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Abstract 

Kimberlite magmatism occurs as a result of volatile fluxed melting of the convecting 

upper mantle underlying cratonic lithospheric mantle regions. During passage to the 

Earth’s surface, proto-kimberlite magma can interact with, and assimilate, variably 

enriched cratonic mantle producing hybrid melts consisting of asthenospheric and 

cratonic mantle components including contributions from metasomatic domains. The 

halogen elements (F, Cl, Br, I) and chlorine isotope ratios (37Cl/35Cl) are increasingly 

used as tracers of recycled crustal materials within the Earth’s mantle yet are only 

rarely reported in analyses of kimberlites. As a result, the origin and distribution of 

halogens in kimberlite magmas is poorly constrained. Here, we present novel, 
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combined elemental (F, Cl, Br) and isotopic (𝛿37Cl) halogen data for 14 fresh 

kimberlite samples from the North Atlantic Craton (NAC) of West and South-West 

Greenland. 

The F composition of kimberlites from the NAC appears to be controlled by melting 

in the convecting upper mantle with minimal effect from interaction with 

metasomatized lithospheric mantle or volatile loss during or after emplacement. By 

contrast, Cl and Br in the studied samples have undergone significant devolatilization 

during kimberlite dyke emplacement and post-emplacement processes, whereby up 

to 99% of the original halogen budget was removed. 

Whilst all the studied kimberlites broadly follow the same geochemical pattern, there 

exists some regional variability in their halogen systematics. The northern NAC 

kimberlite sampled at Majuagaa has mantle-like 𝛿37Cl values of -0.2 to -0.5 ‰ 

[versus SMOC (standard mean ocean chloride)]. In contrast, kimberlite dykes from 

Nigerdlikasik and Pyramidefjeld near the southern craton margin display positive 

𝛿37Cl values of +0.4 ‰ to +1.3 ‰, in addition to a relative Cl and Br enrichment, 

which is consistent with the assimilation of recycled crust-derived halogens by the 

kimberlite magmas. The data support a scenario in which recycled halogens were 

sampled either from within an OIB-type reservoir in the convecting mantle or through 

interaction with subduction-modified lithospheric mantle reservoir during eruption.  

We prefer a scenario in which the ascending kimberlite magmas assimilated Cl-rich, 

metasomatized regions within cratonic mantle lithosphere. 

1 Introduction 

Although relatively minor constituents of continental magmatism, kimberlites garner 

significant interest due to their hosting of diamonds and mantle xenoliths scavenged 
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from great depths during magma ascent. Kimberlites and related magmas are 

thought to form by low-degree melting of the convecting Earth’s mantle in intra-

continental settings where the lithosphere is particularly thick, at depths in excess of 

150 km (Dalton and Presnall, 1998; Brey et al., 2008; Foley et al., 2019). The high 

MgO, NiO, and incompatible trace element contents of kimberlites are best explained 

as a result of low-degree partial melting of carbonated peridotite within the 

convecting ambient upper mantle (e.g. Tappe et al., 2018), although deep mantle 

plume sources have also been invoked (e.g. le Roex, 1986; Tachibana et al., 2006). 

These varieties of magmatism display extremely high concentrations of incompatible 

trace elements in addition to extreme concentrations of volatiles such as H2O and 

CO2 (Kjarsgaard et al., 2009). Compared to the relatively well-studied (if still not fully 

understood) volatiles H2O and CO2, concentrations of the halogens F and Cl are only 

rarely reported for kimberlites (Kjarsgaard et al., 2009; Abersteiner et al., 2017), and 

Br data are lacking entirely. Hence, the origins and distributions of halogens in 

kimberlite magmas are only poorly constrained. 

During their ascent to the Earth’s surface, kimberlite magmas can interact with, as 

well as mechanically entrain, variably enriched cratonic mantle materials leading to 

the production of hybrid magmas containing sub-lithospheric and lithospheric mantle 

components (e.g. Mitchell, 2008; Dalton et al., 2020; Giuliani et al., 2020). Volatiles 

introduced into the continental mantle via metasomatism are postulated to derive 

from fluids/melts released from subducted slabs of oceanic lithosphere (Bell et al., 

2005; Simon et al., 2007; Broadley et al., 2016; Wang et al., 2016) or directly from 

the asthenosphere by low-degree partial melts (Yaxley et al., 1991; Rudnick et al., 

1993; Grégoire et al., 2002, 2003; Aulbach et al., 2013; le Roex and Class, 2016; 

Tappe et al., 2017). As a result, kimberlites can diverge in composition as a function 
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of the degree of craton enrichment and intensity of assimilation but also the sampling 

of OIB-type reservoirs in their source regions, as evidenced by their variable major 

and trace element contents, and radiogenic isotope (Sr-Nd-Hf-Pb-Os) compositions 

(le Roex et al., 2003; Tappe et al., 2011a; Chalapathi Rao et al., 2013; Foley et al., 

2019; Pearson et al., 2019; Tappe et al., 2020b). 

The halogen elements (F, Cl, Br) as well as the chlorine isotope system (37Cl/35Cl) 

could offer significant potential for distinguishing metasomatic styles in the cratonic 

lithosphere and tracing recycled volatiles in the kimberlite magma source region, 

because they have been established as valuable tracers of recycled crustal material 

in the Earth’s mantle for other less complex magmatic and metamorphic systems 

(John et al., 2010; Kendrick et al., 2012b; Broadley et al., 2016; Halldórsson et al., 

2016; Kendrick et al., 2017; Broadley et al., 2019). Whilst it is expected that sampling 

of recycled halogens either from within the convecting mantle (i.e. from OIB 

reservoirs) or metasomatized cratonic lithosphere could potentially influence the 

halogen content of ascending kimberlite magmas, the influence of either such 

reservoirs on the composition of kimberlite magmas is unproven. This results in part 

from the difficulty in ascertaining the halogen contents of kimberlite magmas, which 

is hampered by the effects of volatile loss via exsolution during ascent and 

emplacement, as well as post-emplacement alteration (Abersteiner et al., 2017). 

Studies of melt inclusions in kimberlite magmas show a multitude of halogen-bearing 

phases, which implies that halogens are common constituents of primitive kimberlite 

magmas (e.g. Kamenetsky et al., 2014; Abersteiner et al., 2017, 2019b). Yet the 

magmas themselves have halogen contents (F, Cl) that are broadly similar to MORB 

and OIB magmas (Kjarsgaard et al., 2009; Kendrick et al., 2017). However, the 
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degree to which halogen loss occurs during kimberlite magmatism remains poorly 

constrained. 

Here, we provide the first combined elemental (F, Cl, Br) and isotopic (δ37Cl) 

investigation of the halogen inventory of kimberlite magmas with the aim to estimate 

their original halogen contents. This study also seeks to understand the underlying 

mechanisms by which the observed regionally diverging halogen compositions of 

kimberlites from Greenland are created. 

2. Samples and geological setting 

2.1 Selected samples 

This study focuses on 14 hypabyssal kimberlite samples from the northern 

(Majuagaa), central (Tikiusaaq), and southern (Nigerdlikasik and Pyramidefjeld) 

regions of the NAC in West and South-West Greenland (Fig. 1). In addition, we 

analyzed the concentrations of chlorine in serpentine veins within spinel- and 

phlogopite-bearing peridotite xenoliths (n= 6) recovered from kimberlite dykes at 

Nigerdlikasik and Pyramidefjeld. Two of these xenoliths (P3580-X1; P3581-X1) were 

coarsely crushed and hand-picked for phlogopite. Phlogopite was crushed and 

aliquots were analyzed for their halogen concentrations. P3581-X1 was also 

analyzed for its δ37Cl isotope composition. 

Kimberlite samples analyzed in this study from the northern NAC are sampled from 

the Majuagaa kimberlite dyke part of the wider Maniitsoq kimberlite field. Kimberlite 

dykes from the Maniitsoq field are isotopically moderately depleted (Tappe et al., 

2011), with Sr-Nd-Hf isotopic compositions that overlap with archetypal group-I 

kimberlites from southern Africa (Smith, 1983; Nowell et al., 2004; Tappe et al., 

2020a), suggesting a source in the convecting ambient upper mantle to transition 
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zone. A dominantly convective upper mantle source is supported by low K2O 

contents (0.06 – 0.3 wt.% K2O), which suggests minimal interaction with 

metasomatized cratonic mantle domains. Kimberlite dykes from the Maniitsoq region 

used in this study yielded ages between 568 – 553 Ma (Tappe et al., 2011). For 

detailed field relations and petrographic descriptions see Nielsen and Sand (2008) 

and Nielsen et al., (2009).  

Ultramafic carbonate-rich dykes were emplaced in the center of the NAC at 

Tikiusaaq at around 160 Ma and, similar to the Maniitsoq kimberlite dykes, are 

interpreted to derive from the convective upper mantle based on their Sr-Nd-Hf-Pb-Li 

isotopic compositions (Tappe et al., 2012, 2017). They have relatively enriched K2O 

compositions (0.92 – 1.40 wt.% K2O) compared to kimberlites from Maniitsoq and 

can be considered transitional between calcite kimberlite and aillikite - the carbonate-

rich ultramafic lamprophyre end-member variety (Tappe et al., 2005). The higher 

K2O contents of magmas at Tikiusaaq, compared to those at Maniitsoq, imply that 

Tikiusaaq kimberlite magmas could have assimilated minor amounts of a K-bearing 

phase, either K-richterite or phlogopite, during passage through the cratonic mantle. 

