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Abstract 

The Grønnedal-Íka igneous complex in SW-Greenland is composed of layered nepheline-

syenite suites and a carbonatite plug. It is believed that weathering of the complex generates 

alkaline pH water, leading to the precipitation of the submarine ikaite tufa pillars in Ikka 

Fjord. Ikaite is a hydrated calcium carbonate mineral only stable at low water temperature 

(<~6°C). The complex is one of many interesting features within geosciences, both for its 

distinct geology and biota. The petrology and major chemical constraints of the complex are 

relatively well studied; however, few studies have been focused on chemical weathering 

processes. This study attempts to join petrology and water geochemistry to get insight into 

the water composition formed via water-rock interactions during low-temperature 

weathering. The nepheline syenites of the complex are generally on the boundary being 

alkali saturated and alkali undersaturated, while the carbonatites are rich in carbonates and 

CO2. The primary minerals of the nepheline-syenites are orthoclase (28%), albite (24%), 

nepheline (25%), aegirine-augite (6%), riebeckite (2%), ferro-richerite (2%), biotite, and 

apatite (1%). Two different carbonatites were studied, 1) calciocarbonatite dominantly 

composed of calcite (99%) and 1% fluorite minerals, and 2) ferruginous calciocarbonatite, 

with an unusual mineral assemblage of calcite (64%), ankerite (10%), riebeckite (8%), REE 

minerals and fluorites (1%). New insight into the rare earth element (REE) phases and 

fluorite minerals within the carbonatites suggests that the complex might be richer in 

fluorites and REE minerals than previously thought. Geochemical calculations, simulating 

the process of the rock weathering, indicate formation of water characterized by high pH  

>10, elevated Na and low CO2 concentrations, that result in the formation of (Fe, Al, Mn) 

oxides, (Fe-Na, Fe-K, Fe-Fe, Na, K) smectite-group and (K-Mg) illite clays, and (Ca) 

carbonates. According to modelling, these alkaline fluids can lead to the precipitation of 

ikaite when mixed with seawater, thus representing a first successful attempt on simulating 

natural processes of water-rock interaction in Ikka Fjord. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Útdráttur 

Grønnedal-Íka bergsyrpan í SV-Grænlandi samanstendur af lagskiptum nefelín-sýanít 

myndunum og karbónatít bergtappa. Talið er að veðrun á bergsyrpunni leiki lykilhlutverk í 

myndun alkalískra vökva, sem talið er að leiði til útfellingar á kalsíum-karbónat strýtum sem 

kallast ‘Ikaít súlur’ neðansjávar í Ikka firði. Íkaít er vötnuð kalsíum karbónat steind sem er 

einungis stöðug við lágt hitastig (<~6°C). Töluverður áhugi er á bergsyrpunni innan 

jarðvísinda, vegna óvenjulegrar jarðfræði og lífkerfis. Bergfræði bergsyrpunnar er tiltölulega 

vel rannsökuð, hinsvegar hefur verið skortur á frekari rannóknum sem tengjast efna-veðrun 

bergsyrpunnar. Þessi rannsókn tvinnar saman bergfræði og vatns jarðefnafræði, til að fá 

innsýn í síðvökva sem geta myndast við vökva-bergs hvörf við lághita veðrun. Nefelín-

sýanitið fellur ýmist á línu þess að vera alkalí mettað eða undirmettað, karbónatítið er ríkt af 

kalsíni og CO2. Aðalsteindir nefelín-sýanítsins eru orthóklas (28%), albít (24%), nefelín 

(25%), ægirín-ágít (6%), ríbekít (2%), járnblendis-rikterít (2%), bíótít og apatít (1%). Tvær 

gerðir af karbonatíti voru skoðaðar, 1) kalsíókarbónat sem er nær eingöngu kalsít (99%) og 

flúorít steindir (1%), 2) ferrógenískt kalsíókarbónatít með óvenjulega steindasamsetningu, 

kalsít (64%), ankerít (10%), ríbekít (8%), steindir ríkar af fágætum jarðar efnum og flúrít 

(1%). Ný innsýn í fágæta jarðarefna fasa gefur til kynna að syrpan gæti verið ríkari af slíkum 

steindum en áður hefur verið talið. Jarðefnafræði reikningar sem herma eftir lághita veðrun 

á bergsyrpunni gefur til kynna að vökvar með > 10 pH, sem einkennast af háum Na+ og 

lágum CO2 styrk geti myndast við vökva-bergs hvörf þegar aðallega einföld (Fe, Al) oxíð, 

(Fe-Na, Fe-K, Fe-Mg, Fe-Fe, Mg, Na, K) smektít og (Mg-K) illít leir og (Ca) karbónat 

steindir falla út. Hermunin gefur til kynna að þessir alkalísku vökvar geti leitt til útfellingar 

á íkaít þegar þeir blandast við sjó í Ikka firði, og er hermunin jafnframt sú fyrsta til að herma 

eftir náttúrulegum aðstæðum vökva-bergs hvarfa í Ikka firði. 
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1 Introduction 

Carbonatites and syenites are rare intrusive plutonic rocks commonly found together within 

the same geological setting. The Grønnedal-Íka complex (61°12’21’’N, 48°10’32’’W) 

within the Gardar rift zone in south-west Greenland between the Arsuk Fjord to the NW 

and Ikka Fjord in the SE, forms a complex of layered nepheline-syenites and carbonatite 

plug. The complex is amongst the oldest alkali intrusions that intruded into Archean gneisses 

during the Precambrian, 1.3 Ga ago and was later faulted during the Gardar rifting episode 

1.3-1.1 Ga ago. Aside from the complex, distinct hydrated calcium carbonate pillars, ikaite 

tufa pillars, grow below the sea level in the inner part of Ikka fjord. The carbonatite-

nepheline syenite complex is thought to be a crucial variable in their formation by leaching 

CO2 and alkali elements (Na) into the fjord's groundwater system. It is thought that these 

alkaline waters form during water-rock interactions and weathering of the rocks within the 

complex, and seep through fractures below the seabed and react with the seawater. Leading 

to the precipitation of ikaite and the formation of the ikaite tufa columns in Ikka Fjord.  

 

The aim of this study is twofold: 

1) To give a detailed description of the mineralogy, major, minor and trace elements of 

selected samples from the complex.  

 

2) To simulate the low-temperature weathering processes of the Grønnedal-Íka 

complex via reaction path modeling in order to test the hypothesis that such water-

rock interaction can result in formation of ikaite.  

The objective is to define the major, minor and trace geochemistry of selected samples within 

the complex, with petrographical, mineralogical, and bulk chemical analysis. The major 

element chemistry of the rocks is used in reaction path modeling to calculate the simulated 

secondary fluids' major signatures, when mainly simple oxides, clays, and carbonate 

minerals are assumed to precipitate. The purpose of combining solid and fluid geochemical 

methods is to further understand the petrology of the rocks and the total elemental budget 

that can be brought into the groundwater system via water-rock interactions within the 

Grønnedal-Íka complex.  
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2 Geological setting 

The Grønnedal-Íka complex is one of the roughly 500 alkaline-carbonatite igneous rock 

associations of the world (Wolley and Kjarsgaard, 2008). The geological setting of the 

Grønnedal-Íka complex (Fig. 1) is of worldwide interest, due to both the relatively rare 

bedrock and the exceptional submarine ikaite column formation in the adjacent Ikka Fjord. 

