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Coupled substitutionsinvolving REEs and Na and Si in apatites in alkaline rocks
from the Ilimaussaq intrusion, South Greenland,and the petrological implications*
JonN G. Ronsno
Institut for Mineralogi, Kobenhavns Universitet, Oster Voldgade 10, DK-1350 Copenhagen,Denmark

Ansrnlcr
Apatites from the Ilimaussaq augite syenite, the sodalite foyaite, and a qtartz-bearing
peralkaline pegmatite have been analyzed using an electron microprobe for the major
elementsplus Na, Si, and selectedrare-earth elements(REEs). In all three rock types, the
maximum REETO3content in the apatite exceeds16.0wt0/0.Apatite from the augite syenite
and primary apatite from the sodalite foyaite are characterizedby a low Na content that
varies independently of the REE content. The composition of these apatites approaches
25 molo/oof the end-member CarREq(SiO4)3(OH,F,Cl)(lessingite)in responseto the substitution REE3+ * Sia+ + Ca2++ Ps+. REE- and Na-enriched apatites from the quartzbearing peralkaline pegmatite are almost Si free, and REEs and Na are positively correlated. The composition of these apatites approaches25 molo/oof the hypothetical endin responseto the substitution Na* + REE3++ 2Ca2*.
member Na5REE5(PO4)6(OH,F,CI)2,
The compositional trend of late-crystalllzing apatite from the sodalite foyaite reflects almost equal contributions of the two substitutions. The relationship between these substitutions in a given apatite and its associatedmineral assemblageindicates that the Na
component is only presentin considerableamounts when apatite crystallizesin a strongly
peralkaline environment.
can be outlined on the basis offield relationships (Steenfelt, 1981) plus mineralogical and geochemical data
In many crustal rocks, apatite is of major geochemical
(Blaxland et al., 19761,Larsen, 1976; Sorensen,1978).
importance, being one of the minerals in which the rareThese are representedby an augite syenite shell, alkaline
earth elements(La to Lu + Y : REEs)concentrate.Howgranitic sheetsin the top of the intrusion, and the voluever, in most rocks, even the more evolved, the REE
metrically dominant sequenceof layered agpaitic nephecontent in apatite is low and does not reflect possible
line syenitesin the central part of the intrusion (Fig. l).
maximum enrichment as outlined in the experimental
The samplesexamined in the present study are from the
investigationsbyIto (1968)and Watsonand Green(1981).
innermost part ofthe augite syenite,the roofsequence of
Unusually REE-rich apatites are found in nepheline sylayered agpaitic nepheline syenites, and a peralkaline
phoenites from the Ilimaussaq intrusion and related
quartz-bearingpegmatite from outside the intrusion.
nolitic dykes, as indicated by Larsen (1979) and briefly
outlined by Ronsbo (1986).
This paper describesthe chemical variation in REE- Augite syenite
The augite syenitemagma was the first to be emplaced,
enriched apatite from the Ilimaussaq intrusion with the
objectives of substantiatingtwo different types of substi- and the augite syenite shell along the sides and roof of
tutions that result in REE enrichment and demonstrating the intrusion has a chilled margin toward the country
rocks. The augite syenite is supposedto be mainly cutheir dependenceon magma alkalinity.
mulous (Bailey et al., l98l) with Fe-rich olivine, ferroGnor-ocrc SETTTNGAND SAMpLE DESCRrprroN
salite, ternary feldspar, apatile, and titanomagnetite as
The Ilimaussaq intrusion belongs to the late Precam- the liquidus phases. The slightly silica-undersaturated
brian magmatic Gardar Province of South Greenland, magma was not peralkaline,but crystal fractionation prowhich consists of numerous volcanic and plutonic alka- duced a residual liquid of nepheline syenitecomposition.
line rocks (Upton, 1974;Emeleusand Upton, 1976).The For the presentstudy, a samplefrom the innermost facies
most undersaturatedand differentiated alkaline rocks oc- with interstitial nepheline was chosen(GGU no. 150722,
cur in the Ilimaussaq intrusion, which is characterizedby also usedby Larsen, 1976).
an unusual enrichment in incompatible elementssuch as
Zr, Nb, La, Ce,IJ, and Th. Three major intrusive events Nepheline syenites
The third and major pulse of magma was peralkaline
* Contribution to the mineralogy of Ilimaussaq no. 84.
and silica undersaturatedand led to the formation of a
INrnonucrroi.,l
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TABLE1. REEs (wt%) in Durangoapatite
This paper
LarO.
CerO.
PrrO.
Nd203
Smroo

Dy"o"
Yb2o3
YrO.

