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Abstract

Mineral chemistry, textures and geochemistry of syenite autoliths from Kilombe volcano indicate that they crystallized in the
upper parts of a magma chamber from peralkaline trachytic magmas that compositionally straddle the alkali feldspar join in the
“residuum system” (ne=0-1.03; qz=0-0.77). Mineral reaction and/or overgrowth processes were responsible for the replacement
of (i) Mg—hedenbergite by aegirine—augite, Ca—aegirine and/or aegirine, (ii) fayalite by amphiboles, and (iii) magnetite by
aenigmatite. Ti—magnetite in silica-saturated syenites generally shows ilmenite exsolution, partly promoted by circulating fluids.

By contrast, the Fe—Ti oxides in the silica-undersaturated (sodalite-bearing) syenites show no signs of deuteric alteration. These
syenites were ejected shortly after completion of crystallization. [lImenite—magnetite equilibria indicate fO, between —19.5 and —23.1
log units (7 679-578 °C), slightly below the FMQ buffer. The subsequent crystallization of aenigmatite and Na-rich pyroxenes
suggests an increase in the oxidation state of the late-magmatic liquids and implies the influence of post-magmatic fluids.

Irrespective of silica saturation, the syenites can be divided into (1) “normal” syenites, characterized by Ce/Ce* ratios between
0.83 and 0.99 and (2) Ce-anomalous syenites, showing distinct negative Ce-anomalies (Ce/Ce* 0.77-0.24). “Normal” silica-
saturated syenites evolved towards pantelleritic trachyte. The Ce-anomalous syenites are relatively depleted in Zr, Hf, Th, Nb and
Ta but, with the exception of Ce, are significantly enriched in REE.

The silica-saturated syenites contain REE—fluorcarbonates (synchysite-bastnaesite series) with negative Ce-anomalies (Ce/Ce*
0.4-0.8, mean 0.6), corroded monazite group minerals with LREE-rich patches, and hydrated, Fe- and P-rich phyllosilicates. Each
of these is inferred to be of non-magmatic origin. Fractures in feldspars and pyroxenes contain Pb-, REE- and Mn-rich
cryptocrystalline or amorphous material. The monazite minerals are characterized by the most prominent negative Ce-anomalies
(Ce/Cepearf =0.5), and in the most altered and Ca-rich areas (depleted in REE), Ce/Ce* is less than 0.2.

It is inferred that carbonatitic fluids rich in F, Na and lanthanides but depleted in Ce by fractional crystallization of cerian
pyrochlore, percolated into the subvolcanic system and interacted with the syenites at the thermal boundary layers of the magma
chamber, during and shortly after their crystallization.

Chevkinite—(Ce), pyrochlore, monazite and synchysite-bastnaesite, occurring as accessory minerals, have been found for the first
time at Kilombe together with eudialyte, nacareniobsite—(Ce) and thorite. These latter represent new mineral occurrences in Kenya.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Within the Kenya Rift Valley, trachytes are important
components of late Quaternary central volcanoes. For
example, the caldera volcanoes Menengai, Longonot
and Suswa, in the south-central rift (Fig. 1), are
composed almost entirely of trachytes. However, basalts
have been erupted between the centres and as mixed
trachyte flows on Longonot (Scott, 1980; Rogers et al.,
2004), suggesting that basalt is probably present beneath
all the centres but has been unable to penetrate lower
density trachytic caps.

It has been inferred that these late Quaternary centres
are underlain by substantial magma chambers (Leat et
al., 1984; Macdonald, 1987, 1994), and several studies
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have been aimed at understanding the processes
operating within those chambers (Leat et al., 1984;
Clarke et al., 1990; Macdonald et al., 1993, 1994).

An underutilised record of magma chamber processes
are the suites of syenitic inclusions found, inter alia, at
Menengai (Leat et al., 1984) and Longonot (Scott, 1980).
The most extensive suite of such inclusions occurs at
Kilombe, which is slightly older (~2 Ma; Jones, 1979a)
than the geographically associated centres (Fig. 1;
Rogers et al., 2004). These nodules almost certainly
represent the crystallization products of trachytic
magmas in a high-level reservoir (Jones, 1979a) and
should be regarded as autoliths rather than xenoliths.

In this paper, we document the mineral chemistry and
geochemistry of the Kilombe syenites and provide
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Fig. 1. Location of the Kilombe volcano in the Kenya Rift Valley.
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evidence of interaction between the syenites and
carbonatitic fluids, emphasizing the role of CO, and
REE in trachytic magmatism of the rift. We also report
on the unusual suite of accessory minerals in the
syenites.

2. Geological summary

The Kilombe (or Eldalat) caldera volcano is situated
on the western inner flank of the Kenya Rift Valley at the
junction of the Kenya and Kavirondo rifts (35°50’E,
0°05’S; Fig. 1). It has a volume of 15 km* and is formed
almost entirely of trachyte lavas and pyroclastic flows
(McCall, 1964). Trachytic tuffs partially fill the caldera
and Jones (1979b) has reported four mixed benmoreite—
trachyte flows that overlie the Saos Mugearite, which
comprises alkali basalts, hawaiites and mugearites
(McCall, 1964).

The syenites occur as inclusions up to 5 cm in two
post-caldera flows but up to 20 cm in the caldera-filling
tuff. However, boulders up to several metres across are
distributed over the outer slopes up to 2 km from the
caldera, being most abundant on the south side (Jones,
1979a).

3. Analytical methods

Whole-rock analyses on 20 selected samples were
carried out at the Activation Laboratories Ltd (Ancaster,
Canada). Major and trace element concentrations were
determined using a Thermo Jarrell-Ash ENVIRO II
(ICP-OES) and a Perkin Elmer SCIEX ELAN 6000
(ICP-MS), respectively. The analytical methodologies
and errors are reported in Ridolfi et al. (2003).

Samples selected for analysis by scanning electron
microscope and electron microprobe are K4, K7, K16,
K18, K20, K21, K22, K23 and K24.

Back-scattered electron (BSE) imaging and qualita-
tive composition of the minerals was conducted at the
University of Roma Tre (Italy), using an SEM Philips
XL30-super UTW instrument.

Quantitative mineral compositions were determined
with the electron probe micro-analyser (EPMA) Cameca
SX-100 (WDS) of the School of GeoSciences, Univer-
sity of Edinburgh (UK). Natural silicates and metals and
synthesized glasses of known composition were used as
standards. Operating conditions were 20 keV, 20 nA for
fundamental minerals and 40 nA for phases containing
elements with atomic number >39 (i.e., Y). WDS
qualitative spectra were performed for each mineralog-
ical species to detect the elements contained and to set
up the analytical files before the runs. Analyses were

carried out in spot mode (beam size ~ 1 pm) or rastering
the beam in square areas up to 100 um? to minimize the
loss of Na from the less stable minerals such as eudialyte
and nacareniobsite—(Ce). Analytical errors depend on
the absolute abundances of each element. EPMA
relative errors of the oxide are estimated to be <1% at
the >10 wt.% level, 5—10% at the 1 wt.% level, 10—20%
at the 0.2—1 wt.% level, and 20—40% at the <0.1 wt.%
level.

