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Apatite: A Fingerprint 
for Metasomatic Processes

INTRODUCTION

What is Metasomatism? What is Apatite? 
How are the Two Related?
“Metasomatism” is the word used to describe a metamor-
phic process in which the chemical composition of a rock is 
altered in a pervasive manner by a fl uid or fl uids, normally 
with an aqueous component, which moves along grain 
boundaries or cracks in the rock. Metasomatism, there-
fore, involves the introduction and/or removal of chemical 
components (mass transfer) as a result of the interaction of 
the rock with these fl uids. Fluid-aided mass transfer and 
subsequent mineral re-equilibration are the two defi ning 
features of metasomatism. Taking into account geological 
time scales, the fl uid volume and fl ow rate are not limiting 
factors in metasomatism. However, the fl uids must be able 
to move along grain boundaries and/or cracks in the rock 
and be chemically reactive with the minerals that they 
encounter such that mass transfer is promoted. The passage 
of fl uids through a rock can be deduced from up to fi ve lines 
of evidence: (1) altered mineral composition; (2) partial 
to total re-equilibration of mineral phases; (3) reaction 
textures along mineral grain boundaries; (4) formation of 
mineral inclusions; (5) trails of fl uid inclusions through 
the rock’s minerals.

The calcium phosphate apatites 
[Ca5(PO4)3(F,Cl,OH)] are one 
of the most common accessory 
minerals (actually, a mineral 
group) in sedimentary, metamor-
phic, and igneous rocks. Apatite is 
highly susceptible to various fl uid-
induced (metasomatic) chemical 
and textural changes over a wide 
range of pressures and tempera-
tures, from the Earth’s surface to 
the lithospheric mantle, making 
it an ideal mineral for “fi nger-
printing” metasomatic processes. 
Importantly, apatite can serve 
as the principal host for the rare 
earth elements (REEs) in most 

rocks. REEs are incorporated into or removed from the 
apatite structure via the coupled substitution reactions 
(Pan and Fleet 2002; Hughes and Rakovan 2015 this issue):

 REE3+ + Na+ = 2Ca2+ (1)

and

 REE3+ + Si4+ = P5+ + Ca2+. (2)

The amount of REEs in apatite is linked to whether apatite 
has undergone metasomatism. For example, REEs can 
be metasomatically removed from apatite to form other 
REE-bearing minerals, such as monazite [(Ce,La,Nd,LREE)
PO4] and xenotime [(Y,HREE)PO4], which are commonly 
found as inclusions in apatite.

A TOOL FOR TRACKING FLUID 
INTERACTION IN IGNEOUS 
AND METAMORPHIC ROCKS

Partitioning of F, Cl, and OH into Apatite
Studies of natural apatite (Pan and Fleet 2002), as well as 
experimental studies (Schettler et al. 2011), have shown 
that F, Cl, H2O (as OH), as well as CO3, can substitute 
extensively, if not totally, for each other on the halogen 
site (the anion column; see Hughes and Rakovan 2015 this 
issue). The proportions of F, Cl, OH, and CO3 within apatite 
will depend on three factors (Zhu and Sverjensky 1991): 
(1) the melt and/or fl uid composition; (2) the presence of 
other F- and Cl-bearing minerals, such as biotite, musco-
vite, amphibole, or scapolite; and (3) the P–T conditions. 
Of the four major anions, F heavily partitions into apatite 
in metamorphic rocks and most quartz-bearing igneous 
rocks (where fl uorapatite serves as the major sink for F), 
whereas Cl, OH, and CO3 tend to be found only in minor 
amounts. The preference of F for apatite is refl ected in the 
F, Cl, OH, and CO3 partitioning data between apatite and 
fl uids (FIG. 1). This behavior, coupled with the degree of 

Apatite is a superb mineral by which to investigate the nature of fl uids 
that have passed through and altered a rock (metasomatic processes). 
Its ubiquity allows it to act as a reservoir for P, F, Cl, OH, CO2, and 
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be chemically altered by aqueous brines (NaCl–KCl–CaCl2–H2O), pure H2O, 
and aqueous fl uids containing CO2, HCl, H2SO4, and/or F. Thus, apatite is the 
perfect tracker of metasomatic fl uids, providing information on the timing 
and duration of metasomatism, the temperature of the fl uids, and the compo-
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partitioning of F and Cl between apatite and co-existing 
biotite (presumed to be in equilibrium) has allowed an 
apatite–biotite F–Cl geothermometer to be developed (Zhu 
and Sverjensky 1992; Sallet 2000). Chlorine, OH, and/or 
CO3 only become major anions in the anion column when 
apatite forms in mafi c and ultramafi c igneous rocks (quartz 
absent), in lithospheric mantle rocks, or when apatite is 
a biomaterial (Boudreau et al. 1995; O’Reilly and Griffi n 
2000; Krause et al. 2013; Rakovan and Pasteris 2015 
this issue).

