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Abstract Carbonatites host some of the largest and highest
grade rare earth element (REE) deposits but the composition
and source of their REE-mineralising fluids remains enig-
matic. Using C, O and ¥’Sr/%Sr isotope data together with
major and trace element compositions for the REE-rich Kan-
gankunde carbonatite (Malawi), we show that the commonly
observed, dark brown, Fe-rich carbonatite that hosts REE
minerals in many carbonatites is decoupled from the REE
mineral assemblage. REE-rich ferroan dolomite carbon-
atites, containing 8—15 wt% REE,O;, comprise assemblages
of monazite-(Ce), strontianite and baryte forming hexagonal
pseudomorphs after probable burbankite. The ¥’St/*Sr val-
ues (0.70302-0.70307) affirm a carbonatitic origin for these
pseudomorph-forming fluids. Carbon and oxygen isotope
ratios of strontianite, representing the REE mineral assem-
blage, indicate equilibrium between these assemblages and
a carbonatite-derived, deuteric fluid between 250 and 400 °C
(880 + 3 to + 5%oyspow and 8'°C — 3.5 to — 3.2%oyppp)-
In contrast, dolomite in the same samples has similar 813C
values but much higher 8'30, corresponding to increasing
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degrees of exchange with low-temperature fluids (< 125 °C),
causing exsolution of Fe oxides resulting in the dark colour
of these rocks. REE-rich quartz rocks, which occur outside
of the intrusion, have similar 8'%0 and ®’Sr/%°Sr to those of
the main complex, indicating both are carbonatite-derived
and, locally, REE mineralisation can extend up to 1.5 km
away from the intrusion. Early, REE-poor apatite-bearing
dolomite carbonatite (beforsite: '%0 + 7.7 to + 10.3%0 and
8'3C —5.2 to —6.0%0; ¥'Sr/%°Sr 0.70296-0.70298) is not
directly linked with the REE mineralisation.

Keywords Carbonatites - Rare earth elements - C and O
isotopes - St isotopes - Chilwa Alkaline Province - Critical
metals

Introduction

Carbonatites are characteristically enriched in the rare earth
elements (REE) and are host to many of the largest REE
deposits (Wall 2014; Verplanck et al. 2016). The processes
behind the formation of these deposits are increasingly
of interest due to the recognition of the REE as a ‘critical
metal’ in terms of its supply security (e.g., Chakhmouradian
and Wall 2012; European Commission 2014; Chakhmoura-
dian et al. 2015). Only certain carbonatites, however, are
REE-rich [e.g., Mountain Pass and Bear Lodge, USA (Cas-
tor 2008; Moore et al. 2015; Verplanck et al. 2016); Kan-
gankunde, Tundulu and Songwe, Malawi (Ngwenya 1994;
Wall and Mariano 1996; Broom-Fendley et al. 2016a, 2017a,
b); Wigu Hill, Tanzania (Mariano 1989); Khibiny, Rus-
sia (Zaitsev et al. 1998, 2002, 2015); Barra do Itapirapua,
Brazil (Andrade et al. 1999; Ruberti et al. 2008); and the
Mianning-Dechang and Qinling belts in China (Kynicky
et al. 2012)]. It is almost always during the last stages of
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carbonatite emplacement that REE concentrations become
high enough to form significant, sometimes rock-forming,
quantities of rare earth minerals (e.g., Wall and Zaitsev
2004; Chakhmouradian and Zaitsev 2012). Initial REE
mineralisation takes place near the magmatic—hydrothermal
interface. Subsequent redistribution and re-working can be
associated with silicification, fluorite crystallisation, vug-
infilling and other late-stage processes (Wall and Mariano
1996; Doroshkevich et al. 2009).

The earliest REE mineral thought to crystallise in most
REE-rich carbonatites is the Na—Ca—REE-Ba-Sr carbon-
ate, burbankite (Wall and Zaitsev 2004). This mineral forms
characteristic hexagonal crystals, either co-genetic with cal-
cite in calcite carbonatites (e.g., Bear Lodge and Shaxiong-
dong; Xu et al. 2008; Moore et al. 2015) or in later REE-rich
pegmatites (e.g., Khibiny; Zaitsev et al. 1998). The primary
nature of burbankite is supported by its stable (O and C) iso-
tope composition, which is within the range of values for pri-
mary magmatic carbonatites (Zaitsev et al. 2002). However,
burbankite is not commonly preserved and, in REE-rich
carbonatites, the REE are typically hosted in REE—(fluor)
carbonates or monazite, commonly in an assemblage with
strontianite and baryte. Partial replacement of burbankite by
this mineral assemblage has been recognised at a number
of localities where the hexagonal pseudo-structure of bur-
bankite is retained (Zaitsev et al. 1998; Moore et al. 2015).
REE-bearing hexagonal pseudomorphs at other REE-rich
carbonatites are thus thought to have formed through the
same process of burbankite replacement (e.g. Kangankunde,
Malawi; Wigu Hill, Tanzania; Gem Park, Colorado; Adi-
ounedj, Mali; Wall and Mariano 1996). Subsequent REE
mineralisation is likely to be the result of hydrothermal flu-
ids transporting and redistributing the REE. A significant
content of carbonate in these fluids is inferred and they are
therefore termed (carbo)-hydrothermal (following Zaitsev
et al. 1998). Mineralisation in these examples commonly
forms in vugs and/or along veins (e.g., Doroshkevich et al.
2009).

Despite the importance of the transition from burbankite
to other REE minerals, little is known about the temperature
of this mineral replacement, the source of the fluid or how
it evolves during REE redistribution. Stable isotopes (C and
O) provide a useful tool to assess the above questions. Many
of the effects of the principal petrological processes in car-
bonatites are reasonably well understood (e.g., Deines 1989;
Demény et al. 2004). Based on a stable (C and O) isotope
study of burbankite replacement at Khibiny (syn. Khibina)
and Vuoriyarvi, Zaitsev et al. (2002) suggested burbankite
replacement occurred through open-system, post-magmatic
isotopic exchange with a low-temperature, water-rich, fluid.
REE redistribution occurs in rocks where associated car-
bonates exhibit a trend toward '30- and *C-enrichment
(e.g., Andrade et al. 1999; Downes et al. 2014; Trofanenko
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et al. 2016). In a single bastnésite-(Ce) analysis from Belaya
Zima, this enrichment has also been shown in REE minerali-
sation (Doroshkevich et al. 2016). Depending on the degree
of enrichment of 30 and '3C, this increase has been attrib-
uted to Rayleigh fractionation [where 8'0 and 8'3C have a
correlation coefficient of approximately 0.4 (Deines 1970,
1989; Ray and Ramesh 2000)] or through alteration from
successive generations of hydrothermal fluid (Santos and
Clayton 1995; Ray and Ramesh 1999). In some carbonatites,
more abnormal trends have been noted: for example, at the
Songwe Hill, Arshan, Fen and Igaliko carbonatites, decreas-
ing 8'30 values have been ascribed to either mixing with hot
meteoric water, rapid CO, degassing or crystallisation from
alow-8'%0 magma (Andersen 1984; Pearce and Leng 1996;
Pearce et al. 1997; Doroshkevich et al. 2008; Broom-Fendley
et al. 2016b; Doroshkevich et al. 2016).

