
Lithos 324–325 (2019) 74–88

Contents lists available at ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
Dating agpaitic rocks: Amulti-system (U/Pb, Sm/Nd, Rb/Sr and 40Ar/39Ar)
isotopic study of layered nepheline syenites from the Ilímaussaq
complex, Greenland
A.M. Borst a,b,c,⁎, T.E. Waight b, A.A. Finch c, M. Storey d, P.J. Le. Roux e

a Department of Petrology and Economic Geology, Geological Survey of Denmark and Greenland, Øster Voldgade 10, 1350 Copenhagen, Denmark
b Department of Geosciences and Natural Resource Management (Geology Section), University of Copenhagen, Øster Voldgade 10, 1350 Copenhagen, Denmark
c School of Earth and Environmental Sciences, University of St Andrews, Irvine Building, North Street, KY16 9AL, St Andrews, United Kingdom
d Quadlab, Natural History Museum of Denmark, Øster Voldgade 5-7, 1350 Copenhagen, Denmark
e Department of Geological Sciences, University of Cape Town, Rondebosch 7701, South Africa
⁎ Corresponding author at: School of Earth and Environ
E-mail address: amb43@st-andrews.ac.uk (A.M. Borst)

https://doi.org/10.1016/j.lithos.2018.10.037
0024-4937/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 13 June 2018
Accepted 31 October 2018
Available online 03 November 2018
The Ilímaussaq complex in southern Greenland is a shallow crustal composite intrusion comprising augite
syenite, peralkaline granite and volumetrically dominant agpaitic nepheline syenites. Previous studies indicated
a baddeleyite U-Pb age of 1160± 5Ma for the augite syenite, the earliest intrusive unit of the complex. A similar
crystallization age, within error, is inferred for themain sequence of agpaitic nepheline syenites. However, direct
age determination of these units has been challenging because agpaitic rocks characteristically lack robust phases
for in situ U-Pb dating (e.g. zircon/baddeleyite). An additional challenge is the pervasive subsolidus alteration, of
which the isotopic effects are poorly constrained. Herewepresent newU-Pb, Sm-Nd and Rb-Sr isotopic data from
whole rocks andmineral separates and a 40Ar/39Ar amphibole age of three co-genetic agpaitic nepheline syenites
(kakortokite) from the lowermost exposed part of the complex. Using amulti-system geochronological approach
for mineral separates and whole rocks, we explore the effects of late-stage alteration for each isotopic system.
Assuming a closed-systemevolution for the hydrothermalfluids (i.e. isotopically similar to themelts) and cooling
within a relatively short time-frame (b0.8 Ma), we evaluate whether traditional mineral-whole rock isochron
methods can provide useful age constraints for agpaitic rocks. We compare our data with those in the literature,
corrected for the most recent decay constants.
Single-crystal40Ar/39Ar step-heating experiments yield an amphibole plateau age of 1156.6 ± 1.4 Ma (MSWD=
1.5, external error ± 7.7 Ma), which we put forward as the most precise crystallization age for the agpaitic units
to date. Kakortokite whole rock and mineral separates (amphibole, eudialyte, feldspar) yield a 206Pb-207Pb iso-
chron age of 1159 ± 17 Ma (MSWD = 0.96) and a 235U-207Pb isochron age of 1168.5 ± 8.8 Ma (MSWD =
0.82). These are within error of the baddeleyite and zircon U-Pb ages from the augite syenite and alkali granite,
as well as the new plateau age, if we take into account the external error of 7.7 Ma (i.e. accuracy). The 235U-207Pb
age thus far provides the best non-singlemineral age estimate for the agpaitic suite. Sm-Nd isotopes for the same
whole rock and mineral separates yield an isochron age of 1156 ± 53 Ma (MSWD= 0.23) with εNdi =−0.8 ±
0.8, with significantly less scatter than Nd data for the rest of the complex. Rb-Sr isotopes yield errorchron ages
that are either unrealistically young (3-point feldspar errorchron: 1106 ± 9 Ma, suggesting partial 87Sr loss), or
old (WR, amphibole and eudialyte: 1237 ± 21Ma, n= 9). The data demonstrate that the U-Pb and Sm-Nd sys-
tems are relatively insensitive to late-magmatic alteration and re-equilibration during cooling. In contrast, the
Rb-Sr system records significant disturbance, reflecting the highly mobile nature of Rb and Sr in peralkaline
systems. This warrants careful reconsideration of previously published Rb-Sr isochron data, and caution in
interpreting Rb-Sr data for other peralkaline complexes. Initial isotopic compositions for the kakortokite support
petrogenetic models that describe Ilímaussaq melt evolution towards strongly radiogenic Sr values at relatively
constant εNdi, with progressive evolution from the early augite syenite to the most fractionated agpaitic melts.
Themelts experienced variable butminor degrees of lower crustal assimilation andpreferential leaching of radio-
genic Sr from the Proterozoic granitic country-rock.
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1. Introduction

Agpaitic nepheline syenites crystallize from highly peralkaline and hal-
ogen richmelts, and are associatedwith economically importantdeposits of
High Field Strength Elements (HFSE) including Zr, Nb, Ti and Hf and the
Rare Earth Elements (REE). Petrographically, agpaitic nepheline syenites
are identified by the presence of complex Na-Ca-HFSE-silicates such as
eudialyte- and rinkite-groupminerals, instead ofmore common (miaskitic)
HFSE-phases such as zircon, baddeleyite and titanite (e.g.Marks et al., 2011;
Sørensen, 1997; Ussing, 1912). Since U-Pb age determination of zircon and
baddeleyite are one of the main tools of geochronology, obtaining precise
and accurate age constraints from agpaitic rocks in which these minerals
are absent is a challenge. Furthermore, due to their volatile-rich nature,
agpaitic rocks typically experience intense autometasomatic alteration by
late-stage hydrothermal fluids (e.g. Borst et al., 2016; Kogarko, 1974;
Marks and Markl, 2017; Mitchell and Liferovich, 2006). These processes
lead to complex magmatic-hydrothermal replacement reactions and can
remobilize elements and disturb isotopic systems. Alternative routes need
to be determined for the precise and accurate geochronology of agpaitic
rocks. Crystallization ages for agpaitic rocks have mostly been derived
from Rb-Sr isochrons (e.g. Blaxland et al., 1976, 1978; Finch et al., 2001;
Kramm and Kogarko, 1994; Waight et al., 2002), or 40Ar/39Ar dating
(Krumrei et al., 2006). Alternatively, agpaitic suites have been dated indi-
rectly by U-Pb dating of suitable phases from contemporaneous non-
agpaitic rocks, late-stage hydrothermal assemblages or associated fenitized
country rocks (e.g. Estrade et al., 2014; Krumrei et al., 2006;McCreath et al.,
2012; Möller andWilliams-Jones, 2016; Sjöqvist et al., 2017).

The present study is a detailed petrological and isotopic study of a co-
genetic, modally-layered unit within macro-rhythmically layered
eudialyte nepheline syenites (kakortokite) of the Ilímaussaq complex in
South Greenland. Ilímaussaq represents a shallow intrusive complex
that was emplaced in the final stages of the Mesoproterozoic Gardar
rifting event (Upton, 2013). We present new Ar-Ar, Rb-Sr, Sm-Nd and
U-Pb isotopic data for mineral separates and whole rocks from the
kakortokite and contrast the precision and accuracy of each method. We
compare our data critically with published isotope studies of other
agpaitic units in the complex. Given the pervasive hydrothermal alter-
ation associated with agpaitic rocks, we explore the susceptibility of
each isotope system to post-magmatic modification, thereby providing
insights not only into the most accurate methods of geochronology, but
also the isotopic expression of the alteration.