4. Petrography

Jones (1979a) divided the syenite autoliths of
Kilombe and of the nearby Londiani volcano into four
groups:

(1) most abundant, and forming all the large blocks
(up to some metres), are coarse-grained syenites.
These are thought to have formed by nearly
complete solidification of batches of trachytic
melt, although a small proportion of residual
liquid may have been lost;

(2) fine-grained syenites, representing essentially
solidified trachytic magma;

Table 1
Modal compositions of the syenite autoliths from Kilombe

Group Si0,-saturated SiO,-undersaturated
syenites syenites
Samples K1-K15, K17-K21, K16, K22
K23-K27
Modal mineralogy (vol.%)
Alkali feldspar 84.5-95.0 85.5-86.5
Quartz <3.0 -
Sodalite - 1.5-3.5
Analcime <2.0 -
Amphibole 0.5-6.0 1.0-1.5
Pyroxenes 1.5-8.0 5.0-6.0
Annite <1.0 <0.5
Altered phyllosilicate ~ <3.5 <0.5
Fe—Ti oxides <25 <25
Fayalite <1.0 -
Aenigmatite 0.5-3.0 1.0
Zircon <0.5 -
Eudialyte - <0.5
Nacareniobsite—(Ce)  — <0.5
Chevkinite—(Ce) <0.5 -
Pyrochlore <0.5 <0.5
Pyrite - <0.5
Apatite <1.0 <0.5
Monazite <0.5 -
Xenotime <0.5 -
Thorite <0.5 -
REE—fluorcarbonates  <0.5 -
Clay alteration From absent Absent
to elevated
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(3) aplitic syenites occurring as veins in the other
syenite types, also interpreted by Jones (1979a) as
representing trachyte magma;

(4) dark green melasyenites, found in very late-stage
post-caldera tuffs, interpreted as crystallization
products of Na—Fe—Nb—Y—-REE-enriched resid-
ual liquids from the coarser grained syenites.

Groups 1 and 2 are dominated by alkali feldspars and
characterized by primary olivine, hornblende, Fe—Ti
oxides, ferroaugite and nepheline. Interstitial phases
include aenigmatite, katophorite, arfvedsonite, hydro-
annite, apatite, aegirine and quartz or analcime. Feldspar
crystal sizes range from ~5 mm in the coarse-grained
syenites to ~0.5 mm in the finer grained syenites. The

Fig. 2. Photomicrographs showing representative textures of the Kilombe syenites. Crossed nicols: (a) randomly disposed feldspars (Feld) interlocked
with altered phyllosilicates (Alt-phl), interstitial pyroxenes (Px) and void spaces partly filled by clay minerals (Clay) (sample K23); (b) boundary area
between fine- and coarse-grained feldspars (sample K20); (c) pyroxene (Px) inclusions in the primary feldspars which are partly replaced by albite
(ADb) that also fills the cavities and interstitial crystals of sodalite (Sdl) and nacareniobsite—(Ce) (Ncr) (sample K16). Parallel nicols: (d) fayalite (Fa) in
the interstices between feldspars (Feld) with reaction/overgrowth of brown amphibole (Amp) (sample K24); (e) interstitial crystal of eudialyte (Edl)
(sample K16); (f) nacareniobsite—(Ce) (Ncr) in a cavity at the edge of sodalite (Sdl) (sample K16). Reflected-light: (g) re-homogenization by fluids of
lamellar structures in the magnetites (sample K10); (h) magnetite enclosed in an aenigmatite crystal, showing edge and irregular veins of reaction with

the magma (sample K22).
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aplitic veins consist of 50—70% albite, 20—-30% aegirine feldspars are partly replaced by albite that, in general,
and 0-30% quartz. The melasyenites are characterised fills the cavities (Fig. 2¢). Alteration of alkali feldspars
by aegirine needles poikilitically enclosed in large albite to clay minerals varies from zero (K12, K13, K20,
crystals. K25, K27) to almost 100% in the SiO,-saturated
All the samples in this study are coarse-grained syenites. Some also show clay minerals partly filling
syenites, but none carries nepheline. Here, the syenite cavities (Fig. 2a). Clayey alteration is diffuse in the
autoliths are divided into (1) SiO,-saturated syenites analcime-bearing sample (K24) but absent in the
(xmodal quartz); (2) SiO,-undersaturated, sodalite- sodalite-bearing syenites (Table 1).
bearing syenites. One syenite (K24) of the SiO,- The phyllosilicates are totally altered to brown or
saturated group contains modal analcime as a result of greenish-brown, euhedral or anhedral pseudomorphs,
post-magmatic processes. Modal compositions of each showing prominent cleavage (Fig. 2a). Pyroxenes are
syenite group, determined by counting ~800 points, usually zoned or show overgrowths of aegirine—augite
are reported in Table 1. The samples consist mainly of or aegirine. Fayalite crystals in the interstices between
crystals of interlocked and randomly orientated feld- feldspars are partly replaced by amphibole (Fig. 2d). In
spars, with lengths between 3.5 and 10 mm (Fig. 2a). the sodalite-bearing syenites, eudialyte and nacareniob-
Sample K20 has feldspars of variable sizes, zones site—(Ce) crystallized in cavities together with sodalite
characterized by smaller feldspars (average ~ 1.0 mm) (Fig. 2c, e, f). REE—fluorcarbonates of the synchysite—
and coarser grained parts (Fig. 2b). The feldspars vary bastnaesite series are present in the silica-saturated
from glassy-clear to altered, opaque white crystals. All syenites, but absent from the sodalite-bearing syenites
the syenites are holocrystalline—hypidiomorphic and (Table 1).
the feldspar—feldspar grain boundaries are locally Magnetites in most of the syenites contain exsolved
consertal. Sub-rounded, polygonal to triangular, void ilmenite lamellae, suggesting a protracted cooling
spaces make up 1-10 vol.%. Alkali feldspars were history in the subvolcanic system. Re-homogenization
strongly affected by fluid circulation leading to vein of lamellar structures in roundish magnetite grains
and patch perthites (sensu Smith and Brown, 1988, occurs in the interstices or in inclusions crossed by

Shelley, 1992). In the sodalite-bearing syenites, the fractures (Fig. 2g). In the sodalite-bearing syenites

Table 2

Representative microprobe analyses of mafic minerals: 1-4 pyroxene, 5—8 amphibole, 9—13 Fe—Ti oxides, 14—15 aenigmatite

Spot 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sample K22 K16 K20 K21 K22 K7 K18 K18 K20 K22 K20 K20 K22 K22 K20
Mineral Mg-hdn Aeg-aug Ca-aeg Aeg Ktp Ktp Fe-frn  Arf IIm Ilm Usp Mgn Mgn Ang Ang
Type - - - - - - - - exsolv. prim. exsolv. exsolv. prim. — -
Si0, 49.67 49.63 50.88  52.00 44.66 4629 47.50 5222 0.08 0.05 127 0.91 0.20 3821 42.19
TiO, 0.56 0.35 1.05 2.15 1.43 2.82 0.49 0.01 4526 51.21 21.98 0.04 9.83 845 9.61
Zr0O, 0.04 4.48 0.02 0.12 0.05 0.93 0.03

Al O4 0.60 0.69 0.38 1.19 5.13 2.47 2.25 0.04  0.08 0.04 0.10 0.04 0.10 1.97 0.13
MgO 6.18 1.98 0.06 0.21 6.00 1.33 2.72 725  0.19 0.05 0.08 0.06 0.02 049 0.33

Ca0 2056  17.52 288 019 739 398 143 145 146  0.03
MnO 1.07 113 118 033 110 139 224 199 438 551 232 056 176 132 598
FeO, 2047 2521 2639 27.87 2547 31.65 3048 2555 4846 42.68 64.13 92.69 82.28 41.79 35.72
BaO 1.02 0.51  0.04

Na,O 0.68 326 1169 1352 470 660  8.05  8.71 627 135
K,0 1.68 154 154 094

F 070 082 075 149

Sum 9838 9893 9837 99.68 — - - - - - -

O=F - - - - -030 -034 —031 -063 - - - - - - -

Total  99.83 9976  99.00 97.49 98.08 98.59 98.06 99.05 99.47 99.53 90.40 9432 94.18 99.95 101.32
Mgt 0.38 0.17 0.02 043 030 007 016 035 - - - - - - -

K - - - - - - - - - - - - - 192 222

Blank=below EMP detection limit. Mg-hdn=magnesian hedenbergite; Aeg-aug=aegirine—augite; Ca-aeg=calcium aegirine; Aeg=aegirine;
Ktp=Xkatophorite; Fe-fin=ferric ferronybdite; Arf=arfvedsonite; Ilm=ilmenite; Usp=ulvospinel; Mgn=magnetite; Ang=aenigmatite; exsolv.=
exsolved; prim.=primary; K, =alkalinity modulus (see text).
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(K16, K22), the magnetites show no ilmenite
exsolution, implying that these rocks were expelled
from the subvolcanic system shortly after complete
solidification. Nevertheless, magnetite crystals en-
closed in aegirine and aenigmatite show edges and
irregular veins indicative of reaction with peralkaline
melt (Fig. 2h).