In this contribution, we present major and trace element
data and the results of a multi-isotope study (C, O, 87Sr/%Sr)
on the REE-rich Kangankunde carbonatite, Malawi. We aim
to understand the relationship between the host carbonatite
and the REE mineralisation with respect to the role of deu-
teric (magma-derived) and meteoric water as well as country
rock components. For this, we have analysed strontianite,
which occurs as part of the REE pseudomorph assemblage,
as a proxy for the process of REE mineralisation as well
as more conventional analyses of dolomite and calcite. O
isotopes are also presented from quartz mineralisation to
elucidate the importance of this late phase of more enigmatic
REE mineralisation.

Geological background

The Kangankunde carbonatite is one of the largest in the
Chilwa Alkaline Province (CAP) of Southern Malawi: a
200-300 km area comprising Late Jurassic—Early Creta-
ceous alkaline rocks and carbonatites (Garson 1965; Wool-
ley 1991, 2001). The carbonatite forms a low hill, some
200 m above the surrounding plain, with lower slopes
composed of fenitised and, locally, brecciated rocks while
the upper slopes are predominantly carbonatite. The earli-
est intrusion stage at Kangankunde is a small body of apa-
tite—dolomite carbonatite, termed beforsite by Garson and
Campbell Smith (1965). This terminology is retained in this
manuscript in order to clearly differentiate beforsite from the
majority the intrusion, which is formed of arcuate lobes of
late-stage, REE-rich, ferroan-dolomite carbonatites, some of
which are also Mn-rich (Garson and Campbell Smith 1965;
Fig. 1). Clear evidence for the order of intrusion is indicated
by local metasomatism of beforsite by REE-bearing fluids
and the formation of incipient REE mineralisation in these
samples. This consists of increased REE contents in later
zones in apatite, and the formation of monazite at corroded
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Fig. 1 Geological map of Kangankunde showing the approxi-
mate sample locations. Samples 1-32 prefixed with BM1993 (P4);
33-133 prefixed with BM1962 (73); 134-306 with SoS-; and 307
with BM1968 (P37). The term ‘agglomerate’ is location-specific
and denotes a breccia comprising fragments of country rock and car-
bonatite in a matrix of carbonatite (see Garson and Campbell Smith
1958). Inset map indicates the position of Kangankunde in southern
Malawi. Maps redrawn after Garson and Campbell Smith (1965) and
Broom-Fendley et al. (2016a)

apatite crystal margins (Wall and Mariano 1996). The last
stage to occur is composed of quartz-rich rocks which pre-
dominantly, although not exclusively, occur within the fenite
aureole outside of the main intrusion (Fig. 1). This aureole
extends up to approximately 2 km from the intrusion and is
formed of proximal potassic and distal sodic fenitized Pre-
cambrian gneiss (Woolley 1969).

Much of the carbonatite at Kangankunde contains
5-10 wt% REE, which has stimulated historic mineral explo-
ration (e.g. Holt 1965; Dallas et al. 1987) and the usage of

Kangankunde samples for a REE remote-sensing feasibility
study (Neave et al. 2016). The most abundant REE mineral
is distinctive sector-zoned green monazite-(Ce), which has
been well studied with respect to its crystal structure and
REE uptake (e.g. Ni et al. 1995; Cressey et al. 1999). Bast-
nisite-(Ce) and goyazite—florencite-(Ce) are also important
REE minerals at Kangankunde (Wall and Mariano 1996).
Rare earth minerals invariably occur in an assemblage
with baryte, strontianite and, locally, ferroan dolomite and
quartz. These minerals occur as spectacular hexagonal pseu-
domorphs (Fig. 2), but also in veinlets and drusy cavities
(Wall and Mariano 1996).

A range of rare earth minerals also occur within the late-
stage quartz-rich rocks, including florencite—goyazite and
apatite. The latter mineral displays evidence for multiple
stages of dissolution—reprecipitation related to late alteration
(Wall and Mariano 1996; Broom-Fendley et al. 2016a). The
most common REE mineral, however, is monazite occurring
in a similar assemblage to that found in the main carbonatite,
but without associated strontianite. Wall and Mariano (1996)
associate the REE mineralisation in the quartz rocks with the
mineralisation in the main carbonatite on the basis of their
identical major element composition and REE distribution.

Few isotopic analyses have been carried out on Kan-
gankunde material. 8Sr/%6Sr ratios in strontianite and mon-
azite were measured by Hamilton and Deans (1963) and
whole-rock 8’Sr/%Sr and '“*Nd/***Nd ratios were determined
in one specimen by Nelson et al. (1988) and Verplanck et al.
(2016), and in three specimens by Ziegler (1992). Snel-
ling (1965) dated the intrusion as 123 + 6 Ma using K—-Ar
in phlogopite. Wall et al. (1994) calculated a whole-rock
Sm-Nd isochron age of 136 + 11 Ma, and provided an early
synopsis of the C and O isotope data presented herein.

Approach and analytical procedures

The specimens used in this study are those of Garson
and Campbell Smith (1965) from the collection hosted
at the Natural History Museum, London [BM,1962.73
(50-133)], supplemented by samples collected by the
authors [BM,1993.P4 (1-32); SoS168-170] and Alan
Woolley [BM,1968.P37 (307)]. Descriptions of the
samples are outlined in the supplementary information,
summarised in Table 1, and their locations are plotted
on Fig. 1. Many of the specimens have been previously
described by Garson and Campbell Smith (1965), Wool-
ley (1969) and Wall and Mariano (1996). These samples
were re-investigated for this study in order to locate fluid
inclusions for microthermometry. Unfortunately, inclu-
sions which are clearly petrographically linked to REE
mineralisation do not occur at Kangankunde. Some brief
notes on the nature of the inclusions are presented in the
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Ferroan-
dolomite

Strontiariite, baryte &
mopaZite pseudomorphs

Fig. 2 Radiating monazite-baryte—strontianite pseudomorphs in
dolomite carbonatite. a Sample BM 1962, 73 (107), after Wall and
Mariano (1996). b Cold-cathodoluminescence image of sample: BM,
1962, 73 (100), courtesy of Tony Mariano

supplementary information. Rocks are considered REE-
rich when REE,O; concentrations are above 2% and REE-
poor when below this value (similar to Jones et al. 2013).
Samples were selected to represent the range of different
varieties of REE-rich carbonatites and contrasting barren
rocks at Kangankunde. They are divided into:

@ Springer

1. Beforsites (apatite—dolomite carbonatites) which are
characteristic of early carbonatites and contain lozenge-
shaped apatite, phlogopite, REE-bearing perovskite,
baddeleyite and olivine

2. REE-poor carbonatites, which comprise:

(a) Light-coloured ankerite/ferroan dolomite carbon-
atite with little REE mineralisation

(b) Late, Mn-rich, REE-poor carbonatite

(c) Late calcite veins

3. REE-rich carbonatites, including dark Fe- and Mn-rich
carbonatite with monazite—strontianite—baryte pseudo-
morphs (e.g. Figure 2)

4. Monazite-rich quartz rocks from within the main intru-
sion

5. Quartz rocks from outside of the main intrusion

6. Fenites and country rock gneiss.

Major and trace elements

The samples chosen for whole-rock analysis include apatite-
bearing dolomite carbonatite; REE-poor dolomite carbon-
atites; REE-rich specimens; and coupled REE veins with
their host carbonatites. The scarcity of material available
precluded analysing some specimens, such as the REE-rich
quartz rocks.

