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Formation of chlor- and fluor-apatite in
layered intrusions: A comment

IN a recent paper, Cawthorn (1994) presented a
model for the formation of chlorapatite and
fluorapatite in layered intrusions that differs from
those presented by myself and my colleagues. In
brief, Cawthorn suggests that apatite in intercumulus
liquids initially crystallizes as a F-rich apatite, and
that Cl-rich apatite forms mainly by reequilibration
with trapped interstitial liquid. This process is
analogous to that by which cumulus mafic minerals
may become more Fe-rich on reequilibration with
intercumulus liquids during solidification. In this
interpretation, the high-Cl apatite that characterizes
much of the lower stratigraphic sections of the
Stillwater and Bushveld complexes can be explained
solely as the result of more extensive reequilibration
with intercumulus liquid than is seen in any other
intrusions. In addition, Cawthorn suggests that the
general decrease in the CUF ratio of apatite with
stratigraphic height seen in many intrusions may
simply represent a decreasing (trapped liquid)/
(apatite) ratio with increasing stratigraphic height
and need not require any fluid fractionation as
suggested by myself and my colleagues.

In a review of an early draft of this paper, I pointed
out several problems both in the representation of our
earlier work and problems with the interpretation

suggested by Cawthorn. None of these were
addressed in the published manuscript, hence this
comment. Here I will take note of two points of
contention. The first has to do with a misinterpreta-
tion of my earlier work regarding the volatile content
of the parent magma(s) of layered intrusions that
contain high-Cl apatite such as the Stillwater and the
Bushveld complexes. The second and more serious
point has to do with the evidence for the role of
reequilibration of intercumulus liquid as a significant
cause for the stratigraphic decrease in the CVF ratio
common to many intrusions.

Cawthorn misrepresents the assumptions and
consequences of the model presented by Boudreau
(1992). In this paper, it was suggested that degassing
of fluid-saturated intercumulus liquids can give rise
to fluid overpressures that can form pothole
structures as these fluids escape from the crystal
pile. It was suggested that potholes form in a manner
analogous to pockmarks on the sea floor, which are
also generally explained as gas-release structures
(e.g. Hovland and Judd, 1988). In the quantitative
expression of the model, water was used as an
example of a volatile with a high solubility such that
a large amount of fluid is exsolved during crystal-
lization of the intercumulus liquid and hence
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represents a maximum overpressure that can develop;
for CO,-rich systems, the amount of fluid that
evolves and the overpressures that can form are less
(see also Tait er al., 1989). Furthermore, it was also
stated that intercumulus liquids need not be fluid-rich
to begin with, but that stratigraphically higher
intercumulus liquids can be enriched in volatiles as
the deeper intercumulus liquids solidify and degas.
That is, intercumulus liquids can be enriched by a
vapour-refining process such that their volatile
contents are much higher than when the liquid was
initially trapped.

Although the model of Boudreau (1992) focused
on pothole formation, Cawthorn misrepresented two
important points of the model and its application to
apatite chemistry. First, Cawthorn states that it is
required that the intercumulus liquid was water-rich
and that the initial magma had 4% H,O, which is an
amount that is unusually high for a basic or ultrabasic
magma. However, as noted above, water is only used
as an example of a soluble volatile species to define
the maximum overpressure that might develop. Real
magmatic fluids are mixtures of CO,, H,O and other
volatiles. For ClI species in particular, their solubility
in mafic systems is only very poorly known. Hence
one can only ook at end-member species like water
and CO,, for which there is at least some knowledge
of their solubility. Second and more importantly,
Cawthorn completely distegards the possibility of
enrichment of intercumulus liquids in volatile
concentrations during solidification and fluid separa-
tion of stratigraphically lower intercumulus liquids.
Indeed, this was considered a key point of the model
and explains why potholes developed only after some
thickness of cumulates had accumulated; a region of
enriched intercumulus liquid must develop as
volatiles exsolved deep in the crystal pile accumu-
lated in stratigraphically higher, hotter, and fluid-
undersaturated intercumulus liquids near the crystal-
lization front.

Thus, although Cawthorn may be correct in stating
that the parent magmas have low volatile contents to
begin with, this does not imply that the intercumulus
liquids cannot be enriched in volatile components by
mechanisms suggested by Boudreau and McCallum
(1989). If intercumulus liquids can become enriched
by such processes, then fluid fractionation of the
halogens and its effect on apatite composition
becomes an expected consequence.

A second and more serious point has do with the
explanation for the development of Cl-rich apatite.
Cawthorn suggests that intercumulus apatite initially
crystallized as an F-rich apatite, perhaps even
crystallized as a ‘cumulus’ mineral, and only
became more Cl-rich as it reequilibrated with
intercumulus liquid on cooling. Ignoring any possible
variations in CI/F ratio in parent liquids, Cl-rich
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apatite is therefore only likely to have formed where
a large amount of trapped liquid was present relative
to the amount of apatite. While the effect of
reequilibration can lead to qualitative changes in
the manner predicted by Cawthorn, it is unlikely to
be the sole explanation for either the high-Cl apatite
or the observed compositional stratigraphic trends for
several reasons.