A Recorder of Fluid Flow
in the Lithospheric Mantle
O’Reilly and Griffi n (2000) have demonstrated that apatite 
is widespread in the Phanerozoic lithospheric mantle. In 
a study of apatite-bearing lithospheric mantle xenoliths 
from a series of volcanic fi elds located in Australia, Alaska, 
Germany, and France, they further demonstrated that the 
apatite could be divided into two geochemically distinct 
groups on the basis of their F, Cl, and OH content and on 
the presence or absence of structural CO3, Sr, and trace 
elements (e.g. U, Th, and REE). The fi rst apatite group had 
high F (1.2–2.6 wt%) and low Cl (0.1–0.5 wt%), with no 
detectable CO3. These apatites have a composition consis-
tent with high-pressure crystallization from magmas whose 
composition ranged from silicate to carbonate. The second 
group of apatites had high amounts of Cl (1.5–2.5 wt%) and 
CO3 (0.7–1.7 wt%), and low amounts of F (0.2–0.3 wt%). 
Because of their different composition, these latter apatites 
recorded evidence of metasomatism of the fi rst apatite 
group by CO3- and Cl-rich fl uids derived from a primitive 
mantle source region.

Chlorapatite as a Fluid Tracer 
in Mafi c- to Ultramafi c Rocks
Chlorapatite [Ca5(PO4)3Cl] is a common mineral in 
layered mafi c intrusions (e.g. Boudreau and McCallum 
1990; Boudreau et al. 1995) and in veins and dikes associ-
ated with Cl-endmember scapolite (marialite) such as at 
the Ødegårdens Verk in Norway (Harlov et al. 2002b). 
In both cases, chlorapatite acts as a tracer for localized 
metasomatic processes. Chlorapatites from the Stillwater 
Complex in the USA (Boudreau and McCallum 1990) 
and the Ødegårdens Verk possess numerous inclusions of 
monazite and/or xenotime in areas of the chlorapatite that 
have been altered by fl uids to carbonated chlorhydroxyl-
apatite [Ca10(PO4,CO3)6(Cl,OH,F)2] (Stillwater Complex) 
or hydroxyl-f luorchlor apatite [Ca5(PO4)3(F,Cl,OH)] 
(Ødegårdens Verk; FIG. 2A,B). In both locations, the metaso-
matized areas in the chlorapatite are also heavily depleted 
in REEs, which directly have contributed to the formation 
of monazite and xenotime. 

In contrast, fl uorapatite from an ultramafi c, nepheline-
bearing clinopyroxenite—located in mafi c–ult ramafi c, 
Uralian–Alaskan-type complexes from Kytlym and Nizhny 
Tagil (Ural Mountains, Russian Federation)—has been 
metasomatized to chlorapatite (Krause et al. 2013). This 
includes both matrix grains and apatite inclusions in altered 
areas of the clinopyroxene phenocrysts. The fl uid respon-
sible was a CaCl2-enriched brine derived from the altera-
tion of the matrix Ca-bearing plagioclase by NaCl brines.

FIGURE 1 Isopleths of anion mole fractions in apatite 
plotted as a function of log10(aHF/aH2O) vs. 

log10(aHCl/aH2O) in a fl uid at 400 °C and 500 MPa (AFTER SPEAR 
AND PYLE 2002). (A) Mole fraction of F. (B) Mole fraction of 
Cl. (C) Mole fraction of OH. Mole fractions of apatite 
components were calculated utilizing the data in Zhu and 
Sverjensky (1991) assuming ideal mixing. Note that high 
concentrations of F in apatite are possible in fl uids that are 
considerably more dilute in HF than is the case for chlorapa-
tite or hydroxyl apatite, indicating that F is strongly parti-
tioned into fl uorapatite. In order for chlorapatite to be 
stable, considerably higher concentrations of HCl are 
required. Hydroxylapatite can only be stable under very 
low concentrations of both HF and HCl relative to OH.