Samples were split from the main specimen, keeping the
sample size as large as possible, crushed in a jaw crusher
and ground using a TEMA mill to < 180 pm. Major and
trace elements were determined by ICP-OES (ARL 3410),
pyrohydrolysis and CHN analysis at the Natural History
Museum, London. For major element determinations,
100 mg samples were fused with 500 mg LiBO, in Pt—Au
crucibles and the resulting glass beads dissolved in dilute
HNO;. Some dark residues were dissolved by the addition of
5 ml HCl, before making to 250 ml with water. For the trace
elements, including the REE, 1 g samples were treated with
10 ml 50% nitric acid and evaporated to dryness followed
by digestion with 30 ml HF plus 5 ml HCIO, until fuming,
and then re-dissolved in 25 ml 20% HNO;. A few drops of
conc. H,0, were added to dissolve manganese oxides before
diluting to 250 ml with water. During dissolution, a precipi-
tate formed in some samples, identified as barium sulphate
by XRD. This would cause underestimation of Ba concen-
tration, but because Sr and REE are minor components in
barium sulphate, these are unlikely to be affected. No rela-
tion between total concentration and BaO content is present,
but high SrO samples correspond to lower totals. This is
likely due to the Sr value being in excess of the Sr stand-
ard defining the calibration range. Sulphur was determined,
along with fluorine, by pyrohydrolysis-ion chromatography.



Page 50f 18 96

Contrib Mineral Petrol (2017) 172:96

)
(LF) ¥LOEOL'O 6¢'1¢ €LL— RUSILe] mo
(9 F) 8S0€0L°0 00°¢ 8¥'¢ — duenuong &
(S F) $€0€0L°0 06'T1 86°¢ — quu QILINUY &l
(S F) 0€0€0L°0 88°L 89°¢ — qrua QILINUY Qmeuoqres PoL-gHy (6)rd'€661
08°¢C 960 — nworoq
Sy'ec YO'l — gpu QILINUY
§eee (40N gpw QILINUY
8¥'1¢C oIl — gpw QILINUY
6€°€T 6°0 — 19 Juoyuy  sydiowopnasd Jnoyim Aneuoqred You-gay
§9°0¢ VLT — RISILe
L6'LT €0C — RuSILe
(9 F) 8TOEOL'0 LEY gee— uenuong
L9°€C 860 — gpw QILIYUY
(L) LTOEOL'O IL€C 660 — gpw QILIYUY
wic oI'l — gpw QILIYUY
ev'ee 860 — A9 QILIYUY
(L) 686T0L0 (9D)-onzeuo sydiowopnasd gim neuoqIed You-gHy (Lrd'c661
(9 ) 8¥0€0L°0 89'¢ [44 % Quenuong
8¢°¢l 1s¢— q Qnworoq
L9'8 LOC— qrue QLINUY (8D)-91zeuow
(S ¥) €€0€0L°0 LL'8 L0C — quu ALINUY ur 100d uoniod ‘9INeU0qIEd YOL-HHY
9 ¥y e — Juenuons
or'y Sv'e — Qnuenuong (8D)-9y1zeuow
69°L 96'I — quu ALNUY ur gorr uoniod ‘a)euoqred YL-FHY (Drd'c661
SAIDUOGADD YILI-TTY
56 0TS — Iopmod yng QImeu0qIed Iolop SuLreaq-Anedy 0LTSoS
§col 86— Topmod g aIeuoqIEd Arwofop Sutreaq-anedy 691 SOS
9201 9¢°¢ — Topmod yng aIeuoqIEd Arwolop Sutreaq-anedy 891" SoS
998 8¢ — Qnworod ayeuoqred awopop Sutreeq-ainedy  (6S)€LTI6T
(9 ¥) 956T0L°0 onpIsal s[qnjosuf
(9 F) ¥L6TOL0 0C'8 'S — fnuood aieuoqred arwopop Sutreeq-ainedy  (8S)€LTI6T
(9 ¥F) €L6TOL0 onpIsal s[qnjosuf
6L’L €09 — fnuooq
(9 %) LL6TOLO 0L'L 09— fnuooq ayeuoqres arwopop Sutreaq-aiedy  (0S)ELTI6T
(s211840[2q) $2111DU0GIDD 211U10]0P—231Dd Y
(MOWSA)
S0g/1S °% Og|9Q (dAdA) °% D¢,Q Ino[ooH [eIUIN A0y Iequnu NH

sordures opunyueSuey WOoIJ SINSaI WNHUOLS pue UIFAX0 ‘uoqred pue suondriosap Yooy [ el



Contrib Mineral Petrol (2017) 172:96

96 Page 6 of 18

(9 F) 910€0L°0 89'CC 099 — ) ouerd jurol Suore urop
681 IS¢ — qput O[O UBOII] AIMRUOQIRd ISOH (8 D)d €661
o1y e - aNuenuong
w99 91'C — M QLI UY (9D)-2nzeUOW SMNI] PIM ANNRUOGIR) (©)rd 661
SULDA pUD SAYDPUOGIDI 400d-FTY
cel z)1enQ)
(L ¥) 620€0L°0 (3D)-onzeUOIN
66 0Ty — Aqore)
6Ly 9T€ - auenuong
98y we - aNuenuong
LO6 0SC— q quNUY
L9 19°C— M ALRUY sydrow
89 ¥9'C— M LN UY -opnosd FHY WM Deu0qIed YL-gay  (001)ELTI6T
(9 F) 6T0E0L0 Se'IT (424 q oo
0S'SIT €0'¢c — qI 9)IWIO[OP UBOLID]
SYol eC— q AUy
(9 F) L90€0L'0 S9v1 LET - qrut LUy ameuoqred You-gay  (L8)ELTI61
(422 Iee — JJuenuonS
orvl €9'C — q LI UY 9)eUOQIED PAINO[OI-IYSI ‘YoLI-gHY
2691 L0C— AUy
891 80C — JLIYUY JSOY PaINOJ0d I
€961 88'C— q ALRNUY UIOA STBp [[PWS  (LL)EL'TI6]
059 (4% oNuwiojoq  AMeuoqIed Awoop Sutreaq-aynede U ULA  (6S)ELTI6T
(L F) 950€0L°0 (3D)-anzeUON
608 81 — M ALIDUY
oL’L 181 — M AWOO(] UROLID] UIOA JJIWO[OP-UBOLIJ-(9)))-ZBUOIA
(L ¥) ¥€0€0L'0 omedy
SL'LT LSE— a tuojoq
(a4t 6LC— qpuu AuUY
SETl T — qruu ALRNUY AmeuoqIed IS0 (61)¥d €661
VIN ameuoqred YU-AY (S €661
£6°el ¥Sy — AR)
L9 8¢°¢ — Juenuong
crel €ly — AR)
LY'Tt 60y — AB[ED ameuoqred YU-gIY  (F1¥d €661
(MOINSA)
ISg/1S g °% Og;9 (dddA) °% D¢,8 ooy [eIoUTA Yoy  Iequinu NG