The high K/Na ratios and silica-undersaturation of magmas at Tikiusaaq suggest that 

phlogopite is the most likely source of K-enrichment. The depleted 87Sr/86Sr isotope 

character of the Tikiusaaq kimberlite dykes requires that phlogopite was added to the 

cratonic mantle only shortly prior to kimberlite magmatism recorded at surface 

(Tappe et al., 2017). U-Pb dating of groundmass perovskite provides emplacement 

ages of between 157.4 – 165.9 Ma for the Tikiusaaq kimberlite dykes (Tappe et al., 

2012). For detailed field relations plus petrographic and mineralogical descriptions of 

the samples used in this study see Steenfelt et al. (2006) and Tappe et al. (2009). 
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Ultramafic carbonate-rich magmas from the southern margin of the NAC are 

represented by two dykes from Nigerdlikasik and a sill from Østragrav, which is part 

of the wider Pyramidefjeld-Midternaes kimberlite field first reported in detail by 

Emeleus and Andrews (1975). Similar to Tikiusaaq, the dyke/sheet intrusions at 

Nigerdlikasik can be considered transitional between calcite kimberlite and aillikite, 

whilst those from Pyramidefjeld are aillikite sensu stricto given the presence of 

ubiquitous groundmass clinopyroxene (Emeleus and Andrews, 1975; Larsen and 

Rex, 1992; Tappe et al., 2005). For simplicity we group them as kimberlites 

hereafter. As with samples from Tikiusaaq, the relatively high K2O (1.28 – 1.66 wt.% 

K2O) contents of magmas from Pyramidefjeld and Nigerdlikasik imply assimilation of 

phlogopite en route to the surface. Kimberlite magmatism at Pyramidefjeld-

Midternaes is dated to ca. 150 Ma by U/Pb perovskite geochronology (Larsen et al., 

2009), but no high-precision age data exist for the Nigerdlikasik kimberlite. However, 

early attempts to date the kimberlites at Nigerdlikasik and Pyramidefjeld with the K-

Ar method revealed that these dyke occurrences are broadly coeval (Bridgwater, 

1970; Andrews and Emeleus, 1971). Therefore, it is reasonable to conclude that the 

kimberlite magmatism at Nigerdlikasik, Pyramidefjeld, and Tikiusaaq was broadly 

coeval between 165-150 Ma, largely controlled by the development of nearby 

continental rift basins off the present-day West Greenland coast (Hansen, 1980; 

Tappe et al., 2007, 2017; Larsen et al., 2009). 

2.2 Kimberlite and xenolith petrography 

The hypabyssal dyke samples from Majuagaa, Tikiusaaq, Nigerdlikasik and 

Pyramidefjeld have a typical calcite kimberlite to aillikite primary mineralogy (Mitchell, 

1986; Tappe et al., 2005) displaying a hybrid petrography due to the presence of 

mantle-derived xenocrysts (Mitchell, 2008). Although hypabyssal kimberlites are 
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frequently thought to be undegassed or to have undergone only limited amounts of 

degassing (e.g. Mitchell, 2008), recent experiments and modeling studies on natural 

sample suites indicate that kimberlite dykes may have lost up to 20 wt.% CO2 upon 

magma emplacement (Brooker et al., 2011; Dongre and Tappe, 2019). 

In kimberlites from the NAC used in this study, olivine is the most common 

macrocryst (up to 30 vol.%) except for the Tikiusaaq kimberlites, where it is only 

rarely seen. Where present, macrocrystic olivine appears as two distinct populations, 

as previously recognized for kimberlites and aillikites from localities worldwide on the 

basis of petrography and compositions (Kamenetsky et al., 2008; Bussweiler et al., 

2015; Rooney et al., 2020). The first and most common population comprises 

rounded anhedral olivine often partially serpentinized, which is interpreted as 

entrained from the lithospheric mantle (i.e. xenocrysts) during magma ascent. The 

second olivine population comprises sub- to euhedral grains that are generally much 

smaller and interpreted as magmatic crystallization product. Macrocrystic phlogopite 

occurs in all samples as scant euhedral laths. In the Majuagaa kimberlite, rare 

xenocrystic garnet, diopside and ‘corroded or dusty’ orthopyroxene are also present 

(Nielsen and Sand, 2008). 

The groundmass of samples from Majuagaa, Nigerdlikasik and Pyramidefjeld is 

similar and consists of calcite/dolomite and serpentine, common to most hypabyssal 

kimberlites globally (Mitchell, 2013). In kimberlites from Nigerdlikasik and 

Pyramidefjeld serpentine occurs as partially or completely replaced pseudomorphs 

after olivine. The serpentine pseudomorphs are not infiltrated by later interstitial 

serpentine within the groundmass implying an earlier phase of serpentinization within 

the kimberlite magma.  Olivine within the samples from the Maniitsoq field display 
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negligible serpentinization compared that seen in olivine from Nigerdlikasik or 

Pyramidefjeld (Nielsen and Sand, 2008). 

It is inferred that the serpentine and carbonate groundmass crystallized together 

from volatile-rich (CO2 + H2O) deuteric residua as a polycrystalline mesostasis or in 

discrete segregations (Mitchell, 2008). However, an additional influx of externally 

derived meteoric fluids has also been invoked in the origin of the groundmass of 

hypabyssal kimberlites (Wilson et al., 2007; Sparks et al., 2009; Giuliani et al., 2014). 

No evidence of substantial subaerial weathering is observed in any of the kimberlite 

samples from Greenland. Samples from Tikiusaaq are almost completely serpentine 

free, which is common in H2O-poor and carbonate-rich hypabyssal kimberlites and 

aillikites (Tappe et al., 2009), such as the Udachnaya-East kimberlite from the 

Siberian craton (e.g. Kamenetsky et al., 2007, 2014) and the Benfontein kimberlite 

sills on the Kaapvaal craton (Dawson and Hawthorne, 1973).  

Accessory groundmass phases are typically < 50 μm, mainly comprising perovskite, 

rutile, ilmenite, spinel, pyrite, diopside and apatite. In the kimberlite from 

Pyramidefjeld primary serpentine comprises the majority of the groundmass with 

carbonate being a less common constituent, whilst the opposite is true for kimberlites 

from Nigerdlikasik, i.e. carbonate predominates the groundmass. It appears the 

kimberlites from Nigerdlikasik and Majuagaa are intermediate in terms of serpentine 

content between samples from ‘serpentine-rich’ kimberlite at Pyramidefjeld and 

‘serpentine-poor’ kimberlites at Tikiusaaq. 

Mantle xenoliths used in this study from the southern margin of the NAC are 

phlogopite-rich dunite, harzburgite and wehrlite. Representative xenoliths are shown 

in Figure. 2c-d. 
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2.3 Geological setting 

The main phase of lithosphere formation and stabilization in the north and center of 

the NAC took place between 3.2 and 2.8 Ga, as suggested by the mode of Re-Os 

model ages for cratonic mantle peridotite xenoliths recovered from the northern parts 

of the NAC at Maniitsoq and Sarfartoq (Wittig et al., 2010). Meso- to Neoarchean 

lithospheric mantle root stabilization ages are common to a number of cratons 

worldwide (Pearson et al., 1995a, 1995b; Irvine et al., 2003) and for the NAC they 

match well with the main phase of tonalite-trondhjemite-granodiorite (TTG) and 

granite crust formation between 3.1 and 2.9 Ga (e.g. Nutman et al., 2004), as well as 

with 2.9 ± 0.3 Ga subducted eclogite components that are vestiges of the collisions 

by which the NAC grew (Tappe et al., 2011b). The relatively narrow spread in Re-Os 

model ages for the sub-continental lithospheric mantle of the northern and central 

NAC suggests that relatively little metasomatic overprinting has occurred (Wittig et 

al., 2010; van Acken et al., 2017), a situation that appears to be different for the 

southern parts of the NAC from where extensive metasomatism has been reported 

(Goodenough et al., 2002; Aulbach et al., 2017, 2019). For example, platinum-group 

element (PGE) systematics of mantle peridotites from the southern margin of the 

NAC at Pyramidefjeld are distinctly overprinted resulting from refertilization of the 

mantle lithosphere at ca. 2.1-1.8 Ga possibly concomitant with the assembly of 

Laurentia and during later recurrent rifting of the NAC throughout its post-Archean 

evolution (Wittig et al., 2010; Aulbach et al., 2019). 

Paleoproterozoic subduction-related metasomatism of the cratonic mantle along the 

southern NAC margin is suggested by trace element systematics of ca. 1.2 Ga 

basaltic magmatism of the Mesoproterozoic (ca. 1.3 Ga) Gardar province on the 

southernmost NAC and neighboring Ketilidian mobile belt (Goodenough et al., 2002). 
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Late Gardar (~1.3 Ga) basaltic magmatism is thought to have from formed by large-

scale decompression melting of enriched cratonic mantle that produced melts 

displaying pronounced high-field strength element anomalies and light rare-earth 

element and large-ion lithophile element enrichments (Goodenough et al., 2002; 

Bartels et al., 2015), characteristic of subduction-related basalts (Pearce and Peate, 

1995). Importantly, it is acknowledged that halogens were significant components of 

the Gardar mantle-derived magmas, with the peralkaline Ilímaussaq intrusion south 

of Pyramidefjeld in the Ketilidian Mobile Belt also displaying high halogen contents 

(Bailey et al., 2006). The extremely high concentrations of halogens in Gardar rocks 

along the southern NAC margin and the Ketilidian mobile belt have been ascribed to 

tapping of a subduction enriched continental lithospheric mantle domain that was 

probably established during the Ketilidian orogeny at ca. 1.8 Ga (Köhler et al., 2009). 

Metasomatism of the lithospheric mantle beneath the southern NAC margin was also 

concomitant with rifting during the Mesozoic shortly prior to and during the 

emplacement of the ca. 160-150 Ma kimberlites on the NAC preceding the splitting 

of the NAC with the opening of the Labrador Sea between 60-30 Ma (e.g. Tappe et 

al., 2007; Larsen et al., 2009). 

3. Methods 

3.1 WD-XRF 

Major and trace element analyses of kimberlites from Nigerdlikasik and 

Pyramidefjeld (Table 1) were undertaken by X-ray fluorescence spectrometry (XRF) 

at Royal Holloway University of London. Analysis was undertaken using a 2010 

PANalytical Axios sequential X-ray fluorescence spectrometer with a 4kW Rh-anode 

X-ray tube. Major elements for kimberlite samples from Nigerdlikasik and 
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Pyramidefjeld were analyzed on fused glass discs containing a La2O3 heavy 

absorber. Trace elements were analyzed on 10 g pressed powder pellets. Fe was 

analyzed in both the fused glass discs and pressed pellets as a comparative internal 

standard. Typical reproducibility for Nd and Nb used in halogen ratios are on the 

order of ~ 1 rel % (e.g. Portnyagin et al., 2015). 