The complex is situated in south-west Greenland and extends from Grønnedal, or 

Kangilinnguit (61°14’00” N, 48°05’5’’ W) at the mouth of Arsuk Fjord, to Ikka Fjord 

(61°19’02N, 48°03’06’’W), a 13 km long shallow glacier-carved fjord. It is thought that the 

complex formed 1.3 Ga ago during the preliminary stages of the Gardar continental rifting 

episode (Upton et al., 2003).   

 

Figure 1: Simplified geological map of the Grønnedal-Íka igneous complex. Modified after 

Emeleus (1964) (Prepared by author in QGIS). 
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 Gardar rifting and intrusions 

The Gardar rifting episode (1350-1140 Ma) was a global event, followed by the breakup of 

the supercontinent Columbia or Paleopangea. Studies suggest that this was a failed 

continental rifting event, and U-Pb dating by Upton et al. (2003) indicates that at least two 

periods of igneous activity occurred during this time. The rifting episode in south Greenland 

occurred in a lithospherically weak zone of the Archean craton and Ketildian Julianehåb, I-

type granitic batholith (~1.8 Ga). The Gardar province consists of a series of alkaline 

intrusions and extrusions situated at this weak zone. The structures of Gardar are mainly 

controlled by the earlier structural patterns of the Ketildian subduction of oceanic crust 

beneath the Archean craton, giving a rise to the emplacement of the Juliane batholith (Upton 

et al. 2003 and references therein; Upton, 2013).   

 

Figure 2: General geological map of major intrusive complexes, main dykes and swarms 

related to the Gardar rifting event in Greenland; 1 Kungnat, 2 Ivigtut, 3 Grønnedal-Íka, 4 

Nunarssuit, 5 Puklen, 6 Central 7 Tugtutoq, 8 Dyrnaes-Narssaq, 8 Ilímaussaq, 9 Igaliko 

and 10 Klokken (Bedford, 1990). 

The intrusions that formed during the rifting are generally termed Gardar intrusions and 

extend 120 km from SW-Greenland to SE-Greenland (Fig. 2). The faults affecting the 

province form ENE and E-trending and NNW- to NNE-trending groups (Upton et al., 2003). 

Most of the Gardar magmas ranged from transitional olivine basalt to trachyte composition, 

with residua variances of more phonolitic or comenditic composition. More intermediate 

compositions, generally of mugearite occur as well (Upton, 1974). Silica-deficient 

lamprophyres and carbonatites formed both as intrusions and extrusions, occur as minor 

components in the province. Central-type intrusive complexes of dominant syenites and 

nepheline syenites reached shallow levels (Upton et al., 2003). 
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 The Grønnedal-Íka complex 

The Grønnedal-Íka complex, on the NW side of the Gardar Province, is the oldest of the 

Gardar center intrusions. The complex has been mapped and described before, along with a 

detailed petrological evaluation by Emeleus (1964), Bedford (1990), and Gill (1972). The 

outline of the complex is elongated, measuring approximately 8 km from NNW to SSE and 

3 km from NE to SW. The complex intruded into the older body of Archean gneisses and 

Proterozoic metasediments at the earliest stage of the Gardar rifting period, 1.3 Ga ago. 

Stockmann et al. (2018) dated the complex back to the Precambrian, 1325±6 Ma, using 

zircon geochronology, making it the oldest of 15 known alkaline intrusions in southern 

Greenland (Emeleus, 1964, Upton, 2013). Tectonic activity has been low for the last 1100 

Ma in the area and the rocks were exposed by glacial erosion by Quaternary glaciation. Due 

to the lack of tectonic activity in this ancient rift zone and after being covered by the 

Greenlandic ice cap the nepheline-syenites and carbonatites are well preserved and 

essentially unmetamorphosed and undeformed (Upton, 2013).   

The original structure of the complex comprises two series of layered syenites, the Lower 

Series and the Upper Series, which are separated by a raft of gneiss (Emeleus, 1964).  

Emeleus (1964) described the two series as:  

1) Earlier medium-grained foyaite in the Lower Series to the northwest.  

2) Later foyaite and small amounts of pyroxene-rich syenite and pulaskite, cut by the latest 

intrusion of xenolith-rich porphyritic syenite comprising the Upper Series to the north.   

The complex forms igneous cumulate layering, a distinguishing feature of alkaline 

complexes of the North Atlantic alkaline igneous province (Vartiainen and Wooley, 1974). 

The Grønnedal-Íka complex consists predominantly of foyaitic nepheline-syenites and 

carbonatites. Siderite-rich carbonatite intruded the nepheline syenites, with later intrusions 

of thick dykes of olivine dolerite and series of lamprophyre, trachyte, and dolerite dykes 

found in the Gardar province along with later faulting (Emeleus, 1964; Woolley and 

Kjarsgaard, 2008; Tollefsen et al., 2019).   

The focus of this study is on the syenites and carbonatites of the complex. General discussion 

about these rock types along with regional constraints will be discussed in the following sub-

chapters. 

2.2.1 Syenite 

Syenites are the plutonic equivalent of trachyte and are silica-undersaturated rocks, rich in 

alkalis and alumina. Nepheline syenites and phonolite, a variety of syenite, may be derived 

by crystal fractionation or partial melting from more mafic silica-understated mantle-derived 

melts, typically formed by low degrees of partial melting in Earth’s mantle. They are often 

low in iron, contain moderate amounts of silica and are relatively rich in alkalis and alumina. 

If feldspathoids are major constituents they are termed foid-syenites or with the prefix of the 

feldspathoid, e.g. nepheline-syenites (Haldar and Tišljar, 2014). 

Nepheline-syenites are characterized by a high ratio of (Na2O+K2O)/SiO2 and 

(Na2O+K2O)/Al2O3, manifested by high abundances of nepheline and alkaline mafic 

minerals. Nepheline-syenite is a medium to coarse-grained intrusive igneous rock and a 

https://www.sciencedirect.com/science/article/pii/B9780124081338000043#!
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member of the alkali-syenite group. An essential mineral of syenites is the alkali feldspar 

((K,Na)AlSi3O8), mostly crypto-perthite, where a host grain of potassium-rich alkali feldspar 

(~KAlSi3O8) includes exsolved lamellae or intergrowths of sodic alkali feldspar 

(NaAlSi3O8), and rarely a mixture of albite (NaAlSi₃O₈) and microcline (KAlSi3O8).  A 

ferromagnesian mineral is often present, either biotite K(Mg,Fe)3AlSi3O10(F,OH)2, 

hornblende (Ca,Na)2–3(Mg,Fe,Al)5(Al,Si)8O22(OH,F)2 or pyroxene (XYSi2O6). Light rare-

earth elements (LREE) are often highly concentrated in these rocks, indicating that the 

magma is highly differentiated.  

The majority of the syenites in the Grønnedal-Íka complex are foid-syenites. Xenolithic 

syenites intruded into the layered upper and lower series of the syenites at later stages 

(Emeleus, 1964). The study of Bedford (1990) suggests, based on rare earth elements, that 

the nepheline-syenites were derived from a parental magma formed by a few percent of 

partial melting of a garnet-lherzolite mantle source during the Early Gardar rifting. The 

nepheline-syenites in the complex are mainly composed of four minerals, nepheline, alkali-

feldspar, clinopyroxene, and biotite. The alkali feldspar is orthoclase KAlSi3O8 with perthite 

structure, and the clinopyroxene is aegirine–augite (NaCaFe2+Mg)(Fe3+AlFe2+Mg)Si2O6 

(Emeleus, 1964).  