(ponunuod) [ Aqel,

pringer

Qs



Page 70f 18 96

Contrib Mineral Petrol (2017) 172:96

zyrenb
0’6 zueng R SHSEN (@Ord'e661
§S19US Y204 £4JUNOD PUD SIITUI]
(L F) 8Tve0L'0 31B1UIOU0D SILION]]
(L ¥) €2re0L0 JO0I-9[0Y A\
3’8 71end o01 ALIonf-z)reng) (EEDELTI6T
(9 F) SH0E0L'0 djenuaouod nedy
LLT zyrenQ)
I'LT zyrenQ)
691 z11enQy 3001 dprxo-o.f—emede—zirend) (T€DELTI61
(9 F) €Tre0L'0 O0I-3[0Y M
(47! zyrenQ)
611 z)1enQ)
61 z)renQ)
8Vl z11enQy OO0 SPIX0-3 “OUSIOY ‘Z1Ten() (8T1ELTI61
0Ll z11enQy 001 Z)rENb—0)IZRUOIN (921)EL TI61
(L F) 8%0€0L°0 (9D)-a¥zeUON
Syl z)1enQ)
Syl z)1enQ)
6'¢l z)renQ) 001 Z)1enb—a)1ZeuoIN FT1)ELT6T
UOISNAIUL UIDW 21] O IPISING WIOLL $Y004 23101
(L ) 0T0€0L'0 (3D)-oNzeUON
L'ST z)1enQ)
€¢I 7irend) oo zyrenb 9)Areq ‘9youdIoy ‘(9D)-NZeUOIN  (LTT1)ELTI6T
(L F) 620€0L°0 (3D)-oNzeUON
6CI z11enQ)
gl z)1enQ)
9¢I z)1enQ)
61 zirend)  Yoo1 zyrenb ‘91A1eq ‘oyoualoy ‘(9D)-anzeuolN  (F11)€L7961
UOISTAIUI UIDUL DY UIYIIN WLOLL $YD04 214DND YO1I-2112DUO P
qneuoq
L6 z)renQ) -Ied snoxdjrueduew ul yool amnede-z1end)  (96)€L7961
(L ¥) 190€0L°0 NO0I-3[0y A
el vl — qpu AL UY aineuoqIed Jood-gay ‘snorjueSueN  (60)rd €661
V/N 9IIBUOQIED POUIRIS-WNIPAW e (8T €661
(MOINSA)
Sg/1S 5 °% Ogi® (dddA) °% D¢,8 No10H [eIUIN Yooy Iequunu NG

(ponunuod) [ Aqel,

pringer

a's



96 Page 8 of 18

Contrib Mineral Petrol (2017) 172:96

Table 1 (continued)

&

87S1/36Sr,

3180 %o
(VSMOW)

813C %o (VPDB)

Colour

Mineral

Rock

BM number

Springer

8.3

Quartz

Quartz fenite

1968,P37(307) a

0.704644 (£ 7)*

Whole-rock

0.703280 (= 7)*

‘Whole-rock

Fenite vein

1968,P37(307) b

Colour data: blk, black; Ib, light brown; mlb, mottled light brown; mdb, mottled dark brown; w, white. Full rock descriptions in the supplementary information

21968,P37(307)a: initial value, calculated from Rb 8.97 ppm, Sr 133.30 ppm; 37St/3%Sr 0.705020 (+ 7). 1968,P37(307)b: initial value, calculated from Rb 68.39 ppm, Sr 426.87 ppm; 37Sr/3°Sr

0.704176 (= 7)

Carbon dioxide and water were determined by combustion
analysis using a CHN analyser.

Carbon and oxygen isotopes

Carbon and oxygen isotope ratios were determined in a vari-
ety of mineral separates and concentrates. Concentrates were
used when insoluble contaminant phases, such as monazite,
baryte and quartz, were abundant. In addition, a bulk powder
was prepared from three beforsite samples (SoS 168—170)
using a handheld drill.

Ankerite/ferroan dolomite was concentrated by magnetic
separation. Most of the carbonatites contained ankerite/fer-
roan dolomite of two or three different magnetic suscepti-
bilities reflecting different Fe contents. The colour of the
concentrates was noted during preparation. Strontianite
and calcite were concentrated in the non-magnetic residue
and separated using methyl iodide (3.31 g cm™). Quartz
separates were made by a combination of magnetic sepa-
ration and acid dissolution. Baryte and quartz were sepa-
rated by heavy liquid (bromoform, 2.82 g cm~3). Composite
grains and goyazite—florencite contamination was removed
by hand-picking, and each sample was checked using
SEM-EDS to assess purity.

Most C and O data were acquired at the NERC Isotope
Geosciences Laboratory (NIGL). CO, was extracted offline
in vacuo from approximately 10 mg of carbonate by reac-
tion with phosphoric acid at 25.2 °C, essentially following
the method of McCrea (1950). The liberated CO, was cryo-
genically purified and collected for analysis on a 90 cm sec-
tor, triple collector, dual-inlet, mass spectrometer. The data
were corrected for instrumental and isobaric effects using
the methods of Craig (1957) and the results expressed as
8'3C and 8'*0%. relative to VPDB and VSMOW, respec-
tively. Overall analytical reproducibility for 8'30 and §'*C
was + 0.1%0 (10). In addition, three samples (SoS 168-170)
were analysed at the Environment and Sustainability Insti-
tute, University of Exeter, using a Sercon 20-22 gas-source
mass spectrometer in multiflow configuration. Samples
(~ 0.5 mg) were reacted with approximately 100 pl of anhy-
drous phosphoric acid at 70 °C. Analysis followed routines
described by Spotl and Vennemann (2003). Overall analyti-
cal reproducibility for §'*0 and 8'3C was + 0.03 and 0.19%o
(1o), respectively.

Quartz samples were analysed at NIGL employing the
oxygen liberation technique of Clayton and Mayeda (1963),
but utilising CIF; as a reagent instead of BrFs (Borth-
wick and Harmon 1982). Extractions were performed at
526 + 5 °C. The oxygen yields were converted into CO, by
reaction with a platinised graphite rod heated to 675 °C by
an induction furnace. CO, yields were measured on a capaci-
tance manometer and CO, isotopic ratios were measured on
a CJS Sciences Ltd. Phoenix 390 mass spectrometer (re-built
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VG 903 automated triple collector machine). The 8'*Ogy;ow
results were normalised through the NIGL laboratory quartz
standard (LQS: Lochaline Glass Sand) and quoted relative
to the international standard quartz NBS 28 (African Glass
Sand). Determinations of the LQS standard gave a 1o repro-
ducibility of 0.16%o, ten replicate analyses of a range of
control samples exhibited an average difference of 0.13%o.