FIGURE 2 (A) High-contrast, backscattered electron (BSE) image 
of partially metasomatized chlorapatite (ClAp) from 

the apatite ore body Ødegårdens Verk, Norway (Harlov et al. 
2002b). Metasomatized (reacted) chlorapatite is the dark jagged 
vein (in the non-metasomatized (unreacted) chlorapatite) 
containing abundant inclusions of monazite and xenotime (larger 
grains noted by arrows in the reacted area). (B) BSE image of a 
natural chlorapatite (Ødegårdens Verk) experimentally metasoma-
tized in H2O at 900 °C and 1000 MPa, showing metasomatized 
regions scattered with a few relatively large monazite and xenotime 
inclusions (arrows), as well as non-metasomatized regions. 
Compared to the unreacted areas, the reacted areas are depleted in 
rare earth elements (REEs), Na, Si, and Cl and are enriched in F and 
OH. Monazite and xenotime form via REEs released by the chlorap-
atite during alteration.
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Fingerprinting Metasomatism During 
Metamorphism
Fluorapatite is a common accessory mineral in most 
metamorphic rocks and generally has been inherited from 
the protolith. In granulite-facies rocks, monazite and/or 
xenotime inclusions in fl uorapatite are common (FIG. 3A–D, 
FIG. 4A) (e.g. Hansen and Harlov 2007). 
However, these inclusions can also be 
found in fl uorapatites from amphibo-
lite-facies and lower-grade rocks under 
certain conditions (Pan et al. 1993). 
Inclusion growth has been directly 
linked to metasomatism by aqueous 
fl uids containing H2O, CO2, and (K,Na)
Cl during and after the peak of metamor-
phism (Harlov and Förster 2003; 
Hansen and Harlov 2007). These fl uids 
could originate either from outside the 
immediate rock system (be introduced 
externally) or be the result of internal 
high-grade mineral reactions. Evidence 
for this is seen via transmission electron microscopy (TEM) 
of apatite TEM foils (cf. Harlov et al. 2005) containing 
monazite inclusions (FIG. 4B). Here voids, presumably once 
fl uid fi lled, are seen at specifi c points along the monazite–
apatite interface. Monazite and xenotime inclusions can 
also form in fl uorapatite from H2O-rich metapelites that 
have experienced partial melting during granulite-facies 
metamorphism (Harlov et al. 2007), apparently due to 
alkali-bearing fl uids expelled during crystallization of the 
alkali–SiO2-rich melt.

Magnetite–Apatite Ore Deposits: 
Magmatism and Metasomatism
Magnetite–apatite ore deposits occur worldwide and 
represent highly evolved bodies, generally associated 
with volcanism, in which the apatite records varying 
degrees of fl uid–rock interaction starting from shortly 
after crystallization and continuing down to ambient P–T 
conditions. Notable examples include the Kiirunavaara 
and Grängesberg ore deposits in Sweden (Harlov et al. 
2002a; Jonsson et al. 2010); the Mineville and Pea Ridge 
ore deposits in the USA (Sidder et al. 1993; Lupulescu and 
Pyle 2008); and a series of magnetite–apatite ore deposits 
located in the Bafq region of Iran (Daliran et al. 2010).

In each of these ore deposits, monazite and/or xenotime 
inclusions are commonly found in apatite that has 
experienced fl uid-induced depletion of REE + Na + Si + Cl 
(FIG. 5A–E). Once formed, these inclusions were later 
reworked via subsequent metasomatic and deformational 
events, which resulted in: (1) Ostwald ripening where the 
larger monazite xenotime grains have grown larger by 
consuming the smaller grains, thereby reducing the total 
number of inclusions (FIG. 5A,B,E); (2) intergrowth of the 
monazite and xenotime grains with magnetite (FIG. 5E); 
and (3) later-stage fl uid-aided formation of allanite via the 
reaction of monazite and xenotime with the surrounding 
silicate minerals (FIG. 5D).