5. Mineral chemistry
Representative compositions of pyroxene, amphi-

bole, Fe—Ti oxides, aenigmatite, eudialyte, nacare-
niobsite—(Ce), rinkite, pyrochlore, thorite, xenotime,

Table 3
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monazite, cheralite and synchysite—bastnaesite series
are shown in Table 2 and 3. A complete set of mineral
analyses and formulae is presented as electronic
supplement (Supplement 1).

5.1. Feldspar

The primary feldspars in the syenites were signifi-
cantly affected by the post-magmatic circulation of
fluids, characterized by Na enrichment through
K"—Na" exchange (Figs. 2a—c). Thus, the bulk
composition of the original feldspars cannot be obtained
by calculation from image processing—quantitative

Representative microprobe analyses of accessory phases: 1-2 eudialyte, 3—5 rinkite group, 6—8 pyrochlore, 9 thorite, 10 xenotime, 11—13 monazite

group, 14—16 synchysite—bastnaesite series

Spot 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sample K16 K16 Kl6 Kl6 Kl6 K20 KIl6 K23 K23 K24 K24 K4 K20 K24 K20 K24
Mineral ~ Edl Edl Ner Ner Rnk Prc Prc Prc Thr Xnt Mnz  Chr Mnz  Syn Prs Bst
Type - - - - - - - — - - unalt.  alt. alt. - — -
P,0s 0.04 2721 27.77 25.01 2896 031 0.17

Nb,Os 0.50 0.63 10.08 942 495 5198 59.29 5041

Ta,05 351 096 1.27

SiO, 5049 48.64 29.21 29.54 29.58 6.48 19.57  1.51 147 186 356 0.12 0.18 022
TiO, 0.00 000 1.64 199 448 564 7.14

Zr0, 11.84 1215 0.17 026 060 0.66 029 0.83 0.11

ThO, 031  0.10 099 7950 341 045 29.17 0.05

uo, 277 224 091 1.07

AL O3 0.17  0.25

Y,0; 096 091 215 .76 1.60 0.67 35.75 1.57 431 474 537 1.10  0.65
La,05 0.56 0.69 448 454 404 247 125 4.64 0.03 20.06 448 21.53 845 13.79 18.01
Ce,04 091 .10 721 919 898 471 1.53  9.14 0.16 2756 425 696 19.73 2550 33.75
Pr,03 .16 1.51 1.56 081 0.06 1.56 0.02 459 152 6.64 923 396 1143
Nd,05 038 049 235 349 422 166 024 3.09 0.63 881 4.16 14.07 3.14 898 5.29
Sm,03 032 061 074 1.11 1.88  0.73 1.82 1.66  1.55 1.39
Gd,0; 0.86 1.11 1.20 4.07 357 099 216 3.09 321 3.34
Dy203 7.26

CaO 8.62 9.00 22.15 2035 21.54 889 14.69 4.68 026 049 659 290 1625 9.12  0.30
MnO 359 125 0.06 024 038

FeO 506 659 0.62 0.15 3.04

PbO 0.79 0.18

Na,O 1447 13.61 929 829 799 6.12 753  4.60

K,0 046 039 027 023 0.04

F 033 008 647 562 629 264 440 253 089 088 029 070 481 1.43 6.82
Cl 135 1.72

COo3 - - - - - - - - - - - - 28.99 2932 2222
Sum 99.66 97.49 97.61 9790 98.16 93.57 99.20 95.00 100.95 8230 99.36 83.60 94.14 101.15 98.32 103.42
O=F,Cl —044 —-042 —-273 —-237 —-265 —111 —-18 —-106 000 —037 —037 —0.12 —029 —2.02 —-060 —2.87
Total 99.22 97.07 94.89 9553 9551 9246 9735 93.94 10095 8193 9899 8347 9385 99.13 97.71 100.55
K 336 328 339 312 304 - - - - - - - - - -
Ce/Ce* 122 121 072 081 083 077 0.83 0.78 - - 0.64 037 0.13 045 079 0.52
La/Ndy 286 267 3.63 247 1.8 283 1002 286 - - 433 205 291 512 292 6.49

Blank=below EMP detection limit. “CO, calculated by charge balance. Edl=eudialyte, Ncr=nacareniobsite—(Ce), Rnk=rinkite, Prc=pyrochlore,
Thr=thorite; Xnt=xenotime; Mnz=monazite; Chr=cheralite; Syn=synchysite; Prs=parisite; Bst=Dbastnaesite; unalt.=unaltered; alt.=altered;
K. =alkalinity modulus (see text); Ce/Ce*=Ce/(La+Pr)/2 normalized to chondrites; La/Ndy=La/Nd normalized to chondrites (Nakamura, 1974).
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analysis of exsolved phases (Marks and Markl, 2001;
Marks et al., 2003). Analyses made in patches with
different BSE brightness indicate a continuous compo-
sitional range (Ab;s_99O01;_g4Ang_»). The average
anorthoclase varies from Abs;Oryz to Abg,Orsg in the
silica-saturated samples (K7, K18, K20 and K21) and is
Abg;Or39 in the sodalite-bearing syenite K22.

5.2. Pyroxene

According to Rock’s (1990) classification, the
pyroxene crystallization trend is from magnesian
hedenbergite (EnyoFs;3Wo47,—EnsFsssWosg), through
aegirine—augite and calcian aegirine to aegirine
(Jdy_7Aeg7 9sQuad; go; Table 2 and Supplement
1). The most Mg-rich magnesian hedenbergites are
found as inclusions in the alkali feldspars of the silica-
undersaturated syenite K22, whilst the interstitial
pyroxenes with elevated Na content, close to the
aegirine end-member, occur in the most peralkaline
syenites (i.e., K7; see Chap. 6). Zoned crystals show
similar patterns. ZrO, (0—4.5%) and TiO, (0.2—3.8%)
contents usually increase from crystal cores to rims.
Kilombe pyroxenes in the Di-Hed—Aeg system show
Aeg increase in conjunction with drops in diopside and
hedenbergite (Fig. 3). The Hed percentage correlates

Di

@ : SiO, - saturated syenites

SiO, - undersaturated syenites ¢ /

Vv :3.5% modal sodalite (sample K22) '

O : 1.5% modal sodalite (sample K16)

positively with the degree of SiO, saturation in the
syenites (Fig. 3a), perhaps due to lower /o, values in the
Si0,-rich magmas favouring the crystallization of Fe*"-
rich pyroxenes (i.e., hedenbergite). This behaviour is
compared to the pyroxene patterns in extrusive rocks
(comendites and pantellerites) and syenite autoliths
(quartz-bearing, sodalite-bearing and nepheline sye-
nites) (Fig. 3b) representing peralkaline magmas with
different silica saturation.