2. Geological setting

The Ilímaussaq complex belongs to the Mesoproterozoic Gardar
Province in South Greenland; a two-stage continental rift zone associ-
atedwith the breakup of the Columbia supercontinent (rifting between
1300 and 1250 Ma and 1180–1140 Ma; Upton (2013) and references
therein). The province hosts over a dozen plutonic complexes and
dyke swarms, spanning a compositional range from alkali basalt to tra-
chyte, through to alkali granite and strongly peralkaline nepheline sye-
nite, as well as carbonatite and lamprophyre (e.g. Bartels et al., 2015;
Upton, 2013; Upton et al., 2003; Upton and Emeleus, 1987). Impor-
tantly, no regional metamorphism occurred in the Gardar region fol-
lowing rifting (Marks and Markl, 2015; Upton, 2013; Upton et al.,
2003; Upton and Emeleus, 1987) and so most Gardar rocks remain
undisturbed since emplacement. The Ilímaussaq complex is part of the
younger Gardar rift and comprises some of the most evolved and
volatile-rich peralkaline magmas in the province. The complex was
emplaced at c. 3–4 km depth (fluid inclusion data, Konnerup-Madsen
and Rose-Hansen, 1984) at the contact between granitic Ketilidian
basement (1.7–1.8 Ga) and interbedded basalts and sandstones of the
early Gardar Eriksfjord Formation (Upton, 2013 and references therein).
Emplacement and cooling of the complex is inferred to have occurred
within 0.5–0.8 Ma (Krumrei et al., 2006).
The complex is renowned for its spectacular magmatic layering,
mineralogical diversity and multi-element resource potential in rare
earth elements (REE), Zr, Nb, U, Li, Be and Zn (Bailey et al., 2001;
Larsen and Sørensen, 1987; Sørensen, 1992). The rocks crystallized
from at least four melt batches derived from a common, deep-seated
magma chamber (e.g. Sørensen et al., 2006). The first batch crystallized
as metaluminous augite syenite, exposed in the roof and as a marginal
rim around the complex (Fig. 1). The second batch formed a thin
sheet of peralkaline granite and quartz syenite, found only in the roof
of the complex. This was followed by medium to strongly Si-
undersaturated peralkaline nepheline syenite melts (e.g. Ferguson,
1964; Larsen and Sørensen, 1987; Marks and Markl, 2015; Sørensen
et al., 2006). The latter are structurally divided into (i) a downward
crystallized sodalite-rich ‘roof’ series (mostly naujaite), (ii) an upward
crystallized, rhythmically layered ‘floor’ series (kakortokite) and (iii)
an intervening sandwich horizon of themost evolvedmelts (lujavrites)
(Fig. 1). With the exception of the earliest roof units, all rocks
are agpaitic and thus contain sodic minerals such as elpidite
(Na2ZrSi6O15.3H2O), eudialyte (Na15Ca6(Fe,Mn)3Zr3Si26O72(O,OH,H2O)
3(Cl,OH)2) and rinkite (Na2Ca4REE(Ti,Nb)(Si2O7)2OF3) as dominant car-
riers of HFSE. The agpaitic nepheline syenite units from this last batch of
magma are mineralogically similar, but differ in texture andmodal pro-
portions of the major minerals: nepheline, eudialyte, sodalite, alkali
feldspar, Na-Fe-amphibole (arfvedsonite) and Na-Fe-pyroxene
(aegirine). Although the roof, middle and floor series were originally
interpreted as differentiation products of a single melt (Ferguson,
1964; Larsen and Sørensen, 1987; Sørensen, 1997; Ussing, 1912), the
roof series (naujaite) and the kakortokite-lujavrite series are now in-
ferred to have crystallized from at least two separate melt batches
(Ratschbacher et al., 2015; Sørensen et al., 2006).

Here we focus on the lowermost exposed rocks in the complex,
known by the local term ‘kakortokite’. These medium-coarse grained
agpaitic nepheline syenites form a c. 220 m thick rhythmic sequence
of at least 29 tripartite modally-layered units. Each unit is ~8 m thick,
comprising a basal black layer enriched in arfvedsonite (c. 1m), grading
into a thin eudialyte-rich red layer (c. 0.5 m, sometimes difficult to ob-
serve), followed by a thick upper white layer (c. 7 m) enriched in alkali
feldspar and nepheline (Fig. 2) (Bohse et al., 1971; Bohse and Andersen,
1981; Hunt et al., 2017). The precise origin of the rhythmic modal
layering remains controversial. Proposed models range from density
separation, crystal mat formation and mush processes within a rising
crystallization front (Bons et al., 2014; Lindhuber et al., 2015, Borst
et al., 2018) to nucleation cycles induced by periodic volatile release
or repeatedmelt influx (Hunt et al., 2017; Pfaff et al., 2008). All models,
however, agree that each individual black-red-white kakortokite unit
crystallized from a homogeneous melt representing a chemically
closed-system.

An important aspect of agpaitic rocks is that they crystallize from un-
usually volatile-rich (F, Cl, OH) and reduced melts over extended tem-
perature intervals (c. 1000–450 °C, e.g. Markl et al., 2001; Marks and
Markl, 2017). Low oxygen fugacity is thought to play an important role
in that it suppresses the exsolution of aqueous fluid phases at the early
magmatic stage, leading to extreme enrichment in alkalis and HFSE as
the melt evolves (e.g. Markl et al., 2010, 2001). Consequently, agpaitic
melts straddle evolution from discrete silicate melt to silica-bearing
aqueous fluids (Kogarko, 1974). This results in pervasive late-stage hy-
drothermal vein and pegmatite formation, and autometasomatic re-
placement of primary phases by low-temperature secondary mineral
assemblages (e.g. Markl and Baumgartner, 2002; Marks and Markl,
2015, 2017; Mitchell and Liferovich, 2006). In the kakortokite at
Ilímaussaq, this is expressed in the widespread replacement of cumulus
eudialyte by secondary Zr, Nb and REE-silicates, zeolitic replacement of
primary aluminosilicates and replacement of arfvedsonite by secondary
aegirine and Fe-oxides (e.g. Karup-Møller et al., 2010; Borst et al.,
2016; Marks and Markl, 2015). Despite the importance of the



Fig. 1.Geologicalmapof the Ilímaussaq complex fromUpton (2013), after Ferguson (1964), Andersen et al. (1988) andSørensen (2001). Red arrowmarks sampling location of kakortokite
Unit 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrothermal alteration, and the large volume of isotopic data, the isoto-
pic effects of late-stage alteration have not previously been studied.
3. Previous geochronological studies

There have been many attempts to date the Ilímaussaq complex
(Table 1). Ages reported in the literature include in situ zircon and
baddeleyite U-Pb ages of 1166 ± 9 Ma (unpublished from Heaman
and Upton, cited in Upton et al., 2003) and 1160 ± 5 Ma (Krumrei
et al., 2006), respectively, from thefirst intrusive units (the alkali granite
and augite syenite). Published radiogenic isotopic data for the main
agpaitic suite include a whole rock Rb-Sr isochron age of 1162 ±
21 Ma1 (Blaxland et al., 1976), a two-mineral Rb-Sr age of 1179 ±
2.3 Ma (Waight et al., 2002) and three polylithionite (Li-K-mica) Rb-Sr
ages with an average of 1081 ± 24 Ma (Moorbath et al., 1960). Sm-Nd
isotopic studies have yielded poorly constrained, but statistically
1 Rb-Sr ages are recalculated using a Rb decay constant of 1.397× 10−11 a−1 (Villa et al.,
2015). Note that the age ofWaight et al. (2002) becomes older than reported, whereas the
others become younger. This is due to different decay constants used in the original stud-
ies (1.42 and 1.39 × 10−11 a−1, after Steiger and Jager (1977) and Aldrich et al. (1956),
respectively).
identical whole rock-mineral isochron ages of 1130±50Ma (augite sy-
enite, Paslick et al., 1993), 1160±30Ma (all units,Marks et al., 2004), as
well as an in situ eudialyte isochron age of 1128 ± 63 Ma (by laser ab-
lation ICPMS;Wu et al., 2010). 40Ar/39Ar amphibole ages (Krumrei et al.,
2006) range between 1142.6± 2.2 to 1152.3± 3.7Ma, calculated using
the 40K decay constant after Steiger and Jäger (1977). However, the sta-
tistical validity of the plateau ages was questioned by Baksi (2007) and
the 40Ar/39Ar ages require re-evaluation in light of recent advances in
the precision and accuracy of the 40K decay constant and Fish Canyon
Tuff (FCT) monitor age (Kuiper et al., 2008; Renne et al., 2010, 2011;
Rivera et al., 2011).
4. Samples and petrography

Samples for isotopic study were collected from a single modally-
layered kakortokite unit, known as Unit 0. Unit 0 is distinguished by
its strikingly arfvedsonite-rich basal layer (c.0.8m), sharp lower contact
with the underlyingwhite layer of Unit -1, and an anomalously thick (c.
2 m) eudialyte-rich middle red layer (Fig. 2). The unit is used as a
marker horizon relative to which the other units are numbered (−11
to +17; Bohse et al., 1971). Representative samples of the black, red



Fig. 2. (a) Outcrop of Unit 0 (see Fig. 1)with thin section photographs (b,c,d) in cross-polarized (xpl) andplane-polarized light (ppl). (b)White kakortokite enriched in alkali feldspar laths
(coarse patch perthite), nepheline (white-grey in ppl and xpl) and minor eudialyte (pinkish in ppl, low birefringence). Arfvedsonite (black-green), fluorite and aegirine (green) occur
interstitially. (c) Saccharoidal red kakortokite, enriched in euhedral eudialyte, with minor euhedral nepheline, larger crystals of sodalite (white in ppl, isotropic), alkali feldspar laths
and interstitial arfvedsonite and aegirine. (d) Black kakortokite composed of sub- to euhedral arfvedsonite, elongate alkali feldspar laths, small euhedral nepheline and eudialyte, and
minor aegirine. Thin sections rotated c. 90° relative to their original position.
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andwhite layers fromUnit 0were taken along a vertical section of c. 3m
in the Laksetværelv valley (coordinates 60.881092 N,−45.829266W; c.
70 m altitude, Fig. 1) and crushed for whole rock powder and mineral
separation. In total, three whole rocks (a black, red and white
kakortokite) and nine mineral separates (eudialyte, arfvedsonitic am-
phibole, perthitic alkali feldspar) were prepared. For the purpose of
this study, we selected fresh samples that displayedminimum evidence
for metasomatic alteration of primary phases. Detailed petrographic,
textural and compositional data for Unit 0 are available in e.g. Bohse
et al. (1971), Bohse and Andersen (1981), Pfaff et al. (2008), Marks
and Markl (2015), Lindhuber et al. (2015), Hunt et al. (2017) and
Borst et al. (2018). The samples studied are briefly described below.
4.1. Black kakortokite