3.2 Combustion Ion Chromatography 

Simultaneous determinations of halogen (F, Cl, and Br) concentrations were 

undertaken at University of Tübingen by Combustion Ion Chromatography, which is 

an automated combination of combustion digestion (pyrohydrolysis) and ion 

chromatography. We used a 930 Compact IC Flex chromatograph (Metrohm) with 

chemical suppression and a peristaltic pump for regeneration (100 mmol/l H2SO4) 

that was connected to a combustion oven and an autosampler for solid samples 

(MMS 5000; Analytik Jena). For combustion, a mixture of 5-15 mg sample powder 

mixed with the same amount of WO3 powder (99.995% - Aldrich 204781) was put 

into a quartz vial that was capped on both sides with quartz wool and placed into 

glass vessels. The quartz vessels where heated in an extraction line with a constant 

flow of Ar (6.0; 100 ml/min) and O2 (5.0; 300 ml/min) to 1050°C for 12 min, followed 

by 10 min of post-combustion and 7 min of cooling. During combustion, a constant 

water flow (0.2 ml/min) was maintained. The loaded steam was collected in an 

absorbance module containing 4 ml of 500 ppm H2O2 solution. After matrix 

elimination (using a Metrosep A PCC 2 HC/4.0 column) the solutions were injected 

into the ion chromatograph. For improved detection of Br at the presence of high 

amounts of Cl, we used a Metrosep A Supp 5-250/4.0 (kept at 55°C) and a Metrosep 

A Supp 4/5/4.0 Guard column and an eluent consisting of a mixture of 2mmol NaOH, 

1.6 mmol Na2CO3, and 5 vol. % acetone at a flow rate of 0.7 ml/min. For 
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quantification of the halogen and S concentrations, a primary reference solution was 

mixed from single element solutions (1000 mg/l; ROTH) and a quadratic 6-point-

calibration curve that covered the concentrations to be quantified was assembled 

using the Metrohm intelligent Partial Loop Injection Technique (MiPT). The effective 

detection limits for powdered samples are ~ 10 μg/g for F and Cl , and ~ 0.3 μg/g for 

Br, respectively. Based on the frequent analyses of standard solutions and various 

reference materials (GS-N, BE-N, AGV-2; supplementary Table S1), relative 

uncertainties are <5-10% (1-sigma level) for F and Cl but up to ~ 20% for Br, 

depending on concentrations. 

The crushed phlogopite aliquots from cratonic mantle xenolith samples P3580-X1 

and P3581-X1 were analyzed for their halogen contents using the same 

methodology as for kimberlites. 

3.3 IRMS δ37Cl determination 

Cl isotope analyses were completed at the University of Texas at Austin based on 

the procedures of Eggenkamp (1994) as modified by Barnes and Sharp (2006) and 

Sharp et al. (Sharp et al., 2007). Bulk rock powders were washed five times each in 

ultrapure deionized water in order to remove any potential surficial chlorine 

contamination, and subsequently dried. Chloride was extracted from the rock 

powders into an aqueous solution via pyrohydrolysis (Magenheim et al., 1994). 

Chloride in solution was precipitated as AgCl via reaction with AgNO3. The AgCl was 

then reacted with CH3I at 80 °C for 48 hours to produce CH3Cl, which is the analyte 

introduced into the mass spectrometer. CH3Cl was purified from excess CH3I on a 

gas chromatographic system in a continuous He flow before introduction into a 

ThermoElectron MAT 253 mass spectrometer. Data are reported in standard per mil 

notation (‰) relative to SMOC (Standard Mean Ocean Chloride; δ37Cl value = 0‰). 
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Precision is ± 0.2‰ (1σ) based on the long-term average of three internal seawater 

standards and one internal serpentinite standard. The serpentinite rock standard 

demonstrates that the pyrohydrolysis process does not increase the analytical error. 

The phlogopite aliquot from cratonic mantle xenolith sample P3581-X1 was also 

analyzed for its Cl isotope composition using the same methodology as for 

kimberlites. 

3.4 Energy-dispersive X-ray spectroscopy via Scanning Electron Microscopy 

(SEM-EDX) 

Chlorine contents of serpentine within peridotite xenoliths were analyzed in thin 

section by energy-dispersive X-ray spectroscopy via scanning electron microscopy 

(SEM-EDX) at the iCRAG laboratory, Trinity College Dublin. Analyses were carried 

out using a Tescan TIGER MIRA3 field emission SEM, equipped with two Oxford 

XMaxn 150 mm2 EDS detectors. The TIGER MIRA3 instrument utilizes the Oxford 

Instruments AZtec X-ray microanalysis software suite. We utilized a beam current of 

~ 3.0 nA and an accelerating voltage of 15 kV with acquisition time varied to obtain a 

minimum of 4,000,000 counts to insure adequate counting statistics and lower 

detection limits. Beam current drift was restricted by frequent analysis of pure cobalt. 

SEM-EDX maps of serpentine veins within peridotite xenolith P3581-X1 were 

imaged under the same analytical conditions, with 50 ms dwell time per pixel. 

Estimated sample X-ray excitation volume, calculated from the X-ray range 

expression of Anderson and Hasler,(1966), allowed for the optimization of the spatial 

resolution of the map while minimizing over sampling. The instrument was calibrated 

using a suite of appropriate mineral standards from the Smithsonian Institute 

(Jarosewich et al., 1980; Jarosewich, 2002) following the method of Ubide et al. 

(2017). Typical analytical biases for SiO2, MgO and FeO obtained through analysis 
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of San Carlos olivine (NMNH111312-44) were < 0.5 wt. % for SiO2 and MgO and 1.9 

wt. % for FeO. For Cl analysis the instrument was calibrated using the natural 

scapolite (meionite) NMNH R6600 obtained from the Smithsonian Institute. Two 

quality control standards were used to verify accuracy; a natural reference material 

fluorapatite, NMNH 10402 (Jarosewich et al., 1980) and scapolite BB-1 (Kendrick, 

2012; Kendrick et al., 2013). The observed analytical biases for Cl analyses were < 5 

%. The detection limit for chlorine utilizing this analytical setup is ~ 0.10 wt. %. The 

Cl SEM-EDX maps were calibrated with spot data collected from sites (n= 10) within 

the same field of view from the same analytical session to provide quantitative X-ray 

intensities. 

4. Results 

Bulk rock halogen concentrations (including δ37Cl values) and selected ratios of 

halogens and lithophile trace elements for the kimberlite samples from Majuagaa, 

Tikiusaaq, Pyramidefjeld, and Nigerdlikasik are reported in Table 1. Halogen 

concentrations of phlogopite in cratonic mantle xenoliths are reported in Table 2. 

4.1 Elemental halogen compositions of Greenland kimberlites 

Majuagaa kimberlite samples (n= 5) have a relatively uniform halogen 

concentrations of 804 to 1131 ppm F, 121 to 161 ppm Cl, and 0.4 to 0.9 ppm Br (Fig. 

3). Halogen concentrations in the Tikiusaaq kimberlites (n=6) range from 1320 to 

5399 ppm F and 19 to 33 ppm Cl (Fig. 3). Tikiusaaq kimberlites are significantly 

more enriched in F and depleted in Cl relative to Majuagaa (Fig. 3). As a 

consequence, F/Cl ratios in kimberlites from Tikiusaaq range between 60 and 160 as 

opposed to the lower ratios of between 6 and 9 seen at Majuagaa. Bromine 
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concentrations of Tikiusaaq kimberlites are similar to their counterpart from 

Majuagaa, ranging from 0.4 to 0.7 ppm.  

Nigerdlikasik and Pyramidefjeld kimberlites (n= 3) have similar F concentrations to 

Majuagaa, ranging from 906 to 1177 ppm. However, the heavy halogens Cl and Br 

are significantly more enriched (Fig. 3). Chlorine contents for Nigerdlikasik and 

Pyramidefjeld kimberlites range from 397 to 835 ppm, and Br contents range from 

2.4 to 9.4 ppm (Fig. 3). Ratios of F/Cl in kimberlites from Nigerdlikasik and 

Pyramidefjeld range from 1 to 3, which is lower than the F/Cl recorded in the 

Majuagaa and Tikiusaaq kimberlites, whereas Br/Cl ratios are similar to kimberlites 

samples from Majuagaa but lower than those from Tikiusaaq. The Br/Cl ratios are 

almost always enriched in the studied kimberlites (0.003 – 0.007 for Majuagaa; 0.006 

– 0.007 for Pyramidefjeld-Nigerdlikasik; 0.01 – 0.04 for Tikiusaaq) compared to 

estimates for MORB and OIB (Fig. 3), which have Br/Cl of ~0.0028 (Kendrick et al., 

2017).  

Fluorine content is negatively correlated with MgO of the studied kimberlites. Ratios 

of F/Nd are broadly similar in all samples spanning a range from 9 to 26 (Fig. 4), 

comparable to those observed for both MORB and OIB (Fig. 4). Ratios of Cl/Nb are 

variable between the studied kimberlite locations (Fig. 4), with the lowest values 

observed at Tikiusaaq (0.07 to 0.2), which is up to an order of magnitude lower than 

for Majuagaa (0.7 to 0.8). The Cl/Nb ratios decrease with decreasing MgO content 

for these kimberlites and are much lower relative to MORB and OIB, which range 

from 3 to 51 (Kendrick et al., 2017). The highest ratios of Cl/Nb are observed for the 

kimberlites from Nigerdlikasik and Pyramidefjeld, which extend to between 2 and 4, 

close to those of MORB and OIB (Fig. 4-5). The Br/Nb ratios of kimberlites from 
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Tikiusaaq and Majuagaa range from 0.002 to 0.006 and are elevated compared to 

those reported for OIB and MORB (0.009 – 0.137; Kendrick et al., 2017).  

By contrast, Br/Nb ratios of kimberlites from Nigerdlikasik and Pyramidefjeld range 

between 0.01 and 0.03, closer to values reported for MORB and OIB (Kendrick et al., 

2017). 

4.2 Halogens in mantle-derived peridotite xenoliths 

The Cl concentrations of serpentine in phlogopite bearing lherzolite and harzburgite 

xenoliths from hosted in kimberlites from Pyramidefjeld and Nigerdlikasik range from 

below the detection limit at ~ 0.11 wt.% to 1.4 wt.%, averaging 0.37 ± 0.27 wt.% (1σ) 

(n= 60) (Table 2 and Table S2). It is apparent texturally that in some cases the 

serpentine veins predate kimberlite magmatism, since infiltration of relatively Cl-

depleted kimberlite melt is observed within some peridotite xenoliths where randomly 

distributed kimberlitic veinlets crosscut the pre-existing serpentine vein network 

showing a preferred planar fabric (Fig. 6; non-orientated thin section). Halogen 

concentrations of phlogopite aliquots recovered from peridotite xenoliths from 

Nigerdlikasik (P3580-X1) and Pyramidefjeld (P3581-X1) are 1218 and 3988 ppm F 

and 339 and 70 ppm Cl, respectively, at constant Br of ~ 0.4 ppm (Table 3). 