0.474(0.015)
0.563(0.022)
0.040(0.007)
0.148(0.007)
0.024(0.007)
0.017(0.006)
0.007(0.007)
0.093(0.00s)

Younget al.
(1969)

Rogerset al.
(1984)

0.493

0.416
0517
0.050
0.150
<0.006
0.026
0.011
n.d

A REN

<0.117
0.233
0.035
0.017
0.006
0.097

AUGITESYENITE
ANDFOYAITE
PULASKITE

Roeder et
al. (1987)

0.414
0.505
0.069
0.151
0.019
0.o21
0.006
0.072

Note: This paper, electron-microprobeanalysis.Young et al. 0969); DM-A,
opticalspectography(analystN M. Conklin).Rogerset al (1984),protoninducedX-rayemission.Roederet al. (1987),proton-induced
X-rayemission. Standard deviationsin Darentheses.

PEGMATITIC
BORDERS
Fig. l. Diagrammatic
E-Wcrosssectionof the southernpart
intrusion(modifiedafterAndersen
et al., 1981).
of theIlimaussaq

layered seriesof cumulus miaskitic and agpaitic nepheline syenitesin which a roofsequence (pulaskite, foyaite,
sodalite foyaite, and naujaite), a floor sequence(kakortokite), and a "sandwich" sequence(lujavrite) can be discerned (Fig. l).
The roof sequenceis generallythought to have formed
by successivedownward crystallization from a single
magma (Ferguson,1964; Larsen,1976; Larsen and Ssrensen, 1987) that becamemore and more differentiated
and volatile rich. During the early stageof crystallization,
the anhydrous high-temperatureliquidus mineral assemblage included alkali feldspar, hedenbergite,fayalite, titanomagnetite, and apatite (Larsen, 1976). These mineralsconstitutethe major part of the pulaskiteand foyaite.
Sodalite and nepheline were added to the liquidus mineral assemblagein the sodalite foyaite and naujaite (Larsen, 1976). During the formation of the roof sequence,
hedenbergite,fayalite, and titanomagnetite reacted and
were replaced by alkali amphibole, aegirine, and aenigmatite. These phasesare the dominant Fe-bearing silicatesin the sodalite foyaite and naujaite, where the mafic
high-temperatureliquidus minerals only occur in minor
amounts (<1 volo/0,Larsen, 1976). A sodalite foyaite
sample (GGU no. 149532) with an exceptionally high
content of the anhydroushigh-temperatureliquidus mineral assemblagewas chosen for study. This sample was
also analyzedby Larsen (1976).
Quartz-bearingperalkaline pegmatite
The sample examined (GGU no. 177244) is from one
of two pegmatiteveins, approximately 20 m long and up
to 10 cm thick, in a fine-grainedgranite closeto the contact between the Ilimaussaq intrusion and the basement
in the Kangerdluarssuk {ord area (H. Bohse, personal
communication). Both veins are surrounded by distinct
fenitization zones.The vein from which sampleGGU no.
177244was takenhas a S-mm-thickmelanocraticborder
zone dominated by aegirine, and a central zone containing up to 2-cm-long aegirinecrystals.The central zone is
dominated by fine-grained euhedral albite and subordinate amounts of K-feldspar, apatite,aegirine,and thorite,
which are poikilitically enclosedin anhedral eudialyte and
qt:a'rtz.In some parts of the vein, arfvedsonite occurs as

interstitial grains and as a replacement of aegirine. The
veins are inferred to be hybrids formed of partly mobilized basementgranite and a peralkalineliquid (H. Bohse,
personal communication).
ANALYTICAL

METHODS.
AND APATITE

APATITE

OCCURRENCE.