The black kakortokite (535019-0B, Fig. 2d) contains 50–60% modal
arfvedsonite and c. 10% primary aegirine, both occurring as euhedral cu-
mulus and interstitial grains (c. 1–3 mm). Some arfvedsonite contains
small (b0.2mm) inclusions of fluorite and apatite (Fig. 3c). Feldspar oc-
curs as tabular, coarsely-exsolved perthite, measuring c. 0.5 to 1.5 mm
in width and up to 5 mm in length and generally consisting of
K-feldspar rich cores with irregular patches and rims of turbid albite.
Theymake up c. 25–35% of themode and define amagmatic lamination
parallel to the unit boundaries, along with amphibole (Fig. 2d). Nephe-
line (10–15%) forms patchy equant grains (0.5–1mm) trapped between
feldspar laths and cumulus amphibole. They contain inclusions of
arfvedsonite, aegirine needles and other phases, and are locally replaced
by zeolites (mostly analcime and natrolite, Fig. 3d). Eudialyte is a minor
component (5–10%) in the black kakortokite, and forms euhedral crys-
tals of c. 0.5–2 mm. Some eudialyte crystals are replaced by catapleiite
(hydrous Na-Zr-silicate), aegirine, analcime, nacareniobsite-(Ce) and
other REE- and Nb-phases (Borst et al., 2016; Fig. 3d). Sodalite and fluo-
rite are minor interstitial phases.
4.2. Red kakortokite

The red kakortokite (535020-0R, Fig. 2c) has a saccharoidal texture
with c. 40% euhedral eudialyte, 15–20% sub- to euhedral nepheline
and a few dispersed larger (N5 mm) hexagonal sodalite crystals (c. 5%,
Fig. 3f). Alkali feldspar laths in the red kakortokite are stubbier (c. 1 by
3 mm) than in the black and white kakortokite and make up approxi-
mately 15–20% of the mode. Arfvedsonite (10–15%) and aegirine
(c. 5%) are interstitial phases and often poikilitically overgrow eudialyte,
nepheline and occasionally sodalite (Fig. 3f). Fluorite and rinkite both
form accessory phases, with rinkite occurring either interstitially or in
clusters of euhedral long-prismatic crystals.

4.3. White kakortokite

The white kakortokite (535021-0W, Fig. 2b) is coarser-grained and
exhibits a laminated texture with an interlocking framework of elon-
gated (up to 6mm) feldspar laths (35–45%), sub- to euhedral nepheline
(20–30%), euhedral eudialyte (5–15%) and sodalite (5–10%). As in the
red kakortokite, arfvedsonite and aegirine typically occur interstitially.
Fluorite and rinkite are slightly more abundant (b5%) than in the black
and red layer. Arfvedsonite is partially replaced by secondary aegirine
(aeg-II) and locally contains small subrounded (N20 μm) inclusions of
fluorite and fluorapatite (Fig. 3b,c). As in the other samples, some
eudialyte grains are partially to completely replaced by aggregates of
secondary catapleiite, aegirine, nacareniobsite and other minerals
(Fig. 3a; Borst et al., 2016). Feldspars and feldspathoids are partially re-
placed by zeolites along their margins.

5. Analytical methods

A full description of analytical procedures is provided in the Supple-
mentary Information but a brief description is given here. Freshmineral
separates of eudialyte, alkali feldspar and amphibole were meticulously



Table 1
Compilation of U-Pb, Sm-Nd, Rb-Sr and Ar-Ar age data for the Ilímaussaq Complex. Reported ages are listed along with the constants used in the original work, and recalculated using
modern decay constants.

U-Pb data

Age (Ma) MSWD Reference Type Rock type Phasesa λ 238U λ 235U Fig. 11

1160 ± 5 0.55 Krumrei et al. (2006) Discordia age Augite syenite Baddeleyite 1.55*10−10 9.85*10−10 1
1166 ± 9 – Heaman and Upton, cited in

Upton et al. (2003)
Unspecified Alkali granite Zircon 2

1018–1134 ± 29–34 – Wu et al. (2010) Discordia ages Agpaites Eud 3

1159 ± 17 0.96 This study Pb-Pb isochron Kakortokite WR, Amph, Eud, Afsp 4a
1173 ± 16 11.3 ´´ 235U-207Pb isochron Kakortokite WR, Amph, Eud, Afsp 4b
1168.5 ± 8.8 0.82 ´´ 238U-206Pb isochron Kakortokite WR, Amph, Eud, Afsp 4c

Sm-Nd data

Age (Ma) Recalculated MSWD Reference Type Rock type Phasesa λ 144Smb 143Nd/144Ndi Fig. 11

1130 ± 50 0.08 Paslick et al. (1993) WR-Min isochron Augite syenite Px, Afsp, Mgt 6.54*10−12 (2) 0.51112 ± 4 5
1160 ± 30 3.7 Marks et al. (2004) WR-Min isochron All units WR, Aeg, Aug, Amph – 6a

1131 ± 130 2.9 , 0.51111 ± 9 6b
1128 ± 63 3.6 Wu et al. (2010) Mineral isochron Agpaites Eud – 7

1156 ± 53 0.23 This study WR-Min isochron Kakortokite WR, Amph, Eud, Afsp 0.51110 ± 4 8

Rb-Sr data

Age (Ma) Recalculated MSWD Reference Type Rock type Phasesa λ 87Rbb 87Sr/86Sri Fig. 11

1188 ± 30 5.63 Blaxland et al. (1976) WR isochron All units Whole rock 1.39*10−11 (3) 0.706 ± 2
1150 ± 50 3.32 ´´ WR isochron Kakortokite Whole rock ´´ 0.711 ± 2
1168 ± 21 3.65 ´´ WR isochron Agpaites Whole rock ´´ 0.710 ± 2

1162 ± 21 53 ´´ 1.397*10−11 (4) 9
1161.2 ± 2.3 Waight et al. (2002) Model isochron Kakortokite Afsp 1.42*10−11 (1) 0.70500 ± 2
1160.1 ± 2.3 ´´ 2-Min isochron Kakortokite Eud, Afsp ´´ 0.71149 ± 2

1179.2 ± 2.3 – ´´ 1.397*10−11 (4) 10
1086 ± 24 Moorbath et al. (1960) Mineral isochron Agpaitic pegmatite Polylithionite 1.39*10−11 (3) –

1081 ± 24 ´´ 1.397*10−11 (4) 11

1091 ± 6.3 10,737 This study WR-Min isochron Kakortokite WR, Amph, Eud, Afsp ´´ 0.70 ± 4
1106 ± 94 25 ´´ WR-Min isochron , Afsp ´´ 0.5 ± 1.4 12a
1237 ± 21 9811 ´´ WR-Min isochron , WR, Amph, Eud ´´ 0.707 ± 3 12b

Ar-Ar data

Age (Ma)c Recalculated MSWD Reference Type Rock type Phasesa λ 40K b FCT age (Ma)b Fig. 11

1142.6–1152.3 ± 2.2–4.4 2–5.4 Krumrei et al. (2006) Plateau ages All Units Amph 5.543*10−10 (1) 28.02 (6) 13a
1150.5–1161.2 – 5.8*10−10 (5) 28.172 (7) 13b

1156.5 ± 1.4 (7.7) 1.4 This study Plateau age Kakortokite Amph ´´ ´´ 14
1156.8 ± 1.4 (5.7) ´´ 28.294 ± 0.036 (8)
1157.1 ± 1.4 (5.7) ´´ 28.305 ± 0.036 (9)
1157.5 ± 1.4 (7.7) ´´ 28.201 ± 0.012 (10)

a Abbreviations: Aeg= aegirine, Afsp = alkali feldspar, Amph= amphibole, Aug= augite, Eud = eudialyte, FCT= Fish Canyon Tuff, Mgt=magnetite, Px= pyroxene, WR=whole
rock.

b References for decay constants (λ in a−1) and FCT ages: (1) Steiger and Jäger, 1977; (2) Lugmair and Marti, 1978; (3) Aldrich et al., 1956; (4) Villa et al., 2015; (5) Min et al., 2000;
(6) Renne et al., 1998; (7) Rivera et al., 2011; (8) Renne et al., 2011; (9) Renne et al., 2010; (10) Kuiper et al., 2008).

