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Abstract We evaluate balanced metasomatic reac-
tions and model coupled reactive and isotopic trans-
port at a carbonatite-gneiss contact at Alnd, Sweden.
We interpret structurally channelled fluid flow along
the carbonatite-gneiss contact at ~640°C. This caused
(1) metasomatism of the gneiss, by the reaction:
biotite + quartz + oligoclase + K,O + Na,O + CaO=+
MgO + FeO = albite + K-feldspar + arfvedsonite +
aegirene-augite + H,O + SiO;, (2) metasomatism of
carbonatite by the reaction: calcite + SiO, = wollas-
tonite + CO,, and (3) isotopic homogenization of the
metasomatised region. We suggest that reactive
weakening caused the metasomatised region to widen
and that the metasomatic reactions are chemically
(and possibly mechanically) coupled. Spatial separa-
tion of reaction and isotope fronts in the carbonatite
conforms to a chromatographic model which assumes
local calcite—fluid equilibrium, yields a timescale of
10°-10* years for fluid—rock interaction and confirms
that chemical transport towards the carbonatite
interior was mainly by diffusion. We conclude that
most silicate phases present in the studied carbona-
tite were acquired by corrosion and assimilation of
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ijolite, as a reactive by-product of this process and by
metasomatism. The carbonatite was thus a relatively
pure calcite—H,O—-CO,-salt melt or fluid.
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Introduction

Fluid-rock interaction associated with the emplace-
ment of carbonatite or alkaline magmas can cause a
wide range of mineral reactions, which affect both the
wall rock of the intrusive complex and the complex
itself (e.g., Brogger 1921; Eckermann 1948; Kresten
and Morogan 1986; Morogan and Woolley 1988;
Kramm 1994; Sindern and Kramm 2000). These reac-
tions typically require the addition or removal of
components, which enter or exit the system, trans-
ported by a fluid. For example, fenitisation, as defined
by Brogger (1921) to describe the transformation of
granitic gneiss to syenite at Fen, Norway, requires the
removal of silica and addition of alkalis. Several pet-
rological and geochemical studies infer the transferral
of a wider range of components. These include the
transformation of migmatitic gneiss to ijolites and
nepheline syenites on Alnd, Sweden, proposed by
Eckermann (1948), ijolite formation at livaara, Finland,
proposed by Kramm (1994), and formation of the
“contact fenites” of Morogan and Woolley (1988) on
Alné. The extensive component mobility inferred by
these studies renders the distinction between mineral
assemblages that are of truly igneous origin and those
that partly or wholly represent the product of fluid-
rock interaction problematic. This, in turn, limits our
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ability to understand the petrogenetic origin, evolution
and significance of carbonatite and alkaline magmas.

In this paper, we evaluate balanced metasomatic
reactions and inter-mineral isotopic fractionation fac-
tors and we use a chromatographic approach to model
coupled reactive and isotopic transport at a carbona-
tite-gneiss contact, which crops out at the Smedsgarden
quarry on Alno, Sweden (Fig. 1). We attempt to define
and “remove” the fluid-rock interaction “overprint”
to reveal those petrological and isotopic characteristics
that are of igneous origin.

Geological background

The Precambrian (584 + 13 Ma; Andersen 1996) Alno
complex consists of nepheline syenites, ijolites and
carbonatites (Eckermann 1948; Kresten 1979, 1980).
Carbonatites occur as dykes, varying in width from a
few centimetres to several tens of metres. The widest
dykes are traceable for several tens of meters along
strike, while smaller dykes usually taper off within a
couple of meters, becoming thin and vein-like. The
4 km? complex is hosted by migmatitic gneisses.
Hode Vuorinen et al. (2005) demonstrated the ge-
netic association of the alkaline igneous rocks on Alnd,
arguing that the nepheline syenites are produced by
differentiation of layered ijolite series rocks. How the
alkaline igneous rocks and carbonatites, cropping out
on Alnd, might be petrogenetically related remains
controversial (e.g., Morogan and Woolley 1988; Hode
Vuorinen and Skelton 2004; Hode Vuorinen et al.
2005). Despite this controversy, most authors agree
that a common origin is required to explain the spatial
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Fig. 1 Location map. The island Alné is located near the town
of Sundsvall in east-central Sweden. The four igneous centers of
the complex: Soraker, Sélskar, Bardng and Alnon are shown
(shaded). The sample profile was taken at the Smedsgarden
quarry which is situated at the southwestern edge of the Alnd
intrusion
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association of carbonatites and alkaline igneous rocks.
Cross-cutting relationships further indicate that the
carbonatite intrusion post-dated emplacement of the
alkaline silicate suite on Alno.

Fluid-rock interaction on Alnd was first described
by Eckermann (1948). He used the term fenitisation to
describe metasomatism of the migmatitic gneiss by
fluids derived from the carbonatite dykes. He proposed
that all other rocks (including those now thought to be
alkaline igneous rocks), were products of metasoma-
tism. Morogan and Woolley (1988) provided a thor-
ough and rigorous reappraisal of fluid-rock interaction
on Alno, concurring with other workers (e.g., Kresten
1979, 1980), that the alkaline rocks were igneous and
that most evidence of fluid-rock interaction was found
within a 500-600 m wide aureole surrounding the
complex. Morogan and Woolley (1988) used the term
fenitisation to describe a range of mineralogical and
textural changes in the migmatitic gneiss. These in-
clude (1) granulation, undulatory extinction and the
progressive disappearance of quartz, (2) turbidity in
feldspars, their overgrowth and replacement by albite
and reddening due to hematite inclusions, (3) recrys-
tallisation of biotite to a fine-grained aggregate with
K-feldspar and hematite, and (4) growth of arfvedsonite
and aegirine—augite. They used the term ‘‘contact
fenite” to describe rocks, which they interpreted to be
of metasomatic origin and which occur adjacent to
carbonatite dykes and contain nepheline + diopside +
calcite + wollastonite + Ti-andradite.