2.2.2 Carbonatites 

Carbonatite is a relatively rare igneous rock type and generally associated with alkaline 

silicate magmas in either individual complexes or regional association with magmatic 

provinces. Carbonate minerals dominate, at least 50 wt% along with silicates, phosphate 

minerals, and oxides (Turekian and Holland, 2007, and O’Brien, 2015). Carbonatites are 

often classified into calcite-carbonatite and dolomite-carbonatite, known as calcio-

carbonatites, ferro-carbonatite, magnesio-carbonatite, and natro-carbonatite, depending on 

the major elements magnesium (Mg), calcium (Ca), iron (Fe) and sodium (Na). They can be 

further classified into siderite-, Ba-Ca-, Sr-Ba-REE, Na-Ca and REE fluorocarbonates 

(Mitchell, 2005). The nephelinite-clan carbonatites are commonly associated with the 

intrusive melteigite-ijolite-urtite suite and nepheline syenites and the extrusive nephelinite 

and phonolite suite. These carbonatites dominate either in calcite, dolomite, siderite, or 

ankerite. Sr-, Ba-, and REE-bearing carbonates may form by late-stage events of 

carbothermal fluids (Ngwenya 1994 and Wall and Mariano 1996). The REE-F-rich 

carbonate rocks are not necessarily associated with undersaturated alkaline rocks (Mitchell, 

2005). These carbonatites are often diverse, but all are significantly rich in Th, REE, and F. 

REE fluorocarbonates, fluorite and other fluoride-rich minerals are common. The REE 

minerals are often monazite, ancylite, bastnäsite, and allanite along with niobium minerals 

such as columbite, fersmite, and dominantly niobium-rich rutile. The nomenclature is 

debatable, depending on whether the REE carbonatites are truly carbonatites or carbonatite 

residua as carbonatites are strongly differentiated from parental silicate rocks (Heinrich, 

1966 and Mitchell, 2005). Previous studies within the Grønnedal-Íka complex by Gill (1972) 

show that the carbonatites of the complex are highly likely associated with the syenites and 

therefore the REE carbonatites discussed in this thesis will be considered as carbonatites and 

not carbothermal residua.  

 

It is not fully understood how carbonatites form. The majority of the carbonatites are 

associated with larger volumes of ultramafic and alkali silicate rocks. The silica-

undersaturated, alkalic rock generally have similar ages as the carbonatites within each 
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complex, indicating a petrogenetic relationship between these rock types (Rukhlov et al., 

2015). Studies suggest that these rare carbonatite melts form either by immiscible separation 

from silicate melt or fractional crystallization of parental carbonated silicate magma after 

low-degree partial melting of a carbonated mantle peridotite below 75 km (Bell and 

Blenkinsop, 1989 and Bell and Rukhlov, 2004). Primitive isotopic signatures of noble gases 

(He, Ne, Ar, Kr, Xe) and nitrogen of some carbonatites, however, suggest a more un-

degassed mantle source, which in turn does not reconcile with an in situ lithospheric source. 

Carbonatites are very rich in LREE and are extremely rich in Sr and Nd. Some of the younger 

carbonatites, under 200 Ma, have similar Sr, Nd, and Pb isotopic compositions as OIBs, EM 

1, FOZO and HIMU (high 238U/204Pb ratios) mantle components (Bell and Simonetti, 1996 

and Bell and Tilton, 2001). These distinctive isotopic compositions of Sr and Nd in 

carbonatites can give insight into mantle evolution due to their wide occurrence on Earth and 

the oldest carbonatites having been dated to 3 Ga (Rukhlov et al., 2015).   

The carbonatites of the Grønnedal-Íka complex are Ca and Fe rich. There are three major 

outcrops of carbonatite within the complex (Fig. 1) forming a steep-sided carbonatite plug. 

Gentle gravel-covered slopes are present in the landscape where the carbonatite has been 

weathered down. The carbonatites are mainly composed of calcite (CaCO3) and siderite 

(FeCO3), and intergrown with hematite (Fe₂O₃) and magnetite (Fe3O4) as alteration minerals 

of siderite (Emeleus, 1964). REE minerals, phases of pyrochlore, monazite and columbite 

are thought to be rare in the carbonatites of the Grønnedal-Íka complex (Bedford, 1990).
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3 Methods  

 Sample collection and preparation 

Total of 38 samples of mainly syenites and carbonatites were collected from two field 

excursions in June 2018 and June 2019, spread over the complex area. The three selected 

samples are from Grønnedal and Ikka fjord (Fig. 1). Samples collected in 2019 have the 

abbreviation 19SAXX, and samples collected in 2018 18GSXX. 

 

The preparation for whole rock analysis started in August 2019 at the University of Iceland. 

A total of 24 samples were selected for XRF analysis from the two fieldworks. For each 

sample, roughly 400 gr were crushed with a jaw-crusher to the finest grid. Agate-mortar was 

used to grind 20 gr of the total blend to the granularity of <63 µm for XRF analysis. Thin 

section cubes were prepared at the University of Iceland. Thin-sections of thickness 30 µm 

were prepared at the Thin Section Lab in Toulouse, France.  

 Sample analysis 

3.2.1 Whole rock analysis 

The whole-rock chemical composition of the samples was analyzed with X-ray fluorescence 

(XRF) spectrometry at the University of Edinburgh with a Philips PW2404 wavelength 

dispersive sequential X-ray spectrometer fitted with a Rh anode end window X-ray tube. 

Sample 19SA29 was analyzed by ALS in Ireland with WD-XRF Axios FAST by Panalytical, 

fitted with a range of anodes (Rh, Cr, Mo, Au). These two spectrometers can analyze the 

major, trace and minor elements of rock samples. The Philips PW2404 spectrometer 

analyzes a large range of elements, from Z (nr. of atoms in a unit cell) > 8 in solids (Sigmund, 

2021). The Axios FAST WD-XRF is equipped with high sensitivity HiPer channels for light-

element analysis and can measure up to 28 user-defined elements simultaneously (Malvern 

Panalytical, 2021).  

3.2.2 Petrographic microscope analysis 

All of the 24 thin sections prepared from the samples were looked at in a petrographic 

microscope. The first step was to find the least altered samples for EMPA, BSE imaging and 

geochemical modeling. Brief description was made for all of the thin sections to estimate 

the degree of alteration, eventually one nepheline-syenite sample was chosen and two 

carbonatites. The thin sections were mapped prior to the EMPA analysis, based on the 

identification of minerals and their distribution. The thin sections were analyzed under an 

Olympus BX51 polarizing microscope, with objective lenses of 4x, 10x and 20x 

magnification equipped with Olympus UC30 camera, capable of taking photomicrographs 

http://thinsectionlab.com/
https://www.alsglobal.com/en/services-and-products/geochemistry
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with transmitted and reflected light, located at the Institute of Earth Sciences, University of 

Iceland. 

3.2.3 Electron microprobe analysis  

The electron probe micro-analyzer (EPMA) at the Institute of Earth Sciences, University of 

Iceland is a JEOL JXA-8230 SuperProbe equipped with a LaB6 thermionic electron emitter. 