c Errors in brackets represent external errors related to uncertainty on the decay constant and FCT age.
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handpicked from a 250–500 μm size fraction using an optical micro-
scope. Only optically clear grainswere chosen to avoid alteration phases
and impurities. Altered eudialyte could readily be distinguished from
clear pink and glassy eudialyte, because of the murky beige to brown
colours of the alteration products (Borst et al., 2016). Partially replaced
arfvedsonite grainswere readily identified by a distinct brownish colour
and dull lustre of the secondary aegirine with Fe-oxides. Distinguishing
primary arfvedsonite (lustrous black green) from primary aegirine
(brighter dark green) was more difficult, and so some primary
aegirine may be present in the separates. For the feldspar separates,
only euhedral laths were picked to avoid analcime, natrolite and
other secondary (low-temperature) aluminosilicates. Despite meticu-
lous picking, the presence of some alteration products or inclusions
(e.g. fluorite, fluorapatite, analcime, aegirine) in the mineral separates
cannot fully be discounted.
Rb-Sr, Sm-Nd and Pb (isotope dilution) measurements were carried
out by TIMS at the University of Copenhagen, Denmark, using methods
similar to Scott et al. (2014). U, Pb (isotopic composition) and Nd on se-
lected low-Nd samples and two eudialyte duplicates were analyzed by
MC-ICPMS at the University of Cape Town, South Africa. Rb-Sr, Sm-Nd
and U-Pb isochron regressions were calculated with Isoplot Version
4.15 (Ludwig, 2003), using blanket errors based on the external repro-
ducibility of standards (Supplementary data). Decay constants used are
listed in Table 1. Initial ratios and εNdi values are calculated using present
dayCHUR147Sm/144Nd ratios of 0.1967 (JacobsenandWasserburg, 1980)
and 143Nd/144Nd of 0.512638 (Goldstein et al., 1984), and an Ilímaussaq
emplacement age of 1160 Ma. The uncertainty of reproducibility on the
calculated εNdi values corresponds to ±0.3 ε-units. Depleted mantle
model ages (TDM) are calculated using present day 147Sm/144Nd and
143Nd/144Nd values of 0.219 and of 0.513151 (Liew and Hofmann, 1988).
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Handpicked amphibole grains were selected for single crystal
step-heating40Ar/39Ar experiments using a Nu Instruments Noblesse
multi-collector noble gas mass spectrometer at the Quaternary Dat-
ing Laboratory (QUADLAB), Natural History Museum of Denmark.
Grains were cleaned in ethanol and distilled water, then wrapped
in aluminium foil and irradiated for 60 h at the Cd-lined CLICIT facil-
ity at the Oregon State University TRIGA Reactor (USA), along with
FCT sanidines (28.172 Ma; Rivera et al., 2011) as the neutron-flux
monitor for J calculation. Step-wise heating was achieved using a
defocused CO2 laser beam by incrementally increasing its power.
The analytical procedures, decay constants and isotopic composi-
tions used are as described in Rivera et al. (2011), and summarized
in the Supplementary Data. Plateau ages are calculated at the 95%
confidence level, and require at least three contiguous gas fractions
with ages indistinguishable within analytical error (± 2σ) which
together account for a significant fraction of the total gas released
(ideally N50%, Baksi, 2007 and references therein). For grains that
do not yield plateau ages by those criteria, an age approximation is
given as the integrated total gas age calculated by weighting each
step age against the fraction of 39Ar released.

6. Results

6.1. U-Pb data

Pb isotopic data are given in Table S1 (Supplementary Data) and
shown in Fig. 4. The kakortokite minerals and whole rocks define a
207Pb/206Pb isochron that yields an age of 1159 ± 17 Ma (MSWD =
0.96, Fig. 4a). The most radiogenic sample is the alkali feldspar
from the red kakortokite (535019-fsp) with a 206Pb/204Pb ratio of 33,
followed by feldspar, amphibole and eudialyte of thewhite kakortokite.
Other samples, including the white kakortokite whole rock, cluster
between 206Pb/204Pb ratios of 18–20. In the conventional U-Pb isochron
diagrams (Fig. 4b, c) three points deviate from the general trend
(535020-arf, 535,021-fsp and 535,021-arf). A regression that excludes
these ‘outliers’ yields a 238U-206Pb errorchron of 1173 ± 16 Ma
(MSWD = 11.3, Fig. 4b) and a 235U-207Pb isochron of 1168.5 ± 8.8 Ma
Fig. 3. BSE images (a)White kakortokite from Unit 0 comprising alkali feldspar (Kfs + Ab), part
analcime (Anl). Note turbidity in the albitic zones and holes in the thin section. (b) Euhedral n
fluor-apatite (Ap) and fluorite (Fl). (c) Sub-rounded fluorite and apatite inclusions in arfved
secondary aegirine (Aeg-II). Analcime replaces alkali feldspar and nepheline. (d) Black kakor
eudialyte, patchy alkali feldspar and analcime. (e) Black kakortokite from Unit 4 compri
arfvedsonite. (f) Red kakortokite from Unit 0 with euhedral eudialyte, alkali feldspar and sod
analcime (Anl) and arfvedsonite by aegirine-II.
(MSWD =0.82, Fig. 4c), i.e. both within error of the published augite
syenite and alkali granite U-Pb ages and our kakortokite 207Pb/206Pb iso-
chron (Table 1). Initial ratios are 206Pb/204Pb = 16.02 ± 0.09 and
207Pb/204Pb = 15.234 ± 0.007.

6.2. Sm-Nd data

Sm-Nd concentrations and isotope compositions are given in
Table S2 and shown in Fig. 5. Alkali feldspar has the lowest REE concen-
trations (1–2 ppmSmand 3–13 ppmNd), and arfvedsonite only slightly
higher (4–7 ppm Sm and 36–44 ppm Nd). Eudialyte is the main REE-
bearing phase with 614–645 ppm Sm and 3055–3273 ppm Nd. Rare
earth contents are relatively constant in the three eudialyte separates.
Whole rock concentrations strongly reflect respective mineral propor-
tions, with the highest Sm and Nd contents in the red kakortokite
(363 ppm Sm and 1829 ppm Nd) and lower concentrations in black
and white (70–74 ppm Sm and 368–394 ppm Nd). The samples exhibit
a relatively narrow range in Sm/Nd ratios from 0.13 in arfvedsonite to
0.2 in eudialyte, consistent with the light rare earth enriched patterns
characteristic for most Ilímaussaq rocks and minerals (e.g. Bailey et al.,
2001; Pfaff et al., 2008). An age regression for the TIMS and MC-ICPMS
data that excludes three outliers (535021-arf, 535019-fsp, and
535020-wr) gives an age of 1156 ± 53 Ma (MSWD = 0.23, n = 11)
with an intercept at 143Nd/144Ndi = 0.51110 ± 4, corresponding to
εNdi = −0.8 ± 0.8 (Fig. 5).

6.3. Rb-Sr data

Rb-Sr concentrations and isotope compositions are presented in
Table S3 and Fig. 6. As also demonstrated byWaight et al. (2002), the al-
kali feldspars are characterized by extremely high Rb/Sr ratios (80–157)
and associated radiogenic 87Sr/86Sr ratios (6–23.4). Eudialyte is the
main host for Sr (c. 450–600 ppm), as mirrored in the relatively high
Sr whole rock concentrations for red kakortokite (Fig. 5; XRF data
from Bailey et al., 2001). In contrast, Rb is relatively incompatible in
eudialyte, yielding low 87Rb/86Sr ratios (b0.14) and 87Sr/86Sr close to ini-
tial values. Amphiboles have Rb/Sr ratios close to 2 (87Rb/86Sr ratios
ially altered eudialyte (Eud+ Alt) and interstitial arfvedsonite (Arf), nepheline (Nph) and
epheline, alkali feldspar and interstitial arfvedsonite enclosing sub-rounded inclusions of
sonite. Arfvedsonite is overgrown by primary aegirine (Aeg-I) and partially replaced by
tokite from Unit 1 comprising subhedral arfvedsonite, fully replaced pseudomorph after
sing nepheline, sodalite, analcime, eudialyte and clusters of albite laths enclosed in
alite crystals enclosed in arfvedsonite. Sodalite and nepheline are partially replaced by



Fig. 4. (a) Pb-Pb isochron diagram, defining an isochron of 1159 ± 17 Ma (n = 12).
(b) 238U-206Pb isochron plot illustrating minor disturbance of U-Pb systematics in some
minerals. An age of 1173 ± 16 Ma (n = 8) was calculated by omitting the labelled
outliers. (c) 235U-207Pb isochron plot showing similar anomalies as above and defining
an isochron age of 1168.5 ± 8.8 Ma (n = 8). Ages are calculated using errors of 0.3% for
206Pb/204Pb, 0.1% for 207Pb/204Pb and 0.2% for both U/Pb ratios based on external
reproducibility of standards. In run analytical errors (2σ) are smaller than symbols used.

Fig. 5. Sm-Nd isochron diagram for TIMS and MC-IPMS data. A regression that excludes
outliers (535)021-arf, 019-fsp and 020-wr yields 1156 ± 53 Ma (MSWD = 0.23, n =
11), using errors of 0.02% 147Sm/144Nd and 0.003% for 143Nd/144Nd based on external
reproducibility of standards. In run analytical errors are typically smaller than symbol
size used.

Fig. 6. a) Rb-Sr isochron diagram. Note the high Rb/Sr of the alkali feldspars relative to
whole rock, amphibole and eudialyte (Detail of circled data in (b). A regression through
all points yields an errorchron with high MSWD and a falsely young age of 1091 ±
6.3 Ma (black line). A three-point feldspar regression yields 1106± 94 Ma (MSWD= 25,
n = 3) with a poorly defined 87Sr/86Sri of 0.5 ± 1.4. Grey line represents 1160 Ma trend
for reference. (b) A regression that excludes all feldspars, as well as 535,021-arf, yields an
errorchron age of 1237 ± 21 Ma with 87Sr/86Sri = 0.707 and high MSWD. Ages are
calculated using errors of 0.003% for 87Sr/86Sr and 0.2% for 87Rb/86Sr based on external
reproducibility of standards. In run analytical errors are smaller than symbol size used.
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c. 6). Whole rock Rb/Sr ratios vary between 0.9 and 6.6 and strongly
reflect the respective modal abundances of arfvedsonite, eudialyte and
alkali feldspar. A best-fit regression through all samples yields an
errorchron age of 1091 ± 6.3 Ma with extreme scatter (MSWD =
10,737) and a poorly constrained 87Sr/86Sri = 0.702 ± 0.046 (Fig. 6a).