This study was conducted at Smedsgarden (Fig. 1),
where a partly altered migmatitic gneiss is separated
from a carbonatite dyke by a 1.4 m wide shear zone
and a zone containing nepheline + diopside + cal-
cite + wollastonite + Ti-andradite (Fig.2). Because
the focus of this study is on the petrological and iso-
topic changes caused by fluid-rock interaction and
because of the ambiguity and controversy surrounding
terms such as ‘““fenitisation” and ‘‘contact fenite”, we
will hereafter refer to all such changes, which are
caused by fluid-rock interaction as ‘““‘metasomatism”.

Smedsgarden

The quarry at Smedsgarden provides an ideal natural
laboratory to study fluid-rock interaction associated
with carbonatite emplacement, with 52 m of continuous
outcrop (measured perpendicular to the strike of the
carbonatite dyke) consisting of (from SW to NE) ca.
25 m of migmatitic gneiss, a 1.4 m wide shear zone, 7 m
of nepheline + diopside + calcite + wollastonite + Ti-
andradite rock and ca. 18 m of carbonatite (Fig. 2).



Contrib Mineral Petrol (2007) 154:75-90

Hematite veining /‘/\
ot MIGMATITIC
(c) ﬁj

GNEISS

\-'\/\,_/\,._“""_"________\ﬁ

rrrr1rror1rrr1r1r1r1r171rr1r1rrrrTrr1rrrrTirrTrTTr T T T T T T T T T T T T T TTTTTITTTTT

-25 -20 -15 -10 -5

Fig. 2 Studied profile at Smedsgarden, Alno, showing a an
overview of the ~1. 5 m wide shear zone and close ups of b
fragmented wollastonite in the shear zone, ¢ the zone of hematite

The gneiss at Smedsgarden is partly metasomatised.
Where least metasomatised, it contains oligoclase
(Anyy), quartz, and biotite, which is similar to gneiss
collected at distances >1 km from the complex. Meta-
somatism of the gneiss occurs both adjacent to the
shear zone and surrounding a region with extensive
hematite veining, located 23.6 m SW of the shear zone
(Fig. 2). Adjacent to the shear zone, metasomatism is
characterized by the breakdown of biotite to a fine-
grained aggregate with K-feldspar and hematite, and
the subsequent nucleation and growth of granules and/
or laths of aegirine-augite and/or arfvedsonite
(Fig. 3a). The distribution of these reaction products
on a dm-scale is patchy, with highly metasomatised and

veining,
rock, e the calcite + nepheline + diopside rock, f euhedral
biotite and g flow banding in the carbonatite

d the -calcite + nepheline + diopside + wollastonite

weakly metasomatised regions occurring in close
proximity. This patchy distribution may, in part, reflect
preferential nucleation of the product minerals along
fractures (Fig. 3b). Surrounding the region of hematite
veining, metasomatism is characterized by the red-
dening of feldspar. In thin section, oligoclase is over-
grown by albite in this region (Fig. 3c). The reddening
is probably caused by hematite grains occupying sub-
optical pores, produced during the dissolution of oli-
goclase and precipitation of albite (Parsons, personal
communication).

The shear zone consists of a fine-grained crumbly
matrix of fragmented wollastonite grains (Fig. 2).
Sheared m-scale lens-shaped blocks of metasomatised
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Fig. 3 Photomicrographs
from the Smedsgarden profile
showing a the reaction
texture: biotite — aegirine-
augite (image size: ca.

1.5 x 1.0 mm, PPL), b growth
of arfvedsonite along
fractures (image size ca.

5 x 3 mm, PPL), ¢ the
reaction texture:

oligoclase — albite. (image
size: ca. 1.5 x 1.0 mm, XP),
d corrosion of nepheline with
interstitial calcite (image size:
ca. 1.5 x 1.0 mm, PPL),

e corrosion of diopside
(image size ca. 5 x 3 mm,
XP), f boundary film of
Ti-andradite along calcite—
diopside grain boundary
(image size ca. 5 x 3 mm,
PPL), g euhedral wollastonite
in carbonatite (image size: ca.
5 x 3 mm, PPL) and h biotite
in carbonatite (image size: ca.
5 x 3 mm, PPL). XP =
crossed polars, PPL = plain
polarised light

Biotite

migmatitic gneiss and the adjacent nepheline + diop-
side + calcite + wollastonite + Ti-andradite rock are
supported within the fragmented wollastonite matrix.
Shearing of these blocks is parallel to the strike of the
carbonatite dyke (Fig. 2a). However, wollastonite crys-
tals show little or no preferential alignment (Fig. 2b).
This suggests that little or no displacement occurred
along the shear zone after wollastonite formed.

The region of extensive hematite veining varies in
width from 5 to 20 cm and is characterised by anast-
amosing veins and patches of hematite. Hematite also
occurs disseminated throughout the surrounding mig-
matitic gneiss.

@ Springer

Nepheline:

Plagioclase

Biotite

The nepheline + diopside + calcite + wollaston-
ite + Ti-andradite rock occurs immediately northeast
of the shear zone (Fig. 2). Wollastonite is only present
within the part of this zone which is closest to the shear
zone. Nepheline and diopside crystals are partly cor-
roded (Fig. 3d, e). Calcite is interstitial. Ti-andradite
occurs both as euhedral crystals and as boundary films
along diopside-calcite grain boundaries (Fig. 3f).
Wollastonite occurs as 1-2 cm long euhedral crystals
(Fig. 3g). The origin of this rock is controversial. Mo-
rogan and Woolley (1988) classify it as a contact fenite
produced by metasomatism of the gneiss. Hode Vu-
orinen and Skelton (2004) present field and textural
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evidence which suggests that much of the nepheline
and diopside in the carbonatite dykes at Smedsgarden
and elsewhere on Alnd were derived from ijolites
along the intrusion pathway by (1) infiltration along
grain-boundaries by the carbonatite liquid, (2) reaction
(or corrosion), (3) mechanical fragmentation and (4)
assimilation. Hode Vuorinen and Skelton (2004) note
that phlogopite is expected as a by-product of this
reaction. We adopt their interpretation and suggest
that this unit represents carbonatite containing (and
infiltrating) variably assimilated ijolite. This interpre-
tation is supported by (1) the interstitial nature of
calcite and the corroded appearance of nepheline and
diopside in this rock (Fig. 3d, e), and (2) nephe-
line + diopside + Ti-andradite fragments and euhedral
phlogopite in the carbonatite dyke (Fig. 3h). Hode
Vuorinen and Skelton (2004) offer no explanation for
the high modal content of wollastonite (which we have
observed in no more than trace quantities elsewhere on
Alno) near the shear zone. Based on (1) its euhedral
form and the lack of evidence of its corrosion by the
carbonatite liquid (Fig. 3g) and (2) its spatial associa-
tion with the shear zone, which is a likely fluid channel,
we adopt and will later test (by comparison with stable
isotope data to confirm the direction of fluid flow) the
hypothesis that wollastonite is produced by metaso-
matism of the carbonatite, rather than by igneous
crystallization or metasomatism of the gneiss as sug-
gested in some previous studies (Bailey 1974; Church
and Jones 1995; Morogan and Woolley 1988). It is
unclear whether Ti-andradite is (partly) assimilated
from ijolite (similar to nepheline and diopside), a by-
product of the assimilation reaction (similar to phlog-
opite), or a product mineral formed by metasomatism
of the carbonatite (similar to wollastonite).