It has five wavelength-dispersive spectrometers (WDS), one with four different analytical 

crystals and the other four WDS with two different crystals each.  

For all analyses, the accelerating voltage was 15 keV. The probe current was measured at 

the Faraday cup prior to each analysis. The orthoclase and albite were analyzed with a 10 

nA cup current and the beam diameter was 5 µm. The nepheline and sodalite was analyzed 

with a 5 nA current and the beam diameter was 10 µm. The current for the amphibole 

analysis was 10 nA and 20 nA for the pyroxenes, in both cases the beam diameter was 5 µm. 

For the biotite, the current was 5 nA and the diameter 5 µm. The calcites were analyzed with 

a current of 5 nA and beam diameter of 10 µm, total C was not analyzed, the total CO2 

content was calculated by the difference of the oxides and their sum to 100%. The majority 

of the standards were provided courtesy of the Smithsonian Institution (NMNH and USNM 

standards) (Jarosewich, 2002). The CITZAF correction program (Armstrong, 1991) was 

used for all analyses, except for nepheline and sodalite where ZAF correction was applied.                                                

The primary phases were analyzed with the WDS and calibrated to standards listed in tables 

15 - 21 in appendix D, while the REE phases and fluorites were analyzed with the EDS.  

Several excel sheets were used to recalculate the oxides in terms of Fe2+ and Fe3+ valence 

states of iron. The IMA 2012 spreadsheet by Hawthorne et al. (2012) was used to recalculate 

and classify the amphiboles. Mineral calculations formula aid for anhydrous minerals was 

used to recalculate Fe2+ and Fe3+ for the pyroxenes, and the spreadsheet prepared by Li et al. 

(2020) was used to recalculate the Fe2+ and Fe3+ for the biotite. 

3.2.4 BSE imaging with SEM 

Scanning Electronic Microscopy (SEM) has a large depth of field and captures high-

definition backscatter electron (BSE) photographs. Around 40-50 BSE images in 30x 

magnification were taken with Hitachi TM3000 tabletop machine SEM at the University of 

Iceland of each thin section and then reconstructed in one whole image with Gimp image 

software. Histogram manipulation with Image J was used to estimate the abundance of 

primary minerals. By extracting out a single gray shade in the BSE image, the area 

percentage of that shade was calculated from the number of pixels in Image J. The different 

extracted phases of primary minerals were then confirmed with observations in a 

petrographic microscope and adjustments made if needed.   

 Geochemical modeling 

Weathering involves physical disintegration and chemical decomposition at low 

temperatures, -5°C to 25°C. The latter, often termed chemical weathering, leads to the 

transformation of primary silicate minerals into clays and soluble elements (Meunier, 2005). 

The geochemical program PhreeqC (Parkhurst and Aleppo, 1999) was used to simulate the 

https://www.eas.ualberta.ca/eml/files/CGS_62_1_11_2014.pdf
https://serc.carleton.edu/research_education/equilibria/mineralformulaerecalculation.html
https://www.researchgate.net/publication/338510344_Calculating_biotite_formula_from_electron_microprobe_analysis_data_using_a_machine_learning_method_based_on_principal_components_regression
https://www.researchgate.net/publication/338510344_Calculating_biotite_formula_from_electron_microprobe_analysis_data_using_a_machine_learning_method_based_on_principal_components_regression
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chemical weathering, i.e. secondary mineralogy and the associated water chemical 

composition, upon water-rock interaction using reaction path modeling and the carbfix.dat 

and llnl.dat databases. 

The major elements were only considered in the weathering model to simplify the system. 

The modeling simulates primary mineral dissolution and secondary mineral formation when 

saturated as well as the equilibrium water composition. The geochemical reactions were 

studied as a function of reaction progress at 25°C. The major chemical signatures and 

speciation upon low-temperature weathering of the rock types was simulated as progressive 

water-rock interactions, measured as amount (mol) of rock dissolved in a kg of water (R/W 

ratio). The starting water composition used in the calculations was that of rainwater collected 

from E-Greenland (Keiding and Heidam, 1986) (Table. 6 in appendix A) and the nepheline 

syenite sample 18GS01 and calciocarboanatite sample 18GS02 was used as the primary 

phases and dissolved stoichiometrically (Table. 1). Two scenarios were considered during 

the initial modeling stages 1) surface water with CO2(g) as an equilibrium phase, and 2) 

groundwater without CO2(g) as an equilibrium phase. The final model is a 50/50 mixture 

between the nepheline-syenite and the calciocarbonatite not in equilibrium with atmospheric 

CO2(g). The simulations were run at three different molar solutions for the titration, at 0.001, 

0.01 and 1 molar over 100 steps each. 

The bulk chemical equations of the nepheline-syenites and carbonatites (Table. 1) were 

calculated from the major elements obtained with the XRF analysis (Table. 7 in appendix 

A). The Fe2+ and Fe3+ ratios in the equations had to be estimated from the FeOt analysis by 

calculating the Fe2+/Fe3+ ratios of the rocks based on the mineral EMPA analysis and 

recalculations with the spreadsheets listed in the chemical analysis chapter and the relative 

abundance of the minerals. The total C in the carbonatites had to be estimated from the 

measured loss of ignition (LOI) from the XRF analysis, the H2O+F/CO2 ratio of the rocks 

was estimated from the abundance of carbonate minerals and hydrous minerals. The ratio 

for the calciocarbonatite was estimated to be 95% of the total LOI analyzed as it consists 

almost entirely of calcite. The total C was not estimated for the nepheline-syenite as it is 

very low.  

The secondary mineral phases chosen to potentially form when saturated were Fe-Na, Fe-K, 

Fe-Mg, Fe-Fe, Mg, Na and K smectite group clays, K-Mg illite clays and simple alumina 

and iron oxides, amorphous manganese oxide, and Ca-carbonate minerals (Table. 1). These 

mineral phases were chosen as equilibrium phases as they are general low-temperature 

alteration minerals of silicate minerals. Smectite group clays are wide occurring clay 

formations. Their formation is generally associated with alkali rich parent rocks, alkaline 

solutions with pH >7.5, free Mg and/or Fe in solution, and can host cations of Na, Ca, K, 

Mg that leach from the rocks in their (Al,Si)3O4 tetrahedral-octahedral-tetrahedral (TOT) 

layers. Illite group clays are formed by K and Mg cations in their TOT structure. The simple 

oxides of alumina and iron are generally the first phases to form upon weathering. 