CHEMISTRY

Analgical methods
The apatites were analyzed on a JEIL i33 Superprobe
using the rcor- software pAcx-M for instrumental control
and ZAF correction. The analyseswere performed at 15
kV, and with a beam current of 15-60 nA. The following
spectrallines and standardswere used:PKa, CaKa,FKa,
Wilbuforce apatite; SiKa; wollastonite; NaKa, jadeite;
CeLa, CeOr; LaLa, sllicate glass containing 18.0 wto/o
LarOr; PrIB, PrrGa5O,r; NdZa, NdrGarO,r; SmIa,
SmFeOr; DyLa and YbLa, synthetic glass standards
(Drake and Weill, 1972);YLa, Y3Al5Or2.The net peak
intensities were corrected for peak-peakoverlap, as well
as peak interference on background positions. Durango
apatite (Young et al., 1969) and a number of synthetic
glassstandardspreparedby Drake and Weill (1972)have
been analyzedmany times during a one-yearperiod, and
the reproducibility ofthe results listed in Tables I and2
is very good. The synthetic glass standardsprepared by
Roeder (1985) have been analyzed only once, collecting
counts for I 0 s on eachof 60 points. For that reason,only
results for the low-REE-concentration glass (no. S-253)
2. REEs(wt%)in DrakeandWeillglasses
TABLE
Drake and Weill(1972)
This paper
LarO"
CerO"
PrrO.
Ndros
SmrO.

4.39 (0.05)
3 . 9 6( 0 11 )
4 . 1 8( 0 . 0 7 )
4 1 1( 0 . 1 3 )
4.44 (0.05)

4.28
4.00
4.44
4.26
4.26

4.59
4.30
4.60
4.20
4.31

Roeder
(1985)

4.22
3.84
4.28
4.26
4.38

Note.'Thispaper,electron-microprobe
analysis.Drakeand Weill(1972);
a, nominalwtTofrom initialweighing;b, neutronactivationanalysis.Roeder
(1985),electron-microprobe
analysis.Standarddeviationsin parentheses.
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Fig.2. Chondrite-normalizedREEsoftheDurangoapatite:(a)Youngetal.(1969);(b)Roederetal.(1987);(c)Rogersetal.
(1984);(d) this study.

are given (Table 3). The electron-microprobeanalysesof
the glassstandardsare in good agreementwith the published results for most elements using other analytical
methods (Tables 2 and 3).
The electron-microprobeanalysis of the Durango apatite is compared with analysesof different samplesfrom
the samelocality (Table l). The presentresults for LarO,
and CerO, aglee well with the spectrographicanalysis of
Young et al. (1969), but differ from the analysisofRogers
et al. (1984)and Roederet al. (1987).The differingresults
may indicate natural heterogeneity.For this reason, an
evaluation of the REE analysesof the Durango apatite
presentedin this paper can most reasonablybe done using the chondrite-normalized REE spectrum, assuming
that despitedifferent concentrationlevels,the normalized
concentration profiles will have the same shape. The
chondrite-normalized spectra are plotted in Figures 2a2d. Except for Pr (Fig. 2a,Young et al., 1969) and Sm
and Tb (Fig. 2c, Rogers et al., 1984), the chondrite-normalized profiles have the same shape; the microprobe
results presentedin this paper show the least scatter.The
analysesof synthetic glassesand Durango apatite show
that the electron-microprobe method applied in this investigation is very reliable, even for low REE concentrations.
TABLE
3. REEs(wt%)in glass5-253(Roeder1985)
This paper
La
Ce
Pr
Nd
Sm
Dy
Yb

0.08(0.01)
0.08(0.01)
0 08(0.02)
0.08(0.01)
0.08(0.02)
0.07(0.02)
0.07(0.03)
0.08(0.01)

Roeder
(1985)

0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

Roederet al. (1987)

0.073
0.072
0.076
0.076
0.068
0.095
0.076

0.088
0.083
0.083
0.086
0.080
0.081

0.06
0.06
0.08
0.08
0.06
0.06
0.06

Nofe.'This paper, electron-microprobeanalysis.Roeder(1985),nominal
wt% trom initial weighing. Roeder et al. (1987); a, proton-inducedX-ray
emissionanalysis;b, neutron activationanalysis(averageof three different
analyses);c, electron-microprobeanalysis. Standard deviation in parentheses.

Apatite occunenc€ and chernistry
Augite syenite. Samplesfrom the chilled margin and the
middle part are rich in 0.05- to 0.3-mm apatite, which
occurs as inclusions in the other liquidus phases.In a
sample from the innermost facies, only two apatite crystals have been observed.One is a 1.0 x 0.5 mm euhedral
crystal, whereasthe other is an interstitial, irregular grain.
The major part of the euhedral crystal is homogeneous
(based on a back-scatteredelectron image) with a total
REE content of approximately I wto/oREETO3(Table 4,
apatite
of Na-poor,REE-enriched
analyses
Trale 4. Microprobe
Augite syenite
GGU 150722

Prou

sio,
CaO
Na.O
LarO"
Ce"O,
Pr"O.
Ndro3
SmrO.