Finally, sensu stricto carbonatite (which contains
>50 modal % calcite) occurs further to the northeast
(Fig. 2). It is strongly banded on a dm scale (Fig. 2),
with preferential alignment and elongation of calcite
crystals parallel to this banding. Nepheline, diopside
and Ti-andradite occur as isolated grains, which are
generally corroded in appearance, or as partly cor-
roded blocks of nepheline + diopside + Ti-andradite
(Fig. 2). Phlogopite occurs in discrete dm-wide zones
as 1-2 cm diameter euhedral crystals (Fig. 3h).

Petrological evidence of fluid—rock interaction

In this section, we attempt to balance reactions to ex-
plain observed modal changes (estimated by point
counting) and textural evidence of reaction progress
and component mobility in (1) the gneiss (SW of the

shear zone) and (2) the carbonatite (NE of the shear
zone).

Metasomatism of the migmatitic gneiss

Mineral modes of the metasomatised migmatitic gneiss
were determined by standard point-counting methods.
These data are listed in Table 1 and plotted as a
function of distance from the shear zone in Fig. 4.
About 1,000 points were counted on each sample,
which yields a 2¢ error of 2\/ Xj(or k) (100 = X;j(or k) ) /1000
modal %, where x; (or x;) is the modal % of reactant
mineral j (or product mineral k) (van der Plas and Tobi
1965). Feldspar identifications were confirmed by
electron microprobe analysis of ‘“‘end-member” sam-
ples (types I and II, see below). Based on this profile,
we delineate the following two mineral assemblage

types:

Type I: Unaltered (or weakly metasomatised) gneiss,
containing 14.4 + 2.2 % biotite, 36.1 + 3.0 % quartz,
27.9 + 2.8 % oligoclase (Any,) and 21.6 + 2.2 %, K-
feldspar.

Type II: Strongly metasomatised gneiss, containing
5.0 + 1.4% aegirine-augite, 19.7 = 2.5% arfvedso-
nite, 10.5 + 1.9% albite, 63.7 = 3.0% K-feldspar.
Biotite and quartz are absent. The modal abun-
dances of aegirine-augite and arfvedsonite are highly
variable on a length scale of 0.1-1 m, but vary more
systematically on a length scale of 1-10 m.

The type II gneiss was observed occupying a 2-3 m
wide zone immediately adjacent to the shear zone and
a 3-5m wide zone NE of the region of hematite
veining at z = 23.6 m. These zones were separated
from type I gneiss by variably broadened reaction
fronts, with coexisting biotite, quartz, aegirine—augite,
arfvedsonite, oligoclase, albite and K-feldspar. Based
on the above modal data, we can construct the meta-
somatic reaction (volumetric units):

14.4 (£2.2) biotite + 36.1 (£3.0) quartz
+27.9 (£2.8) oligoclase = 10.5 (£1.9) albite
+42.1 (£3.1) K-feldspar + 19.7 (£2.5) arfvedsonite
+ 5.0 (£1.4) aegirene-augite + mobile components

(1a)
The forwards progress of this metasomatic reaction
is supported by the following textural evidence:

e Biotite is replaced by aegirene-augite (Fig. 3a.)
e Arfvedsonite is formed as vein fill (Fig. 3b.)
e Oligoclase is replaced by albite (Fig. 3c.)