4.3 Chlorine isotope compositions of Greenland kimberlites 

Kimberlite samples from Majuagaa have negative δ37Cl values ranging from -0.5 to -

0.2 ‰ (Table 1). Chlorine isotope compositions were not analyzed for kimberlites 

from Tikiusaaq due to their extremely low Cl concentrations. In contrast, kimberlites 

from Nigerdlikasik and Pyramidefjeld have positive δ37Cl values of +0.4 to +1.0 ‰ 

and +1.2 ‰, respectively. The phlogopite aliquot from peridotite xenolith P3581-X1 
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from Nigerdlikasik yielded a δ37Cl value of +1.3 ‰ that is statistically 

indistinguishable from the Cl isotopic composition of the host kimberlite.  
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5. Discussion 

The volatile and halogen compositions of kimberlite melts are the culmination of a 

series of processes: melting of the convecting mantle; potential assimilation or fusion 

of metasomatic phases during passage through the cratonic mantle; and 

fractionation of the kimberlite magma during melt evolution upon further ascent. 

Subsequently, the halogen systematics of kimberlites may be modified by late-stage 

fluid exsolution, degassing, weathering and crustal contamination. Consequently, 

bulk kimberlite halogen contents are unlikely to reflect the primary magmatic 

abundances. Nonetheless, by examining ratios of halogens and lithophile 

incompatible trace elements of equal incompatibility during partial melting in the 

mantle (e.g. F/Nd; Cl/Nb; Br/Nb) it is possible to detect fingerprints left by some of 

these processes. The utility of these ratios is that neither Nd nor Nb are expected to 

be depleted by processes that lead to volatile loss in kimberlites and these two 

elements are hosted in relatively resistant accessory groundmass phases (e.g. Cr-

spinel; ilmenite; rutile; apatite; perovskite). 

5.1 Halogen behavior in magmatic systems 

The overwhelming concentration of halogens in the Earth’s crust and hydrosphere 

reflect, principally, their high incompatibilities during partial melting of the mantle and 

subsequent magma differentiation. However, within silicate melts the larger ionic 

radii of Cl and Br relative to F implies that they behave highly incompatible compared 

to the moderately incompatible F during partial melting processes. Experimental 

partitioning of F and Cl between olivine and orthopyroxene and silicate melt seems 

to confirm this, with F being less incompatible than Cl (Beyer et al., 2012; Joachim et 

al., 2014). The incompatibility contrast between F and Cl (and Br) probably results 

from the similar ionic radii of F- to that of the OH- group. Fluorine is likely 
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incorporated similarly to OH- in the ‘nominally anhydrous minerals’ olivine, 

orthopyroxene, clinopyroxene and garnet, which comprise the bulk of the mineralogy 

of the upper mantle (Beyer et al., 2012; Crépisson et al., 2014; Joachim et al., 2014). 

The constancy of Br/Cl ratios observed in MORB and OIB magmas suggests that Br 

and Cl are similarly incompatible during mantle melting (e.g. Kendrick et al., 2012a, 

2017). Elements with comparative mantle incompatibility, such as F and Nd or Cl, Br 

and Nb, are not easily fractionated by mantle melting. Thus, their relative 

abundances in a mantle-derived melt can be considered representative of the source 

and they can be used to trace the effects of magmatic differentiation and late-stage 

disturbance. 

Fluorine, Cl and Br also differ in how they partition between melts and magmatic 

fluids. Fluorine is extremely soluble in mafic silicate melts and far more soluble than 

H2O at shallow crustal pressures (Webster et al., 2018). By contrast, Cl and Br 

partition in favor of magmatic fluids (Cadoux et al., 2018; Webster et al., 2018) 

suggesting that significant fractionation and loss of Cl and Br can occur during the 

exsolution of volatiles upon magma emplacement. Experimental data investigating 

the immiscibility between chloride or carbonate and silicate melt fractions show that 

the halogens partition into the chloride or carbonate phase (Veksler et al., 2012). 

This preference for halogens to partition into carbonate or chloride relative to silicate 

melt fractions is supported by the extreme halogen concentrations of rare carbonatite 

lavas (e.g. Mangler et al., 2014) and potentially by the extreme Cl concentrations 

observed in the Udachnaya kimberlite (Kamenetsky et al., 2007, 2014), although the 

origin of the Cl at this locality is highly controversial (Kopylova et al., 2016). 

Halogens are the fourth (Cl) and fifth order volatiles (F) after H2O, CO2 and S 

released from present-day terrestrial volcanism via degassing (Webster et al., 2018). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



However, in mafic silicate systems, the closest analogue for comparison with 

kimberlites, F and Cl are probably retained in the melt rather than partitioning into a 

vapor phase. Thus, both elements are only significantly mobilized during syn-

eruptive degassing or during the late degassing of residual magmas (Aiuppa, 2009). 

5.2 Fluorine in kimberlites from the NAC 

Ratios of F and Nd span a similar range to MORB and OIB (Fig. 3; 4a). As F and Nd 

appear to be similarly incompatible during partial melting of peridotite irrespective of 

source enrichment (i.e. MORB vs OIB; Kendrick et al., 2017), the F/Nd ratios of the 

NAC kimberlites imply that no significant F addition or loss relative to Nd has 

occurred during or after kimberlite magma emplacement (Fig. 4a). Constancy of 

F/Nd could be a general feature of kimberlites because this geochemical signature is 

also observed for hypabyssal kimberlites from the Lac de Gras field in Canada (Fig. 

4a). The constancy of F/Nd in kimberlites, similar to MORB and OIB, is not surprising 

because F displays extremely high solubility in CaO-MgO rich and SiO2-Al2O3 poor 

silicate melts (Brey et al., 2009). Furthermore, fluoride-silicate immiscibility is hard to 

achieve, or simply does not exist, in multicomponent systems (e.g. Veksler et al., 

1998; Dolejš, 2004). Fluorine is also unlikely to be disturbed (either lost or gained) by 

the interaction with late-stage fluids or post-emplacement weathering, because post-

emplacement remobilization of F is not observed in similar ultramafic volatile-rich 

rocks (carbonatites) from Oldoinyo Lengai (Mangler et al., 2014), which is probably 

owed to fluoride insolubility. Thus, it is reasonable to argue that F is retained in the 

kimberlite melt during differentiation, degassing and weathering.  

Whilst F/Nd ratios are broadly constant across all measured kimberlites from the 

NAC, the F concentrations show some variation. Kimberlites from Majuagaa, 

Nigerdlikasik and Pyramidefjeld display similar contents of F of ~ 1000 ppm, which 
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are similar to those recorded in kimberlites from NW Canada and southern India 

(Paul et al., 1976; Kjarsgaard et al., 2009). By contrast, kimberlites from Tikiusaaq 

are distinctly more F enriched, similar to some anomalously F-rich kimberlites from 

central India, which contain up to 0.75 wt.% F (Paul et al., 1976). 

The variable F contents of kimberlites from the NAC could derive from (1) varying 

degrees of partial melting of the mantle, (2) interaction with the lithospheric mantle 

during magma ascent, and (3) differentiation or crustal contamination. We can 

exclude the assimilation of F-rich metasomatized mantle within the kimberlites on 

account of the similarity of F/Nd ratios with those from MORB and OIB (Fig. 4a). 

Within the cratonic mantle, phlogopite is likely to be the major F host particularly on 

account of its ubiquity in mantle xenoliths from the NAC. Generally, phlogopite in the 

lithospheric mantle has Nd contents in the <1 ppm range (Grégoire et al., 2002, 

2003; Aulbach et al., 2017), whilst F reaches wt.% abundance levels (e.g. Smith et 

al., 1981; Smart et al., 2019). Thus, assimilation of mantle phlogopite during magma 

ascent would be expected to substantially increase the F/Nd of kimberlites. We also 

see no clear relationship between F contents and K2O (an often-used proxy for 

phlogopite assimilation) in the kimberlites from Majuagaa, Nigerdlikasik and 

Pyramidefjeld, or Lac de Gras in Canada (Kjarsgaard et al., 2009). Surprisingly, 

kimberlites from Tikiusaaq display a negative correlation between F and K2O 

contents. Collectively this suggests a lack of influence of mantle phlogopite on the 

bulk F contents of Greenland kimberlites. 

For the same reason, phlogopite growth in the cratonic mantle underlying Majuagaa, 

Nigerdlikasik and Pyramidefjeld and removal of F from kimberlite magma as a result 

of the metasomatizing of the surrounding lithospheric mantle during ascent is equally 

unlikely, because this would be expected to lower F/Nd. Even if mica growth 
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occurred together with clinopyroxene, as is commonly observed in mantle xenoliths 

from the southern NAC (e.g. Aulbach et al., 2017), typical Nd contents of 

clinopyroxene in phlogopite-rich xenoliths are simply not high enough (Grégoire et 

al., 2002, 2003; Aulbach et al., 2017) to balance F/Nd to mantle-like values. The 

apparent lack of influence of metasomatized lithosphere on the F budget of NAC 

kimberlite magmas is a surprising result, particularly for kimberlites from 

Nigerdlikasik and Pyramidefjeld, which contain mantle xenoliths with high modal 

abundances of phlogopite. However, F abundances in phlogopite are comparable to 

the kimberlites themselves (Tables 1 and 3), so that F addition to magmas by means 

of phlogopite digestion may be inconsequential to the kimberlite F budget. 

Crustal contamination is unlikely to explain the high F contents at Tikiusaaq because 

crustally contaminated kimberlites from Canada often have disturbed and depressed 

F/Nd ratios (Stippled field; Fig. 4a), outside the range observed for MORB and OIB. 

Furthermore, none of our Greenland kimberlite samples show geochemical 

fingerprints of crustal contamination applying the screens devised by Kjarsgaard et 

al. (2009). Furthermore, the kimberlite dykes from Tikiusaaq display no disturbance 

of their Pb isotope compositions, an isotopic tracer that is particularly sensitive to 

contamination of mantle-derived melts by felsic cratonic basement rocks (Tappe et 

al., 2017). 