5.3. Amphibole

Based on the Leake et al. (1997) classification,
amphiboles in the silica-saturated syenites vary from
Na—Ca-rich types (katophorite; Nag=0.5—-1.5) to Na-
rich compositions (ferric ferronybdite to arfvedsonite;
AIV'<Fe®, Nag>1.5). In almost all the analysed
amphiboles, the transition to arfvedsonitic compositions
reflects an increase of Si and Na in the magma (Table 2
and Supplement 1). By contrast, the sodalite-bearing
sample K22 contains only katophorites characterized by
low Si content (Si=6.9-7.1 apfu) and elevated Mg#
(0.29-0.32), unlike the Na—Ca amphiboles in the silica-
saturated syenites (Si=7.1-7.6 apfu, Mg#=0.05-0.21).
The presence in the amphiboles of narrow zones with
variable Na, Ca, F and Fe’'/Fe*" ratios (Fig. 4) may

Aeg

Di

Hed

Fig. 3. (a) Pyroxene compositions in the ternary system diopside (Di), hedenbergite (Hed) and aegirine (Aeg); (b) trends of pyroxene of the Kilombe
syenites reported in (a): SiO,-saturated (curve 1), sodalite-bearing K16 (curve 2) and K22 (curve 3) syenites; worldwide comendite—pantellerite
volcanic rocks (curve 4); peralkaline SiO,-saturated syenites (curve 5) and sodalite-bearing syenites (curve 6) of Agua de Pau (Azores); agpaitic
nepheline syenite of Tenerife (curve 7). Data source: 1, 2 and 3: this paper; 4: Nicholls and Carmichael (1969), Macdonald et al. (1987) and Scaillet
and MacDonald (2003); 5 and 6: Ridolfi et al. (2003); 7: Wolff (1987) and Ridolfi (2004). See text for further explanations.
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Fig. 4. Variation profile of Ca, Na, F and Fe**/Fe** ratio in an amphibole
ranging from ferric ferronyboite (core) to arfvedsonite (rim). The broken
line separates the two amphibole species in the same crystal (sample K7).
30 spot analyses were carried out along the crystal transect.

reflect transient changes in the element activity,
fluorine and oxygen fugacity of the magma during
crystal growth.

5.4. Fe-Ti oxides

As noted above, ilmenite exsolved from titano-
magnetite in the silica-saturated syenites but not in the
silica-undersaturated group. Table 2 reports representa-
tive analyses of exsolved and primary oxides. Primary
ilmenite shows little variation, from Ilmg,4Prf), to IlmggPrfe
(Emt ~5% and Gkl close to zero in both), whereas
exsolved crystals are characterized by a larger range
(Ilm67Gk1]Prngmt24fIImg7leoPrf1 lEmtz; Supplement 1)

The spinels in the exsolved phases vary from ulvds-
pinel (MgnysUspss) to pure magnetite (Mgn=100), with a
spinel component up to 1%, whilst the silica-undersatu-
rated syenites contain only magnetites (MgnsoUsps;—
Mgng;Uspy7). In the ilmenite of sample K20, BaO values
reach 1.2% and some re-homogenized magnetites show
total oxides down to 92.2%, even after Fe,O3/FeO
calculation (Supplement 1). The low totals may suggest
the incorporation of H,O in the magnetite lattice promoted
by post-magmatic fluids.

5.5. Fayalite

The early fayalite crystals show fairly constant
compositions (FosFaggTps).

5.6. Annite

Phyllosilicates can show structural vacancies up to 1
apfu (Rieder et al., 1998). This is the case with the
analysed annites of Kilombe (Phl,_;sAnng, og), where
the oxide sums are low (93.1%), possibly as result of
fluid alteration. As F (0.1-0.8%) is negatively correlat-
ed with total oxides, the fluids are assumed to have been
F-rich.

5.7. Aenigmatite

Aenigmatite is normally found in silica-saturated and
silica-undersaturated peralkaline rocks (e.g., Deer et al.,
1966; Abbott, 1967; Wallace et al., 1990; Dawson,
1997; Kunzmann, 1999; Ridolfi et al., 2003). The
substitution Si*" — AI*" in the fourfold coordinated site
is more favoured in aenigmatites of the sodalite-bearing
syenites K16 and K22 (Al,O3 0.5-2.5%; MnO 1.3—
2.8%) than those of the silica-saturated group (Al,O;
0.1-0.9%) showing greater Fe*" —Mn*" exchange
(MnO 2.7-7.9%; Table 2, Supplement 1). Zonation is
absent. A useful parameter characterizing the alkaline
tendency of Zr—Ti—Nb silicates in peralkaline (agpaitic)
rocks is the “alkalinity modulus” K, (Khomyakov,
1995; Ridolfi et al., 2003), i.e., the percentage of alkali/
(alkali+Si+Al and its substitutes) in the mineral
formulae. In the Kilombe aenigmatites, K, ranges
between 19.2% and 22.2% (Table 2, Supplement 1).

5.8. Eudialyte

Eudialyte is a Na-rich zirconosilicate in the homon-
ymous group of minerals (Johnsen and Grice, 1999;
Johnsen et al., 2001). Table 3 shows two representative
eudialyte compositions whereas Supplement 1 gives
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further analyses, formulae and the mean of 26 spots of a
~2-mm interstitial crystal in a sodalite-bearing syenite
(K16; Fig. 2e). SiO, (48.6-50.5%), ZrO, (11.7-12.4%),
Na,O (13.1-14.5%), CaO (7.9-9.0%) and FeO (5.1-
6.8%) are in the range of the 36 eudialyte analyses
compiled by Johnsen and Gault (1997). Chlorine (1.2—
1.5 apfu) is more abundant than F (0—0.9 apfu). The
formulae closely resemble the eudialyte end-member
Nal5C36FC3ZI'3Si(si25073)(O,OH,H20)3(CI,OH)z
(Stromeyer, 1819; Johnsen et al., 2001). Slight varia-
tions (Nb 0.1-0.3 apfu, Mn 0.5—1.6 apfu) can be related
to eudialyte—kentbrooksite solid solution (Johnsen et al.,
1998). K, lies between 31.7% and 33.6% (average
32.8%) close to the alkalinity modulus of ideal eudialyte
(34.1%). Calcium is replaced in minor amounts by the
LREE (La 0.1-0.2 apfu, Ce 0.2—0.3 apfu, Nd 0.1 apfu).
There is modest LREE enrichment (La/Ndy1.9-3.0,
mean 2.2; Table 3, Supplement 1 and Fig. 5).
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5.9. Nacareniobsite—(Ce)

Nacareniobsite—(Ce) is a rare Na-rich niobiosilicate in
the rinkite group (Slepnev, 1957), distinguishable from
the other members of the series (i.e., rinkite—johnstrupite—
rinkolite—lovchorrite) in having Nb/Ti>1.0 [ideally,
NbNa;Caz;REE(Si,05),0F;; Petersen et al., 1989]. As
with eudialyte, nacareniobsite—(Ce) was only found in the
sodalite-bearing syenites (sample K16); it displays low
total oxides (94.9-96.6%) and crystallized during the very
late magmatic stages (Figs. 2c, f, 6a). Supplement 1 gives
representative compositions of 31 minerals of the rinkite
group. Compared to the average of 10 nacareniobsite—
(Ce) analyses reported by Petersen et al. (1989), most
crystals exhibit higher percentages of ZrO, (0.2—1.8%),
CaO (20.4-22.3%) and Y,03 (1.6-2.2%) and lower
contents of Nb,Os (7.1-10.1%) and Na,O (8.3-9.3%).
The Kilombe nacareniobsite—(Ce) also contains Gd,0;

10°

Pyrochlore

Nd

Ll

Synchysite-bastnaesite

L1 113l

i1 1333l

La Ce Pr Nd

Fig. 5. Representative LREE patterns of minerals normalized to chondrites (Nakamura, 1974). The broken lines indicate average compositional
patterns. The field covered by carbonatite magmatic pyrochlores (grey) is reported for comparison (Wagner et al., 2003).
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Fig. 6. SEM-BSE images of (a) bright pyrochlores (Prc) and acicular nacareniobsite—(Ce) (Ncr) enclosed at the rim of an aegirine (Aeg) crystal
(sample K16); (b) xenotime (Xnt) crystals partially replaced by cheralite (Chr) (sample K24); (c) monazite crystal showing areas with different LREE/
Caratios (sample K20); (d) alteration of an unknown phase (presumably monazite) into acicular crystals of brabantite (Brb) close to pyrochlores (Prc)
and cheralites (Chr) (sample K4); (e) thick intergrowth of minerals of the synchysite (Syn)—parisite (Prs)—bastnaesite (Bst) series (sample K24); (f)
variolitic crystals of bastnaesite (Bst) enclosed poikilitically by analcime (Anc); feldspar (Feld) and amphibole (Amp) are also present (sample K24);
(g) altered phyllosilicate enriched in Fe and P (sample K20); (h) fracture in alkali feldspar (Feld) filled by LREE- and Mn-rich material (sample K20);
(1) fractures and irregular cleavages in pyroxene crystal filled by Pb-rich material (sample K16).

from 0.9% to 1.2%. Only one crystal shows Nb/Ti<1 and
closely resembles the rinkite formula [TiNa,Ca,REE
(Si,07),0F5; Supplement 1]. In this mineral, K, drops to
30.4%, i.e., 7.1% lower than the alkalinity modulus of the
nacareniobsite—(Ce) end-member (37.5%), but very close
to ideal rinkite K, (28.6%). Fig. 5 emphasizes the low
negative Ce-anomaly (Ce/Ce* 0.72—0.88, mean 0.82) and
weak LREE fractionation (La/Ndy 1.5-3.6, mean 2.0),
similar to those of eudialyte (Table 3; Supplement 1).