REPLICATING THE FLUID–MINERAL 
RELATIONSHIP BETWEEN APATITE, 
MONAZITE, AND XENOTIME IN 
THE LABORATORY
The hypothesis that fl uids can induce monazite and 
xenotime inclusions to form in apatite in nature under a 
wide range of P–T conditions is supported experimentally 
(FIG. 6A–E, FIG. 7A–C) (Harlov et al. 2002b, 2005; Harlov 
and Förster 2003). The formation and growth of monazite 
and xenotime as inclusions or as rim grains are the result 
of coupled dissolution–reprecipitation processes during 
the metasomatic alteration of apatite (Putnis 2009). Both 
inclusions, and rim grains, can form over a wide P–T range, 
starting at near-surface pressures and 100 °C (Boudreau and 
McCallum 1990; Harlov et al. 2005). Whether nucleation 

FIGURE 4 (A) High-contrast, backscattered electron image of a 
fl uorapatite (FAp) grain, with monazite (Mnz) inclu-

sions elongated along the fl uorapatite c axis, from a granulite-facies 
metabasite in the Val Strona traverse of the Ivrea-Verbano Zone, 
Italy (Harlov and Förster 2002). A transmission electron microscopy 
(TEM) foil (cf. Harlov et al. 2005) (black bar) was cut perpendicular 
to the fl uorapatite c axis. (B) A TEM bright fi eld image of a cross 
section of one of the monazite inclusions in the TEM foil noted in 
(A). Note the lack of an amorphous rim at the grain boundary 
interface between the monazite inclusion and the surrounding 
fl uorapatite. Instead, there are several randomly located, formerly 
fl uid-fi lled, now empty voids along this interface (designated by 
arrows). Kfs (K-feldspar), Plg (plagioclase)

FIGURE 3 High-contrast, backscattered electron images of fl uor-
apatite (FAp) textures with metasomatically induced 

monazite (Mnz) inclusions and rim grains (bright) from a series of 
granulite-facies samples, the Shevaroy Block traverse, Tamil Nadu, 
India (cf. Hansen and Harlov 2007). (A) Fluorapatite grain with 
large monazite inclusions partially elongated parallel to the fl uor-
apatite c axis. (B) Fluorapatite grain with moderate-sized monazite 
inclusions; a fi ne powdering of very small (<1 µm) monazite inclu-
sions is seen in some areas. In both (A) and (B) Ostwald ripening of 
the original small monazite inclusions has occurred, i.e. the larger 
monazites grow at the expense of the smaller monazites, reducing 
the total number of inclusions in the process. (C) Fluorapatite grain 
with numerous, very thin, epitaxial monazites whose b axes are 
elongated parallel to the host fl uorapatite’s c axis. (D) Small 
monazite inclusions (<1 µm) in a fl uorapatite grain cut perpendic-
ular to the c axis. Because the monazite grains are elongated 
parallel to the fl uorapatite c axis, they appear as bright dots due 
to the cut orientation of the fl uorapatite crystal. Arrows point to 
monazite rim grains in (B) and (C). Note the partial (bright) rim 
of secondary allanite in (D). Kfs (K-feldspar), Plg (plagioclase), 
Py (pyrite), Qtz (quartz)
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will occur is highly dependent on the level of reactivity 
between the fl uid and the apatite, and the amount of REEs 
available.

Regions of the apatite affected by coupled dissolution–repre-
cipitation are characterized by crystallographic continuity 
between the reacted and unreacted apatite (FIG. 6C) and a 
pervasive, interconnected, three dimensional micro- and 
nano-porosity in the reacted regions (FIG. 6B,D, FIG. 7B) that 
allows fl uids to infi ltrate the apatite structure (Harlov et 
al. 2005; Putnis 2009). The presence of an interconnected 
pore structure greatly increases the rate of mass transfer, 
giving rise to the rapid (hours–days) nucleation and growth 
of monazite and/or xenotime inclusions.

During metasomatic alteration of the apatite, Na and/
or Si are preferentially removed out of the apatite–fl uid 
system compared to the REEs. Once suffi cient concentra-
tions of REEs have been reached, nucleation and growth of 
monazite and/or xenotime inclusions (FIG. 6E, FIG. 7B) will 
occur via the following two general mass transfer reactions 
(cf. reactions 1 and 2):

[Ca5−2x, Nax, REEx]P3O12F + x [2 Ca2+ + P5+]
 (from the fl uid)  (3)

= Ca5P3O12F + x REEPO4 + x [Na+] (into the fl uid)

and

[Ca5−y, REEy][P3−y, Siy]O12F + y [Ca2+ + 2 P5+]
 (from the fl uid)  (4)

= Ca5P3O12F + y REEPO4 + y [Si4+] (into the fl uid)

Because the monazite and/or xenotime are derived directly 
from the host apatite, their composition will refl ect the 
amount of (Y + REE + Th + U) available in the host apatite. 
This is seen in the generally low amounts of Th and U in the 
monazite and xenotime, which refl ect the trace amounts 
of Th and U generally found in apatite (e.g. Hansen and 
Harlov 2007), although some exceptions exist (e.g. Harlov 
and Förster 2003).