DY,o.
Yro"
F
cl
F , C l= - O
Total
P
Si
Ca
Na
LA
Ce
Pr
Nd
Sm
Dy

41.',t1
0.39
55.00
0.05
0.18
0.43
0.06
0.23
0.05
0.03
0.10
3.65
<0.01
101.29
1.55
99.74

37.85 2 8 . 1 6
7.32
2.16
51.54 41.45
0 06
0.00
1. 1 9
3.67
7.89
2.71
0.30
0.89
1.37
3.46
0.67
0.32
0.29
0.20
t./c
0.50
4.10
2.20
0.04
0.02
102.32 o7 70
1.76
0.96
100.56 96.83

Sodalite foyaite
GGU 149532

29.62
6.67
43.64
0.15
3.17
7.27
4.82
3.48
0.61
n.a.
1.03
4.30
0.04
100.80
1.82
98.98

Cationsbasedon 25 oxygens
4.74
4.61
5.59
5.90
1.42
1.26
0.38
0.07
8.84
8.59
10.00
9.63
0.00
0.06
0.02
0.02
0.22
0.26
0.01
0.08
0.51
0.03
0.17
0.56
0.06
0.06
0.02
0.00
0.24
0.24
0.01
0.09
0.04
0 02
0.04
0.00
n.a.
0.02
0.01
0.00
0.10
0.05
0.18
0.01

26.66
8.17
40.40
0.15
4.07
8.90
1.01
4.'14
0.76
n.a.
1.14
4.43
0.01
99.84
1.87
97.83
4.43

1.60
8.49
0.06
0.30
0.64
0.07
0.28
0.05
n.a.
0.12

crystal;2, slightlyREENofe.'Augitesyenite:1, centralpartof euhedral
crystal;3, rim zoneof crystal
enrichedpart of overgrowthon interstitial
primaryapatite.
2. Sodalitefoyaite:4 and5, oscillatory-zoned
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TrEle 5. Microprobe analyses of Na-bearing,REE-enriched
apatite
Sodalite foyaite
GGU 149532

P.o.
sio,
Cao
Naro
LarO.
CerO.
PrrOg
Nd2o3
Smroo
YrO.
F

cl
F , C l= - O
Total
P
Si
UA
Na
Ce
Pf

Nd
Sm

Peralkalinepegmatite
GGU 177244

39.20 38,20 36.43 36.11 40.37 38.53 37.50
1.21 1.55 2.05 2.49 0.17 0.32 0.39
50.20 48.84 46.99 43.97 52.64 46.14 38.30
0.68 0.77 1.09 1.63 0.61 1.95 3.09
2.05 2.41 3.57 3 27
0 49 3.27 4.95
2 95
3 80 5.03 6.47 1.43 5.16 8.79
0.33 0.45 0.51 0.60 0.20 0.79 0.70
0.99 1.13 1.50 2.30 0.85 1.28 2.23
0.15 0.17 0.19 0.66 n.a. n.a. n.a.
0.10 0.17 0.26 0.46 n.a. n.a. n.a.
4.60 4.28 n.a.
3.07 n.a. n.a. n.a.
0.01 0.02 n.a.
0.02 n.a. n.a. n.a.
102.47 101.79 97.62 101.05 96.76 97.44 95.95
1.94 1.80
1.29
100.53 99 99
99.76
Cationsbasedon 25 oxygens
5.78 5.71 5.56 5.56 5.92 5.86 5.95
0.21 0.27 0.37 0.45 0.03 0.06 0.07
9.37 9.24 9.07 8.57 9.77 8.87 7.69
0.23 0 26 0.38 0 58
0.20 0.68 1.12
0.13 0.16 0.24 0.22 0.03 0.22 0.34
0 19
0.25 0.33 0.43 0.09 0.34 0.69
o.02 0.03 0.03 0.04 0.00 0.05 0.05
0.06 0.07 0.10 0.15 0.05 0.08 0.15
0.01 0.01 0.01 0.04 n.a. n.a. n.a.
n.a. n.a. n.a.
0.01 0.02 0.02 n.a.