5.10. Chevkinite—(Ce)

Back-scattered imaging and qualitative EDS analyses
revealed the presence in the silica-saturated sample K23
of rare interstitial crystals of a LREE—Fe—Ca-rich

titanosilicate closely resembling chevkinite—(Ce) (Mac-
donald and Belkin, 2002). The small size and the low
stability of the minerals under the electron beam did not
allow quantitative analyses.

5.11. Pyrochlore

On the basis of the major B-site cations, Hogarth
(1977) divided pyrochlores into three subgroups: micro-
lite (Nb+Ta>2Ti, Ta>Nb), pyrochlore (Nb+Ta>2Ti,
Nb>Ta) and betafite (2Ti>Nb+Ta).

As for many igneous rocks (e.g., Hogarth, 1989;
Kovalenko et al., 1995; Lumpkin and Ewing, 1996;
Chakhmouradian and Mitchell, 1998, 2002; Uher et
al., 1998; Chakhmouradian and Sitnikova, 1999;
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Stahle et al., 2002), the Kilombe syenites contain
minerals of the pyrochlore subgroup (Nb 1.6—1.7 apfu,
Ti 0.2-0.4 apfu, Ta 0.0-0.1 apfu; Supplement 1). The B
site has low contents of Zr (ZrO4 0.2—1.7%). As no
distinctive element exceeds 0.4 apfu in the A site, all the
minerals are pyrochlore. CaO (4.7-14.7%) always
exceeds Na,O (4.6-8.6%) and the A sites contain
variable amounts of rare earths (REE,O5; 2.5-19.2%)
and lower contents of Th (ThO, 0-1.7%) and U (UO,
0.9-3.6%). FeOy, is between 0.1% and 3.7%. Although
LREE patterns show both negative and positive Ce-
anomalies the negative ones predominate (Ce/Ce* 0.70—
1.14, mean 0.77). By contrast pyrochlore from carbona-
tites are characterized by a significant positive Ce-
anomaly (Fig. 5). La/Ndy ratios are, on the average
(mean 3.8), higher than those of eudialyte and
nacareniobsite—(Ce) (Table 3; Supplement 1).

5.12. Thorite and xenotime

Table 3 reports two compositions of thorite (ThSiO,4)
and xenotime (YPO,) in the syenites. These are isostruc-
tural and can show solid solution with zircon (ZrSiO,4) and
coffinite (USiO,) (Pointer et al., 1988). In late-magmatic
crystals of thorite, small amounts of U (UO4 1.0-1.9%), Y
(Y>05 0.5-1.8%) and Zr (ZrO4 0.1-0.4%) replace Th
(ThOy4 76.1-79.5%), while the substitution of Si for P is
very low (P,05 <0.4%; Supplement 1).

There is weak (Y + MREE)+P — Th+Si substitution
in the xenotime (ThO, 2.5-3.8%; Si0, 1.0-1.5%). BSE
analysis reveals that xenotime has been partly replaced
by cheralite (Fig. 6b) through fluid interaction. Conse-
quently, the analyses show very low total oxides (81.9—
83.9%), implying the incorporation of large amounts of
volatiles (i.e., HO and CO,), F (0.9-1.4%) and CaO
(0.1-0.4%). In addition, small contents of LREE,O;
(1.9-4.1%) have replaced Y,O; (34.2-38.1%) and
MREE,O3 (11.8-13.1%) (Supplement 1).

5.13. Monazite

Minerals of the monazite group, with the general
formula ABO,, lie within the ternary system mona-
zite (LREEPO,4)—brabantite [CaTh(PO,4),]-huttonite
(ThSi04) (Bowie and Horne, 1953). There is wide
solid solution between the three, with intermediate
species such as cheralite, (LREE, Th, Fe Ca) (P,Si)O,4
(e.g., Bowie and Horne, 1953; Della Ventura et al.,
1996). BSE studies in the silica-saturated syenites
show that the monazites underwent extensive post-
magmatic alteration. At high magnifications, they
commonly display both irregular corrosion cavities as

a result of fluid interactions and patchy zones with
unchanged LREE-rich contents (Fig. 6¢). Very small
needles of brabantite replace a previous interstitial
phase but the alteration does not seem to affect the
enclosed or nearby crystals of pyrochlore and cheralite
(Fig. 6d). The monazite-group minerals are either
unaltered with total oxides ~ 100%, or altered, where
totals drop to 77.2% (Table 3; Supplement 1). Similar
by low total monazites were reported in the supergene
lanthanide mineralization of the Buru carbonatite
centre, Western Kenya (Onuonga and Bowden,
2000). According to the dominant REE (Levinson’s
rule), most of the unaltered crystals are monazite—(Ce),
whereas a few are monazite—(La) (Ce,03 27.6—-34.3%;
La,O3 15.3-32.9%). Total REE oxides vary from
66.5% to 74.0%. ThO,, SiO, and Y,O5; reach 5.7%,
2.1% and 1.6%, respectively, and CaO is <0.5%. By
contrast, the altered monazites, despite low total
oxides, typically show higher percentages of SiO,
(£7.2), ThO; (<£29.9), Y,05; (<£8.2) and CaO (0.1-
6.6), and a wider range of La/Ce ratios (0.3-3.1).
These increases are balanced by lower P,Os (23.6—
30.5%) and REE,O3 (16.1-61.4%). A secondary
crystal shows a cheralite—(La) composition. Brabantite
crystals were not analysed because of their small size
and instability.

Monazites are characterized by a variety of LREE
patterns (Fig. 5), presumably due to various magmatic
and post-magmatic (fluid) contributions. In fact, La/Ndy
(1.9-18.0, mean 4.0) and Ce/Ce* ratios (0.10—0.86,
mean 0.53) are very variable for all the analysed
monazites (Supplement 1).

5.14. Synchysite—parisite—bastnaesite series

REE—fluorcarbonates of the synchysite [REECaF
(CO3),]—parisite [CaREE,(CO3)3F,]—bastnaesite [REE
(CO5)F] series, very common in differentiated carbo-
natites and hydrothermal assemblages (e.g., Hogarth,
1989; Onuonga and Bowden, 2000; Smith et al,
2000), have also been found as syn- or post-magmatic
minerals in several types of syenites (e.g., Chakhmour-
adian and Mitchell, 1998; Forster, 2000; Isobe, 2000).
The hydrothermal origin of the REE—fluorcarbonates
found in the Kilombe syenite autoliths is indicated by
thick intergrowths and corrosion phenomena among
the members of this series. Sample K24 shows crystals
of bastnaesite within interstitial post-magmatic anal-
cime (Fig. 6f).