@ Springer
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bt a 1SS In the following analysis, we calculated the meta-
5 - i %g somatic addition (positive) or subtraction (negative)
“ s ,5§ of components i (n;) per unit volume of reactant
990:‘ gneiss, caused by the forwards progress of reaction
T g0 (1). This is expressed in mol m™ by the equation: #;
) g 2 2 =Y ng [ilx=>_ n; [i];. In this equation, n; and ny
8 g represent the number of moles of reactant minerals j
% i % g% (biotite, quartz and oligoclase) and product minerals
- = = 2@ k (albite, K-feldspar, arfvedsonite and aegirene-au-
a o %ﬁ 8 gite) per unit volume of reactant gneiss. For each
° § 8 mineral, n; (or ny) was evaluated from its volumetric
9 ° :.;J mode [x; (or x;)], molar weight (calculated for the
z S 5 = mineral compositions given in Table 2) and density. #;
:’D' =0 and n, are expressed in units of mol m™. [i]; and [i]
I3 434 - - S5 represent the molar proportion of component i in
o g g §+:| § 5 g 5 2 o reactant minerals j and product minerals k, respec-
© DR ® % L\g'% tively. For an initial assumption of constant volume
5 TS (cf. Gresens 1967), we obtained the metasomatic
= 2 reaction, expressed in mol m™:
553
30 ‘g’ © 480 (+74) biotite + 16245 (+1367) quartz
3% % £ + 2731 (4278) oligoclase + 1366 (£67) K,O
g £ 23 4310 (£106) Na,O + 462 (£140) CaO
£ Sk 42158 (£281) MgO + 511 (£102) FeO
ha; ?.;_Egl +130(£39) Al,O3 = 1052(+193) albite
g =g + 4033 (£295) K-feldspar + 853 (£108) arfvedsonite
o - ©
ERlNe! 22 § + 787 (+£216) aegirene-augite + 2952 (+200) SiO,
E 528 +49 (£8) TiO; + 106 (£40) H,0 (1b)
8 3 =533 S 3 T eE
k= HooHa HH é g § The mobility of Al,Oj3 is likely to be low, compared
£la ¥ cmow o 3 % g £ with most other components, particularly in alkaline
2 § 3 metasomatic fluids (Sokolova and Khodakovskiy
2 gag 1977). We therefore recast this reaction with naj,0,
) % enmoSInITgeS L 2R 2 2 2 set to zero by adjusting the volume change for the
Sl YYTIITITTIIIITTS g‘;’ g reaction. For a total volume reduction of 3.9%, we
2% 2 obtained:
S5
5 852
oo = Qo
i3 g8 480 (+74) biotite + 16245 (+£1367) quartz
Z ==
22|z § '3 + 2731 (£278) oligoclase + 1275 (+£66) K,O
Sk +241 (£101) NayO + 406 (£135) CaO
“
5 <z +1983 (£272)MgO + 435 (£96) FeO+
2o ii‘é 3 = 1000 (+189) albite + 3832 (+293) K-feldspar
8 o?g NEERECAS ISR T %%é + 810 (+106) arfvedsonite
.2 DI A I e e N S S S N S S AN S wom% % + 748 (j:le)aegirene-augite + 4120 (i155) Si0,
L <2 .
§ X P + 53 (+8) TiO, + 149 (£42) H,O (1c)
CAE RN L
= ) 2 =" T~ . . o
£z o 2 =R This reaction consumes 78.4 + 2.6 volume % of the
§ 3= 2 2 —?; reactant gneiss, the remainder of which is mainly
- 282 excess K-feldspar. Significant quantities of KO,
2|8 N _%; @i'g‘) Na,0O, CaO, MgO and FeO are consumed and sig-
gl e R R A nificant quantities of SiO, and H,O are released by
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Fig. 4 Profile across the
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Table 2 Compositional data
Weight% Gneiss (type I) Gneiss (type II) Carbonatite (type II)
K-fsp Plag Bi Aeg Arf Ab K-fsp Wo
SiO, 64.17 62.08 35.16 52.23 53.72 68.19 64.37 50.92
TiO, 0.01 0.00 2.16 0.53 0.60 0.01 0.02 0.03
AlLO; 18.70 23.57 18.19 0.64 1.61 19.06 17.74 0.01
Fe, O3 0.03 0.02 0.00 14.48 0.00 0.53 0.68 0.00
FeO 0.00 0.00 16.45 4.84 9.70 0.00 0.00 0.57
MnO 0.00 0.02 0.35 0.62 0.54 0.01 0.01 0.31
MgO 0.00 0.00 12.23 6.75 17.23 0.00 0.01 0.14
CaO 0.29 5.07 0.01 14.08 4.82 0.01 0.01 47.81
Na, O 1.80 8.91 0.33 591 6.88 11.75 1.17 0.01
K, O 14.33 0.22 9.63 0.01 1.60 0.18 15.25 0.00
Cr; O3 0.00 0.01 0.06 0.07 0.02 0.01 0.01 0.01
Total 99.35 99.90 94.57 100.16 96.71 99.75 99.27 99.82
Average of analyses (n) 2 5 23 41 8 6 5 5

Compositional data for K-feldspar (K-fsp), oligoclase (Plag), biotite (Bi), aegirene-augite (Aeg), arfvedsonite (Arf), albite (Ab) and
wollastonite (Wo) from the gneiss (types I and II) and carbonatite (type II). These data were determined by electron microprobe
analysis at the Department of Earth Sciences, Uppsala University, Sweden

the metasomatic reaction. Reaction (1) is similar to
fenitisation, as defined by Brogger (1921), in that
alkalis are added and silica is removed. Reaction (1)
further predicts the addition of CaO, MgO and FeO.
However, we cannot exclude that this is partly an
artifact of the observed variability in the modes of ar-
fvedsonite and aegirene-augite.

The chemical changes predicted by reaction (1c) are
similar to those reported by Verschure and Maijer
(2005) for ‘‘fenitisation” of the Fen ring complex,

@ Springer

South Norway. These authors reported the release of
silica and addition of alkalis, CaO, MgO and Fe,O;
during fenitisation. They concluded that the first (high
T) phase of fenitisation, which affected the Fen ring
complex, caused dehydration.

We were unable to find petrographic evidence for
the volume loss inferred by reaction (1c), but we note
that volume loss could have been accommodated
within the shear zone and/or partly compensated by
volume gain in the carbonatite (see below).
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Metasomatism of the carbonatite

The modal mineralogy of the sensu stricto carbonatite
and the carbonatite containing/infiltrating variably
assimilated ijolite was estimated by point-counting.
These data are listed in Table 1 and plotted as a
function of distance from the shear zone in Fig. 4.
Based on this profile, we delineate the following three
mineral assemblage types:

Type la: >80% calcite and ~10% biotite.

Type Ib: >50% calcite and <50% diopside + neph-
eline.

Type 1I. 36 = 12% wollastonite, <10% calcite, and
~50% diopside + nepheline.

The type II assemblage occupies a 3 m wide zone
immediately adjacent to the shear zone. If our
hypothesis is correct and wollastonite is produced by
metasomatism of the carbonatite, we can conclude that
the type I and II assemblages are separated by a 3 m
wide reaction front and that the type II assemblage
represents a metasomatised carbonatite containing/
infiltrating variably assimilated ijolite. We can con-
struct the metasomatic reaction:

calcite = wollastonite & mobile components (2a)

For an initial assumption of constant volume (cf. Gresens
1967) and for the production of 36 + 12 volume %
wollastonite, we obtained the metasomatic reaction (for
pure end-member compositions), expressed in mol m™;

10125 (£827) calcite + 9698 (£792) SiO,
= 9698 (+£792) wollastonite + 427 (+35) CaO
+ 10125 (£827) CO;, (2b)

We consider it unlikely that both CaO and CO, are
released by this reaction and we therefore recast this
reaction with n¢,o set to zero by adjusting the volume
change for the reaction. For a total volume gain of
1.6%, we obtained:

9698 (£819) calcite + 9698 (+792) SiO,
= 9698 (+792) wollastonite + 9698 (+819) CO, (2¢)

This reaction consumes calcite and produces wollas-
tonite by metasomatic addition of silica. Lack of modal
variance of nepheline or diopside across the reaction
zone confirms that these minerals are not involved in
the reaction. The calcite (+wollastonite) part of the
rock (which is involved in the reaction) matches the
definition of skarn by Einaudi and Burt (1982) as “a
coarse-grained body of calc-silicate in relatively pure

carbonate formed by infiltration and diffusion of
metasomatic fluids, containing exotic components”
[mainly silica in reaction (2)]. Given that some calcite
remains after completion of reaction (2), we conclude
that the reaction is limited by the availability of silica.
We were unable to find petrographic evidence for the
volume gain inferred by reaction (2c), but we note that
volume gain could have been accommodated within
the shear zone and/or compensated by volume loss in
the gneiss (see below).