The micro- and nano-pores within the interconnected 
pore system provide nucleation sites for the formation 
of monazite and xenotime inclusions (FIG. 6B,E). While 
these mineral inclusions can be euhedral to subhedral or 
occur in clumps that have grown in the fl uid-fi lled voids 
(FIG. 6B,E), the monazite inclusions can also be highly 
elongated parallel to the apatite c axis along the monazite 
b axis, suggesting an epitaxial relationship (FIG. 7A–C; see 
also FIGS. 3C,D and 4A) (Pan et al. 1993; Pan and Fleet 
2002). In some experiments, monazite inclusions in fl uor-
apatite have been made to undergo Ostwald ripening by 
deliberately prolonging the experiment for 2 to 3 times 
the normal length (Harlov et al. 2005). This implies that 
even after formation, fl uids are still affecting inclusion 
morphology and growth.

FIGURE 5 High-contrast, backscattered electron images of fl uor-
apatite–magnetite–monazite–xenotime textures from 

different (Kiruna-type) magnetite–fl uorapatite ore deposits. 
(A) Bright monazite and xenotime inclusions interconnected by 
dark REE- and Cl-depleted veins along cleavage planes and cracks 
in the host fl uorapatite. Bafq region, Iran (Daliran et al. 2010). 
(B) Monazite inclusions in the center of the fl uorapatite grains. The 
grain rims are relatively darkened (depleted in REEs, Na, Si, and Cl) 
and are monazite inclusion-free. Larger reworked monazite grains, 
originating from the monazite inclusions, are intergrown with 
crystals of magnetite (white grains) and H2O-rich chlorite in the 
upper-right corner of the composite image. Kiirunavaara, Sweden 
(Harlov et al. 2002a). (C) A transmission electron microscopy bright 

fi eld image of one of the monazite inclusions in (B) surrounded by 
an amorphous rim enriched in Si and Mg and depleted in P, Ca, 
and REE. Kiirunavaara, Sweden (Harlov et al. 2002a). (D) 
Fluorapatite interlayered with biotite, plagioclase, magnetite, and 
allanite in a gneissic banded texture. The interiors of the apatite 
grains are rich in monazite inclusions. Grängesberg, Sweden 
(Jonsson et al. 2010). (E) Fluorapatite intergrown with magnetite. 
The magnetite is also intergrown with reworked monazite origi-
nating from monazite inclusions in the fl uorapatite grains, which 
are still present in parts of the fl uorapatite grain interiors. Pea 
Ridge, Missouri, USA (Sidder et al. 1993). Aln (allanite), Bt (biotite), 
Cht (chlorite), FAp (fl uorapatite), Mnz (monazite), Mt (magnetite), 
Plg (plagioclase)
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Fluids found to induce the formation of monazite and/or 
xenotime inclusions in apatite, include pure H2O, H2O–
CO2 fl uids, and aqueous solutions with KCl, H2SO4, and 
HCl (Harlov et al. 2002a, 2005; Harlov and Förster 2003). 
However, Na in NaCl brines discourages the growth of 
monazite and/or xenotime inclusions and rim grains. 
Aqueous Na prevents Na from leaving the apatite struc-
ture such that charge balance is maintained (see reactions 
1 and 3), therefore inhibiting REE from forming monazite 
and xenotime. Exceptions to this observation are seen 
in solubility experiments involving a REE-bearing fl uor-
apatite in NaCl brines at 700–900 °C and 700–2000 MPa 
(Antignano and Manning 2008). Here, small crystals of 
monazite formed on the surface of the fl uorapatite during 
its partial, incongruent dissolution in the brine. This 
behavior is also seen in the incongruent dissolution of 
fl uorapatite in peraluminous granitic melts (Wolf and 
London 1995).