The feldspar data alone define a three-point errorchron of 1106 ±
94 Ma with a MSWD of 25 and a poorly constrained 87Sr/86Sri of 0.5
± 1.4. Excluding feldspar, the whole rock, arfvedsonite and eudialyte
give a steeper slope: a regression excluding feldspar and outlier
535,021-arf yields a geologically meaningless age of 1237 ± 21 Ma
(MSWD= 9811) with 87Sr/86Sri = 0.707 ± 0.003.
6.4. 40Ar-39Ar data

Amphibole grains from the black kakortokite (535019) were dated
by single crystal 40Ar/39Ar step-heating in 4 separate experiments
(Supplementary Data Table 4). Gas release spectra are shown in Fig. 7.



Fig. 7. 40Ar/39Ar age spectra from single crystal step-heating experiments on arfvedsonite from the black kakortokite (531019-0B). (a-d) Gas release patterns for four grains, showing the
calculated age (Ma) per heating step in the lower panel, the % of radiogenic 40Ar* in the middle panel, and the Ca/K ratio in the upper panel, plotted against the cumulative % of 39Ar.
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Two out of four grains display release patterns that meet the criteria for
calculating 40Ar/39Ar plateau ages. One of these forms a well-defined
plateau (535019-arf3) giving an age of 1156.6 ± 1.4 Ma (internal
error)withMSWD=1.5 and p= .20 (Fig. 7b), including 5 steps and ac-
counting for N99% of the total 39Ar released. The second plateau
(535019-arf4) yields an age of 1155 ± 2 Ma (MSWD = 2.34, p = .10)
for 3 steps and 45.7% of the total gas released (Fig. 7c). Although the
MSDW is too high (N2) and the total gas released too low (b 50%) to
be considered a robust plateau age, the age is within uncertainty of
the plateau age for 535,019-arf3. The two remaining grains (Fig. 7a,
d) do not meet the criteria for a plateau age and their ages are approx-
imated by total gas ages of 1149 ± 0.9 Ma and 1155 ± 2 Ma, respec-
tively. All grains released minor argon (b0.8% of 39Artot) in the first
heating step with isotopic compositions yielding young ages of c. 600–
770Ma, associated with lower % 40Ar* (b85%), and larger Ca/K and ana-
lytical errors. In subsequent heating steps, all grains degas relatively
continuously, with the bulk of their total 39Ar (N75%) released in the
2–3 W laser power interval (steps 2–5). Most of the gas-rich steps
have isotopic compositions associated with step ages in the range of
1151 ± 0.7 to 1163 ± 4.5, with some outliers mainly towards younger
ages (Supplementary data). All grains reveal an increase in Ca/K ratios in
the last gas fractions released, notably in the step prior to fusion (Fig. 7).
This is reflected by a factor of 5 increase in the 37Ar/39Ar ratios, due to
37Ar produced from 40Ca.

7. Discussion

Data obtained in the current study permit a direct comparison of
U-Pb, Sm-Nd and Rb-Sr isochron ages with single crystal 40Ar-39Ar
ages from a single co-magmatic agpaitic unit. The data allow us to eval-
uate the sensitivity of each mineral and isotope system to late-stage
equilibration and hydrothermal alteration. Below we compare the
kakortokite isochron data to reported ages from other intrusive units
of the Ilímaussaq complex, and re-evaluate those ages in light of mod-
ern decay constants. Isotopic systems are discussed individually before
a final evaluation of geochronological techniques is made. Additionally,
the petrogenetic significance of more precisely determined initial isoto-
pic compositions for the kakortokite melts are discussed.



Fig. 8. Comparison to published Sm-Nd data from other Ilímaussaqwhole rocks (WR) and
mineral separates (Min). Grey line and shadingmark the 1160Ma reference isochronwith
143Nd/144Ndi = 0.51110 ± 4.
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7.1. U-Pb systematics

The kakortokite samples form a well-defined207Pb/204Pb-206Pb/204Pb
isochron age that matches the baddeleyite and zircon U-Pb ages of
Krumrei et al. (2006) and Upton and Heaman, cited in Upton et al.
(2003) (Fig. 4a). Isochron plots for the individual U-Pb decay systems re-
veal three outliers, i.e. two arfvedsonite samples and one feldspar. The
fact that only their U/Pb ratios, and not the 207Pb/204Pb and 206Pb/204Pb
ratios, are affected may point to potential issues with the chemistry or
the analytical procedure for U. For example, issues with spiking,
weighing or contamination, differences in mass fractionation between
sample and standard or interference corrections due to insufficient
chemical purification of U. However, if the anomalous U/Pb data are in-
deed a consequence of geological disturbance of U and/or Pb, this must
be due to a relatively recent event. Recent loss or gain of U or Pb loss
could explain the offsets in the 238U/204Pb and 235U/204Pb ratios and
would not affect the radiogenic Pb ratios, as observed here (Fig. 4). Isoto-
pic disturbance immediately after crystallization would not be visible in
either U/Pb or 207Pb/204Pb-206Pb/204Pb isochrons, whereas partial or
complete resetting at a given time after crystallization would result in
offsets in both diagrams. The latter scenarios can be excluded, and the
preferred explanation is recent disturbance of U and/or Pb loss. It is note-
worthy that the whole rocks fromwhich the three outlier minerals were
separated fall on the isochron trend, suggesting isotopic equilibriumwas
maintained on a whole rock scale.

Published U-Pb work on the agpaitic suite is limited to in situ U-Pb
analyses of eudialyte by Wu et al. (2010), which gave relatively young
206Pb/238U ages between 1018 ± 34 and 1134 ± 29 Ma (Table 1;
Fig. 11) considered to reflect Pb loss after crystallization. Calculation of
207Pb/206Pb ages, e.g. not affected by Pb loss, was not possible from in
situ analyses because of the necessity to correct 207Pb for high common
Pb in eudialyte. Attempts to retrieve age information from secondary
zircon in the ‘hybrid’ part of the kakortokites, i.e. genetically related
agpaitic nepheline syenites, were also unsuccessful due to very low U
contents and high common Pb (Hunt et al., 2017, Pers. Comm.). The
whole rock-mineral isochron method by isotope dilution does not re-
quire a common Pb correction, and so is more suitable for U/Pb dating
of agpaitic rocks. Both the 207Pb-206Pb isochron age (1159 ± 17 Ma)
and individual U-Pb isochron ages (1173 ± 16 and 1168.5 ± 8.8 Ma)
are consistent with the baddeleyite and zircon U-Pb ages (Fig. 4,
Table 1) and are thus considered accurate independent ages for the
kakortokite, although somewhat less precise.

7.2. Sm-Nd systematics

Fig. 8 compares our data to published Sm-Nd data for Ilímaussaq li-
thologies from Paslick et al. (1993), Stevenson et al. (1997) and Marks
et al. (2004) and illustrates the narrow range of Sm/Nd ratios in all
Ilímaussaq rocks and minerals (147Sm/144Nd between 0.05 and 0.15).
The published Nd data show a considerable range in initial
143Nd/144Nd, corresponding to εNdi between+0.4 and− 5.7. The augite
syenite records the most radiogenic Nd values, while the majority of
agpaitic samples plot within uncertainty of our calculated regression
(shaded area, Fig. 8). Samples with low Nd isotopic values, plotting
below the 1160 Ma trend, have been interpreted by Marks et al.
(2004) and Stevenson et al. (1997) to reflect minor degrees of lower
crustal assimilation and local wall-rock contamination (see discussion
below).

Our kakortokite Sm-Nd data show significantly less scatter relative
to earlier datasets (Fig. 8), which we interpret to reflect their derivation
from a single co-genetic kakortokite unit. Our kakortokite regression,
using blanket errors based on the external reproducibility of standards,
yields an age of 1156 ± 53 Ma (MSWD= 0.23, n = 11) with an initial
143Nd/144Nd of 0.51110 ± 4 (εNdi = −0.8 ± 0.8). If instead we use in-
run analytical errors (cf. Marks et al., 2004), the regression gives 1159
± 34 Ma (MSWD = 3, n = 11) with 143Nd/144Ndi = 0.51110 ± 3. To
allow direct comparisonwith published data we also recalculate the re-
gression and errors for the data of Marks et al. (2004) using the same
protocol. This yields an age 1130 ± 130 Ma (MSWD = 2.9, Table 1)
for their data, providing an age estimate that overlapswith other studies
but with a significantly poorer precision than reported. Regression of
the data from Paslick et al. (1993) gives an age consistent with the re-
ported value of 1130±50Ma (MSWD=0.08). In situ Nd isotopic anal-
yses of eudialyte (Wu et al., 2010) resulted in scattered values yielding
an errorchron of 1128± 63Ma (Table 1, Fig. 11). As such, we infer that
ourmineral –whole rock isochron age represents themost accurate and
precise Sm-Nd age reported for the complex.