87Sr/36Sr isotopes

Strontium isotope analyses were performed at NIGL. Min-
eral separates, of approximately 150-400 mg, were used for
most samples. Whole-rock samples and mineral concentrates
were used for samples outside of the main intrusion because
these specimens only contain one significant Sr mineral
which dominates the isotopic signature. Dissolution tech-
niques varied according to the sample material, H,SO, was
used to dissolve monazite, HCI for apatite and florencite, HF
for the fenites and HF followed by HNO; for quartz—fluorite
rocks. After dissolution, the samples were evaporated and
converted into chloride by the addition of HCI. Rb and Sr
were separated using conventional ion-exchange columns
and ratios were determined using TIMS. The %¢Sr/%Sr
normalisation factor used for Sr was 0.1194 (Nier 1938;
Steiger and Jager 1977). Over the period of data acquisi-
tion, 89 analyses of NIST SRM 987 gave an average value
of 0.710194, with 2 standard errors of the mean of 0.000004
and 2 standard deviations of 0.000037. Owing to low Rb
concentrations, relative to Sr, in the carbonatites, radiogenic
ingrowth is negligible and, thus, 8’Sr/%®Sr is representative
of initial values. Only samples from fenite contain sufficient
Rb such that the 3’St/*°Sr needs to be corrected.

Results
Major and trace elements

Major and trace element data are presented in Supplemen-
tary Table 2 which includes a single analysis from Verplanck
et al. (2016). Using the revised carbonatite classification dia-
gram of Gittins and Harmer (1997), most samples plot in the
magnesiocarbonatite field, close to the line defining the trend
from dolomite to ankerite (Fig. 3). Some samples are more
magnesium rich, due to higher modal abundances of phlo-
gopite, while slightly Ca-rich samples have higher apatite
concentrations. Two samples plot in the calciocarbonatite
field but these are dolomite carbonatites which contain sec-
ondary calcite. There is no apparent relationship between
the degree of Fe enrichment and the REE,O; content. The
highest ratios of Fe + Mn to Mn + Ca occur in the beforsites
and REE-poor rocks (Fig. 4a).

Ca0 @ ‘Beforsites’
B REE-rich carbonatites
& REE-poor carbonatites

Calcio- 10

carbonatite
20

Calcite
30 70 Apatite
40 u Ferruginous \60
. @' | Calciocarbonatite
Dolomite ' Ankerite
-~ 50 *‘ » 50 e
) me
Phlogopite 60 40
o Mn/Fe oxides
70 30 Siderite
80 Magnesiocarbonatite Ferrocarbonatite 20
90 10
MgO 10 20 30 40 5 60 70 8  FeO+MnO

Fig. 3 Kangankunde carbonatites plotted using molar proportions
utilising the method and carbonatite nomenclature of Gittins and
Harmer (1997). Arrows denote the principal mineralogical controls
on the whole-rock composition. Starred data-point from Verplanck
et al. (2016)

The REE contents of the carbonatites range from
0.25 wt% REE,Oj; in beforsite up to 8—15 wt% in the REE-
rich carbonatites. There is a clear division between the
REE-rich samples and the other rocks, including rocks very
closely related to REE-rich carbonatites [e.g. BM 1993, P4
(5)]. This is especially illustrated by the difference between
the REE contents of the mineralised veins and the less-min-
eralised host carbonatites. Two of the beforsites [BM 1962,
72 (50) and (58)] have the lowest REE concentration but
a third [BM 1962, 72 (59)] is slightly more REE-enriched
owing to incipient REE mineralisation (Wall and Mariano
1996). Higher REE,O; contents correspond to elevated Sr
and Ba concentrations (Fig. 4b, c). This reflects the asso-
ciation between monazite, strontianite and baryte in the
REE mineral assemblage. Niobium also is associated with
increasing REE contents and, in the REE-rich rocks, Nb
is hosted in accessory amounts of Sr-bearing pyrochlore
(Fig. 4d). This is somewhat unusual because pyrochlore,
the principal host for Nb in carbonatites, generally occurs
in calcite carbonatites (Chakhmouradian 2006). There is
little relationship between the REE and F at Kangankunde
(Fig. 4e). This reflects the low abundance of REE—fluorcar-
bonates relative to monazite-(Ce). Higher F contents occur
in the phlogopite- and apatite-rich beforsite samples.

All of the Kangankunde rocks are highly enriched in the
light (L)REE (Fig. 5). Beforsite samples have the flattest
REE patterns, except for the sample with incipient REE min-
eralisation which has slightly elevated LREE contents [BM
1962, 72 (59); Wall and Mariano (1996)]. REE-rich samples
have the steepest REE distributions, except where the host
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Fig. 4 Selected plots of major and minor elements in Kangankunde »

carbonatites. Symbols same as in Fig. 3. Starred data from Verplanck
et al. (2016)

carbonate has been separated from REE veins. These plot
in a similar range to the REE-poor carbonatites. All of the
analysed samples display a prominent negative Y anomaly,
which is most pronounced in the more LREE-rich samples.

Carbon and oxygen in carbonates

C and O isotope data from carbonates are considered rela-
tive to the Primary Igneous Carbonatite (PIC) box. This box
represents the compositional range of globally distributed
carbonatites, unaffected by surficial processes, and is consid-
ered representative of the mantle source composition (Taylor
et al. 1967; Deines 1989; Keller and Hoefs 1995; Demény
et al. 2004; Jones et al. 2013). In this contribution we use the
PIC field of Demény et al. (2004). Overall, there is a wide
range of '°C and 8'®0 values in the carbonate minerals at
Kangankunde (Table 1). However, the different carbonate
minerals plot into distinct groups, summarised in the fol-
lowing four paragraphs.

Only analyses of ferroan dolomite from the beforsite (apa-
tite—dolomite carbonatite) plot in the PIC box (Fig. 6a). A
beforsite containing incipient REE mineralisation (BM 1962,
73 (59) [Wall and Mariano, 1996]) has higher 813C values,
similar in composition to light-coloured carbonates from the
mineralised samples, and plots outside of the PIC box.

Ferroan dolomite/ankerite from the REE-rich carbonatites
spans a wide range of 8'%0 values, extending from approxi-
mately + 6 to + 24%o. The corresponding 8'3C ranges, how-
ever, are more restricted, ranging from — 5 to — 1%o, outside
of the PIC box (Fig. 6a). Oxygen and, to a lesser extent,
carbon isotope ratios in the ferroan dolomite/ankerite vary
in relation to the ‘darkness’ of the carbonate analysed. While
this observation is qualitative, it appears that the darker the
carbonate, the more positive the 3'%0 value (Fig. 6).

In contrast to the ferroan dolomite, strontianite from all
rocks plots in a tight cluster of + 3 to + 5%0 8'*0 and — 3.5
to — 3.2%0 8'3C. While relatively close to the values for the
light-coloured ferroan dolomite samples (0.6-2.8%o lower
in 5'%0), these two phases are unlikely to have crystallised
in equilibrium: this is supported by the pseudomorph tex-
tures, which indicate later crystallisation of strontianite
through replacement of a hexagonal phase (e.g. Fig. 2),
and through comparison with C and O fractionation factors
between dolomite and strontianite at different temperatures.
For example, using the O-isotope fractionation factors of
Horita (2014) (80-350 °C) and Chacko and Deines (2008)
(350-500 + °C), these two minerals should be in equilibrium
between approximately 250 and 400 °C. However, using the
C-isotope fractionation factors of Deines (2004), these two
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Fig. 5 Chondrite-normalised REE concentrations of Kangankunde
carbonatite whole rock analyses; starred data from Verplanck et al.
(2016). Normalisation values from McDonough and Sun (1995)

phases cannot be in equilibrium as fractionation between
dolomite and strontianite should result in strontianite having
more positive 8'3C values. Nevertheless, it is possible that,
across the suggested temperature range, the strontianite is in
equilibrium with carbonate of a composition equivalent to
the top left corner of the PIC box (Fig. 6a).