Manganese oxides are widespread alteration minerals; however, they are often a minor 

component (Barshad, 1966; McKenzie, 1989; Bergaya and Lagaly, 2013). These rocks are 

rich in carbonates, therefore Ca-carbonate minerals are included. Based on the elements' 

simulated molality, these phases were selected or unselected to consume or increase the 

molality of elements until the concentrations resemble the end-member solution of the 

sampled fluids from the columns by Buchardt et al. (2001) (Table. 6 in appendix A). The 

equilibrium constants and dissolution equations for the considered secondary phases and 

primary bulk chemical equations used in the simulation are listed in table 1. 
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                 a carbfix.dat, b llnl.dat, cThis study, logK25°C set to undersaturation and Krupka et al. (2010)d

 

 

Mineral 
 

Symbol Equation Dissolution reaction log K25°C 

Primary phases      

Nepheline syenite sample 

18GS01 18GS01 SiAl0.4074Fe0.3649Mg0.0165Ca0.0426Na0.2402K0.1907Mn0.0082O3.288 

18GS01 + 2.576H+ = 0.4074Al+3 + 0.0426Ca+2 + 0.3064Fe+2 + 0.0585Fe+3 + 

1.288H2O + 0.1907K+ + 0.0165Mg+2 + 0.0082Mn+2 + 0.2402Na+ + SiO2 undersat.c 

Calciocarbonatite sample 

19SA29 19SA29 Fe0.009Ca1Mn0.003C1.055O3.122 19SA29 + 0.969H+ + 0.043H2O = Ca+2 + 0.009Fe+2 + 1.055HCO3
- + 0.003Mn+2 undersat. c 

Calciocarbonatite sample 

18GS02 18GS02 SiAl0.04Fe1.78Mg0.05Ca4.22Na0.14K0.01Mn0.18C3.97O16.4 

18GS02 + 8.95H+ = 3.97HCO3
- + SiO2 + 0.04Al+3 + 1.59Fe+2 + 0.19Fe+3 + 0.05Mg+2 

+ 4.22Ca+2 + 0.14Na+ + 0.01K+ + 0.18Mn+2 + 2.49H2O undersat. c 

     
Secondary phases     
Al(OH)3(am)  Al(OH)3(am)     
Calcite cal CaCO3 cal + H+ = Ca+2 + HCO3

- 1.85 a 

Celadonite cel KMgAlSi4O10(OH)2 cel + 6 H+ = Al+3 + K+ + Mg+2 + 4H2O + 4SiO2 7.46 a 

Chalcedony cha SiO2 cha = SiO2 -3.73 a 

Fe(OH)3   Fe(OH)3 Fe(OH)3 Fe(OH)3 + 3H+ = Fe+3 + 3H2O 5.66 a 

Gibbsite gib Al(OH)3 gib + 3H+ = Al+3 + 3H2O 7.76 a 

Goethite goe FeOOH goe + 3H+ = Fe+3 + 2H2O 0.53 a 

Illite   ill K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 il +8H+  =  + 0.25 Mg2+ + 0.60K+ + 2.30Al3+ + 3.50SiO2 + 5H2O 9.03 b 

Mn(OH)2(am) Mn(OH)2(am) Mn(OH)2 Mn(OH)2 + 2H+ = Mn+2 + 2H2O 15.31 a 

Montmor-Ca  mon-ca Ca.175Mg.35Al1.65Si4O10(OH)2 mon-ca + 6H+ = 0.175Ca+2 + 0.35Mg+2 + 1.65Al+3 + 4H2O + 4SiO2 2.50 a 

Montmor-K  mon-k K.35Mg.35Al1.65Si4O10(OH)2 mon-k + 6H+ = 0.35K+ + 0.35Mg+2 + 1.65Al+3 + 4H2O + 4SiO2 2.14 a 

Montmor-Mg  mon-mg Mg.525Al1.65Si4O10(OH)2 mon-mg + 6H+ = 0.525Mg+2 + 1.65Al+3 + 4H2O + 4SiO2 2.39 a 

Montmor-Na mon-na Na.35Mg.35Al1.65Si4O10(OH)2 mon-na + 6H+ = 0.35Mg+2 + 0.35Na+ + 1.65Al+3 + 4H2O + 4SiO2 2.48 a 

Nontronite-Ca  non-ca Ca.175Fe2Al.35Si3.65H2O12  mon-ca + 7.4H+ = 0.175Ca+2 + 0.35Al+3 + 2Fe+3 + 3.65SiO2 + 4.7H2O -11.58 a 

Nontronite-K non-k K.35Fe2Al.35Si3.65H2O12 mon-k + 7.4H+ = 0.35Al+3 + 0.35K+ + 2Fe+3 + 3.65SiO2 + 4.7H2O -11.86 a 

Nontronite-Mg non-mg Mg.175Fe2Al.35Si3.65H2O12 mon-mg + 7.4H+ = 0.175Mg+2 + 0.35Al+3 + 2Fe+3 + 3.65SiO2 + 4.7H2O -11.62 a 

Nontronite-Na non-na Na.35Fe2Al.35Si3.65H2O12 mon-na + 7.4H+ = 0.35Al+3 + 0.35Na+ + 2Fe+3 + 3.65SiO2 + 4.7H2O -11.53 a 

Saponite-Fe-Ca  sap-fe-ca Ca.175Fe3Al.35Si3.65O10(OH)2 sap-fe-ca + 7.4H+ = 0.175Ca+2 + 0.35Al+3 + 3Fe+2 + 3.65SiO2 + 4.7H2O 20.36 a 

Saponite-Fe-Fe  sap-fe-fe Fe3.175Al.35Si3.65O10(OH)2 sap-fe-fe + 7.4 H+ = 0.35Al+3 + 3.175Fe+2 + 3.65SiO2 + 4.7H2O 18.94 a 

Saponite-Fe-K  sap-fe-k K.35Fe3Al.35Si3.65O10(OH)2 sap-fe-k + 7.4H+ = 0.35K+ + 0.35Al+3 + 3Fe+2 + 3.65SiO2 + 4.7H2O 18.79 a 

Saponite-Fe-Mg  sap-fe-mg Mg.175Fe3Al.35Si3.65O10(OH)2 sap-fe-mg + 7.4H+ = 0.175Mg+2 + 0.35Al+3 + 3Fe+2 + 3.65SiO2 + 4.7H2O 19.53 a 

Saponite-Fe-Na sap-fe-na Na.35Fe3Al.35Si3.65O10(OH)2 sap-fe-na + 7.4H+ = 0.35Na+ + 0.35Al+3 + 3Fe+2 + 3.65SiO2  19.80 a 

Kalsilite kal KAlSiO4 kal + 4H+ = Al+3 + K+ + SiO2 + 2H2O 10.90 a 

Monohydrocalcite mon-cal CaCO3 ∙ H2O mon-cal + H+ = Ca2+ + H2O + HCO3
- 2.38a 

Ikaite  ika CaCO3 ∙ 6H2O ika + H+ = Ca2+ + 6 H2O + HCO3
- 2.87d 

Table 1: Reactions of interest and their respective equilibrium constants at 25°C. 
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4 Whole rock chemistry and 

mineralogy of the rocks 

 Rock classification  

The majority of the analyzed syenites and the chosen syenite sample 18GS01, showing the 

least alteration, classify as foid-syenite. Fewer samples classify as foid monzo syenite and 

syenite (Fig. 3). The foid-syenites are the most alkaline, with Na2O+K2O in the range of 13-

16 wt%, the foid monzo syenites have lower alkalis of 11-12 wt%. Most of the samples have 

intermediate silica content except for the two more felsic samples, classifying as syenites. 

The ternary diagram with the three different end-members of carbonatites (Fig. 3), calcio 

(CaO), ferro (Fe2O3+MnO) and magnesio (MgO) classifies the carbonatites as 

calciocarbonatite (CaO > 80 wt%), ferrocarbonatite (CaO < 50 wt%), and ferruginous 

calciocarbonatite (CaO 50-80 wt%). Sample 19SA29 classifies as ferruginous calcio-

carbonatite and sample 18GS02 as calcio-carbonatite. 