A lower degree of melting at Tikiusaaq is consistent with higher F contents and could 

reconcile with the strong incompatible trace element enrichments compared to 

kimberlites from Majuagaa and Pyramidefjeld (Larsen et al., 2009; Tappe et al., 

2011, 2017), and from key localities in southern Africa (le Roex et al., 2003; Tappe et 

al., 2020a). 
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It is also possible that F varies in kimberlites from the NAC as a function of magma 

differentiation. However, unlike kimberlites from Tikiusaaq, dykes from Nigerdlikasik, 

Majuagaa and Pyramidefjeld also contain a high contribution of xenocrystic olivine of 

~ 30% (Nielsen & Sand, 2008; this study). The sampling of olivine with an average 

Mg# of ~92.8 (Bernstein et al., 2007) from the cratonic mantle displaces whole rock 

compositions to higher Mg# and higher SiO2 contents than might be expected for 

uncontaminated magmas. Therefore, kimberlites from Tikiusaaq are unlikely to be 

more ‘evolved’ than those from Nigerdlikasik, Majuagaa and Pyramidefjeld at least in 

terms of magmatic differentiation. Note that the accumulation of xenocrystic olivine in 

kimberlite will make no change to the bulk F/Nd, because both elements are highly 

incompatible in olivine (De Hoog et al., 2010; Beyer et al., 2012; Joachim et al., 

2014; Stead et al., 2017). 

Removal of xenocrystic olivine, whilst increasing F contents by ~30 %, fails to 

increase the F contents to the high values observed for kimberlites from Tikiusaaq. 

This suggests that olivine xenocryst contamination can only partly explain the higher 

F contents of samples from Tikiusaaq. Kimberlites from Tikiusaaq may more closely 

resemble near-primary melts of CO2-fluxed peridotite (Tappe et al., 2017) than the 

serpentine-bearing kimberlite dykes from Nigerdlikasik, Majuagaa and Pyramidefjeld 

(Nielsen et al., 2009; Emeleus and Andrews, 1975). In this case, the high F 

concentrations of the Tikiusaaq kimberlites would be a primary melt feature similar to 

other low-degree ultramafic alkaline magmas such as lamproites, for which F has 

been shown to display the highest concentrations in the least differentiated magmas 

(e.g., Edgar et al., 1996). This observation is consistent with melt inclusions from the 

Roger kimberlite, on the Slave craton that display high F contents (Abersteiner et al., 

2017). 
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The absence of groundmass serpentine in kimberlites from Tikiusaaq, considered to 

be amongst the last crystallizing phases in kimberlites irrespective of its origin, could 

support the view that these rocks are closer to a ‘primary’ kimberlite composition 

than those from the other studied localities on the NAC. It is unsurprising that the 

absence of serpentine in kimberlites from Tikiusaaq makes no difference to bulk rock 

F/Nd ratios because serpentine is argued to form from late-stage fluids (Mitchell, 

2008; Giuliani et al., 2014) and both F and Nd show a preference for partitioning into 

silicate melts rather than fluid phases (Cullers et al., 1973; Aiuppa et al., 2009). The 

absence of serpentine in samples from Tikiusaaq might passively increase the 

volume of F-bearing phases in the groundmass (e.g., phlogopite, apatite) thereby 

increasing the F contents of the kimberlite. On balance we suggest that the high F 

contents in the kimberlites from Tikiusaaq are most likely derived from their 

mineralogy and the lack of serpentine, but whether the higher F contents reflect less 

differentiated melts remains unclear. Ultimately, the overlapping F/Nd ratios of 

kimberlites from the NAC and modern oceanic basalts (OIB and MORB) suggest that 

F in all of our samples is magmatically derived. 

5.3 Cl and Br in kimberlites from the NAC 

5.3.1 Evidence of Cl and Br depletion 

Unlike F, Cl and Br concentrations in all studied kimberlites show significant 

evidence of depletion relative to what might be expected from a near-primary 

kimberlite melt. Chlorine, Br and Nb are thought to be similarly incompatible during 

melting (Kendrick et al., 2017) and both Cl/Nb and Br/Nb are commonly depleted in 

kimberlites from the NAC relative to MORB and OIB magmas (Fig. 5), whilst Br/Cl 

are mostly elevated relative to MORB and OIB (Figs. 3 and 5). Ratios of Cl/Nb are 

depleted relative to MORB and OIB in all the studied kimberlites, varying from minor 
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depletions in kimberlites from Nigerdlikasik and Pyramidefjeld and moderate 

depletion at Majuagaa to strongly depleted at Tikiusaaq. Kimberlites from 

Nigerdlikasik and Pyramidefjeld overlap the range reported for MORB and OIB 

magmas in Br/Nb, with kimberlites from Majuagaa and Tikiusaaq showing greater 

depletion (Fig. 5). Variations in the ratios of these equally incompatible trace 

elements for the NAC kimberlites occur at near-constant Nb contents, which are 

similar to the median Nb concentration of kimberlites from key localities worldwide of 

~ 180 ppm (le Roex et al., 2003; Becker and Le Roex, 2006; Tappe et al., 2013). 

Accordingly, the low Cl/Nb ratios are controlled by lower-than-expected Cl 

abundances than would be expected for a near primary melt. Bromine is depleted to 

a lesser extent than Cl in kimberlites from the NAC (Fig. 4 and 5), leading to elevated 

Br/Cl ratios. These ratios imply that a significant portion of magmatically derived Cl 

and, to a lesser extent Br, has been lost from the NAC kimberlites. 

Using the measured Nb contents (116-225 ppm; and 505 ppm in 488520; Tappe et 

al., 2011; 2017) in our samples from Majuagaa and Tikiusaaq and a Cl/Nb ratio of 

13.8, the median value of Cl/Nb from OIB and MORB (calculated from the database 

of Kendrick et al., 2017) we suggest the Cl content of the proto kimberlite melt to be 

between 0.20 and 0.47 wt.%. These values are slightly lower than the estimated 

0.61-0.72 wt.% (estimated from Cl/U of 680 assuming U and Cl are similarly 

incompatible during mantle melting) for the Roger kimberlite on the Canadian Shield 

(Abersteiner et al., 2017). Using their Nb values for a direct comparison with our 

Cl/Nb ratios gives similar estimated Cl contents of between 0.60 and 0.75 wt.% for 

the Roger kimberlites. We estimate that kimberlites from Majuagaa and Tikiusaaq 

have lost at least ~94-99% of their original Cl contents. For Br, using a Br/Nb ratio of 

0.04, the median value of Br/Nb in MORB and OIB (also calculated from the 
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database of Kendrick et al., 2017), we suggest the Br content of the primary 

kimberlite to be 5-9 ppm and a loss of ~88-95% of its original inventory. By contrast, 

kimberlites from Pyramidefjeld and Nigerdlikasik appear less Cl and Br depleted 

compared to those from Tikiusaaq and Majuagaa with depletions of 69% and 86% 

for Cl and only 25% and 70% for Br. 

Substantial Cl loss from the kimberlites is consistent with the observed F/Cl ratios of 

the kimberlites which are either similar to, or significantly higher than seen in MORB 

or OIB (Fig. 5). This is the opposite of what one might expect since F is expected to 

be less incompatible during mantle melting than Cl and since kimberlites form from 

some of the smallest degrees of melting it should be expected that they would have 

low F/Cl ratios. However, reconstructed F/Cl ratios using recalculated Cl contents 

based on Cl/Nb ratios are indeed substantially lower, typically below the MORB 

values (Table 1). 

Depletion levels of 88-99% observed at Majuagaa and Tikiusaaq are similar to the 

extremely low and unsupported Na2O contents of our samples and kimberlites 

worldwide, which is inconsistent with melting of fertile mantle peridotite (Stamm and 

Schmidt, 2017). Melting experiments of fertile peridotite at 7 GPa suggest that 

kimberlite melts should have far higher Na2O contents of between 2.4 and 5.6 wt.% 

at 7 GPa (Stamm and Schmidt, 2017) compared to the <0.2 wt.% abundance 

common to kimberlites worldwide (Kjarsgaard et al., 2009; Tappe et al., 2017). The 

mismatch between experimental data and that of kimberlites worldwide suggests a 

depletion of between 83-97% of their Na2O contents. As with Na2O, significant CO2 

depletion is observed in hypabyssal kimberlites suggesting up to 20 wt.% loss during 

magma emplacement (e.g. Dongre and Tappe, 2019). We suggest that Cl and Br 

depletion in kimberlites from the NAC broadly follows the trend of other soluble 
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elements in kimberlites globally. Shortly after or during magma emplacement near 

the Earth’s surface (at 2 to 5 km paleo-depths), the kimberlite dykes from the NAC 

experienced preferential removal of the heavy halogens during late-stage processes 

in the order of Cl > Br, with potentially up to 99% of their original Cl and Br 

inventories lost during post-emplacement processes. 

5.3.2 Possible causes for Cl and Br depletions in kimberlites 

Evidence of higher than measured Cl contents in, and thus halogen loss from, 

primitive kimberlite magmas is suggested by secondary melt inclusions within 

minerals (e.g. olivine, Cr-spinel, monticellite and apatite) in kimberlites which display 

a variety of halogen-bearing carbonates, phosphates as well as halite/sylvite 

(Abersteiner et al., 2017, 2019b). Groundmass djerfisherite in kimberlite and their 

hosted mantle xenoliths (Clarke et al., 1994; Abersteiner et al., 2019a) amongst 

other water soluble halogen-bearing phases (Watkinson and Chao, 1973; 

Parthasarathy et al., 2002), including those from Udachnaya (e.g. Kamenetsky et al., 

2004, 2014), further supports the notion that an early-stage kimberlite magma is 

initially more Cl-rich. The most commonly advocated mechanisms for the recognized 

volatile (e.g., CO2, alkalis, halogens) loss in kimberlites are as follows: 

(i) Exsolution of volatiles either as a result of immiscibility/filter pressing of 

carbonate (i.e. carbonatite) melts (Kamenetsky and Yaxley, 2015; Tappe 

et al., 2020b) or chloride phase and silicate melts (e.g. Kamenetsky et al., 

2007, 2014). 

(ii) Degassing of kimberlite magmas close to the Earth’s surface (Brooker et 

al., 2011). 