Notei Sodalitefoyaite: 1 and 2, oscillatory-zonedpart of late magmatic
euhedral crystal; 3, irregularlyzoned central part of crystal 1 and 2: 4,
overgrowth on irregularlyzoned crystal. Peralkalinepegmatite: 5 and 7,
irregularlyzoned rim on euhedralcrystal; 6, oscillatory-zonedcore of crystal in analyses5 and 7.

analysis l). The outermost 50-100 /rm of the crystal displays a distinct REE enrichment. Comparable REE enrichment is found in the intercumulus apatite overgrowth
on the irregular grains (Table 4, analyses2 and 3). Here
the highest recorded total REETO3content is approximately 18 wt0/0.In all analyses,Ce is the dominant REE.
La and Nd are present in almost equal amounts, but increasingLalNd ratios (0.78, 0.86, and 1.06) indicate a
relative La enrichment with increasingREE content. Inspectionof the analysesin Table 4 showsthat the increasing REE contents are accompaniedby increasingSi contents, whereasthe Na contents remain very low.
Sodalite foyaite. In general,apatite is very scarcein the
sodalite foyaite and was not observed by either Ussing
(1912) or Ferguson(1964). However, in the sample examined in this study, apatite is abundant and occurs
mainly as inclusions in the hedenbergitecores and their
aegirine-hedenbergiterims.
A comparison with apatite from the less-evolvedrocks
in the roof sequence(pulaskite and foyaite) makes it possible to identify three apatite generationsin the sodalite
foyaite sample@onsbo, 1986;Ronsbo,unpublisheddata):
(l) primary apatite belongingto the anhydrous high-temperature liquidus mineral assemblage,(2) inegularly zoned
apatite representingaltered primary apatite, and (3) late
apatite occurring as euhedral crystals intergrown with
arfvedsonite and nepheline and as overgrowths on sec-

image of apatite in qtJartzFig. 3. Backscattered-electron
coreand
bearingperalkalinepegmatiteshowingoscillatory-zoned
irregularlyzonedrim.
ond-generationapatite. The late apatite was formed during the late magmatic stageas defined by Larsen (1977).
The presentstudy only dealswith the first and third types
of apatite, which crystallized from liquids with quite different peralkalinity.
The primary apatite in the sodalite foyaite has oscillatory zoning with a zone width varying from 0.1 to approximately 20 pm. Selectedmicroprobe analyses(4 and
5) showing minimum and maximum REE content are
given in Table 4. These two analysesresemblethe REErich apatite analysesfrom the augite syenite in all respects,except for a slight increasein the Na content.
Selectedelectron-microprobeanalyses(l-4) of the late
apatite are given in Table 5. These apatites are characterized by (l) distinct enrichment in Si and Na with increasingREE content and (2) a very pronounced relative
heavy-REE depletion compared to the primary apatite'
Peralkaline pegmatite.Apatite is abundant in the peralkaline pegmatite.It occursas prismatic crystalsrangrng
from a few tenths of a millimeter up to almost I cm. All
of the euhedral crystals examined with a length greater
than 0.3 cm have oscillatory-zonedcores and irregularly
zoned margins (Fig. 3), whereasmost smaller crystalsare
irregularly zoned. Selected microprobe analyses (5-7)
showing the compositional variation are given in Table
5. Like the late apatite in the sodalite foyaite, theseapatites have a much higher La than Nd content. The most
striking feature, however, is the increasingREE content
accompaniedby a pronounced Na enrichment and a low
(0.17 to 0.39 wt0/0)SiO, content. A slightly higher SiO,
content is observed in the irregularly zoned part of the
crystals.
DtscussroNl AND INTERPRETATToN
Coupled substitutions
Inspection ofanalytical data in Tables 4 and 5 reveals
that the necessarycharge balancing during the REE3+
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LESSINGITE
BRIIrcLITE
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v,

v

13.O

P+Ca
Fig. 4. Diagram showing variation of(P + Ca) versus(Si +
REE) in apatite. Symbols: O augite syenite, v sodalite foyaite
(Na-poor apatite), O sodalite foyaite fNa-rich aparite),a quartzbearingperalkaline pegmatite.The three lines through the point
( 16,0) have the slopes - I, -3/r and -t/2. The line with the slope
- I representsthe coupled substitution REE3++ Si4+ = Ca2+ +
P5+.