 

Figure 3: Classifications scheme after Middlemost (1994). Syenite samples plot as foid monzo syenite, foid 

syenite and syenite. Sample 18GS01 classifies as foid-syenite. B: Ternary diagram to classify the 

carbonatites. Based on the endmembers CaO, MgO and FeOt+MnO. Sample 19SA29 is marked as yellow 

triangle and sample 18GS02 as orange triangle. Other analysed carbonaites are marked as hallow-dots. 

A B 
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 Petrography  

4.2.1 Nepheline syenite  

Overall, the nepheline-syenites can be divided into three groups: 1) Coarse-grained, 2) fine-

grained or micro syenites, and 3) with pyroxenes as a primary mineral. The collected 

nepheline syenites have undergone various degrees of alteration, from mild alteration of the 

rim of the primary minerals to almost complete pseudomorphic replacement by alteration 

minerals (Fig. 4). The selected sample is the least altered one and belongs to the pyroxene 

normative nepheline-syenite group. The sample dominantly consists of large, up to 1.5 cm 

elongated k-feldspars and albite with perthite structure, with the exsolution lamellae of albite 

(Ab) and orthoclase (Or). The second dominating phase is relatively unaltered nepheline 

(Fig. 4, A), generally occurring as 3 mm long grains. Mild alteration was observed along 

nepheline rims. Based on the study of Tollefsen et al. (2019), the alteration mineral is 

probably cancrinite (Fig. 4A). The pyroxenes, amphiboles, and biotite form both individual 

crystals (Fig. 4A) or intergrowths (Fig. 4F) between the k-feldspars and feldspathoids. The 

albite rim around the orthoclase generally has pyroxenes or biotite inclusions (Fig. 5B). Most 

of the inclusions within the pyroxenes are REE minerals (Fig. 5A) and the rims of the grains 

have not been extensively altered by iron oxides.  

Based on the petrographic observations, the primary minerals (Table. 2) for the nepheline 

syenite are k-feldspar, albite, nepheline, aegirine-augite, biotite, riebeckite, ferro-richterite, 

and apatite. The REE phases in the nepheline syenite look to be primary as they are trapped 

within the pyroxenes, biotite (Fig. 5A, F) and nepheline grains (Fig. 5E).   

Table 2: The estimated abundance of the dominating primary minerals for the nepheline-

syenite sample 18GS01. 

                  

Mineral 
abundance (%)* Orthoclase Albite Nepheline 

Aegirine-
augite Riebeckite 

Ferro-
richterite Apatite REE 

18GS01 28 24 25 6 2 2 1 1 

          *Unaccounted abundance to 100% were not estimated. 

4.2.2 Carbonatite 

Bluish to black grains of amphibole enclosed in calcite minerals are visible in the 19SA29 

hand specimen. Amphiboles are very rare in carbonatites (Heinrich, 1960) and riebeckite has 

not been described before within the carbonatites of Grønnedal-Íka complex (E.g., Bedford, 

1990; Gill, 1972; Ranta et al., 2018), making sample 19SA29 an interesting one to study 

further. The BSE images (Fig. 6C) and photomicrographs (Fig. 6A) show well the fibrous 

structure of riebeckite within calcite and ankerite. Calcite occurs either as up to 1 cm long 

grains between the riebeckites or as smaller, few mm grains interstitial between riebeckite. 

The fibrous iron mineral is interstitial to riebeckite (Fig. 6C). Sample 18GS02 consists 

almost entirely of calcite (Fig. 6B), the other mineral phase in the calciocarbonatite are 

fluorite minerals (Fig. 17). The white phases in the BSE images are dominantly phases of 

REE and fluorite minerals. Considerable amounts of silica (SiO2) were analyzed in sample  
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Figure 4: Photomicrograph of the nepheline-syenites from the 2018 and 2019 fieldworks. 

A (XPL): Sample 18GS01, the least altered sample. The alteration is likely high-T 

cancrinite (can) alteration at the rim of the nepheline (ne) grain. B (XPL): Sample 

19SA68D, an example of extensive alteration at the rims of nepheline grains and 

interstitial alteration minerals of possible cancrinite. C (XPL): Heavily altered sample 

19SA56. D (XPL): Unaltered feldspar (fsp) grains with few grains of sericite (ser) in 

sample 18GS01. E (PPL): Sample 19SA74. Example of minor iron oxide alteration at the 

rims of biotite (bt) and aegirine-augite (aeg-aug). Nepheline grains have been 

pseudomorphically replaced by alteration minerals. The orthoclase and albite are altered, 

seen as dusty grains in the PPL image. F (PPL): Sample 18GS01. Complexes of biotite, 

amphibole (amph), and pyroxenes (px) between orthoclases (or) and nephelines.  
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Figure 5: BSE images of sample 18GS01. A: Pyroxene and biotite between orthoclase, 

albite (ab), and nepheline grains. The bright phases are Nb inclusions. B: Pyroxene 

leaching between the albite rim and orthoclase, also seen in image A. C: Columbite, 

niobium-rich mineral. D: Inclusions in nepheline grain, mostly iron-rich inclusions. 

19SA29 (Fig. 6C). The sample is an intrusion, and the thin section includes the contact with 

the gneiss host-rock. The abundance of the primary minerals within the carbonatites is listed 

in table 3. Full BSE images of samples 18GS01 and 19SA29 are in appendix C. 

Table 3: The estimated abundance of dominating primary minerals for the ferruginous 

carbonatite sample 19SA29 and calciocarboanatite 18GS02. 

            

Mineral 
abundance (%)* Calcite Ankerite Riebeckite REE Fluorites 

19SA29 64 10 8 1 

18GS02 99       1 

                            *Unaccounted abundance to 100% was not estimated. 
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Figure 6: Photomicrographs and BSE images of the carbonatite samples. A: (PPL) Blue fibrous 

riebeckite (rieb) and iron mineral in 19SA29. B: (PPL) Sample 18GS02, consisting dominantly of 

calcite. C-F: BSE images of sample 19SA29. C: Black pockets are SiO2 intergrown between calcite 

and riebeckite. Lighter gray areas are riebeckite and dark gray calcite (cal). The white fibrous 

structure is iron minerals and the anhedral to subhedral white minerals are fluorites. D: Knopite 

(002) and monazite (003) in sample 19SA29. E: Fluorite mineral dissolving into calcite in 19SA29. 

F: Yttrocerofluorite in 18GS02. 

 Mineral chemistry  

The ratio of Fe2+ and Fe3+ has to be recalculated for iron-bearing minerals. I used the 

following spreadsheets for these calculations: 1) amphiboles were recalculated with the 

Hawthorne et al. (2012); 2) aegirine-augite was calculated with spreadsheet for anhydrous 

minerals; 3) biotite compositions were recalculated based on Li et al. (2020). The 

compositional range for the primary minerals in the nepheline syenites is given in table 4 
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and for the carbonatites in table 5. The compositional range for the fluorite minerals and 

REE phases is in tables 12-14 in appendix A. The more general classification diagrams are 

in appendix B, and the classification diagrams for the REE and fluorite phases are included 

in the following sub-chapters.  