APATITE, RECORDING THE FINGERPRINT 
OF METASOMATISM
As has been deduced from nature (e.g. Hansen and Harlov 
2007) and from experiments (e.g. Harlov et al. 2005), the 
F, Cl, OH, and CO3 content in apatite, coupled with the 
possible presence of monazite and xenotime inclusions, 
can serve as valuable “fi ngerprints” for recording metaso-
matic events in rocks. This “fi ngerprint” helps constrain 
the composition of the infi ltrating fl uids responsible both 
for the metasomatism of the apatite and for the rock 
as a whole. In this respect, apatite serves as a valuable 

FIGURE 6 (A) High-contrast, backscattered electron image of 
fl uorapatite (FAp) reacted with 1 N HCl at 600 °C and 

500 MPa for 3 weeks (Harlov et al. 2005). Dark regions have 
reacted with the HCl solution and are depleted in REE + Si + Na + S 
+ Cl. Bright areas represent unreacted apatite. Numerous, bright, 
small monazite (Mnz) inclusions outline the reaction front between 
the reacted and unreacted fl uorapatite. A transmission electron 
microscope (TEM) foil was cut from the elongated rectangle area, 
astride the reaction front. (B) TEM foil from (A), with reaction front 
denoted by NE–SW dotted line. The arrow indicates the approxi-
mate direction of the fl uorapatite c axis. The reacted fl uorapatite 
consists of a series of subparallel nanochannels and group of 

monazite grains in a cavity fi lled with an amorphous quenched 
Cl-rich fl uorapatite enriched in REE relative to the surrounding 
fl uorapatite. (C) A high-resolution TEM lattice fringe image of the 
interface between the reacted and the unreacted fl uorapatite taken 
from the region within the dashed circle in (B). The lattice fringes 
are continuous across the interface, indicating that the crystallo-
graphic lattice from the unreacted fl uorapatite has been transmitted 
to the reacted fl uorapatite. (D) Close-up of the nanochannels from 
(B). (E) Close-up of the void in (B) fi lled by a cluster of randomly 
oriented euhedral monazites. The void is surrounded by an array 
of nanochannels. 

FIGURE 7 (A) High-contrast, backscattered electron image of 
fl uorapatite (FAp) reacted with 1 N H2SO4 at 900 °C 

and 1,000 MPa, showing elongated monazite (Mnz) inclusions in 
the darker reacted area (depleted in REE + Si + Na + S + Cl) and the 
location of a transmission electron microscope (TEM) foil 
(elongated open black rectangle) (Harlov et al. 2005). (B) The TEM 
foil from (A) reveals a monazite inclusion elongated along its b axis 
(and parallel to the host fl uorapatite c axis) surrounded by 
numerous nanovoids (nanoporosity), and apparently growing into 
what was once a fl uid-fi lled void. At the end of the former void is a 
transition region showing numerous small spike-like features. (C) 
Close-up of spikes from (B), possibly representing highly localized 
regions of preferred dissolution (tubes) in the fl uorapatite, no more 
than 5 nm in diameter. These tubes are advancing along the apatite 
c axis ahead of the fl uid-fi lled void and the growth of the elongated 
monazite inclusion. This could be epitaxial growth caught in action.
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recorder of metasomatic events—helping to demystify an 
otherwise often mysterious process—that can occur over 
a wide range of temperatures and fl uid compositions. Just 
as importantly, the presence of coexisting biotite, along 
with monazite, and xenotime inclusions in the apatite, can 
give some indication of the temperature of a metasomatic 
overprint via the biotite–apatite (Zhu and Sverjensky 1992; 
Sallet 2000) and monazite–xenotime (Gratz and Heinrich 
1998) geothermometers. Lastly, metasomatic events can 
be timed using monazite–xenotime U–Pb geochronology 
(Williams et al. 2007) and/or apatite U–Pb, (U–Th)/He, and 
Lu–Hf thermochronology (see Chew and Spikings 2015 
this issue).

The articles in this issue of Elements all point to the 
amazing versatility of this common accessory mineral. The 
fact that apatite can be chemically altered by metamorphic 
and igneous fl uids and so give information on the composi-

tion of these fl uids; the fact that re-equilibration tempera-
tures can be estimated; and the fact that re-equilibration 
and accompanying mass transfer can be dated over a broad 
temperature range, demonstrate the incredible amount of 
information that may be gleaned with regard to changing 
P–T–X conditions in the host rock from this seemingly 
minor and yet ubiquitous mineral.
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