Individual outliers in the dataset, notably 535,020-wr, are consistent
with data which recordminor isotopic disturbance by late-stage hydro-
thermal alteration. Such disturbance would be most pronounced in
eudialyte-rich samples, as eudialyte exerts a strong control on the
whole rock Sm and Nd budget. If we assume that whole rock Sm-Nd
budgets are controlled by eudialyte, alkali feldspar and amphibole, a
simple modal abundance calculation using the Sm-Nd concentrations
(Supplementary Data Table S2) yields eudialyte proportions of c. 10%,
60% and 12%, in the black, red and white layers of Unit 0, respectively.
For the black andwhite kakortokite, these values are in good agreement
with petrographic estimates. For the red kakortokite, however, 60%
modal eudialyte is above our petrographic estimate (c. 40%). This im-
plies a significant contribution to the bulk REE budget from other REE-
phases, most likely rinkite (a REE-Ti-bearing disilicate). Rinkite contains
c. 25 wt% RE2O3 and also readily interacts with late-stage fluids to pro-
duce secondary mineral assemblages (Rønsbo et al., 2014). Subsolidus
alteration of these phases may account for the minor discordance of
the red kakortokite (535020-wr), suggesting that the fluids were capa-
ble of remobilizing REE. However, the isotopic compositions of the black
and white whole rocks are undisturbed, even though they were sub-
jected to the same alteration as the red kakortokite (Fig. 3). From this,
we infer that the REE mobilizing capacity of the fluids was relatively
low and that the circulating fluids likely had amagmatic Nd isotopic sig-
nature. These inferences are supported by recent work on the Nd signa-
tures of fresh and altered eudialyte (Van de Ven, 2018). Overall, the
homogeneous Sm-Nd systematics of Ilímaussaq support the conclusion
of Marks et al. (2004) that the Sm-Nd system essentially behaved as a
closed system during crystallization and cooling.
7.3. Rb-Sr systematics

Rb-Sr isotope data are strongly discordant and bothwhole rocks and
mineral separates fail to yield isochron ages. The feldspar records the
most disturbed signatures and their relatively unradiogenic Sr ratios



Fig. 9. Compilation of published Rb-Sr data for Ilímaussaq. Polylithionite samples from
Moorbath et al. (1960) plot just below the 1091 Ma alkali feldspar trend (from Fig. 6a),
also suggesting loss of 87Sr. Individual polylithionite Rb-Sr dates and reported isochron
ages from Waight et al. (2002) and Blaxland et al. (1976) are recalculated using 87Rb
λ = 1.397*10−11 a−1. Inset shows details for low Rb/Sr samples (e.g. eudialyte,
amphibole and whole rocks). The 1160 Ma trend (grey line) is shown for reference.
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with respect to their Rb/Sr ratios suggest significant loss of 87Sr after
crystallization. The ‘young’ feldspars weigh heavily on the best-fit re-
gression through all samples, resulting in such significant scatter on
the errorchron (MSWD= 10,737) that no meaningful interpretation is
possible. Perthite is particularly sensitive to sub-solidus structural
changes driven by exsolution and textural coarsening, both of which
are acceleratedbyaqueousfluids (e.g. Parsons, 1978). In the kakortokite,
the feldspar ismicroclinemicroperthite, which has been almost fully re-
crystallised into a patchperthite by solution/reprecipitation (cf. Parsons,
1978). The recrystallisation of feldspar at low (~400C) temperatures al-
lows exchange of Sr and Rb with the hydrothermal fluid and signifi-
cantly influences the Rb-Sr system (e.g. Patchett et al., 1979; Brooks,
1968; Parsons et al., 1988; Villa and Hanchar, 2013). Turbidity in the al-
bitic component of theperthite laths (Fig. 3) has been attributed tofluid-
induced microporosity, which allows the feldspar to be permeable to
low temperature fluids. The consequence of these observations is that
feldspar may have been open to Rb and Sr diffusion and loss for much
longer periods than the low Rb/Sr phases.
Fig. 10. Whole rock Sr (a) and Rb (b) contents across the layered kakortokite sequence (circl
increase in Sr contents between Unit 0 and 3. Whole rock Sr budgets are controlled by eud
secondary Sr-rich eudialyte associated with gittinsite alteration (Borst et al., 2016). Rb budget
of the references to colour in this figure legend, the reader is referred to the web version of thi
Moorbath et al. (1960) previously reported anomalously young
Rb-Sr ages around 1086 ± 24 Ma from three pegmatitic polylithionite
samples with comparably high Rb/Sr ratios. The polylithionite data are
shown together with other reported Rb-Sr data in Fig. 9 (recalculated
from Table 1 in Moorbath et al., 1960). The three points plot just
below the 1091 Ma alkali feldspar trend, and together fall on a 3-point
errorchron of 1106 ± 270 Ma (MSWD = 20, assuming 2σ errors of
0.5% on 87Rb/86Sr and 0.05% on 87Sr/86Sr) with a negative initial ratio
(−0.2 ± 5.9). The large error and negative 87Sr/86Sri indicate consider-
able isotopic disequilibrium and loss of 87Sr, as observed for the
feldspars.

In contrast, the lower Rb/Sr samples (i.e. arfvedsonite, eudialyte and
whole rocks, n = 9) define an errorchron trend of 1237 ± 21 Ma with
excessive scatter (MSWD = 9811). One possible explanation for their
radiogenic signatures is that they incorporated radiogenic Sr released
from the alkali feldspar and other high Rb/Sr phases, analogous to
Rb-Sr isotopic exchange between deuterically altered alkali feldspars
and plagioclase (Brooks, 1968). However, analyzed whole rocks also
plot above the 1160 Ma reference line and so it appears that Rb-Sr iso-
topic exchange was not balanced on a whole-rock scale. This suggests
an overall open system with a relative enrichment in 87Sr.

Further evidence for open behaviour in the Rb-Sr system is provided
from whole rock XRF data from the layered kakortokites sequence
(Fig. 10; data from Bailey et al., 2001). These show a significant enrich-
ment in Sr concentrations between Units 0 and+ 3, reaching a ten-fold
relative enrichment in the black kakortokite of Unit 3 (from c. 100 to
1250 ppm Sr). The peak in Sr concentrations is inconsistent with frac-
tional crystallization or cumulate processes, and strongly suggests re-
mobilization by internally and/or externally derived hydrothermal
fluids enriched in Sr. Local subsolidus Sr enrichment, possibly by exter-
nal fluids, was inferred from gittinsite-bearing (CaZrSi2O7) eudialyte al-
teration assemblages containingmantles of Sr-rich secondary eudialyte
(Borst et al., 2016). Potential external sources for Sr include (1) seawater
entering the complex along faults, as proposed by Graser and Markl
(2008), or (2) preferential leaching of radiogenic Sr from the granitic
Ketilidian basement, as suggested by Blaxland et al. (1976).

Irrespective of the nature of the disturbance, the data support the
notion that Rb and Sr are highly mobile and that the Rb-Sr system is
an unreliable chronometer for agpaitic (or peralkaline) rocks (e.g.
Krumrei et al., 2006; Marks et al., 2003). Therefore, it is fortuitous that
the reported (and commonly cited) Rb-Sr ages by Waight et al. (2002)
and Blaxland et al. (1976) were consistent with the baddeleyite/zircon
es: XRF data from Bailey et al. (2001); stars: whole rock ID-data, this study). Note sharp
ialyte, with the highest Sr contents in red kakortokites. Outlier Unit 3 black contains
s are controlled by alkali feldspar with maxima in white kakortokites. (For interpretation
s article.)



Fig. 11. Compilation of U-Pb, Sm-Nd, Rb-Sr and Ar-Ar ages for Ilímaussaq. See Table 1 for
details and references.

84 A.M. Borst et al. / Lithos 324–325 (2019) 74–88
U-Pb ages and the new 40Ar/39Ar age. However, both ages were calcu-
lated with different decay constants for 87Rb (Table 1). When using
the revised decay constant of 1.397 × 10−11 a−1 (Villa et al., 2015) the
2-point Rb-Sr age of Waight et al. (1160 ± 2 Ma) changes to 1179 ±
2 Ma (Table 1). A new regression of Blaxland's data (agpaites only)
yields 1162 ± 21 Ma with MSWD = 53 instead of 3.6, which renders
this an errorchron. In summary, all studies demonstrate chemical open-
ing of the Rb-Sr system and so other isotopic systemswill providemore
accurate dating of agpaitic rocks.

7.4. 40Ar/39Ar ages

Four single-crystal 40Ar/39Ar step-heating experiments of black
kakortokite amphibole yield twoplateau ages. Only one of these is robust
with an age of 1156.6 ± 1.4 Ma (MSWD= 1.5) for 5 consecutive steps
comprising N99% of the total 39Ar released. The second ‘plateau’ age is
within error of the former (Supplementary Table S4), but is associated
with a MSWD value of N2 and comprises only 47% of total 39Ar released,
suggesting geological disturbance of the K-Ar system in this amphibole
crystal. We interpret the young ages of the first heating steps for all
grains, associatedwith low% 40Ar* andhigher Ca/K, to bedue tominor al-
teration products or loosely adhered argonwith an extraneous 40Ar com-
ponent. Slight variations in the gas release patterns as a function of laser
power can be attributed to natural compositional variation and zoning in
the Ca/(K+Na) ratios of the amphiboles (e.g. Pfaff et al., 2008),which in-
fluences theirdegassingbehaviour (Dahl, 1996;Krumrei et al., 2006;Villa
et al., 2000). The high Ca/K signatures of the final heating steps may re-
flect gas release from more Ca-enriched amphibole domains (cores)
with higher degassing temperatures, or alternatively, from micro-
inclusions of primarymagmatic Ca-rich phases such as apatite or fluorite
in arfvedsonite (Fig. 3c). Either way, the high Ca/K ratios are not associ-
ated with significantly different calculated plateau ages.