Table 3 and Supplement 1 give compositions of this
series in K24 and K20 syenite autoliths. Both samples
contain all the members of the series [i.e., synchysite—



Table 4

Whole-rock chemical analyses and CIPW normative compositions of the syenite autoliths of Kilombe

Group “Normal” syenites Ce-anomalous syenites

Sample K27 K25 K1 K22 K9 K23 K24 K4 K12 K7 K26 K2 K5 K3 K8 K6 K10 K21 K18 K20
Element as oxides (wt.%)

Si0, 6249  62.68  61.67 61.61 6195 6190 62.16 6242 62.57 60.67 6240 6138 63.10 6126 62.02 6242 63.04 6150 6247 6231
TiO, 0.88 0.65 083 0.66 0.67 0.56 0.58 039 049 0.53 0.91 0.68 050 0.71 0.68  0.65 059 067  0.64 0.60
Al 04 16.00 16.07 1529 15.67 1543 1522 15.34 15.19 1490 13.83 16.77 16.14 16.70 16.00 1632 1622 1648 1594 1575 15.20
Fe, 05 7.23 6.49 756  7.07 684 729 7.52 6.52  7.66 10.02 6.17 615 503  6.68 6.51 6.12 533 623 641 7.25
MnO 0.21 0.24 030 022 023 025 0.26 026 029 036 0.17 017 016 0.26 022  0.19 0.17 023 0.26 0.27
MgO 0.10 0.22 0.31 030 010 0.15 0.13 020 024 0.17 0.08 024 010 0.31 0.15  0.20 0.19 017  0.30 0.35
CaO 0.48 0.56 084 095 032 0.50 0.84 052  0.66 0.61 0.19 059 029 0.61 0.41 0.59 058 045 0.78 0.94
Na,O 6.82 6.86 672 744 729 713 7.62 728 743 747 683 643 716 637 6.68  6.79 6.84 686  6.89 6.96
K,0 5.25 5.42 5.41 510 517 528 4.89 530 512 479 534 544 523 584 5.61 5.55 574 534 556 5.08
P,05 0.03 0.03 0.02 0.06 0.02 0.04 0.05 0.03  0.03 0.03 0.05 003 005 0.04 0.03  0.03 0.03 004 0.03 0.12
TTEO 0.20 0.19 024 021 020  0.31 0.28 027 023 023 0.14 017 018 0.20 0.17  0.20 0.18 023 023 0.42
LOI 0.78 1.07 0.99  0.38 1.76  1.04 0.70 1.83 031 1.12 1.08 1.92 1.28 1.48 1.30 1.01 1.00 219  0.57 1.08

Total 100.48 100.48 100.17 99.67 99.98 99.66 10038 100.21 99.92 99.83 100.14 9934 99.78 99.75 100.11 99.97 100.16 99.85 99.89 100.58
REE,04 0.04 0.04 0.03 0.04 0.04 0.05 0.06 0.07  0.05 0.05 0.05 0.04 0.07 0.04 0.03 0.04 0.04 006 0.06 0.21
PI 1.06 1.07 1.11 1.13 1.14 1.15 1.16 1.17 1.19 1.26 1.01 1.02 1.04 1.05 1.05 1.06 1.06 1.07 1.10 1.11

qz 0.17 - 0.77 0.59 0.08 0.17 0.26 0.03
ne - - - 1.03 - - - - - - - - - - - - - - - -

ac 4.12 4.96 6.90 6.45 6.31 6.70 6.84 6.00 6.97 9.21 1.13 1.52 342 3.71 342 4.40 4.52 5.25 5.84 6.61
ns 0.14 0.83 0.98 0.95 1.20 1.50 1.62 2.02 - - - - - 0.40 0.37

Eu/Eu* 0.38 0.48 056 034 035 030 0.27 033 032 024 036 045 035 045 0.63  0.48 050 035 042 0.29
Ce/Ce* 0.83 0.99 099 093 089 093 0.92 092 085 091 024 064 032 036 0.77  0.68 0.77  0.73 0.40 0.44
La/Ndy 2.88 3.21 355 272 327 328 2.76 3.04 321 3.85 360 316  3.65 3.82 3.33 3.23 316 3.17 336 4.10

The samples are presented in order of increasing peralkalinity index (PI) in each group. Some CIPW normative minerals (qz, ne, ac and ns) are also shown. TTEO=total trace element oxides. Eu/
Eu*=Eu/(Sm+Gd)/2, Ce/Ce*=Ce/(La+Pr)/2, La/Ndy=La/Nd (values normalized to chondrites; Nakamura, 1974).
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(Ce)—parisite—(Ce)—bastnaesite—(Ce)], where Ce,O5 5.15. Other alteration features
(19.7-33.8%) always exceeds La,O3 (8.4—19.3%). Nev-
ertheless, the negative Ce-anomaly is significant in the Fluid—rock interactions are also inferred from crypto-
minerals of both samples (Ce/Ce*=0.43-0.84, crystalline or amorphous deposits in the major minerals.
mean=0.66). In these REE—fluorcarbonates, the Ce/Ce* Thus, altered phyllosilicates carry irregular corrosion
ratio decrease is accompanied by enrichment in Pr and zones enriched in Fe and P (Fig. 6g), whereas fractures
decrease in Nd (Fig. 5), consistent with the La/Ndy and cleavage in the feldspars and pyroxenes contain
increase (2.0—7.2, mean 3.8). LREE-, Mn- and Pb-rich filling materials (Figs. 6h, 1).
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Fig. 7. (a) Whole-rock REE and (b) incompatible trace element patterns normalized to chondrites (Nakamura, 1974; Thompson, 1982, respectively);
(c) FeO*—Al,0; classification diagram for SiO,-saturated peralkaline trachytes and rhyolites (Macdonald, 1974); binary diagrams reporting (d) Nb,
(e) Ce and (f) La vs. Zr of the two syenite groups of Kilombe as concerning the Ce-anomaly (syenite symbols as in c). The fields covered by Kilombe
and Londiani trachytes (Jones, 1981) are shown in (c—f).
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6. Whole-rock geochemistry: magmatic vs.
post-magmatic features

Major oxides and some whole-rock geochemical
normative parameters of the autoliths are reported in
Table 4. Electronic Supplement 1 also provides complete
CIPW norms and trace element data. In order to
emphasize the post-magmatic alteration processes, sam-
ples of Kilombe have been further divided into two
groups: (1) “normal” syenites, with Ce/Ce* ratios between
0.83 and 0.99, and (ii) Ce-anomalous syenites with
marked negative Ce-anomalies (Ce/Ce* 0.77-0.24; Table
4 and Fig. 7a). All the syenites are weakly peralkaline,
with their peralkalinity index (PI; (Na,O+K,0)/Al,05
molar ratio) ranging from 1.01 to 1.26. CIPW norms,
calculated assuming an Fe,03/(Fe,O3+FeO) ratio of 0.5,
as recommended by Middlemost (1989) for trachytic
rocks, reflect the petrographic evidence that the syenites
straddle the critical line of silica undersaturation (alkali
feldspar join in the “residuum system”; ne 0—1% to qz 0—
0.8%). Sample K24, with ~2% modal analcime, has
neither ne nor qz (Tables 1 and 4).

Major element compositions of the syenites from
Kilombe and Londiani are similar to those of trachyte
lavas from these centres (Jones, 1979a), although the latter
have slightly higher TiO,, MgO, CaO and P,Os. In
contrast, the incompatible trace elements, such as Zr, Nb
and Y, tend to have lower abundances in the syenites,
prompting Jones (1979a) to suggest that the crystallization
of the syenites did not go to completion but that a small
volume of residual liquid escaped from the crystal mush.