The type I assemblage is subdivided in types Ia and
Ib. Both represent sensu stricto carbonatites in that
modal calcite exceeds 50%. Type Ia carbonatite con-
tains >80% calcite and ~10% biotite. Biotite occurs as
large euhedral crystals (Figs. 2f, 3h). Type Ib carbon-
atite contains over 50% calcite and up to 50% diop-
side + nepheline. Diopside and nepheline occur as
variably corroded crystals (Fig. 3d, e). This spatial
coupling of the corrosion of diopside/nepheline and the
growth of biotite is presented by Hode Vuorinen and
Skelton (2004) as evidence for the acquisition of these
silicate minerals by mechanical/chemical assimilation
and as a chemical by-product of the assimilation pro-
cess.

Reaction progress (¢)

In our study, we define the volumetric progress of
reactions (1) and (2) (&) and &), respectively), by:

¢y = L
N
3
T (3)
Sp = N

where the reactant minerals (j) for reaction (1) are
biotite, oligoclase and quartz and the product mineral
(k) for reaction (2) is wollastonite. We estimated
Xoligoclase DY assuming that it covaried with Xpiotice +
Xquartz2 N is the percentage of the rock which is
involved in the reaction. Thus N = 78.4% for reaction
(1) and N = [100—Xgiopside—Xnepheline] % for reaction (1).
Reaction progress is represented in Fig. 5 by its moving
average (&), which (for the ith data point) is given by:

= % (4)

The reason for representing reaction progress by its
moving average is to highlight variations that are sus-
tained on a length scale, which is greater than the
sample spacing (dm-m). This profile was used to po-
sition the types I and II mineral assemblage zones for
comparison with stable isotope data (Fig. 5).
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Fig. 5 Profile across the outcrop at Smedsgérden showing 5'°0-
feldspar (black diamonds), 6'%0-diopside (grey triangles), 6'%0-
calcite (grey diamonds), 6"*C-calcite (grey squares), reaction
progress [(grey open circles) and its moving average (gray curve,

Volume change

Finally, we were able to test whether the 3.9% volume
loss in the gneiss [which is inferred by equation (1c)]
could have accommodated the 1.6% volume gain in the
carbonatite [which is inferred by equation (2c)] as
follows:

For the gneiss and carbonatite, we calculated the
total volume of reacted rock occupying a column of
unit area, oriented perpendicular to the boundary
surface at z = 0 m, by integrating reaction progress
between this surface and the respective reaction front.
For the gneiss, we calculated a total volume of
3.9 m®> m> The respective volume loss (-3.9%) is
-0.15 m® m™2. For the carbonatite, we calculated a total
volume of 2.9 m® m™ The respective volume gain
(+1.6%) is +0.05 m®> m™. We can thus confirm that the
volume loss in the gneiss could have accommodated
the volume gain in the carbonatite. The additional
volume loss in the gneiss could have been accommo-
dated by deformation within the shear zone.

Isotopic evidence of fluid-rock interaction

0'®0 and 8"°C of calcite separates were measured wi-
than on-line Kiel device equipped to an IRMS (Finn-
igan Mat 252) at the Department of Geology and
Geochemistry, Stockholm University. The analyses
were done on ~100 pg separates and reported using the
conventional d-notation with respect to V-PDB (5'*C)
and V-SMOW (5'%0). Precision was better than
+0.1%,. 0'%0 of feldspar and diopside separates were
measured by a modification of the Sharp (1990) laser
fluorination technique described by Macaulay et al.
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see (4a)]. The type I and II regions and the gneiss-carbonatite
contact are shown. Greyscale intensity schematically represents
the extent of metasomatism

(2000) at the Scottish Universities Environmental Re-
search Centre. Sample size was ca. 1 mg, and the flu-
orinating reagent was chlorine trifluoride. NBS28
quartz gives 6'*0 = 9.6 %, V-SMOW by this method
and precision is usually £0.1 9%, (10). Data are listed in
Table 1.

In Fig. 5, 6'®0 and 6'3C are plotted together with
the progress of reactions (1) and (2) and the types I and
II mineral assemblage zones. In the carbonatite, §'%0
and 6'°C were measured on calcite separates and §'%0
was measured on diopside separates. In the gneiss,
00 was measured on feldspar separates. Comparison
of these plots and the mineral assemblage zonation
yields the following observations:

e Calcite-6'0 and 6'*C from the type I carbonatite
are 7.3 + 0.1%, (n = 14) and —4.4 + 0.29, (n = 15),
respectively. These values fall within the “primary
carbonatite field” of Taylor et al. (1967). Diopside-
0'®0 from the type I carbonatite is 5.2 + 0.1%,
(n=1).

e Calcite-5'®0 and '°C from the type II carbonatite
are 8.3 £ 0.2%, (n = 11) and 5.2 + 0.79%, (n = 11),
respectively. Diopside-6'%0 from the type II car-
bonatite is 5.9 + 0.3%, (n = 11).

e Feldspar-6'%0 from the type I gneiss is 9.0 + 0.5%,
(n = 11). These values are reasonable for a rock of
metasedimentary origin (cf. Taylor 1968). Feldspar-
680 from gneiss samples collected >1 km from the
Alnd complex are 10.3 = 0.8%,.