Data from calcite broadly follow the same trend as the
dolomite, but a calcite vein from a joint plane [BM, 1993, P4
(18)], has high 8'%0 and relatively low 8'3C values, suggest-
ing a low temperature of formation and the incorporation of
some organic-derived C. This calcite is, therefore, thought to
be deposited from surface-derived waters, probably signifi-
cantly later than the other carbonates at Kangankunde. Cal-
cite separated from within one rock [BM, 1993, P4 (9)] plots
in the same field and is thought to be of the same origin.
There is no evidence for primary calcite at Kangankunde.

Oxygen in quartz

Oxygen isotope values in quartz range from + 8.3 to
+ 17.7%o (8'80 vs SMOW:; Table 1). However, the lowest
values are restricted to low-grade fenite samples, and most
mineralised specimens plot between + 12.5 and + 17.7%o.
In sample BM, 1962, 73 (100), where data are available for
quartz (+ 13.2%¢ 8'%0) and carbonates (+ 6.7 to 4+ 9.3%o
5!80), these minerals are unlikely to be in equilibrium.
Comparison between dolomite—-H,O (Horita 2014) and

quartz—H,O (Matsuhisa et al. 1979; Zhang et al. 1989) frac-
tionation factors, at temperatures of 250-400 °C, indicates
that AISODol_QnZ should not exceed 1.1%o: far lower than the
observed difference.

87Sr/36Sr isotopes

87S1/%6Sr isotope ratios for almost all samples in this study
lay in a narrow band between 0.70302 and 0.70307 (n = 20),
similar to the range of results of Ziegler (1992), affirming a
common carbonatite-derived origin for all samples (Table 1;
Fig. 7). The beforsite samples all have slightly lower ratios,
falling within a narrow envelope of 0.70296-0.70298
(n = 4). Other exceptions include fenite samples and the
quartz—fluorite and quartz—florencite rocks. Low-grade
quartz fenite has an initial ratio (see Table 1 for Rb con-
centrations and corrections) of 0.70464, while a fenite vein
within the same rock has a ratio of 0.70328. The quartz—fluo-
rite and quartz—florencite rocks are the furthest two sam-
ples outside of the main carbonatite. These specimens have
elevated 8’Sr/3%Sr ratios, suggesting some isotopic mixing
with a country rock source. Excluding two data-points from
calcite, there is a correlation between 8'°C and 7Sr/%0Sr
(R?> = 0.5794). However, this correlation is predominantly
controlled by low 87St/2®Sr ratio of two beforsite data-points
and, therefore, is probably not significant. There appears to
be little relation between 8Sr/%6Sr and §'%0 values.

Discussion

Relationship between beforsite and the mineralised
carbonatites

The earliest carbonatite at Kangankunde is beforsite (apa-
tite—dolomite carbonatite), which forms a small central plug
(Fig. 1). Based on the abundance of phlogopite in this rock,
Garson and Campbell Smith (1965) suggested that it is a
‘carbonatised nephelinite’ where the carbonate is an altera-
tion product related to later REE-bearing carbonatites. How-
ever, the new C and O isotope data plot within the PIC field
and indicate that this rock type is a primary magmatic car-
bonatite. This interpretation is supported by the presence of
ovoid apatite grains, which are commonly an early liquidus
phase in carbonatites (Le Bas 1989), as well as evidence of
REE-rich fluids reacting with apatite and forming incipient
REE mineralisation (Wall and Mariano 1996).

Beforsite is unlikely to have any parental relationship
to the REE-mineralised carbonatites at Kangankunde. It is
mineralogically distinct, with much ovoid apatite, altered
olivine and accessory baddeleyite and perovskite (Garson
and Campbell Smith 1965; Wall and Mariano 1996). Its
87S1/86Sr ratios also form a separate population (Fig. 7).
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Fig. 6 Oxygen and carbon isotope ratios from Kangankunde car- »

bonates. PIC = primary igneous carbonatite box from Demény
et al. (2004). All data-points represent REE-rich carbonatites with
the exception of dashed circles (beforsite) and dotted data-points
(REE-poor carbonatites). a Strontianite (diamonds) plots in a distinc-
tive group and the equivalent dolomite compositions for a range of
temperatures are indicated for comparison. Ferroan dolomite (cir-
cles) span a range of 8'30 values, corresponding to the darkness of
the mineral grain analysed, as represented by the infill colour. No
colour data are available for dolomite represented by dashed circles
(beforsite). Calcite (squares) broadly follows the dolomite trend, but
distinctly late supergene calcite is progressively '*C-depleted. b The
same data compared with model carbonate compositions forming
from a CO,-rich fluid, representative of a degassing PIC source at
a range of temperatures. ¢ Same as b, but with modelled carbonate
compositions from a H,O rich fluid, at different degrees of alteration
and temperature. Path (1) represents complete replacement at 100 °C,
while (2) and (3) represent 50 and 10% replacement at 100 °C,
respectively

There is no clear compositional relationship between befor-
site and REE-rich carbonatite, and beforsite has distinctly
lower C isotope ratios while retaining similar O isotope val-
ues. It is, therefore, difficult to envisage any fractionation
or hydrothermal process which relates these rock types as
both would increase the O and C isotope ratios (e.g. Deines
1970, 1989; Santos and Clayton 1995; Ray and Ramesh
1999, 2000; Trofanenko et al. 2016). This interpretation is
supported by the size of the two carbonatite bodies exposed;
the earlier apatite-bearing dolomite carbonatite being much
smaller than the later REE-rich carbonatites (Fig. 1).

Order of events and number of fluid generations

The exact number of generations of fluid involved in
the mineralising process at Kangankunde, is somewhat
equivocal. This is a common problem in REE-mineral-
ised carbonatites, as they are highly susceptible to auto-
metasomatism, dissolution, and alteration by groundwater.
However, combining the field and mineralogical evidence
outlined in previous contributions (e.g. Garson and Camp-
bell Smith 1965; Wall and Mariano 1996; Duraswami and
Shaikh 2014; Broom-Fendley et al. 2016a) with the new
isotope data presented herein, it is possible to outline the
order of events and postulate two major fluid generations.
These different fluid generations are divided into (1) min-
eralising fluids, responsible for altering burbankite to the
strontianite—baryte—monazite mineral assemblage; and
(2) subsequent altering fluids, which modify the isotopic
composition of the host carbonates and can erroneously be
associated with the mineralising event. These are discussed
in the following sub-sections. This separation of fluids is
arbitrary and is intended to represent processes at different
stages of the evolution of the deposit, rather than separate
fluids from different sources.
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Source of REE mineralising fluid(s) and nature
of the mineralisation

The negative Y anomaly in all of the REE-rich samples is
compelling evidence for interaction between the REE and a
hydrothermal fluid (c.f. Bau 1996). The nature of the ligands
involved in this fluid, however, is less clear and there is lit-
tle direct evidence to help with this. In fluids capable of
transporting the REE, fluoride complexation has been shown
to preferentially transport Y over the HREE (Bau and Dul-
ski 1995; Loges et al. 2013), and Biihn (2008) suggested
that the negative Y anomaly in carbonatites was evidence
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for fluid transport of Y and the HREE away from carbon-
atites. However, the F-poor nature of most of the samples at
Kangankunde suggests a diminished role for REE—fluoride
complexes. Furthermore, carbonate complexes are unlikely
because they would cause Y to behave more like the LREE
and thus should create a positive Y anomaly (Bau and Dulski
1995). Chloride is currently commonly favoured as the most
important ligand for transporting the REE (e.g. Williams-
Jones et al. 2012; Downes et al. 2014; Trofanenko et al.
2016; Broom-Fendley et al. 2016a, 2017a) but there is not
yet any fluid inclusion evidence at Kangankunde to sup-
port this. Given the circumstantial nature of the evidence for
different fluid compositions, it is difficult to conclude how
the REE are transported at Kangankunde. However, the low
F contents from the whole-rock data, in combination with
the results of recent experimental work, summarised above,
strongly suggest that F has a diminished role for REE com-
plexation and deposition.