The cogenetic relations between the Kilombe and
Londiani trachytes, and the silica-saturated syenites of
Kilombe are shown on an FeO* vs. Al,Oj; plot (Fig. 7c).
Magmas yielding the “normal” syenites (as regards Ce
content) evolved from comenditic to pantelleritic
trachyte compositions, whilst the Ce-anomalous sye-
nites reflect only the composition of comenditic
trachytes. Both types of syenite have significant
negative Eu anomalies (Eu/Eu*=0.24-0.63; Table 4,
Fig. 7a), suggesting significant fractional crystallization
of plagioclase. Negative anomalies of Ba, Sr, Ti and P in
a chondrite-normalized incompatible element plot (Fig.
7b) also indicate an ancestry involving plagioclase, Fe—
Ti oxides and apatite fractionation. There is considerable
overlap in trace element concentrations between the two
syenite types, although LREE, Ba and Sr reach higher
abundances in the Ce-anomalous syenites, whereas the
“normal” syenites can have higher contents of Nb, Ta,
Th, Zr and Hf (Fig. 7b, Supplement 1).

Nb vs. Zr, Ce vs. Zr and La vs. Zr diagrams for both
syenite groups and Kilombe—Londiani trachytes are

presented in Fig. 7d—f. In both types of syenites and
trachytes, Zr, Nb and the most incompatible elements
(such as Th, Hf, Rb and Ta) generally show positive
correlations with each other (Fig. 7d; Supplement 1). In
the syenites, this positive correlation is also shown by
Ce (Fig. 7e) whereas the trachytes, as already empha-
sized by Jones (1979a), do not show any trend for all of
the LREE (Figs. 7e, f). However, with the exception of
Ce, LREE (here, for instance, La; Fig. 7f) in the syenites
are characterised by slightly decreasing patterns. In the
Ce-anomalous syenite autolith K20, the REE,O;
content is at least three times higher than in the other
syenites (Table 4; Fig. 7a, e, f).

It is concluded that some processes have selectively
affected the LREE concentrations in both syenite
autoliths and trachytes.

7. Discussion
7.1. Stages of crystallization

The main stages of magmatic crystallization of both
silica-undersaturated and silica-saturated samples can be
categorized as (1) early crystallization, (2) main growth,
and (3) late-interstitial crystallization (Fig. 8). Early
growth of alkali feldspars was accompanied by the
crystallization of fayalite, Fe—Ti oxides, apatite, Mg—
hedenbergite and phyllosilicates (now very altered).
Fayalite occurs exclusively in the silica-saturated
syenites and, since it is typically an early crystallising
phase and is not present within the alkali feldspars, we
infer its crystallization pre-dated the onset of alkali
feldspar nucleation.

The main growth stage involved crystallization of
alkali feldspars, Fe—Ti oxides, apatite and pyroxenes (in
the sequence Mg—hedenbergite — aegirine—augite=+
Ca—aegirine). However, there was subordinate growth
of amphibole (katophorite to arfvedsonite), annite,
aenigmatite, monazite, zircon, chevkinite—(Ce), thorite,
pyrochlore and xenotime, which became included in the
growing feldspars. Mineral reaction/overgrowth pro-
cesses that started during the main growth stage and
persisted into the late-interstitial one were responsible
for the replacement of (i) Mg—hedenbergite by sodium
pyroxenes, (ii) fayalite by amphiboles, (iii) magnetite by
aenigmatite and (iv) K by Na in the alkali feldspars (Fig.
8). Exsolution in the Ti—magnetites of the silica-
saturated syenites is inferred to have been promoted by
circulating fluids. In contrast, the absence of exsolution
in the silica-undersaturated syenites may be attributed to
their having been ejected shortly after completion of
crystallization.
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Fig. 8. Bar diagram showing the evolutionary stages of crystallization in the syenite autoliths (grey bands). Diversification of mineral occurrences in
the silica-undersaturated (black) and silica-saturated syenites (white) is also shown.

The overwhelmingly dominant crystallization of
plagioclase produced a peralkaline residual liquid
enriched in volatiles, sodium and incompatible trace
elements. Minerals whose growth continued into the
late crystallization stage include pyroxenes (from
aegirine—augite to aegirine), amphiboles, aenigmatite
and annite. Pyrochlore in the silica-undersaturated
syenites and minerals such as pyrochlore, monazite,
xenotime, chevkinite—(Ce), zircon and thorite in the
silica-saturated samples indicate that the magmas did
not become saturated in HFSE and REE until the late
growth of feldspar (Table 1; Fig. 8). Eudialyte,
nacareniobsite—(Ce) and sodalite in the silica-under-
saturated, and quartz in the silica-saturated syenites,
are inferred to have been the latest magmatic phases to
crystallize, since they do not occur as inclusions in
other minerals (Fig. 8).

7.2. Phase equilibria and origin of hydrothermal fluids

Because of the relatively high degree of alteration
of the silica-saturated syenites, geothermobarometric

programs such as QUILF (e.g., Marks and Markl,
2001) cannot be used. For the sodalite-bearing
syenites, ilmenite—magnetite equilibria (Andersen and
Lindsley, 1985) indicate fo, between —19.5 and —23.1
log units at 7=679-578 °C, slightly below the
synthetic FMQ buffer (Fig. 9). The subsequent
crystallization of aenigmatite and Na-rich pyroxenes
may indicate an increase of oxidation state in the late-
magmatic liquids and implies interaction with post-
magmatic fluids (Marks et al., 2003). Different Ca, Na
and F contents and Fe’'/Fe’" ratios in the same
amphibole crystals (Fig. 4) are also ascribed to fast
and discontinuous changes of the solid/liquid equilib-
rium and volatile fugacity during the main growth/
interstitial stages. Fluid interactions from the late-main
growth stage onwards were also responsible for the
(near-) simultaneous crystallization of Fe—Ti oxides,
arfvedsonite, aenigmatite and aegirine, whose stability
relationships are displayed in a log fo, vs. 7 diagram
(Fig. 9).

The study of fluid inclusions and REE patterns in the
monazite and parisite—bastnaesite minerals of the Bayan
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Fig. 9. (a) log fo, vs. T diagram showing the calculated 2Ce,O3+
0,=4Ce0, equilibrium curve; hematite—magnetite (HM), nickel—
nickel oxide (NNO), fayalite—magnetite—quartz (FMQ) and fayalite—
quartz—iron (FQI) buffers; (b) enlargement of the light-grey inset in (a)
shows the ilmenite—magnetite equilibrium calculation (full circles) for
the sodalite-bearing syenites, the no-oxides zone, i.e., the field of
aenigmatite stability (dark grey) and the upper limit of riebeckite—
arfvedsonite amphiboles (after Nicholls and Carmichael, 1969). The
arrows indicate the proposed intermittent fo, shifts during the cooling
history of the trachytic magmas at the upper margins of the Kilombe
magma chamber. Aeg=aegirine, [Im=ilmenite, Ang=aenigmatite,
Fa=fayalite, Q=quartz, Nds=Na-disilicate.

Obo deposit (Inner Mongolia) indicated that REE
partitioning is correlated with the molar fraction of
CO, and temperature of the hydrothermal fluids (Smith
et al., 2000). The occurrence of REE complexes in low-
temperature and H,O-rich fluids typically increases with
atomic number leading to higher MREE solubility. The
mineralization of REE—fluorcarbonates and monazite
with La/Ndy ratios <2 takes place in dominant aqueous
solutions at low temperature (minimum estimates of
150-250 °C, <10 MPa), whereas La/Ndyn>4 is inferred
at higher temperatures (230-280 °C, 8-10 MPa) and
relatively high XCO, (up to 0.84) of the mineralizing
fluids. Fig. 10 shows the Ce/Ce* vs. La/Ndy ratios in the
monazite, synchysite—bastnaesite minerals and syenites

of Kilombe. In the syenites decrease in Ce/Ce* is
accompanied by a general increase in La/Ndy from 2.7
to 4.1 (Table 4). Synchysite—bastnaesite minerals show
two distinct groups that could reflect the composition of
two types of mineralizing fluids. A low-temperature
H,O-rich fluid yielded high Ce/Ce* (0.74-0.85) and
low La/Ndy REE—fluorcarbonate compositions (2.0—
3.9), and a higher temperature CO,-rich fluid promoted
crystallization of synchysite—bastnaesite minerals with
lower Ce/Ce* (0.43—0.52) and higher La/Ndy ratios
(5.1-7.2). In Fig. 10, syenites with the lowest Ce/Ce*
are very close to the REE-fluorcarbonates group
inferred to have crystallized from CO,-rich hydrother-
mal fluids. Monazites show more scattered patterns
because they were probably affected by magmatic REE
fractionation. This would indicate that the relatively low
Ce values displayed by whole-rock compositions,
monazites and REE-fluorcarbonate minerals were
largely controlled by the amounts of CO, in the post-
magmatic fluids.