e Feldspar-6'®0 from the region of type II gneiss,
which is adjacent to the shear zone, is 8.3 + 0.29,
(n = 5). Feldspar-6'®0 from the region of type II
gneiss centred on the zone of Fe-veining is
7.4 +0.7%, (n=17).
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Fig. 6 Calcite—diospide isotopic fractionation factors plotted
against distance from the shear zone (z =0 m). At z =0 m,

Acalcite—diopside ~ 2'7%0

Isotopic fractionation

Comparison between oxygen isotope data from min-
eral separates requires knowledge of inter-mineral
fractionation factors at the temperature of interest. In
the temperature range of carbonatite crystallisation
(550-750°C, Haynes et al. 2003), calcite—feldspar oxy-
gen isotope fractionation (Acaicite-felaspar) Tanges from
0.8-0.9%, (at 550°C) to 0.5-0.6%, (at 750°C) (Chiba
et al. 1989; Hoffbauer et al. 1994) and calcite-diopside
oxygen isotope fractionation (Acaicite-diopside) Ianges
from 3.5%, (at 550°C) to 2.3%, (at 750°C) (Chiba et al.
1989). For post-magmatism temperatures (7 < 550°C),
Acalcitc:—fclclspar is gfeater than 0-90/00 and Acalcitc—diopsidc is
greater than 3.59,.

Calcite—diopside fractionation is plotted against
distance in Fig. 6. This plot shows that Acacite-diopside
decreases from 2.79,, adjacent to the shear zone to
<2.0%, in the type Ib carbonatite. This could be ex-
plained by chilling of the carbonatite margin to 660°C
from > 830°C in its interior. However, because this
temperature range is probably too high for carbonatite
crystallisation (Haynes et al. 2003) and because diop-

side was likely assimilated by (rather than crystallised
from) the carbonatite liquid (Hode Vuorinen and
Skelton 2004), we suggest an alternative hypothesis:
that isotopic equilibrium between calcite and diopside
is only approached at the carbonatite margin, where
isotopic exchange is facilitated by fluid-rock interac-
tion.

Comparison of Acjcite-diopside Calculated from cal-
cite- and diopside-6'®0 at the carbonatite margin
with Acacite-felaspar €Stimated from calcite-6'%0 (in the
carbonatite) and feldspar-6'®O (in the gneiss) yields a
temperature estimate of 640°C, which is within the
margin of error for both calculated/estimated frac-
tionation factors. We thus interpret that equilibration
of calcite-, diopside- and feldspar-6'®0 occurred
within the metasomatised (type II) regions of the
gneiss and carbonatite on either side of the shear
zone at 640°C. We suggest that this was facilitated by
fluid channelling caused by structural and reactive
permeability enhancement within this region. This
not only explains homogenization of §'®0, but also
coeval (?) metasomatism of both the gneiss and
carbonatite. In contrast, variation in 6°C between
type II carbonatite samples was preserved. This is
expressed by its higher standard deviation (x0.7%,)
and can be explained by the lower volumetric fluid/
solid partition coefficient (Ky) for carbon than for
oxygen (see below). Finally, the lower %0 of the
fluid which caused hematite veining can be explained
by equilibration with carbonatite at lower tempera-
tures or with alkaline rocks.

Reaction and isotope fronts

The metasomatised (type II) region is bounded by
reaction and isotope fronts. Separating types I and II
gneiss and on either side of the zone of hematite
veining at z = 23.6 m, these fronts coincide (Fig. 7),
whereas the reaction front which separates types I and

Fig. 7 Plots of ¢ versus §'°0 1 o

5
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varies with 620 (i.e., the ) B ©
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044° o
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II carbonatite lags behind the corresponding isotope
fronts (Fig. 7). These are important observations, from
which we can interpret the following:

e Fluid channelling occurs within the metasomatised
(type 1II) region. In the gneiss, we suggest reactive
permeability enhancement, which is consistent with
the 3.9% volume reduction inferred by reaction
(1c). In the carbonatite, we predict mechanical
permeability enhancement, which must be restricted
to a narrow region immediately behind the reaction
front if reaction (2) proceeds with a 1.6% volume
gain (see 2c¢).

e Fluid flow within these regions of enhanced per-
meability was dominantly layer-parallel with only a
minor cross-layer component. This was oriented
towards the carbonatite interior and caused the
isotope fronts to propagate ‘“‘downstream’ of the
reaction front.

Fluid channeling within the metasomatised (type II)
region supports our hypothesis that wollastonite was
produced by metasomatism of the carbonatite, rather
than by igneous crystallization or metasomatism of the
gneiss.

If local grain-scale equilibrium between fluid and
calcite can be assumed and porosity (¢) is small, the
cross-layer component of fluid transport towards the
carbonatite interior can be described by the equation
(e.g., Bear 1972):

2
Kv % +ow ? +D; o 68262} =0 (5)
where C; is the concentration of the reactant or
isotopic species in the fluid, ¢ is time, z is distance, @
is fluid velocity, Dy is diffusivity in the fluid, 7 is
tortuosity and Ky is the volumetric fluid/solid partition
coefficient, which is given by:

G py
Cip

(for isotopic transport)

) (6)

(— for reactive transport
oG port)

where C, is the concentration of the reactant or
isotopic species in the solid at position z, Cs; and Cs,
are the respective concentrations of the reactant or
isotopic species upstream and downstream of the
geochemical front, and p; and ps are the respective
fluid and solid densities. The solution of equation (5)
for the boundary conditions:

Ky =

@ Springer

Cs=Cs1(t=0,2<zp.) } -

Cs = CS,Z (t =0,z >Zp.b-)

where z,, . is the position of a ““pinned boundary” (see
Bickle and Baker 1990) is given by (e.g., Lapidus and
Amundson 1952):

GG o5l e () ~ (=)
Cs,l - CS,Z - 2\/Df(p'[ -t
@ - 1(z = Zpb.)
+ exp <—Df(PT v >
(%) + (z = zpn.)
xerfc (8)
2\/Df([)f -t

Equation (8) expresses C as a function of z, z,p. and
the transport parameters: we-t and /D¢t -t. Note
that (1) we =fluid velocity (w) x fluid volume
(¢) = volumetric fluid flux rate and we-t = fluid flux
rate (w¢g) X time (f) = time integrated volumetric fluid
flux, and (2) v/Drot - { is a characteristic length scale
for diffusive transport. The boundary conditions (7)
permit fluid transport downstream (towards the car-
bonatite interior) from a pinned boundary (near the
contact between types I and II carbonatite). If C 1, C;
and Ky can be determined, wg-t, /Dot -t and z,y,.
can be evaluated from the best fit of equation (8) to a
plot of C; against z.