There is little evidence for any contribution from exter-
nal fluids for the REE mineralisation process. 8’Sr/%0Sr
values are consistent in the REE-rich carbonatites (Fig. 7),
although this is, in part, an effect of their very high Sr
contents making 3’Sr/%Sr an insensitive parameter. The
tight clustering of strontianite §'*0 and 8'°C values,

representing the REE mineral assemblage, can be achieved
through two mechanisms: (1) equilibrium fractiona-
tion between strontianite and dolomite in a carbonatite-
derived fluid/melt or (2) equilibrium degassing from a PIC
source. Equilibrium fractionation, at a range of tempera-
tures, between strontianite and a PIC fluid is outlined in
Fig. 6a. This demonstrates that strontianite is in equilib-
rium with primary igneous carbonatite at a temperature
range of approximately 350 °C or less (Fig. 6a; Chacko
and Deines 2008; Horita 2014). The role of degassing can
be evaluated using a model whereby changes in C and O
isotope ratios between carbonate (taking calcite as a proxy
for dolomite), H,0, and CO, are defined as a function of
two mass-balance equations (Santos and Clayton 1995;
Ray and Ramesh 1999):

Fe 13 (~initial C 13 (~initial
13 ~final (RC >(6 Cﬂuid + Arock—ﬂuid) +9 Crock
5 Cmck = Fe ? (1)
+ (%)
and
2r+2 Fc 18 yinitial 0 18 (yinitial
6180ﬁna1 ( 3r ) <R_C ) (6 Oﬂuid + Arock—ﬁuid) + 5 Orock

CEE
‘ @)

where F- = moles of carbon in the fluid, R = moles of
carbon in the rock, A, g4 = difference in carbon iso-
topes between the rock and the fluid, r = molar ratio of CO,
to H,O in the fluid (here considered as 1000, to reflect a
CO,-rich fluid), and:

AO

rock—fluid =103 In (xlgocc—COZ + 103 11’1(1 + 2r)

—10° In(2r + a'* Oy 6_co,):

where a'80,,_co, and a'80y o_co, are fractionation factors
between calcite—-CO, and H,0-CO,, at a given temperature.
Calcite is assumed to represent carbonatite and fractionation
factors for calcite—CO, are taken from Chacko et al. (1991),
while H,0-CO, is taken from Richet et al. (1977). Initial
8'80 and 8'3C values used are + 4.5%o and — 3.5%o, similar
to those of strontianite. Model calculations are included in
the supplementary material.

The modelled effects of different degrees of degassing
are presented in Fig. 6b. In these models, the degree of
exchange between the CO,-rich fluid and the rock (F-/R.) is
related to temperature: as temperature decreases the degree
of exchange increases. The modelled temperature range
is between 350 and 100 °C, and the corresponding F /R
ranges are from (1) 0-1, representing complete exchange, (2)
0-0.5, and (3) 0-0.1, representing partial exchange between
the fluid and the crystallising carbonate (Fig. 6b).

3
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As can be seen in Fig. 6b, degassing represents an
equally viable mechanism (to fractionation) for obtaining
the elevated strontianite §'°C and decreased 8'%0 ratios
relative to a hypothetical PIC source. This similarity is
because, in terms of their effect on the carbonate stable
isotope composition, both mechanisms are variations on
carbonate—CO, fractionation. The process of degassing,
however, typically results in brecciation of the host rock.
While breccia pipes and degassing structures are appar-
ent in many carbonatites (e.g. Songwe Hill and Chilwa
Island, Malawi; Broom-Fendley et al. 2017b, Garson and
Campbell Smith 1958), they are not widespread at Kan-
gankunde. Thus, fractionation between strontianite and
a PIC fluid (Fig. 6a) is favoured over degassing as the
isotopic source of the REE mineralising fluids.

Unfortunately, there is no burbankite at Kangankunde
with which to compare the strontianite values, so it is dif-
ficult to infer compositional changes during pseudomorph
formation. Strontianite C and O isotope compositions are
lower than those from burbankite at other localities (e.g.
8130, + 7.3 to + 7.6%e, Khibiny; + 8.1%o, Vuoriyarvi;
+ 9.7%o0, Bear Lodge; Zaitsev et al. 2002; Moore et al.
2015), but these are all close to, or within, the PIC box.

The similar composition of strontianite to primary
magmatic carbonatites indicates that alteration and break-
down of burbankite to the monazite-bearing pseudomorph
assemblage is likely to have occurred soon after its forma-
tion. It is, therefore, suggested that burbankite crystalli-
sation and breakdown occurs over a narrow temperature
window. Interaction with a cooling deuteric fluid is the
most likely cause of this breakdown, imparting a negative
Y anomaly. However, the REE would rapidly reprecipitate
owing to the low solubility of monazite-(Ce) (Poitrasson
et al. 2004; Cetiner et al. 2005; Louvel et al. 2015; Zhou
et al. 2016). The C and O data for strontianite, in equilib-
rium with the monazite-(Ce), indicate that no meteoric
water input is required for this process.

The formation of burbankite probably occurred in a
transition environment, from magmatic to (carbo)-hydro-
thermal fluids, as indicated by the pegmatitic nature of
the pseudomorphs (Wall 2000; Wall et al. 2001) and
unlikely to be related to late-stage hydrothermal fluid
activity as proposed at other complexes by Zaitsev et al.
(2002). The strontianite stable isotope data presented here
contrast with analyses of the pseudomorph assemblage
from Khibiny and Vuoriyarvi which have much more
180-enriched compositions, up to 18%o. (Zaitsev et al.
2002). A possible reason for this is discussed below.