4.3.1 Nepheline syenite 

Table 4: Compositional ranges (in wt%) of rock-forming minerals in sample 18GS01.* 

        18GS01         

  Orthoclase Albite Nepheline 
Aegerine-

augite Biotite Riebeckite  
Ferro 

richterite Apatite  

 SiO2 64.17 - 65.72 68.09 - 69.11 43.02 - 45.07 49.94 - 52.09 34.20 - 35.50  51.33 - 55.61 50.73 0 - 0.58 

 TiO2 0 - 0.03 0 - 0.02 0 - 0.02 0.17 - 0.61 1.84 - 2.91 0.17 - 0.2 0.14 - 

 Al2O3 18.44 - 18.96 19.54 - 20.28 32.62 - 33.65 0.84 - 2.05 11.85 - 13.12 0.45 1.23 - 

 Cr2O3 - - - 0 - 0.02 - - - - 

 FeO 0.10 - 0.31 0.08 - 0.49 0.54 - 0.94 6.72 - 9.20 8.39 - 10.59 20.01 - 20.43 28.41 - 

 Fe2O3 - - - 20.43 - 23.30 24.16 - 28.06 17.48 - 18.08  - 

 MnO 0 - 0.02 0 - 0.04 - 0.53 - 0.94 1.20 - 1.38  0.09 - 0.6 0.6 - 

 MgO 0 - 0.02 0 - 0.02 0 - 0.03 0.55 - 1.52 1.96 - 5.55 1.77 - 1.79 0.7 - 

 CaO 0 - 0.01 0 - 0.25 0 - 0.05 4.59 - 7.31  0 - 0.08 0.40 - 0.44 6.93 - 

 BaO 0 - 0.21 0 - 0.02 - - - - - - 

 P2O5 - - - - - - - 40.35 - 45.41 

 Na2O 0.37 - 1.26 10.33 - 11.46 15.04 - 15.60 8.94 - 10.44 0 - 0.27 6.63 - 6.67 9.28 0.23 - 0.74 

 K2O 15.19 - 16.72 0.04 - 0.18 5.54 - 6.62 - 8.83 - 9.36 0.07 - 0.08 0.01 - 

 SrO - - 0 - 0.05 - - - - - 

 La2O3 - - - - - - - 0 - 1.56 

 CeO2 - - - - - - - 0.85 - 2.44 

 F - - - - 0 - 0.28 - - 5.26 - 9.33 

 Cl - - - - 0 - 0.01 - 0.002 - 

*EMPA analysis for REE phases are in appendix A. 

The alkali feldspars classify as orthoclase, with the composition of Or90-95 and Ab4-10, and 

almost pure albite, Ab99  and Or<1 (Fig. 18 in appendix B). The solid solution between alkali-

feldspar and albite dominates, one measurement showed a solid solution between albite and 

plagioclase feldspar, with Ab98.8 and An1.2. The feldspathoid nepheline is rich in alkalis, with 

an Al2O3 content of 32.62 – 33.65 wt%, 15.04 – 15.60 wt% of Na2O, and 5.54 – 6.62 wt% 

of K2O. Only one measurement was taken of sodalite with the EDS, with a Na2O content of 

22.68 wt%, 31.41 wt% Al2O3 and 7 wt% Cl, and one of leucite, with 14.96 wt% Na2O, 30.67 

Al2O3, and 4.74 wt% K2O. 

The pyroxenes classify as aegirine-augite (Fig. 19 in appendix B) and have homogenous 

chemical composition, with Na2O content of 8.94 – 10.44 wt% and CaO 4.57 - 7.31 wt%. 

The FeOt is in the range of 27.15 to 32.5 wt%, with Fe3+/Fe2+ ratios of 2.5 - 3. The biotite 

classifies as ferro-muscovite (Fig. 22 in appendix B) and will be termed so hereafter. The 

Al2O3 is from 11.85 – 13.12 wt% and the MgO 1.96 – 5.55 wt %. The FeOt varies from 

32.55 - 38.65, with Fe3+/Fe2+ ratios between 2.28 and 2.88. Two different amphiboles were 

identified in the nepheline syenite sample, ferro-richterite and riebeckite (Fig. 20 in appendix 

B). The riebeckite has Fe3+/Fe2+ ratios of 0.88 and a total FeOt content of 37.49-38.51 wt%, 

while the ferro-richterite has only Fe2+ in the mineral structure, with FeO content of 28.41 

wt%. The amphiboles are sodic, and the ferro-richterite has a slightly higher Na2O content, 
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9.28 wt%, compared to 6.63 – 6.67 wt% in the riebeckite. The ferro-richterite has higher 

CaO content, 6.93 wt % while it is a minor element in the riebeckite. 

Apatite was only analyzed with the EDS. The P2O5 content of the apatites is 35 – 45.41 wt% 

and the CaO content 47.02-51.36 wt%. The apatites are all rich in F (5.26 – 9.33 wt%) and 

CeO2 was analyzed to be 0.85 - 2.44 wt%. Pure iron and niobium-rich inclusions are common 

in the aegirine-augite and biotite (Fig. 5A). The niobium-rich minerals are columbite (Fig. 

5, D), pyrochlore, ceriopyrochlore, and yttroceriopyrochlore. The pyrochlores have a high 

wt% of Nb2O5 content, in the range of 55.76 - 60.9 wt%. If cerium is present as well it is in 

low amounts, 3.29 – 3.85 wt%. The Y2O3 content in the yttroceriopyrochlore was measured 

to be up to 27.68 wt%.  The inclusions in the nepheline grains lack niobium (Fig. 5E). They 

are <1m, and it is possible that the beam in the EMPA was too large to identify correctly. 

The inclusions are commonly other feldspathoids or iron inclusions. The mineral 

nacareniobsite-(ce) might have been detected. The mineral has been found within the 

Ilimaussaq complex in south Greenland (Petersen et al., 2011). As it is an unsure 

classification it is marked by a star in table 13 in appendix A.  

Figure 7: Ternary diagram for pyrochlore, betafite, and microlite, based on Ti-Nb-Ta.  

4.3.2 Carbonatite 

Table 5: Compositional ranges of rock-forming minerals in samples 19SA29 and 18GS02.* 

    19SA29   18GS02 

 Calcite Ankerite Riebeckite Calcite 
SiO2 - - 50.65 - 51.86 - 
TiO2 - - 0.10 - 1.05 - 

Al2O3 - - 0.34 - 0.75 - 
FeO 0.57 - 3.87 18.26 - 19.23 19.21 - 21.18 0.74 - 1.38 

Fe2O3 - - 16.50 - 18.33 - 
MnO 0.93 - 5.59 0.73 - 1.22 0.02 - 0.11 0.01 - 0.48 
MgO 0.09 - 0.18 6.06 -7.70 1.49 - 2.32 0 - 0.12 
CaO 42.02 - 52.54 23.79 - 27.72 0.06 - 0.66 52.01 - 54.14 

Na2O - - 6.32 - 6.79 - 
K2O - - 0.07 - 0.19 - 

Cr2O3 - - 0 - 0.02 - 
NiO - - 0 - 0.04 - 
SrO 0 - 0.13 0.34 - 0.53 - 0.27 - 0.98 
BaO 0 - 0.13 0.01 - 0.05 - 0 - 0.07 
CO2 43.70 - 51.91 44.61 - 48.50 - 44 - 45.90 

                                     *EMPA analysis for REE phases and fluorites are in appendix A. 
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The calcites (Fig. 21 in appendix B) in the ferruginous carbonatite 19SA29 have CaO content 

of 42.02 – 52.54 wt%, 43.70 - 51.91 wt% CO2 and the FeOt content is in the range of 0.57 - 

3.87 wt%. The other carbonate mineral classifies as ankerite (Fig. 21 in appendix B), with 

higher FeO and MgO than the calcite, with 18.26 – 19.23 wt% and 6.06 – 7.70 wt%, 

respectively. The CaO content is lower than in the calcite, 27.79 – 27.72 wt% and the CO2 

is similar, 44.61 – 48.50 wt%. The CaO content in the calcite (Fig. 21 in appendix B) in the 

calciocarbonatite was measured to be 52.01-54.14 wt% and the CO2 44-45.90 wt%. The 

analyzed amphiboles in sample 19SA29 have homogenous composition, and belong to the 

OH, Cl, F group, and Na subgroup and classify as riebeckite (Fig. 20 in appendix B). The 

chemical composition of the mineral is similar to the riebeckite in the nepheline-syenite. 