substitution for Ca2+in the apatite structure involves Sia+
and Na+.
An experimental investigation by Ito (1968) substantiates the existence of complete solid solution between
apatite(ca,@o.)3oH) and lessingire-(Y)(Yrcadsio4)3oH)
under experimental hydrothermal conditions (500-700
'C, 2 kbar), but only incomplete solid solution between
apatite and lessingite-(La)(CarLar(SiO4)3OH).
In both series, the coupled substitution follows the scheme:Ca2+*
Ps+ + REE3+ + Si4+. This REE enrichment in apatite
can be best illustrated in a (Ca + P) versus (Si + REE)
diagram, where the compositions will plot on a line, passing through the point (16,0), and with a slope of - I (Fig.
4). The diagram clearly shows that apatites from the augite syenite and the primary apatite in sodalite foyaite
plot along this line, which representsenrichment of the
"lessingite" end-member in apatite. The analysesof the
Na-enriched, late apatite in the sodalite foyaite scatter
around a line with a slope of -3/+, and the apatites from
the peralkaline pegmatite approach a line with a slope of
- t/2.

A plot of the analytical data on a Ca-REE-Na triangle
(Fig. 5) reveals that apatite from the peralkaline pegmatite closely follows a trend defined by the substitution
2Ca2+ + Na* * REE3*. These analysesfall close to the
line passingthroughthe point (16,0)with a slopeof -0.5
Gig. a). The presenceof the 2Car+ + Na* + REE3+substitution in apatite has been suggestedby Ronsbo (1986)
and Roeder et al. (1987). The late apatite from the sodalite foyaite representsan intermediate compositional

Fig. 5. DiagramshowingCa-REEs-Na
contentof apatites.
Symbols:O augitesyenite,v sodalitefoyaite(Na-poorapatite),
O sodalitefoyaite (Na-rich apatite),r quartz-bearingperalkaline pegmatite.

trend, the result of almost equal contributions from the
two coupled substitutions.
Na- and REE-enrichedapatite analoguesare known as
the mineral britholite (Na,ca,REE)5(sioo,PoJ3(oH,F),
and various Na-REE silicophosphatesand silicateshave
been synthesizedby Ito (1968). Neither britholite nor the
synthetic phases,however, resemblethe theoretical endmember Na.REEr(PO.).(OH,F), for this part of a new
solid-solution series. The partial apatite data given by
Larsen (1979) as well as the composition of apatite from
Pajarito (Roeder et al., 1987) representextensive substitution toward this end-member.
Petrological implications
The coupled substitutions Ca2++ Ps+ + REE3+ + Si4+
and 2Ca2* + Na* + REE3+indicate that both the alkalinity and the silica activity of the liquid from which
apatite crystallizes may control the composition of the
REE-enrichedapatite (Roederet al., 1987).Experimental
investigation of apatite crystallization and dissolution in
crustal melts (Watson and Green, l98l) showed that the
REE content of apatite is dependent on both the silica
activity and the temperature of the magma. The apatite/
liquid REE partition coefficientsincreasewith increasing
silica activity and with decreasingtemperature.However,
there are no experimental data on the stability and compositional variation of REE-enrichedapatite with respect
to magma alkalinity.
The four generationsofapatites from the augite syenite
and sodalite foyaite examined in this study have crystallized from magmas ranging in composition from syenite
to agpaitic nepheline syenite. For this reason,the results
presentedhere give some indication of the relationship
between changesin magma composition and the compositional variation of REE-enrichedapatite. The present
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data show that in the nonperalkaline and slightly peralkaline environment (augite syenite and the early magmatic stageof the roof sequence,respectively),the substitution REE3+* Sia+= Ca2* + P5+predominatesand
the 2Ca2+ + Na* + REE3* substitution appears to be
unimportant. However, this latter substitution is found
in apatite from the highly peralkaline environment (late
magmatic stageof the roof sequence).
It is worth noting that late-formed apatites from the
augite syeniteand the sodalite foyaite display an increase
in La:Nd ratios compared to the early-formed apatites.
Also the total REE content and the La:Nd ratios for the
late-formed apatite in the augite syenite are very similar
to the primary apatite in the sodalite foyaite. Consequently, information on the evolution of highly evolved
intrusions and their related dikes can be obtained from
apatite by determination of the REE content, the form of
the chondrite-normalized pattern, and the ratio between
the two types of substitutions.
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