While the closure temperature for Ar in sodic amphiboles is rela-
tively low (c. 500–550 °C), taking into account the ionic porosity
(Dahl, 1996), the solidus temperature for agpaitic melts is inferred to
be even lower (c. 500–450 °C; e.g. Markl et al. 2001). Therefore,
arfvedsonite, which is among the first phases to crystallize (c. 700–
550 °C), crystallization reached its closure temperature before the
melt fully crystallized (Krumrei et al., 2006). Since the complex has ex-
perienced no metamorphic overprinting since emplacement, the am-
phibole plateau ages are confidently interpreted as crystallization
ages. Nevertheless,fluid assisted re-equilibration at lower temperatures
(c. 450–350 °C), associated with the formation of secondary aegirine
and possibly partial loss of argon, may have occurred after crystalliza-
tion. This can readily account for the disturbance in the 40Ar/39Ar gas re-
lease patterns for two of the grains.

40Ar/39Ar data presented by Krumrei et al. (2006)were derived from
furnace step-heating experiments onmulti-grain amphibole aliquots (c.
10 mg) from different intrusive units in the complex. Using modern
values for the K decay constant and the FCT monitor age (i.e. Min
et al., 2000; Rivera et al., 2011), their 40Ar/39Ar data yield ages between
1150.5 and 1161.2 Ma (Table 1), i.e. within external error of our new
plateau age. However, close examination of their data shows that the
plateaus are relatively poorly defined, i.e. MSWD values are too high
(Table 1) and released 39Ar fractions too low to yield acceptable plateau
ages, as pointed out by Baksi (2007). Because the experiments of
Krumrei et al. (2006)were run asmulti-grain step-heating experiments
using a furnace, the non-plateau ages could reflect mixing of variably
isotopically disturbed grains. The presence of isotopically disturbed
grains is clearly demonstrated in our single crystal step-heating ap-
proach,which allows recognition and therefore exclusion of such grains.

7.5. Comparison of geochronological techniques

A compilation of geochronological data from the literature and the
present study is given in Table 1, along with associated MSWD, initial
ratios and decay constants used. The kakortokite isotopic data reveal
variable degrees of isotopic disturbance in all radiogenic systems
(Fig. 11). This is most evident in the Rb-Sr system, which yields geolog-
ically meaningless ages with low precision, accuracy and ill-defined ini-
tial ratios. The Rb-Sr system records extensive open system behavior,
demonstrated in all minerals, and so is of limited suitability for dating
agpaitic rocks. The Sm-Nd system is less susceptible to isotopic distur-
bance by late-stage hydrothermal fluids, although some scatter in the
data can be explained by this process. The Sm-Nd isochron ages, how-
ever, are associated with large uncertainties (low precision, Fig. 11),
which in part is due to the narrow spread in Sm/Nd ratios of the
Ilímaussaq rocks and minerals. The Sm-Nd isochron method may pro-
vide tighter age constraints for agpaitic rocks and minerals that display
a wider range in REE ratios, providing that a closed-system fluid evolu-
tion can be demonstrated. The U-Pb system demonstrates minor isoto-
pic disturbance in arfvedsonite and feldspar separates. Exclusion of
these samples nevertheless provides a relatively precise 235U-207Pb
whole rock-mineral isochron age of 1168.5 ± 8.8 Ma. This is within
error of the U/Pb baddeleyite age from the earliest intrusive phase
(Fig. 11) and is considered the most precise non-single mineral age
estimate for the agpaitic units to date.

Still higher precision constraints are obtained from single crystal
40Ar/39Ar dating of sodic amphiboles. The step-heating approach pro-
vides a self-filtering mechanism for the effects of alteration and late-
stage isotopic re-equilibration. As such, the new single crystal amphi-
bole 40Ar/39Ar plateau age of 1156 ± 1.4 Ma is put forward as the
most precise age for the agpaitic units of Ilímaussaq to date (Fig. 11).
However, this age quotes internal analytical errors only and if we con-
sider uncertainties related to the accuracy and precision of the FCT age
and decay constants we obtain an external error of ±7.7 Ma (0.66%)
on the plateau age (bracketed values in Table 1). The use of different
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FCT values produces ages within analytical error (Table 1), and so the
uncertainty expressed by the external error mainly relates to the preci-
sion and accuracy of the decay constant. Taking this into account, the
40Ar/39Ar singlemineral age approaches the level of precision of that ob-
tained by the 235U-207Pb whole rock-mineral isochron age. Hence, both
techniques are suitable for dating agpaitic rocks but neither provide the
required precision or accuracy to resolve internal age differences be-
tween non-agpaitic and agpaitic units at Ilímaussaq. A combination of
single crystal 40Ar/39Ar dating and U-Pb whole rock mineral isochron
dating could provide valuable age and longevity constraints for agpaitic
complexes that experienced more prolonged emplacement and cooling
histories, or metamorphism after emplacement (e.g. Sushina Hill, Norra
Kärr).

7.6. Petrogenetic constraints

The data also provide an opportunity to revisit the petrogenesis
of the agpaitic magmas at Ilímaussaq in relation to other Gardar intru-
sions. The Ilímaussaq melts are described as residual liquids from a
mantle-derived transitional basaltic magma that experienced extensive
fractional crystallization in deeper level magma chambers, along with
low degrees of crustal contamination prior to emplacement in the shal-
low crust (Larsen and Sørensen, 1987; Marks et al., 2004; Stevenson
et al., 1997). Sr-Nd isotope systematics of the kakortokite and other
Ilímaussaq units are shown in Fig. 12, illustrating a narrow range in
εNdi values (0 to −2) combined with highly variable 87Sr/86Sri (0.68 to
0.72). Other Gardar isotopic data are plotted for comparison, including
relatively primitive magmas of the Brown dykes (c. 1280 Ma; Bartels
et al., 2015), Eriksfjord basalts (c. 1200Ma; Halama et al., 2003), Isortôq
dykes (c. 1190Ma; Halama et al., 2004), basalts and lamprophyres from
the Ivigtût area (c. 1280 Ma; Goodenough et al., 2002), as well as
lamprophyres, phonolites/syenites and carbonatites from Qassiarsuk
Fig. 12. εNdi vs 87Sr/86Sri evolution diagram. Red shaded area shows the wide range in 87Sr/86S
values from data of Paslick et al. (1993), Stevenson et al. (1997), Marks et al. (2004) and W
Other Gardar data shown for comparison, from Andersen (1997), Bartels et al. (2015), Blaxla
2004, 2005), Marks et al. (2004), Paslick et al. (1993), Pearce and Leng (1996) and Taubald
0.0827 and 87Sr/86Sr of 0.7045 (Depaolo, 1988). Depleted MORB mantle (DMM) values are f
and crustal reservoirs are calculated for t = 1160 Ma. Other Gardar data are shown for t = e
uptake of 87Sr from Ketilidian crust (Blaxland, 1976; Blaxland et al., 1976), (2) assimilation-f
crust (Stevenson et al., 1997) and (3) mixing trends between more primitive Gardar magm
(Andersen, 1997; Halama et al., 2003, 2004;Marks et al., 2004). (For interpretation of the refere
(c. 1200 Ma; Andersen, 1997), Grønnedal-Ika (c. 1290 Ma; Nd data
from Halama et al., 2005 and Sr data from Taubald et al., 2004)
and the Igaliko area (c. 1150 Ma; Pearce and Leng, 1996). Primitive
Gardarmagmas typically showmantle-derived signatures with positive
εNdi N 1 and 87sSr/86Sri of c. 0.702–0.703 close to Bulk Silicate Earth.
Trends towards lower εNdi b 0 and more radiogenic 87Sr/86Sri (up to
0.705) have been explained by variable degrees of bulk contamination
by Archaean and Proterozoic (Ketilidian) crustal material (e.g.
Andersen, 1997; Goodenough et al., 2000, 2002; Halama et al., 2004;
Marks et al., 2003; Bartels et al., 2015; evolution curves 3a and 3b in
Fig. 12). Some of the lowest Gardar εNdi values (−11) are measured in
the gabbroic-syenitic Isortôq dykes, where AFC modelling suggested a
maximum of 10% contamination with Archaean granulite-facies lower
crust (Halama et al., 2004).

