
O

4
 

vertex (lower surface at ~+12 wt% GRO component) 
to ~+60 at the calcium monoaluminate - melilite - 

grossite - liquid invariant point (lower surface at ~-30 
wt%) to ~+40 at the 60 wt % CA tic (lower surface at 
~-30 wt% GRO component), after which it drops 
rapidly to meet the lower surface shown in Fig. 1b.  
To take a specific example, consider compositions 
along the GRO-CA join, which plot at the CaAl

2
O

4
 

vertex in Fig. 1b.  Such compositions will have gros-
site on the liquidus only for wt% of the GRO compo-
nent between ~+12 and +70 wt%.  If the bulk compo-
sition has less than +12% GRO component, CaAl

2
O

4
 

or some other phase will be on the liquidus and if 
there is more than +70 wt% GRO component, hibon-
ite or corundum will be on the liquidus.  

An important feature of Fig. 1 is the presence of a 
thermal divide along the GRO - melilite (MEL) – SP 
boundary curve.  This connects to a thermal maxi-
mum in the system CAS, which plots on the base of 
the triangle at gehlenite (GE) with a thermal ridge 
between them.  Liquid compositions plotting in the 
MEL (+GRO+liquid) field will either evolve towards 
the CA+SP+GRO invariant point, producing CA but 
no hibonite, or towards the hibonite field, producing 
hibonite but no calcium monoaluminate.   

Applications: The importance of upper and lower 
stability limits for grossite-saturated liquids can be 
seen from the bulk compositions of grossite-bearing 
CAIs described by [2], which come in two distinct 
populations.  Bulk compositions of the melilite-rich 
inclusions (open circles) have –28 to +9 wt % GRO 
component when projected from TiO

2
; they plot 

above the lower grossite saturation surface and, al-
most certainly, below the upper surface; these inclu-
sions will have grossite on the liquidus, and Figs. 1bc 
can be used to infer the identity of the second crys-
tallizing phase (melilite), the crystallization sequence, 
provided Ti-contents are sufficiently low, and tem-
peratures during latter stages of crystallization. The 
predicted fractional crystallization sequence for such 
bulk inclusions would when projected from TiO

2
, be 

grossite !  melilite !  spinel !  either calcium 
monoaluminate or hibonite, depending on which side 
of the spinel-melilite thermal divide the residual liq-
uid strikes.  CaAl

2
O

4
 is not observed in these inclu-

sions even though the phase relations suggest that 
most of them would eventually crystallize CaAl

2
O

4
.  

This may indicate that perovskite is sometimes relict; 
the bulk compositions would, if projected from 
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CaTiO
3
 instead of TiO

2
, all plot (Fig. 1d) on the AN-

rich side of the thermal divide (i.e., some of the Ca in 
the bulk compositions is tied up in perovskite, 
making the relevant residual liquid compositions less 
calcic, which in projection, shifts compositions away 
from the CaAl

2
O

4
 vertex). Alternatively, non-

representative sections, nonigneous modes of origin, 
or nonequilibrium igneous processes may be 
involved.  The second population of grossite-bearing 
CAIs (open squares) is characterized by amounts of 
GRO component exceeding +70 wt %.  Grossite is 
not the liquidus phase for these bulk compositions 
(even pure CaAl

4
O

7
 doesn’t have grossite on the 

liquidus because the phase melts incongruently), and 
Fig. 1b cannot be used to infer early portions of the 
crystallization sequences.  For these inclusions, 
another projection, from hibonite and/or corundum is 
required. 
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Fig. 1. Grossite-saturated liquidus phase relations 
in the system CMAS projected from CaAl

4
O

7
 onto 

the plane defined by CaAl
2
O

4
, Anorthite, and Spinel. 

Tic marks are at 10% intervals along the base and 5% 
along the SP-CA join. (a) Projected compositions of 
experimental data used to construct the phase dia-
gram (circles), all of which were saturated with re-
spect to grossite and one (single color circle) or two 
additional phases (bi-colored circle). (b) Saturation 
surface contoured in wt % CaAl

4
O

7
. Projected posi-

tions of modally reconstructed bulk compositions of 
grossite-bearing inclusions from the CH chondrite 
Acfer 182 and CR chondrite Acfer 059 - El Djouf 
001 [2] are shown as circles (melilite-rich) and 
squares (grossite-rich). (c) Grossite saturation surface 
contoured in terms of temperature (°C). (d) Inclusion 
compositions of grossite-bearing CAIs [2] projected 
from Perovskite, not TiO

2
, with the Ti-free saturation 

surface taken from panel (b) for reference. 
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