Lumpkin and Ewing (1995) recognized three types
of alteration of the pyrochlore subgroup in nepheline
syenites and carbonatites: (1) primary alteration
represented by the substitutions “Na*F—*"[] Y[
and “Ca¥O— "0 YOI (O=vacancies) promoted by a
fluid-phase at ~300-550 °C; (2) secondary alteration
(<150 °C) characterized by the same replacement
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Fig. 10. Ce/Ce* vs. La/Ndy diagram for the syenites, REE—
fluorcarbonates (synchysite—bastnaesite) and monazites. The black
arrow indicate two monazite spot analyses with La/Ndy of 14.3 and
18.0.
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reactions, plus “Ca*0— ] *[J, and extreme hydra-
tion (10-15 wt.% H,O or 2-3 molecules pfu); (3)
transitional alteration between the two (200-350 °C).
Alteration patterns of the Kilombe pyrochlores vary
between primary and transitional (Fig. 11). In Fig. 11 the
secondary alteration pattern (<150 °C) has been omitted.
The sodalite-bearing sample K16 is the only one
showing only primary alteration trends in accordance
with the inference that the sodalite-bearing autoliths
were ejected shortly after complete solidification. By
contrast, all the silica-saturated samples show lower
temperature patterns that can be related to fluids
retaining a secondary component.

One silica-saturated sample, K24, with neither qz
nor ne in the norm (Table 4), has bastnaesite enclosed
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Fig. 11. Triangular plots for pyrochlores of Kilombe syenites: (a)
divalent A-site cations, monovalent A-site cations and A-site
vacancies; (b) tetravalent A-site cations, divalent A-site cations and
A-site vacancies; (c) Oxygen (O)-5, F and X+Y anion vacancies.
Primary (bold arrows) and transitional (broken arrows) alteration
patterns from Lumpkin and Ewing (1995) are also shown.

in analcime that fills the space between alkali feldspars
(Fig. 5f). We infer that this syenite crystallized from a
qz-normative magma and lost SiO, due to the post-
magmatic crystallization of analcime. The simulta-
neous crystallization of bastnaesite and analcime
strongly supports a hydrothermal origin of the
feldspathoid.

Since pyrochlores of Kilombe underwent both
primary and transitional alteration (sensu Lumpkin and
Ewing, 1995), the temperature of the hydrothermal
fluids can be roughly constrained within the range 200—
550 °C. LREE variations in the synchysite—bastnaesite
minerals indicate that a higher temperature (>250 °C)
can be inferred for fluids with relatively high XCO,.

The model proposed here contends that fluids
enriched in CO,, F, Na, Ca, REE (mainly lanthanides),
and subordinately in H,O, Mn, Pb and P, interacted with
the silica-saturated syenites that had crystallized in the
magma chamber. Such fluids were depleted in Ce and
are very similar to differentiated carbonatitic fluids with
negative Ce-anomalies. Positive Ce-anomalies are
commonly observed in the magmatic cerian pyrochlores
of carbonatites (e.g., Hogarth et al., 1988; Hornig-
Kjarsgaard, 1998; Wagner et al., 2003), whilst negative
ones are found only in pyrochlore-free carbonatites
(Hornig-Kjarsgaard, 1998). Hornig-Kjarsgaard (1998)
indicated that the fractionation of positive Ce-anoma-
lous pyrochlores from carbonatitic magmas can generate
negative Ce-anomalous carbonatite liquids (and fluids).

Cerium is unique among the rare-earth elements in
being able to display tetravalence. The positive anomaly
in the cerian pyrochlores has been attributed to
substitution of Ce*" for REE*" in the pyrochlore
structure (Eby, 1975). We agree with this inference
and believe that the incorporation of Ce*" occurs in
place of Nb>* and Ti*" in the B site of pyrochlore.
Indeed, the ionic potential (i.e., z/7) and ionic ratio (7) of
tetravalent Ce (z/r=3.96 A", r=1.01 A) are closer to
Nb>* (z/r=7.14 A™', ¥=0.70 A) and Ti*" (z/r=5.88
A™', 7=0.68 A) than Ca®" (z/r=2.02 A™', r=0.99 A)
and the main A site cations of pyrochlore (i.e., Na" and
REE*"). This supposes that trivalent lanthanides, such
asLa (z/r=2.61 A™', r=1.15 A) and Ce (z/r=2.70 A",
r=1.11 A) enter the A site in place of Ca, while Ce*" can
be better incorporated in the pyrochlore B site
dominated by Nb and Ti.

The calculated CeO,—Ce,0O5 buffer curve indicates
low oxygen fugacity (Fig. 9) well below the initial fo,
of carbonatite magma, inferred to be as low as NNO
(Bell, 1989, and reference therein). This is consistent
with high Ce*"/Ce®" ratios in carbonatite magmas. An
external source such as carbonatite fluids depleted in
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Ce, because of the incorporation of tetravalent Ce into
previously fractionated magmatic pyrochlores, could
be the reason for the origin of the Ce-anomalous
syenite autoliths.

8. Final remarks

The absence of post-magmatic alteration and mag-
netite exsolution in the sodalite-bearing samples indi-
cates that they are the youngest syenites, ejected shortly
after complete solidification. The presence of eudialyte
and nacareniobsite—(Ce) along with ilmenite and
magnetite allows them to be classified as transitional
agpaitic syenites (sensu Serensen, 1997).

The silica-saturated syenites are inferred to be older
than the undersaturated varieties, having undergone
longer interaction with syn-/post-magmatic fluids. Two
main types of metasomatic fluids have been recog-
nized: (i) aqueous fluids leading to the formation of
clay minerals+analcime, and synchysite—bastnaesite
minerals with low La/Ndy, and (ii) CO,-rich fluids that
produced REE-—fluorcarbonates with higher La/Ndy
ratios, which were responsible for the alteration of
primary and formation of secondary monazite group
minerals. There is mounting evidence that trachytic
magmatism in the Kenya Rift Valley was associated
with carbonatitic magma (e.g., Scott, 1982; Macdonald
et al., 1993; Hawkesworth et al., 2000). We argue that
fractionation of positive Ce-anomalous pyrochlores
from carbonatitic magmas generated Ce-depleted
derivatives at Kilombe. It is inferred that a carbonatitic
source at depth below(?) the trachytic chamber,
released at intervals fluids that percolated into the
overlying subvolcanic system. An alternative hypoth-
esis is that carbonatite plutonic bodies constituting the
trachytic magma chamber walls, or located near the
replenishing conduit of such a subvolcanic system,
were melted by the silicate magma and were able to
move upwards through the chamber. Because of their
low density and viscosity and high immiscibility with
the silicate melts (e.g., Kjarsgaard et al., 1995; Petibon
et al.,, 1998; Harmer, 1999; Srivastava et al., 2005),
these postulated carbonatitic fluids/liquids were able to
reach the chamber roof and walls where they interacted
with the crystallizing peralkaline trachytic melts in the
compositional boundary layer.

Accessory phases of the studied syenites, including
eudialyte, nacareniobsite—(Ce), chevkinite—(Ce), pyro-
chlore, monazite, synchysite—bastnaesite solid solu-
tions and thorite, are all recorded here for the first time
from Kilombe and possibly from many of the
Quaternary trachytic volcanoes of the Kenya rift. We

believe also that this is the first report of eudialyte,
nacareniobsite—(Ce) and thorite in Kenya.
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