Relative to other Gardar complexes, the Ilímaussaq melts show a
wide range in 87Sr/86Sri in combination with a narrow range of sub-
chondritic εNdi. Although initial 87Sr/86Sr are less well constrained than
εNdi (a consequence of the high Rb/Sr and large age correction), calcu-
lated 87Sr/86Sri for the agpaites are much higher (0.7096 ± 0.0022)
than for the augite syenite (c. 0.703 ± 0.002, Blaxland et al., 1976). Ini-
tial 87Sr/86Sr for the lujavrite are even higher (up to 0.72, Fig. 12,
Blaxland et al., 1976), while our kakortokite Rb-Sr isochron yields an in-
termediate initial of 0.707 ± 0.003. Given the large uncertainty on this
value, calculated 87Sr/86Sri for individual eudialyte separates potentially
provide tighter constraints for the initial Sr composition of the
kakortokite melt because of their low Rb/Sr ratios. The eudialyte initials
(0.7055–0.7088±0.0004, red diamonds in Fig. 12) are an order ofmag-
nitude more precise than the 87Sr/86Sri obtained from the isochron
(black diamond in Fig. 12), however, individual values do not overlap
within error. This again indicates isotopic disequilibrium, and so the Sr
initial of the kakortokitemelt remains poorly constrained. Nevertheless,
the data is consistent with an overall evolution of increasingly
ri and narrow range in εNdi for most Ilímaussaq rocks. Maximum range of Ilímaussaq εNdi
u et al. (2010), with the widest range recorded in the augite syenite (+0.4 and − 5.7).
nd (1976), Blaxland et al. (1976, 1978), Goodenough et al. (2002), Halama et al. (2003,
et al. (2004). Bulk Silicate Earth (BSE) is calculated assuming present-day 87Rb/86Sr of
rom DePaolo (1981) and Goldstein et al. (1984). Initial ratios for Ilímaussaq and mantle
mplacement (see ages in text). Inset shows evolution curves related to (1) preferential
ractional crystallization (AFC) of a basaltic-syenitic-agpaitic melt assimilating Ketilidian
as (lower Nd, higher Sr) and (3a) Ketilidian upper crust or (3b) Archaean lower crust
nces to colour in this figure legend, the reader is referred to theweb version of this article.)
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radiogenic 87Sr/86Sri from c. 0.703 in the augite syenite, to c. 0.707 in the
kakortokite, and 0.721 in themost evolved lujavrites, whilemaintaining
a narrow range of εNdi (c. 0.5 to−1.5).

Blaxland et al. (1976) explained the increase in 87Sr/86Sri in progres-
sive melts to selective enrichment of 87Sr by leaching of radiogenic Sr
from unstable positions in Rb lattices sites from feldspars in the
Ketilidian crust (evolution curve 1, Fig. 12). A similar process of prefer-
ential 87Sr uptake from country rock, most likely by magmatic hydro-
thermal fluids, was invoked to explain high 87Sr/86Sri values (up to
0.72) from other Gardar complexes such as Ivigtut, North Qoroq,
Grønnedal-Ika and North Motzfeldt (Blaxland, 1976; Blaxland et al.,
1978; Finch et al., 2001; Goodenough et al., 2000; Taubald et al.,
2004). Taubald et al. (2004) also noted significant heterogeneities in
87Sr/86Sri values between silicic and carbonate phases in a
silicocarbonate from Grønnedal-Ika, and explained this by preferential
uptake of 87Sr and Rb into the silicate phase during carbonate-silicate
immiscibility.

For the Ilímaussaq melts, Stevenson et al. (1997) argued that bulk
assimilation of Ketilidian crust could explain the observed trends to-
wards high Sr ratios and slightly negative εNdi values, following
assimilation-fractional crystallization (AFC) of a basaltic, to augite sye-
nitic, to agpaitic melt that assimilated Ketilidian crust at decreasing
rates (evolution curve 2, Fig. 12). The fact that εNdi remains stable
with continued assimilation is due to the high Nd (N 100 ppm) and
low Sr contents (b 150 ppm) in the agpaitic melts, relative to low Nd
(~35 ppm) and high Sr (~600 ppm) contents of the contaminant.
Following the AFC calculations of Stevenson et al. εNdi values decrease
from ~2 (basaltic melt), to ~0 (augite syenite) and then to ~ −1
(lujavrite),while 87Sr/86Sri increases from0.702 to 0.709,with gradually
decreasing rates of assimilation relative to fractional crystallization. The
lujavrite stage was modelled by 17% of crustal assimilation after at least
85% fractional crystallization of the augite syenitemelt. Using higher as-
similation/crystallization rates for the alkali granite, 40% bulk contami-
nation would be required to yield εNdi of −1 to −2 (Stevenson et al.,
1997). Marks et al. (2004) later calculated that 13% of contamination
with Archaean lower crust during storage and/or ascent of the augite sy-
eniticmeltwould be sufficient to explain both Si-saturation and low εNdi
(−3.1) of the alkali granite (Fig. 8). The authors noted that greater
amounts of upper crustal contamination was unlikely, due to the uni-
form δ18O values (+5.2 to 5.7‰) for the alkali granite and other
Ilímaussaq melts. Although this model did not consider Sr isotopes,
13% of lower crustal input can be considered a maximum estimate of
contamination for all Ilímaussaq melts. Few samples that yielded εNdi
values down to −5.7 for lujavrites and augite syenites (Figs. 8, 12) de-
rived from the margin of the complex, however, can be explained by
local assimilation of Ketilidian crust during emplacement (Stevenson
et al., 1997).

An integrated study of Nd-Sr isotopes of mineral separates from all
units, as performed in the present study, ideallywith the addition of sta-
ble isotopic data, could help to differentiate between proposed petroge-
netic processes and constrain the extent of contamination through
(i) preferential leaching of radiogenic 87Sr during ascent and emplace-
ment, (ii) crustal assimilation/fractional crystallization during ascent,
(iii) crustal contamination along the margins of the complex and (iv)
post-magmatic hydrothermal activity. A detailed understanding of
these processes is essential to unravelling the isotopic complexity of
these economically important rock types.

8. Conclusions

Rb/Sr, U/Pb, Rb/Sr and Ar/Ar isotopic data are presented for whole
rocks andmineral separates (eudialyte, arfvedsonitic amphibole & alkali
feldspar) from a single modally layered kakortokite unit in the
Ilímaussaq complex. New geochronological data are presented and
compared to published ages for the complex. The applicability of
traditional isochron methods for dating agpaitic rocks and challenges
related to pervasive metasomatic alteration, affecting isotopic systems
to different extents, have been discussed. The following conclusions
are drawn based on the data presented:

I. Single-crystal amphibole 40Ar/39Ar step-heating experiments
yield a plateau age of 1156.6 ± 1.4 Ma (MSWD= 1.5, p = 0.2),
the most precise crystallization age for the agpaitic units of the
Ilímaussaq complex currently available. The external error im-
posed by uncertainties on the geochronological constants is ±
7.7 Ma.

II. Whole rock, eudialyte and feldspar data from kakortokite unit 0
yield well-defined 207Pb-206Pb and 235U-207Pb isochron ages of
1159 ± 17 Ma (MSWD = 0.96) and 1168.5 ± 8.8 Ma (MSWD
= 0.82), respectively. Both are consistent with reported
baddeleyite and zircon U-Pb ages from the earlier intrusive
units, as well as the new kakortokite 39Ar/40Ar amphibole data.
Although some chemical disturbance is recorded for U, the
U-Pb system appears relatively robust to late-magmatic
peralkaline fluid activity. The U-Pb isochron method thus pro-
vides reasonable first order age constraints for agpaitic rocks
when single mineral dating techniques are not available.

III. Sm-Nd isotopedata yield a kakortokite isochron of 1156±53Ma
(MSWD = 0.23) with 143Nd/144Ndi of 0.511103 ± 39, corre-
sponding to εNdi = −0.8 ± 0.8. The kakortokite minerals and
whole rocks show significantly less scatter around the isochron
than published Sm-Nd data for the complex, reflecting their ori-
gin from a single co-genetic unit. Minor discordancy of some
samples is attributed to isotopic disturbance by late-magmatic
alteration. However, initial ratios are indistinguishable within
error, suggesting that the impact of alteration on the Sm-Nd sys-
temwasminor and that the fluids had a magmatic Nd signature.
A compilation of Nd data demonstrate that most Ilímaussaq
melts are characterized by a narrow subchondritic range of initial
εNdi values between−0.2 and− 1.2.

IV. Rb-Sr isotope systematics in the kakortokite reveal significant
chemical disturbance and render no reliable age information.
Alkali feldspars define a 3-point errorchron of 1106 ± 94 Ma,
MSWD = 25, plotting well below the 1160 Ma trend and sug-
gesting significant loss of 87Sr after crystallization. Whole rocks,
as well as eudialyte and amphibole separates (low Rb/Sr) plot
above a 1160 Ma reference line and define an anomalously old
errorchron trend of 1237 ± 21 Ma with significant geological
scatter (MSWDN900). This suggests extensive open-system be-
havior and an overall enrichment in radiogenic 87Sr.

V. Initial Sr compositions calculated from eudialyte separates (low
Rb/Sr) provide the most precise constraints for the initial Sr iso-
topic composition of the kakortokite melt, although variations
between the individual samples indicate isotopic disequilibrium.
The marked overall increase in 87Sr/86Sri from the earliest intru-
sive units (0.703) to the agpaitic units (c. 0.707), combined
with the narrow range of sub-chondritic εNdi can be explained
by minor crustal assimilation and preferential leaching of 87Sr
from the Proterozoic basement during emplacement and cooling
of the complex.
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