(iii) Interactions with deuteric (i.e. magmatically-derived) fluids and/or influx of 

groundwater into the kimberlite (Mitchell, 2008; Giuliani et al., 2014). 
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5.3.2.1 Exsolution of volatiles as a result of liquid immiscibility? 

The temporal and spatial relationship of kimberlites and related rocks including 

carbonatites is widely acknowledged (Dalton and Presnall, 1998; Woolley and 

Kjarsgaard, 2008; Tappe et al., 2020b), with the coexistence of kimberlite and 

carbonatite intrusives commonly (but not exclusively) explained by exsolution and 

removal of a substantial fluid/carbonate phase during kimberlite magma ascent 

through the shallow cratonic mantle and crust (Tappe et al., 2017). The enriched 

halogen compositions of carbonatite magmas (Mangler et al., 2014) suggest that the 

exsolution of a carbonate melt phase via liquid immiscibility from a carbonated 

silicate magma could offer a solution to the extreme Cl and Br depletion observed in 

kimberlites from the NAC, especially because kimberlites and carbonatites are 

frequently observed to coexist in West Greenland (Larsen and Rex, 1992; Tappe et 

al., 2009, 2011, 2012). However, for Nigerdlikasik and Pyramidefjeld in South-West 

Greenland there are no coincident carbonatites or extremely carbonate-rich melts 

exposed that could be conjugate to kimberlite magmas (Larsen et al., 2009). The 

apparent absence of carbonatites at this location excludes a straightforward link 

between Cl and Br depletion as a result of carbonate-silicate immiscibility. In any 

case, it is becoming clear with an increasing body of evidence that simple genetic 

relationships between kimberlites and carbonatites through increasing degrees of 

differentiation are not always tenable (Tappe et al., 2020a), and that silicate-

dominated and carbonate-rich magmas often accompany one another rather than 

being always strictly associated (Gittins and Harmer, 2003). 

On the other hand, chloride immiscibility could explain the extreme Cl depletion of 

the Greenland kimberlites, and this mechanism has been invoked to explain the 

extreme Cl and Na2O enrichments of the rather unique Udachnaya-East kimberlite 
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(Kamenetsky et al., 2007, 2014). Regardless of whether the halogen composition of 

the Udachnaya-East kimberlite is a primary magmatic feature or reflects crustal 

contamination by evaporites (c.f. Kopylova et al., 2013, 2016; Kamenetsky et al., 

2014), this case at last demonstrates that chloride immiscibility can occur in 

kimberlite melts. Halide segregations are extremely sensitive to post-emplacement 

alteration either in response to weathering or the influx of late stage deuteric or 

meteoric fluids (see Section 5.3.2.3). Loss of halogens and Na2O during progressive 

weathering is documented for natrocarbonatite lavas from Oldoinyo Lengai (Zaitsev 

and Keller, 2006; Mangler et al., 2014) and has been invoked to explain the 

mismatch between the halogen contents of melt inclusions and bulk kimberlite from 

Udachnaya-East (e.g. Kamenetsky et al., 2009; Abersteiner et al., 2017). 

5.3.2.2 Degassing 

Modelling suggests that Cl and Br degassing in mafic systems is likely to occur at 

relatively shallow depths during near-surface syn-eruptive degassing, with Cl and Br 

fairly reticent to partitioning into a vapor phase (e.g. Aiuppa, 2009; Cadoux et al., 

2018). It is apparent from melting experiments on synthetic kimberlite that a 

substantial CO2 vapor phase is expected to be released at similarly shallow levels of 

<3 km within the Earth’s upper crust (Moussallam et al., 2015). It is conceivable that 

halogens could be present in such a vapor phase, and – contrary to earlier 

assumptions (e.g., Mitchell, 2008) - recent modeling studies show that hypabyssal 

kimberlites have undergone significant CO2-degassing (Dongre and Tappe, 2019). 

Nonetheless, the fairly restricted range in HCl/HF and HCl/HBr ratios measured in 

present-day volcanic gases from a given tectonic setting suggests that significant 

fractionation does not occur during degassing (Aiuppa, 2009; Cadoux et al., 2018). 
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Thus, it appears unlikely that degassing of kimberlite magmas during emplacement 

can explain the here observed halogen fractionation. 

5.3.2.3 Interaction with or loss of fluids during kimberlite magma emplacement 

The origin of H2O in kimberlites is strongly debated and is suggested to be either 

deuteric (i.e. magmatic; e.g. Mitchell, 2008, 2013) or meteoric, or some mixture of 

the two sources (e.g. Sparks et al., 2009; Giuliani et al., 2014). Both Cl and Br are 

extremely fluid mobile and suspected primary halogen hosting phases in kimberlites 

are water-soluble. Therefore, deuteric and meteoric fluids may provide a conduit for 

the post-emplacement remobilization of halogens and their loss from kimberlite into 

the surrounding country rocks. Direct evidence of Cl mobilization by fluids in 

kimberlites is shown by the high abundances and heterogeneous distribution of Cl in 

serpentine from kimberlites at various localities, including from the Maniitsoq field 

(Kamenetsky et al., 2009). These authors showed that the earliest generation of 

serpentine, replacing olivine macrocrysts, displays the highest Cl contents, whilst 

later serpentine generations are relatively depleted in Cl. This suggests that the Cl 

content of the fluid was at its peak at the beginning of replacement and subsequently 

decreased with further influx of meteoric H2O-rich fluids. Similar evidence is seen in 

samples from Nigerdlikasik and Pyramidefjeld, where the earliest serpentine in 

olivine of mantle-derived xenoliths shows extreme Cl enrichments, while serpentine 

in late-stage cross-cutting veins contains significantly less Cl (Fig. 6). 

Kimberlites from Tikiusaaq are more depleted in Cl than from Majuagaa, 

Nigerdlikasik, Pyramidefjeld and Lac de Gras, with the key difference between these 

samples the absence of serpentine in kimberlites from Tikiusaaq. Serpentine is 

enriched in Cl other tectonic settings (e.g. Kodolányi et al., 2012), and the absence 

of serpentine could explain the depleted Cl in kimberlites from Tikiusaaq. The lack of 
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serpentine may reflect a lack of late-stage fluid interaction suggesting that the 

relative abundance of halogens in the Tikiusaaq kimberlites may resemble the 

primary kimberlite magma composition. However, this is hard to reconcile with the 

lower Cl contents of Tikiusaaq kimberlites, because melt/fluid inclusion evidence 

from kimberlites worldwide advocates higher Cl contents of near-primary kimberlite 

melts (Kamenetsky et al., 2009; Abersteiner et al., 2017, 2019a). Alternatively, the 

absence of serpentine in the crystallizing assemblage at Tikiusaaq may have driven 

Cl-loss by forcing a large amount of the initial Cl into the residual melt, from where it 

either exsolved or precipitated as water-soluble halogen-rich phases, subsequently 

lost during weak post-emplacement alteration or sample preparation. 

Late-stage fluid movement in kimberlite magmas during emplacement offers 

significant potential to disturb and deplete their halogen inventories, with the extent 

of remobilization most likely depending on the abundance of soluble halogen-bearing 

phases and serpentine within the primary phase assemblage. 

5.3.2.4 Variability among Greenland kimberlites 

Whilst it is beyond the scope of this study to speculate on the origins of H2O in 

kimberlite, clearly the subject is important as to whether halogens are magmatically 

derived and how the potential influx of external fluids affects the distribution of Cl and 

Br in kimberlites. 

We suggest that variable Cl (and to a lesser extent Br) depletion in NAC kimberlites 

is the result of partitioning of the heavy halogens from the hybrid kimberlite magma 

into exsolving carbonate melt or chloride fluid, with some potential for removal of Cl-

Br-bearing minerals during weathering, with variable roles of these processes at the 

locations studied. Chlorine loss is most extreme in Tikiusaaq kimberlites, which we 
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attribute to the absence of serpentine. We infer that the absence of serpentine in 

kimberlites from Tikiusaaq results in the concentration of F and Cl in the residual 

melt which could be more susceptible to Cl loss via exsolution and/or weathering. 

Whilst significant Cl depletion also occurred at Majuagaa via exsolution and/or 

weathering the occurrence of groundmass serpentine may have allowed a greater 

proportion of the original Cl inventory to be retained. An alternative explanation for 

the high Br/Cl ratios of the Tikiusaaq and Majuagaa kimberlites is that the observed 

Cl depletion is a primary magmatic feature with possible implications for the halogen 

contents of the mantle source. High Br/Cl ratios are observed in olivine hosted melt 

inclusions from the Emperor Seamount chain, where they are attributed to the 

involvement of subducted oceanic crust in the mantle source to these lavas 

(Broadley et al., 2019). 

By contrast, kimberlites from Nigerdlikasik and Pyramidefjeld show only moderate 

heavy halogen depletion, suggesting that exsolution or weathering may have been 

less extreme. An alternative explanation for the elevated Cl and Br contents and 

lower Br/Cl ratios of kimberlites from Nigerdlikasik and Pyramidefjeld is that they 

sample a distinct halogen enriched mantle reservoir not sourced in kimberlites from 

Majuagaa and Tikiusaaq. This possibility is explored below. 

5.3.3 Heavy halogen enrichment in kimberlites from South-West Greenland 

Kimberlite samples from Majuagaa with lower Cl and high Br/Cl have δ37Cl values 

ranging from -0.5 to -0.2 ‰ overlapping those values recorded for depleted upper 

mantle as sampled by MORB (−0.2 ± 0.5 ‰, n= 12; Sharp et al., 2007, 2013) (Fig. 

7). Similar δ37Cl values have also been obtained for halite from the Udachnaya-East 

kimberlite (0.0 ± 0.25 ‰, n= 3; Sharp et al., 2007) and from variably altered 
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carbonatites (-0.15 ± 0.4 ‰, n= 8; Eggenkamp and Groos, 1997). Therefore, the 

δ37Cl values observed for kimberlites from Majuagaa are consistent with Cl being 

sourced from the convecting upper mantle (Fig. 7), in agreement with their Sr-Nd-Hf 

isotopic compositions that are reminiscent of a moderately depleted upper mantle 

source (Tappe et al., 2011). 