In the following analysis, we evaluate wg-f,
VDtot -t and zp. for reaction progress (&), calcite-
00 and calcite-6"°C. Diopside-6'"%0 was excluded
from this analysis because C;, is unconstrained. Fur-
thermore, based on calcite—diopside isotopic fraction-
ation (Fig. 6), we conclude that isotopic equilibration
between diopside and the fluid was slower than for
calcite and that (for diopside) the assumption of fluid-
solid local equilibrium was probably invalid.

K~ was evaluated for (1) the reaction and (2) the
isotope (calcite-6'"%0 and calcite-6'>C) fronts as fol-
lows:

1. For the reaction front, Ky was estimated using (6).
The initial and final concentrations of silica in the
fluid (C;, and Cyj, respectively), were set to
0.0073 + 0.0008 (T = 650°C, P =0.2 GPa: Pak
et al. 2003) and 0, respectively. The initial con-
centration of silica in the rock (C;) was set to 0
and its final concentration (Cj,) after production
of 36 + 12 volume % wollastonite was estimated to
0.19 = 0.06. The fluid and solid densities were set
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to 1 and 3 g cm™, respectively. This yielded Ky 4 p— o7e
=77 + 35. e \ W i N ""-..L 076

2. For oxygen and carbon, Ky was estimated using > |~ tfom
(5). We assumed a binary H,O-CO, fluid and, for 2 34 ¢ Sdon re
Xco > buffered by reaction (2), we calculated a ¥V +o7
value of 0.44 + 0.01 at 640°C and 0.2 GPa using 251 /7 1088
the computer program THERMOCALC (Holland 31 | 066
and Powell 1998). That the fluid contains signifi- ¢ ' : o :(m} 4 % .

cant CO, is supported by the fluid inclusion study
by Morogan and Lindblom (1995), but our esti-
mate ignores the high salt content reported for
some fluid inclusions by these authors. For oxygen
and carbon, we estimated C; = 0.82 = 0.03 and
0.119 + 0.004, respectively. We estimated C for a
rock containing >80 volume% calcite and
<20 volume% silicate phases (Fig. 4). Thus, for
oxygen and carbon, we estimated Cs ~ 0.49 and
0.10, respectively. The fluid and solid densities
were set to 1 and 2.75 g cm™, respectively. This
yielded Ky = 1.65 = 0.05 and 2.22 + 0.07, respec-
tively.

Next, we evaluated +/Dsot - f and the position of the
pinned boundary (z,.) for the reaction front only for a
range of preset values of we-t (from 0 to 6 m). We used
the non-linear regression method provided with the
computer program DATAFIT (Oakdale Engineering).
For equations (8) rewritten in the form:
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Fig. 8 Estimated R? (dashed line) and 3> (solid line) plotted
against preset wo t. The best-fit is obtained for we t = 4 m (i.e.,
maximum RZ and minimum #?). Error envelope generated by
propagation of the input errors for Kv

Fig. 9 Best-fit curves for (8) to reaction progress (&), calcite-
8°C and calcite-6'®0. Parameterisations are: w¢- =4 m,
VD@t -1 =15£0.5m, zpp. = 2.8 + 0.2 m, total z* =2.93 and
average R2 = 0.77

y= y(z; w1,/ Dot -1, zp,b.) 9)

DATAFIT iteratively minimizes the merit function

(0):

N v — vz o -t /Dior i 2
XZZZ |:yl y(an(ﬂ tv' DfQD‘L' tvzp.b~):| (10)

im1 gi
where ¢; is the standard deviation of the ith data point.
The adjusted coefficient of multiple determination (RZ:
see “Appendix 2”’) was used to quantify goodness-of-
fit.

Finally, we input the values of \/D;¢t -t and z, .,
which we obtained for each preset value of w¢-t, to-
gether with the appropriate value of Ky to evaluate the
goodness-of-fit for each of the isotopic fronts.

The best-fit values of \/Dipt -t and zpp. for the
reaction and isotope fronts are 1.5+ 0.5 and
2.8 = 0.2 m, respectively. These were obtained with
we-t =4m and yielded total y* =293 = 0.02 and
average R2 = 0.770 + 0.001 (Figs. 8, 9; Table 3). We
thus conclude that equation (8) gives a reasonable
prediction of the observed spacing of the reaction and
isotope fronts. This supports the validity of the
assumption that local equilibrium between calcite and
the pore fluid is maintained. We also tested two
alternative scenarios: with pure diffusive transport (i.e.,
w@-t =0 m) and with the pinned boundary fixed to the
shear zone (zpp. =0 m). Both alternative scenarios
yielded poorer results: R2 = 0.67 and 0.30, respectively.

The duration of fluid-rock interaction (¢#) can be
evaluated from our estimate of /Dsot-t. For Dy ~
107m? s~! at 600°C (Krynicki et al. 1979), tortuosity,
(r) =~ 0.7 £ 0.1 (estimated from thin-section images,
assuming grain-edge flow) and ¢ = 10°-10"* (Ferry
and Dipple 1991), we estimate that the duration of
fluid-rock interaction (¢) is 10°-10* years. This is a
similar order-of-magnitude to the timescale for cooling
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Table 3 Input and output Parameter 4 oBC o180 Total Average
parameters
Ce 0.119 + 0.004 0.82 + 0.03
C 0.10 0.49
Cf,l 0
Cer 0.0073 + 0.0008
Csa 0
Cso 0.19 + 0.06
12 1.0 g cm™ 1.0 g cm™ 1.0 g cm™
Ds 30¢gcm™ 2.7 g cm™ 27 gcm™
Ky 77 £ 35 222 +0.07 1.65 = 0.05
oet=0
VDot -t 05 +04m 0.5m 0.5 m
Input and output parameters Zobe 37+ 03m 37m 37m
for transport modelling for ygA 0.30 2.66 1.46 4.42
the three scenarios: Ri 0.94 0.32 0.74 0.67
we-t =0 m (diffusion only), W @t =
we-t =4 m (best-fit solution VDipt 1 1.5+ 0.5 m 1.5m 15m
for coupled advection and zpb. 28+ 02m 28m 28m
difquiOn, see Flg 8) and Zp.b- 72 0.18 2.13 0.63 2.93
= 0 m (pinned boundary fixed R§ 0.96 0.46 0.89 0.77
to the shear zone). Zop =0
Parameters used to estimate \p/m 2+3m 2m 2'm
Ky, are shown in normal text. ot 33+1m 33m 33m
Input parameters are shown e 0.42 77 10.7 18.8
in italic and output g 0.91 0 0 0.30