@ Springer

Alteration after the formation of the main mineral
assemblage

The dominant trend in the C and O data, towards higher 8180
values (Fig. 6a), is probably the result of increasing degrees
of exchange between dolomite and later, cooling, deuteric
fluid(s) (e.g. Demény et al. 2004). The role of this altera-
tion can be evaluated using the models outlined in Eqgs. 1-3,
changing r to 0.001 to reflect a low CO, fluid (see supple-
mentary information and Fig. 6¢). In these models, the effect
of differing degrees of exchange (equivalent to degree of
alteration) is also related to temperature: as temperature
decreases the degree of alteration increases. Increasing
the degree of exhange while lowering fluid temperature is
justified as carbonate solubility increases as temperature
decreases (Dolej§ and Manning 2010). Support is also lent
through the increasing ‘darkness’ of the dolomite samples
as 8'%0 increases. This colour change is likely to be due to
the breakdown of ferroan dolomite, which is less stable than
its magnesian counterpart (Chai and Navrotsky 1996), into
iron oxides and dolomite or, occasionally, calcite. Isotopic
exchange with water causes in-situ alteration of the ferroan
dolomite resulting in Fe-oxide exsolution and thus a darker
mineral grain. Textural evidence at Kangankunde, such
as etching along cleavage and spongey, pitted surfaces on
the dolomite, supports this interpretation (Duraswami and
Shaikh 2014). The dolomite data broadly match the trend
of the models, with the darkest samples generally having
higher §'%0 values (Fig. 6¢). Combined, the models and data
indicate that carbonate dissolution and isotopic exchange, as
temperature decreases, are likely to be the main controls on
the dolomite composition. Calcite compositions, with the
exception of those from supergene veins, broadly follow the
main dolomite trend, indicating that it is affected by a simi-
lar process. Strontianite does not appear to be affected by
late re-equilibration, suggesting that it is less susceptible to
isotopic exchange than dolomite or calcite. The reason for
this is unknown, and beyond the scope of this manuscript.
The above processes illustrate the cooling of a single fluid
but this does not preclude the possibility that multiple phases
of re-circulating fluid are present at Kangankunde. Multiple
fluid generations, if they are of the same composition, would
likely have the same effect on the dolomite C and O isotope
values as a single cooling fluid. The modelled processes
could explain the difference between the stable isotope
composition of the pseudomorph assemblage at Khibiny and
Vuoriyarvi and the strontianite at Kangankunde. The analy-
ses of this assemblage at Khibiny and Vuoriyarvi included
calcite, which may have been susceptible to subsequent iso-
topic exchange. Furthermore, the above process does not
eliminate the possibility that the REE were re-distributed
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by these cooling, altering fluids. Such a process is indeed
likely at many carbonatites and is supported by the presence
of REE minerals in veins and vugs (e.g. Doroshkevich et al.
2009; Downes et al. 2014; Broom-Fendley et al. 2016b).
However, the model results and dolomite data illustrate the
difficulty in unequivocally tying carbonate isotopic composi-
tions with REE mineralisation. To obtain representative sta-
ble isotope data linked to the mineralisation process, it may
be better to analyse the REE-bearing mineral (e.g. Broom-
Fendley et al. 2016b).

Interaction between the carbonatite and surrounding
country rock

Both within and around Kangankunde, unusually quartz-rich
rocks occur which are commonly REE-mineralised (Gar-
son and Campbell Smith 1965; Wall 2000; Broom-Fend-
ley et al. 2016a). These are found up to 1.6 km away from
the main intrusion (Fig. 1). The consistent 87S1/%0Sr ratios
(within uncertainty) indicate that, with the exception of the
quartz—fluorite and quartz—florencite rocks [BM 1962, 73
(128) and (133)], the quartz rocks are likely to be derived
from the carbonatite (Fig. 8). The two excluded samples,
with higher 8’Sr/%®Sr ratios, are likely to be contaminated
with a small amount of country rock. The sample scarcity of
the quartz rocks means no whole-rock data are available to
model mixing between the carbonatite and country rock end-
members. However, fenite samples are broadly representa-
tive of the country rock and these have a significantly more
radiogenic 87S1/86Sr ratio than the carbonatite (Table 1).
Rare earth mineralisation in the quartz-rich rocks suggests
carbonatite-derived fluids have the capability to transport the
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Fig. 8 Quartz oxygen isotope values (triangles) and 37Sr/36Sr ratios
(circles) in quartz rocks from within and outside of the main intru-
sion. Oxygen isotope values increase with greater distance from the
main intrusion, excluding rocks which have incorporated a country
rock component based on elevated ¥’Sr (greyed out: 128, 133). Three-
digit labels reflect BM sample numbers. Distances are approximate.
Analytical uncertainty is included next to the axes

REE well outside of the main intrusion and into the fenite
aureole. A comparison of the distance of these rocks from
the main carbonatite centre (taken as the middle of the REE-
rich carbonatite) with their quartz O isotope composition
illustrates that more distal samples have higher 8'30 values
than their closer counterparts (Fig. 8). Deines (1970) noted
a similar trend in non-REE-mineralised calcite in ijolite at
the Oka complex, Canada, where the 80 content increased
away from the carbonatite contact. The simplest interpreta-
tion of these examples is that they are caused by quartz (or
calcite) crystallising at lower temperatures away from the
main carbonatite intrusion. However, petrographic studies of
the Kangankunde rocks indicate that quartz formed after the
REE mineralisation (Wall and Mariano 1996; Broom-Fend-
ley et al. 2016a), and so its composition does not provide
information about the conditions of REE transportation. A
role of meteoric water in these more distal samples cannot,
therefore, be excluded.

Conclusions
The main conclusions from this work are as follows:

1. Strontianite is in isotopic equilibrium (5'%0 and 8'3C)
with a hypothetical PIC-derived fluid, suggesting that
the monazite-(Ce), strontianite, baryte pseudomorph
assemblage formed soon after the probable original bur-
bankite crystals. Given the similar ranges of 830 and
8'3C values with PIC, and consistent 3Sr/%Sr values
for all the REE-rich carbonatites, no significant input of
meteoric water was required for this process, which is
the result of deuteric (carbo)-hydrothermal fluid.

2. Dolomite and calcite, in the REE-rich samples, have
high 8'80 values relative to strontianite and the PIC
field. Modelled fluid compositions suggest these values
are caused by increasing degrees of alteration by low-
temperature fluids. Such models are corroborated by the
increasing ‘darkness’ of dolomite caused by Fe exsolu-
tion at lower temperatures. This process for formation
of dark ‘oxidised’ carbonates is separate from the REE
mineralisation. Use of !0 and 8'3C isotopes of calcite
and dolomite in REE-rich rocks to infer fluid sources
and temperatures may yield misleading results.

3. REE mineralisation in quartz rocks occurs up to 1.5 km
outside of the main carbonatite and has similar §'30
and ¥7Sr/%0Sr values to the REE-rich carbonatites. This
similarity suggests carbonatite-derived fluids have the
capability to transport the REE well outside of the main
intrusion and into the fenite aureole.

4. There are two main varieties of carbonatite present at
Kangankunde: small intrusions of earlier apatite-bear-
ing dolomite carbonatite (beforsite) and later REE-rich

@ Springer
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ferroan dolomite carbonatites. These have different
87Sr/%6Sr and C isotope ratios and cannot readily be
linked by a common genetic process. The earlier dolo-
mite plots into the PIC field, and is not a product of
alteration of a silicate intrusion as previously proposed.

With these conclusions, we are able to deduce that the
source for REE-bearing fluids is predominantly carbonatite-
derived and that the majority of mineralisation occurs over
a narrow temperature window. This is likely to be between
250 and 400 °C, based on equilibrium fractionation between
strontianite and a hypothetical magmatic carbonatite. The
fluid composition, in terms of what is complexing and trans-
porting the REE, remains enigmatic, but we infer a weak
role for fluorine.
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