By contrast, the ca. 150 Ma kimberlites from Nigerdlikasik and Pyramidefjeld are less 

depleted in Cl, display lower Br/Cl ratios, and have positive δ37Cl values of +0.4 to 

+1.2 ‰, which are too heavy for depleted upper mantle values. This suggests 

sampling of a distinctly different halogen reservoir compared to that seen in samples 

from Majuagaa farther north on the NAC. Significant fractionation of chlorine 

isotopes occurs only at relatively low temperatures (e.g. Schauble et al., 2003; Balan 

et al., 2019) by processes either close to or at the Earth’s surface. Therefore, Cl 

isotope fractionation may have occurred during volatile exsolution, magmatic 

degassing or interaction with magmatic and meteoric fluids (Barnes and Sharp, 

2017). Degassing of Cl in mafic systems is generally controlled by release of HCl 

vapor and this is likely minimal as MORB basalts show extremely limited isotope 

variability close to 0 ‰ (Sharp et al., 2007, 2013), whilst carbonatite lavas - thought 

to undergo degassing - are remarkably similar to MORB. The limited data of the 

effect of post-emplacement alteration in ultramafic magmas are from the carbonatite 

study of Eggenkamp and Gross (1997), for which all but one analyses yielded 

negative δ37Cl values, suggests that post-emplacement alteration has only a minor 

effect on the chlorine isotope compositions in ultramafic volatile-rich rocks. We 

reiterate that all of our studied kimberlite samples, including those from Nigerdlikasik 

and Pyramidefjeld, are free of sub-aerial alteration and that serpentine, where 

present, formed probably during the magmatic stage. 
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Therefore, we argue that positive δ37Cl values observed in kimberlites from 

Nigerdlikasik and Pyramidefjeld are unlikely to derive from near-surface chlorine 

isotope fractionation. This inference is supported by the similar δ37Cl composition of 

phlogopite from mantle xenolith P3580-X1, which likely formed within the cratonic 

mantle at mid-lithospheric depth (Aulbach et al., 2017). Collectively, this suggests 

that the positive δ37Cl values of kimberlites from the southern margin of the NAC 

reflect the original magma composition. The positive δ37Cl values of kimberlites from 

Nigerdlikasik and Pyramidefjeld overlap a range of subduction zone inputs within the 

oceanic lithosphere (e.g., altered oceanic crust, serpentinite, sediments) and are 

also similar to values for subduction zone products (Fig. 7). On this basis it appears 

permissible that the kimberlite magmas from the southern NAC margin sampled a 

mantle reservoir that contains recycled halogens. 

5.4. Possible origins of high δ37Cl in kimberlites from the NAC margin  

Due to the hybrid nature of kimberlite magmas the recycled halogen reservoir and 

positively fractionated δ37Cl values sampled at Nigerdlikasik and Pyramidefjeld could 

derive from either: 

i. recycled lithosphere components within the convecting mantle source of 

kimberlites (Fig. 8); or 

ii. interaction of asthenosphere-derived proto-kimberlite melts with halogen-

enriched cratonic mantle lithosphere (Fig. 9). 

The first scenario may imply that there was a temporal halogen enrichment beneath 

the NAC, because the ca. 560 Ma kimberlite from Majuagaa show no such evidence 

for recycled Cl in their convecting upper mantle source (Fig. 7). The second 

possibility suggests a heterogeneous spatial distribution of recycled halogens within 
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the NAC mantle lithosphere, where the kimberlite magmas at the southern craton 

margin assimilated abundant recycled halogens upon ascent whilst those from the 

craton interior digested mainly refractory components of the Archean mantle 

lithosphere. 

5.4.1 Scenario-1: sampling of a positive δ37Cl component in the convecting mantle 

The positive δ37Cl values recorded for samples from Nigerdlikasik and Pyramidefjeld 

suggest that the kimberlite magmas may have sampled an OIB-type reservoir in the 

convecting mantle. Although sampling of an EM-type reservoir is consistent with the 

higher Cl and Br contents of the ca. 150 Ma kimberlites from the southern craton 

margin (see supplementary data of Kendrick et al., 2017), their Sr-Nd-Hf-Pb isotopic 

compositions do not support magma origins from EM-type reservoirs in the 

convecting mantle (Tappe, unpublished data), but rather point to a depleted 

convecting mantle source that has experienced moderate levels of re-enrichment, 

similar to the isotopic signature of the coeval Tikiusaaq kimberlites in the craton 

interior (Tappe et al., 2012, 2017). The Sr-Nd isotope data for metasomatically 

introduced clinopyroxene in mantle-derived peridotite xenoliths from the southern 

NAC margin reveal similar moderately depleted convecting mantle sources for the 

metasomatic agents that were probably linked to the 150 Ma kimberlite magmatism 

(Aulbach et al., 2017).  

These radiogenic isotope systematics render any straightforward mix between an 

EM-type reservoir and the depleted MORB mantle impossible.  Consequently, the 

positive δ37Cl compositions of kimberlites from the southern craton margin require 

most likely a halogen-enriched lithospheric mantle source that imparted heavy Cl 

isotope signatures to passing kimberlite melts sourced from the moderately depleted 

convecting mantle beneath the NAC. 
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Olivine-hosted melt inclusions from Pyramidefjeld record 3He/4He values between 

4.6 and 9.7 Ra (Tachibana et al., 2006), which is similar to MORB values (8 ± 2 Ra; 

Graham, 2002). Although Tachibana and co-workers also proposed a high 3He/4He 

signature of these kimberlites from Greenland, the presence of primordial 

components in ultradeep isolated mantle sources to kimberlite magmatism has 

recently been challenged on the basis of a comprehensive 182W isotope survey 

(Tappe et al., 2020b). 

An ancient recycled oceanic crust component is often advocated to explain the 

anomalous decoupled Nd-Hf isotopic compositions of kimberlites worldwide (e.g. 

Nowell et al., 2004; Tappe et al., 2020b). Such material could potentially explain the 

positive δ37Cl values of kimberlites from Nigerdlikasik and Pyramidefjeld, but it is 

doubtful whether significant volumes of Cl and Br can enter all the way into the deep 

upper mantle sources of kimberlites past the ‘subduction factory’ (Weiss et al., 

2015). 

5.4.2 Scenario-2: sampling of an enriched δ37Cl component in the cratonic mantle 

Whilst the shallow lithospheric mantle of the NAC is known to be extremely refractory 

(Bernstein et al., 2007), it has not escaped the effects of metasomatism, particularly 

along the southern margin (Wittig et al., 2010; Aulbach et al., 2017, 2019; Tappe et 

al., 2017; van Acken et al., 2017). Major metasomatic events appear to coincide with 

the assembly of Laurentia at ca. 1.8 Ga (Wittig et al., 2010; Aulbach et al., 2017) and 

with rifting during the Mesoproterozoic and Mesozoic (Tappe et al., 2007, 2017; 

Larsen et al., 2009). 

It is possible that metasomatism of the southern NAC margin occurred during ca. 1.8 

Ga northward-directed subduction of oceanic lithosphere under the ancient continent 
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(Chadwick and Garde, 1996; Garde et al., 2002). In this scenario halogen-rich fluids 

could have been liberated from the subducting oceanic lithosphere and acted as 

metasomatic agents within the overriding continental lithosphere. The potential for 

halogen enrichment of the deep cratonic lithosphere and its diamond endowment is 

well documented (Smith et al., 1981; Johnson et al., 2000; Burgess et al., 2002, 

2009; Weiss et al., 2015; Hecker et al., 2020) and has been linked to subduction-

derived halogens (Weiss et al., 2015; Broadley et al., 2016, 2018). It is possible that 

the lithosphere underlying the southern NAC margin is similarly enriched in halogens 

and that this halogen reservoir was scavenged by asthenosphere-derived small-

volume kimberlite melts during their ascent at ca. 150 Ma (Fig. 9). Indeed, the 

extreme halogen-rich compositions of the ca. 1.3 Ga Gardar mantle-derived 

magmas, including the large peralkaline Ilímausaaq intrusion of the nearby Ketilidian 

Mobile Belt, have been attributed to tapping of subduction enriched continental 

lithospheric mantle domains that may have been established during the Ketilidian 

orogeny at ca. 1.8 Ga (Köhler et al., 2009). 

The presence of subduction-enriched lithosphere along the southern NAC margin is 

consistent with the enriched δ37Cl values of phlogopite from a mantle xenolith 

recovered from the Nigerdlikasik kimberlite. However, the metasomatic nature of 

most mantle-derived xenoliths from the southern NAC margin has been attributed to 

the introduction of low-degree volatile-rich melts from the asthenosphere during 

Mesozoic rifting of the NAC rather than to Proterozoic metasomatic events (Aulbach 

et al., 2017).  

Nonetheless, metasomatism by fluids derived from dehydration of subducted 

serpentinized lithosphere could offer a solution. Generally, fluids released during 

serpentine dehydration are enriched in heavy halogens and positive δ37Cl values 
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(Fig. 7). Provided that serpentine is an extremely poor repository of lithophile trace 

elements in raw abundance terms (Kodolányi and Pettke, 2011; Kodolányi et al., 

2012), metasomatic agents sourced from subducted serpentinites may introduce 

copious amounts of volatiles, including Cl and Br, into the cratonic mantle lithosphere 

while leaving the lithophile trace element budgets largely unaffected. Therefore, the 

absence of enriched 87Sr/86Sr compositions in mantle xenoliths from Pyramidefjeld 

(Aulbach et al., 2017) may not provide conclusive evidence against a Proterozoic 

subduction-related metasomatic event during which fluids were sourced from 

dehydrating oceanic slabs. Indeed, Late Gardar (ca. ~1.3 Ga) basaltic magmatism 

formed from large-scale decompression melting from an enriched continental mantle 

share geochemical similarities with subduction zone basalts yet display no enriched 

87Sr/86Sr compositions (Goodenough et al., 2002). As subduction metasomatism was 

most likely to have occurred during the Ketilidian orogeny, it is possible that ancient 

halogen enriched metasomes might not impart enriched 87Sr/86Sr compositions when 

sampled in subsequent magmatism. 