parameters are shown in bold

of the carbonatite dyke (cf. Jaeger 1968) and thus we
speculate that fluid flow was thermally driven.

Conclusion

We conclude that fluid infiltration along the contact
between carbonatite (containing/infiltrating partially
assimilated ijolite) and gneiss at Smedsgarden, Alnd
occurred during (or not long after) emplacement of the
carbonatite at an estimated temperature of 640°C. We
calculate that the duration of this fluid-infiltration
event was 10°~10* years and conclude that it caused the
following:

e Isotopic homogenization of the metasomatised
region to 8.3 + 0.29,, which is consistent with the

incoming fluid having equilibrated with a mixed
gneiss + alkaline magma =+ carbonatite source re-
gion.

Metasomatism of the gneiss, by the reaction (1):
biotite + quartz + oligoclase = albite + K-feldspar +
arfvedsonite + aegirene — augite + H,O, which re-
quires that the incoming fluid added Na,O, K,O,
CaO, MgO and FeO and that the outgoing fluid
removed SiO,. This is similar to ‘“‘fenitisation” as
defined by Brogger (1921) in that alkalis are added
and silica is removed. We thus argue that extensive
fenitisation occurs only within a few meters of the
carbonatite (cf. Eckermann 1948; Kresten 1979,
1980; Morogan and Woolley 1988).

Metasomatism of the carbonatite, by the reaction
(2): calcite + SiO, = wollastonite + CO,, which

Fig. 10 Model showing
Smedsgarden profile before
(1) and during and after (2)
fluid-rock interaction
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required that the incoming fluid added SiO,. This

conforms to the definition of skarning by Einaudi

and Burt (1982).

We suggest that coupled reactive and structural
weakening, initiated along the shear zone, caused the
metasomatised region to widen. Fluids were chan-
nelled within the metasomatised gneiss and along a
narrow region of enhanced permeability, located
immediately behind the reaction front in the carbona-
tite. Continued reactive and isotopic transport from
this region caused further propagation and broadening
of reaction and isotope fronts from the metasomatised
region and towards the carbonatite interior. Our
interpretation is summarised in Fig. 10.

We further suggest that metasomatic reactions (1)
and (2) are chemically coupled as follows: reaction (1)
produces SiO, which is required for the forwards pro-
gress of reaction (2). Also, reaction (2) produces CO,,
which, together with salt in the fluid (Morogan and
Lindblom 1995), will lower the activity of H,O, thus
favouring the forwards progress of reaction (1). It is
further possible that reactions (1) and (2) are
mechanically coupled in that the volume loss, inferred
by reaction (1c), could accommodate the volume gain,
inferred by reaction (2c).

We also note that further metasomatism and isoto-
pic modification of the gneiss accompanied hematite
veining. This was caused by infiltration of a second
fluid either at lower temperature or from a different
source region, perhaps with a higher proportion of
alkaline rocks.

Finally, “removal” of the metasomatic overprint
reveals gneiss (Feldspar-6'%0 = 9.0 + 0.5%,) juxtaposed
against carbonatite (Calcite-6'%0 = 7.3 + 0.1%, Cal-
cite-6'*C = —4.4 + 0.29,) along a shear zone (Fig. 10).
The carbonatite contained partly assimilated ijolite
minerals (nepheline + diopside), reactive by-products
of the assimilation process (phlogopite). In this study,
we show that wollastonite could have been added to
the carbonatite by metasomatism. We thus conclude
that the carbonatite at Smedsgarden, Alno was a rel-
atively pure melt (or fluid?), which contained cal-
cite + H,O + CO, +salt, but few or no silicate phases.
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Appendix 1: Table of symbols, recurring in this manuscript

Symbol Description Units
C Concentration of the tracer in the fluid at z
C, Concentration of the tracer in the solid at z
Cs1, Csn Concentrations of the tracer in the solid upstream and downstream of the front
Kv Fluid solid partition coefficient by volume
o Density gem™
T Time S
Z Distance m
Zp.b- Position of the pinned boundary m
Xj (or 1) Modal% of reactant mineral j (or product mineral k)
nj (or k) Number of moles of reactant mineral j (or product mineral k) per unit volume of rock mol m™
Ny Metasomatic addition (positive) or subtraction (negative) of component / per unit volume of rock mol m™
[i]; or 1 Molar proportion of component i in reactant mineral j (or product mineral k)
Modal% of rock involved in the reaction
4 Reaction progress
@ Porosity
o} Fluid velocity ms!
w @ Fluid flux rate m’>m?s!
we-t Time-integrated volumetric fluid flux m> m~ (or m)
Dy Diffusivity in the fluid m? s
T Tortuosity
VDropt - t Characteristic length scale of diffusion m
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Appendix 2: Parameterisation of goodness-of-fit

The goodness-of-fit is parameterised by R2. This is the
adjusted coefficient of multiple determination, which is
given by:

n
2
X _ l(yi—y(zz';wfwt, VDot 1, 2pp.))
RP=1-E .
vi—y)
i=1
) (n—1R> -k
R = n—-1-—k

for equation (4) rewritten as (7), with k = number of
regression parameters, #n = number of data points and
S yi— )7)2 = total variation of parameter y. R? is the
friction of the variance in y which is explained by the

model, y(zi; we-t, \/Dipt-t, zpp.) and can vary be-
tween 0 and 1.
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