First, it is generally observed that the amount of
intercumulus apatite present, whether fluorapatite or
chlorapatite, is usually a function of the amount of
other late-forming minerals such as quartz. For
example, within the Stillwater complex, relatively
abundant amounts of F-rich apatite are typically
found in anorthosite of the Middle Banded series
with large amounts of intercumulus quartz, and Cl-
rich apatite is abundant in norites and gabbronorites
in the Lower Banded series that also contain
relatively abundant intercumulus quartz (e.g.
Boudreau and McCallum, 1989). This suggests that
apatite crystallized from the intercumulus liquid and
that its abundance is a function of the amount of
liquid present at apatite saturation. Apatite modal
abundance also parallels stratigraphic trends for
incompatible elements, the concentrations of which
can be interpreted as being a function of the amount
of trapped liquid. For example, within the Munni
Munni complex, incompatible trace elements show a
marked increase in the upper parts of the Ultramafic
zone (e.g. Hoatson and Keays, 1989). Relatively Cl-
poor apatite and other late-forming minerals such as
quartz and biotite are rarely observed below this zone
but are much higher within this incompatible
element-enriched zone (Boudreau et al., 1993).

Second, for the Critical Zone and Main Zones of
the Bushveld Complex, the average Zr/P ratios are
0.10 and 0.26 and the Ba/P ratios are 0.43 and 0.86,
respectively (Cawthorn, 1983). In contrast, the CI/F
ratio of intercumulus apatite of the Critical Zone is
about twice that of the Main Zone (Boudreau er al.,
1993). The higher Zt/P and Ba/P ratios of the Main
Zone are the exact opposite of those expected if the
CUF were predominantly controlled by the apatite/
trapped liquid ratio as suggested by Cawthorn (1994).
Instead, the fact that P concentration tends to parallel
Zr and Ba trends within each zone suggests that the
amount of pore liquid controls the amount of apatite
that eventually crystallizes from this liquid.

All this is not to say that there is no reequilbration
with intercumulus liquid once apatite saturation has
occurred. For example, the modal abundance of
apatite relative to the amount of intercumulus liquid
increases sharply as apatite becomes a cumulus
mineral in the Skaergaard intrusion. Accompanying
this change from an intercumulus to a cumulus
mineral, the Cl content of apatite decreases from 0.35
to 0.05 wt.% and F increases from 2.65 to 3.64 wt.%
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(Brown and Peckett, 1977). The higher CI content of
the intercumulus apatite of low modal abundance is
consistent with more extensive reequilibration with
interstitial liquid as suggested by Cawthorn.
However, these changes in Cl content are relatively
modest and in no instance has it been observed that
one can go from relatively F-rich apatite to near end-
member chlorapatite compositions (with apatite
containing in excess of 6 wt.% Cl) by changing the
amount of intercumulus liquid alone. The fact that
Cawthorn presents no evidence that such a correla-
tion exists, and that all existing data do not support
such a correlation, points to the weakness of his
conjecture on this point.

Furthermore, the requirement that Cl behaves
incompatibly relative to F during crystallization of
apatite requires that the magmas should become even
more Cl-rich once apatite becomes a cumulus phase,
assuming that apatite is the only phase fractionating
the halogens (i.e. the magma is not also fluid-
saturated). If this were the case, cumulus apatite
should become more Cl-rich with stratigraphic
height, much as the mafic minerals become more
Fe-rich. This is not observed. For example, in the
Skaergaard intrusion, apatite in the most fractionated
rocks represented by the Sandwich Horizon
approaches end-member fluorapatite composition
and contains only modest amounts of Cl (Nash,
1976; Brown and Peckett, 1977). A much more
striking case exists in the Bushveld intrusion, where
cumulus apatite displays a general decrease in CI/F
ratio with height such that the stratigraphically
highest cumulus apatites are the most Cl-poor, F-
rich compositions of the complex (Boudreau et al.,
1993). This suggests that some additional phase (e.g.
a fluid) must be fractionating the halogens to cause a
reversal of the compositional trend expected by
apatite fractionation alone.

In conclusion, disagreement with Cawthorn (1994)
can be summarized as follows. First, a relatively
‘dry’ parent magma does not necessarily imply that
the intercumulus liquid cannot develop high volatile
concentrations. The volatile contents of the inter-
cumulus liquid at any level within an intrusion can
increase as fluids separating from underlying
solidifying intercumulus liquids migrate upward and
enrich the stratigraphically higher intercumulus
liquids in volatile components, leading to progres-
sively earlier fluid-saturation. Hence a decoupling of
halogen compositional trends from major elements
trends is an expected and observable consequence.
Second, the suggestion that stratigraphic trends in the
halogens is due primarily to apatite reequilibration
with variable amounts of intercumulus liquid is not
supported by any new or existing data. Indeed, the
observation that the stratigraphic trend of decreasing
CVF in cumulus apatite is the exact opposite of the
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expected trend if apatite alone were the fractionating
agent. While Cawthorn is to be applauded for
suggesting alternative interpretations, the fractiona-
tion of Cl and F in layered intrusions as exemplified
by apatite chemistry still appears to require a fluid
agent.

This comment is prompted by disagreement with
Grant Cawthorn over interpretations of an important
aspect of layered intrusion research. Grant has
otherwise been extremely generous with sharing
samples and information. The author’s work is
supported through National Science Foundation grant
EAR 9217664. The efforts of an anonymous reviewer
are acknowledged and very much appreciated.
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