We prefer assimilation of subduction-enriched cratonic mantle as the source of the 

heavy halogen enrichment and positive δ37Cl signature of kimberlites from the 

southern NAC margin, because this model reconciles best with the regional 

variability of halogen geochemical signatures and the geologic evolution of the NAC 

and surrounding mobile belts. Such a scenario implies that the cratonic mantle 

lithosphere can represent a long-term repository of recycled halogens. However, it 

cannot be excluded that the halogen geochemical signature of Greenland kimberlites 

originated from the convecting mantle – a controversy that requires further work in 

the near future. 
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Conclusions 

The combination of elemental and isotopic halogen analyses of fresh magmatic 

kimberlites and entrained mantle-derived peridotite xenoliths offers a powerful tool to 

trace volatile loss from kimberlites and detect recycled volatiles within their mantle 

sources. Our main findings are as follows: 

1. Fluorine in kimberlite appears to be controlled by melting in the convecting 

upper mantle evidenced by F/Nd ratios that overlap those of MORB and OIB.  

2. Unlike F, Cl and Br (albeit to a lesser degree) undergo significant loss of up to 

99% during kimberlite magma emplacement in the crust and post-

emplacement processes, as evidenced by depleted Cl/Nb and Br/Nb ratios. 

3. Whilst all kimberlites studied here broadly follow the above pattern, there 

exists some variability in their halogen systematics. Kimberlites from 

Tikiusaaq are significantly enriched in F but show the largest depletion in Cl 

compared to other kimberlites for which such data are available. We attribute 

this geochemical signature to the groundmass mineralogy of the studied 

Tikiusaaq kimberlites, which are almost serpentine-free. We suggest that the 

absence of serpentine passively increases the proportion of F-bearing phases 

such as phlogopite and apatite. It is possible that Cl-depletion is a primary 

feature of kimberlite magmas and a hallmark of less differentiated magmas, 

although this idea remains unclear. 

4. By contrast, kimberlites from the southern NAC margin display a relative 

enrichment of Cl and Br, and they have a positive δ37Cl signature, which is 

indicative of recycled halogens in their mantle source. We suggest that the 

‘enriched’ halogen signature of kimberlites from Nigerdlikasik was derived by 

assimilation of metasomatized mantle lithosphere, where the enriching agents 
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had been sourced from subducting oceanic lithosphere. However, our dataset 

cannot exclude the alternative possibility that the positive δ37Cl signature 

originated in an OIB-type source within the convecting mantle. 

Regardless of the ultimate origin of the recycled δ37Cl values observed at 

Nigerdlikasik and Pyramidefjeld, this study reveals spatial variability in the halogen 

compositions of kimberlites and highlights the possibility that the lithospheric mantle 

might represent a long-term halogen repository. 
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Figure 1: Location of the Majuagaa, Tikiusaaq, Nigerdlikasik and Pyramidefjeld 

kimberlites on the now rifted North Atlantic Craton (NAC). NMB - Nagsuqtoqidian 

mobile belt; KMB - Ketilidian mobile belt. 

Figure 2: Representative photomicrographs of a) kimberlite from Pyramidefjeld; b) 

kimberlite from Nigerdlikasik; c) phlogopite- and clinopyroxene-bearing mantle 

xenolith P3581-X1 from Pyramidefjeld (note the green serpentine bands forming a 

sub-parallel anastomosing network); d) phlogopite- and clinopyroxene-bearing 

mantle xenolith P3580-X1 from Nigerdlikasik. 

Figure 3: F vs Cl and Br vs Cl plots (ppm) for Greenland kimberlites from Majuagaa, 

Tikiusaaq, Nigerdlikasik and Pyramidefjeld. Also shown are MORB and OIB 

compositions from the database of Kendrick et al. (2017). 

Figure 4: Log-log plots of F, Cl and Br (ppm) against elements of similar 

incompatible lithophile trace elements in kimberlites from Majuagaa, Tikiusaaq 

Nigerdlikasik and Pyramidefjeld. Arrows show apparent Cl and Br loss. Also shown 

are data for MORB and OIB from the database of Kendrick et al. (2017). The grey 

shaded and stippled fields in Panel A show F/Nd ratios of non-crustally contaminated 

and crustally contaminated kimberlites from Lac de Gras in Canada, respectively. 

Data for Lac de Gras hypabyssal kimberlites are from Kjarsgaard et al. (2009) and 

Tappe et al. (2013). 

Figure 5: Plots of halogen / lithophile trace element ratios against Br/Cl in 

kimberlites from Majuagaa, Tikiusaaq, Nigerdlikasik and Pyramidefjeld. Also shown 

are MORB and OIB data from the database of Kendrick et al. (2017). 
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Figure 6: SEM-EDX maps of serpentine veins in peridotite xenolith P3581-X1 from 

Pyramidefjeld. A and B) Backscatter electron images in two locations (note the 

infiltration of kimberlite along fracture in B). C and D) Kα series X-ray intensities for 

Mg. E and F) Kα series X-ray intensities for Cl (note the low Cl contents of the melt 

infiltrating the fracture seen in B and D). 

Figure 7: The δ37Cl ‰ [versus standard mean ocean chloride (SMOC)] compositions 

of Greenland kimberlites from Majuagaa, Nigerdlikasik and Pyramidefjeld. The 

compilation of published δ37Cl values for mantle-derived melts from the ocean basins 

(MORB: mid-ocean ridge basalt; HIMU ‘high-μ’: defined as mantle domains with 

highly radiogenic 206Pb/204Pb compositions; EM-I: enriched-mantle I; EM-II: enriched-

mantle II), subduction inputs and outputs, and eclogite-facies ophiolites is from 

Barnes and Sharp (2017, and references therein). Carbonatite data and kimberlite 

data from Udachnaya-East (Eggenkamp and Groos, 1997; Sharp et al., 2007). 

*Kimberlite data is taken from analyses of halite rather than whole-rock analysis. The 

grey bars serve as visual aid to highlight the newly acquired data from Greenland. 

Figure 8: Schematic displaying the scenario in which recycled halogens are 

sampled from an OIB-type reservoir in the convecting upper mantle by 150 Ma old 

kimberlite magmatism along the southern NAC margin. P = Pyramidefjeld, N = 

Nigerdlikasik, T = Tikiusaaq, M = Majuagaa. KMB = Ketilidian mobile belt, NMB = 

Nagsuqtoqidian mobile belt. 

Figure 9: Schematic displaying the scenario in which recycled halogens are derived 

from a subduction-modified lithospheric mantle reservoir with the main phase of 

metasomatism at 1.8 Ga during the adjacent Ketilidian orogeny (KMB). These 

metasomes influenced Gardar rift magmatism at 1.3 Ga and kimberlite magmatism 
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at 150 Ma. Kimberlite-induced metasomatism manifests as enrichments of the 

cratonic lithosphere with new generations of phlogopite and clinopyroxene (see 

Aulbach et al., 2017). 

 

Table 1: Major and trace element data of kimberlites from Majuagaa, Nigerdlikasik, 

Pyramidefjeld. Major element and trace element data excluding Nigerdlikasik and 

Pyramidefjeld and halogens from Tappe et al., (2009; 2011; 2017). Halogens with 

recaclc subscript are estimates of the original magma composition assuming a Cl/Nb 

ratio of 13.8and a Br/Nb ratio of 0.04 (see text) and olivine contamination of ~30 % 

(excluding samples from Tikiussaq where no contamination is present). LOI = loss 

on ignition. Major elements reported in wt.%, trace elements reported in ppm. Total 

Fe reported as Fe2O3.. *Average where multiple analyses were used, error taken as 

1sd. 
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TiO

2 - 1.80 2.60 
4.4

3 
2.8

6 
3.7

4 
3.7

0 
4.0

2 
3.5

6 3.10 3.33 3.85 3.77 4.01 

  
Al2
O3 - 2.57 2.52 

3.7
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7 
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9 1.32 1.55 1.50 1.40 1.34 
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  Tot - 98.5 99.2 99. 99. 99. 99. 99. 99. 99.3 99.5 99.4 99.7 99.3
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F/N
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%Cl 
loss   86 69 99 99 99 99 99 99 95 95 94 95 94 

  

%B
r 
loss   70 25 95 93 93 85 88 95 95 93 90 88 90 

 

Table 2: Average major element compositions of serpentine in mantle xenoliths from 

kimberlites from Nigerdlikasik and Pyramidefjeld, Greenland. Elements reported in 

wt.%. 

Locality Pyramidefjeld Nigerdlikasik Nigerdlikasik Nigerdlikasik Nigerdlikasik Nigerdlikasik 

ID P3581-X1 P3579-X1 P3580-X1 P3580-X2 P3580-X3 P3580-X4 

Rock phl-lhz phl-harz phl-hrz phl-hrz phl-lhz phl-hrz 

analyses n= 10 1σ n= 10 1σ n= 10 1σ n= 10 1σ n= 10 1σ n= 10 1σ 

SiO2 (wt.%) 32.66 0.65 38.14 1.73 37.03 2.12 36.22 2.30 37.07 2.27 37.39 2.30 

Al2O3 0.19 0.03 0.27 0.09 0.23 0.06 0.19 0.10 0.27 0.09 0.09 0.03 

FeOt 7.38 0.45 7.46 2.15 7.69 1.75 5.82 1.51 6.93 1.10 6.12 1.41 

MgO 37.50 0.26 35.85 2.68 36.69 2.46 36.57 1.74 35.18 2.15 37.06 2.65 

NiO 0.27 0.04 0.26 0.12 0.10 0.03 0.22 0.04 0.10 0.03 0.07 0.05 

Na2O 0.16 0.01 0.17 0.02 0.20 0.01 0.21 0.05 0.20 0.02 0.20 0.01 

Cl 0.81 0.28 0.25 0.07 0.34 0.17 0.38 0.25 0.23 0.18 0.35 0.17 

Total 78.98   82.39   82.28   79.61   79.98   81.28   
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Table 3: Elemental and isotopic halogen data from phlogopite within mantle 

xenoliths from Nigerdlikasik and Pyramidefjeld. *Average where multiple analyses 

were taken, error taken as 1sd. Halogens reported in ppm. 

 Location  Nigerdlikasik Pyramidefjeld 
 xenolith P3580-X1 P3581-X1  

 F (ppm) 1218 1175  
 Cl 339 70  
 Br 0.4 0.4  
 F/Cl 3.6 16.8  
 δ37Cl  +1.1, +1.5 -  

 δ37Cl* +1.3 ± 0.3 -  
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Highlights 

 First combined elemental and isotopic (δ37Cl) study of kimberlite magmatism  

 F is conservative during kimberlite magmatism retaining mantle signatures 

 In contrast to F, kimberlites lose up to 99% of Cl and Br during magma 

emplacement 

 Kimberlites from the southern NAC sample recycled halogens in their mantle 

source 
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