Except for one analysis that was classified as ferri-ferro-winchite, a member of the Na, Ca 

subgroup (Hawthorne et al., 2012). There might have been contamination from neighboring 

calcite during the analysis, and it is probably riebeckite.  

 

 

 

Figure 8: A: Classifiaction diagram for columbite and tantalite based on Ta/(Ta+Nb) and 

Mn/(Mn+Fe). Sample 19SA29 is marked as blue dots and sample 18GS02 as orange dots. The 

samples follow the Mn/(Mn+Fe) line as Ta was not detected with the EDS in the EMPA. B: 

Classification for monazite by Nickel (1992) for molar concentrations of Ce (CePO4), La (LaPO4) 

and Nd (NdPO4). C-D:Ternary diagram for the fluorite minerals, the wt% oxides were recalculated 

to elemental wt%. C: Cerium-yttrium solid-solution fluorite minerals in 18GS02 and D: Cerium-

lanthanum solid-solution fluorite minerals in 19SA29. 
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The fluorite minerals in sample 19SA29 form solid solution between lanthanum and cerium 

(Fig. 8D), and lanthanum and yttrium in sample 18GS02 (Fig. 8C). The fluorite minerals in 

the ferruginous calciocarbonate have F content of 66 – 7.12 wt% and Ca content from 17.53 

– 36.89 wt%. The rest of the mineral is composed of REE; lanthanum, and cerium. In all 

cases they are significantly richer in Ce, 28.30 – 38.53 wt% while the La content is generally 

between 5.37 – 14.71 wt%. The fluorite minerals in the calcio-carbonatite are richer in F, 

12.69 – 20.58 wt%, and Ca between 31.25 – 42.42 wt%. The Y content is between 1.79 – 

13.18 wt% and Ce 12.57 – 32.66 wt%. One fluorite mineral in the calcio-carbonatite sample 

contained La as well in minor amounts, 1.40 wt%. 

Minerals extremely rich in Nb were detected, the Nb2O5 was analyzed to be 70.55 wt% and 

FeO 21.88 wt%. Monazite was also identified (Fig. 6D), phosphorus and REE rich mineral 

with P2O5 of 36.38 - 38.19 wt%. The rare earth elements La2O3 measured to be 16.79 - 17 

wt%, and CeO2 44.44 – 45.72 wt% (Fig. 8B). Knopite (Ce-perovskite) (Fig. 6D) was also 

detected, with CaO content of 29.55 – 31.04 wt%, the REE measured to be La2O3 content of 

16.43 – 17.11 wt%, and CeO2 of 46.76 - 48 wt%, and F content of 5.13 – 5.16 wt%. Sr-rich 

mineral was identified, with CaO content of 13 wt% and the SrO 87 wt%. The EDS in the 

EMPA did not detect excess carbon apart from the carbon coating on the thin section and it 

was not analyzed with the WDS. The amount of SrO indicates that it might be strontianite, 

which should also have carbon in its structure. 

 Chemical composition of whole rock samples 

4.4.1 Nepheline syenite  

The Shand (1943) classification diagram (Fig. 9) shows the degree of alumina saturation in 

rocks based on the ratios of alumina to sodium (Na) and potassium (K) (A/NK), and alumina 

to sodium, potassium, and calcium (Ca) (A/CNK).  Metaluminous rocks are alumina 

saturated (K2O + Na2O + CaO > Al2O3 > Na2O + K2O), peraluminous are alumina 

oversaturated (Al2O3 > K2O + Na2O + CaO) and peralkaline are alumina undersaturated 

(K2O + Na2O > Al2O3). Most of the syenites are alumina saturated, and alumina 

oversaturated, with A/NK ratio of 0.9-1.1 and A/CNK 0.8-1.1. The molar 

Al2O3/(Na2O+K2O) (A/NK) and Al2O3/(CaO+Na2O+K2O) (A/CNK) ratios for the nepheline 

syenite 18GS01 is 0.94 and 0.86, plotting within the peralkaline field.  

In terms of major elements in the nepheline syenite, CaO shows a negative correlation with 

SiO2, the rest of the elements show no correlation with SiO2 (Fig. 10). The data is quite 

scattered, and sample 18GS01 follows the trendline for the major elements of Na2O, K2O, 

and CaO. The sample is relatively poor in Al2O3 (19 wt%), and K2O (5.5 wt%) compared to 

the rest of the samples. The concentrations of CaO and Na2O are moderately high in 

comparison to the other samples, 1.5 and 8 wt%, and the selected sample has the highest 

concentration of FeOt (9 wt%).  
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4.4.2 Carbonatites 

The selected carbonatites also classify as peralkaline, however, the A/NK and A/CNK ratios 

are significantly lower, 0.2 and 0.01 for the ferruginous calcio-carbonatite, and zero for both 

ratios for the calcio-carbonatite (Fig. 9). The other carbonates classify as metaluminous. The 

elements SiO2, Al2O3, Na2O, K2O, and P2O5 were below the XRF detection limit for the 

calcio-carbonatite, leaving only FeOt, CaO, TiO2 and MnO to be analyzed. There is a 

positive correlation between Al2O3, Na2O, and the minor elements MgO and TiO2 with SiO2 

and CaO shows negative correlation with SiO2 (Fig. 11). The other elements do not show 

correlation with SiO2. Sample 18GS02 has the highest CaO wt% concentrations (55 wt%), 

and sample 19SA29 has moderate FeOt (10 wt%) compared to the rest of the samples and is 

low in Al2O3, P2O5, and K2O. 

 

Figure 9: A/NK and A/CNK plot for the syenites. Sample 18GS01 is marked as blue 

dot, other syenites analyzed are marked with hollow-dots. 

Peraluminous 

Peralkaline 
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Figure 10: Major elements in the nepheline syenite plotted as a function of SiO2 in wt%. Sample 

18GS01 is marked as a black dot and the other syenites as hallow-dots. XRF analysis results for the 

major elements are listed in table 7 in appendix A. 
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Figure 11: Major elements of the carbonatites plotted as a function of SiO2 in wt%. Sample 19SA29 is 

marked as light blue dot and sample 18GS02 as dark blue dot. The other carbonatites are plotted as hallow-

dots. XRF analysis results for the major elements are given in table 7 in appendix A. 
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 Minor and trace elements  

4.5.1 Nepheline syenite 

Overall, the nepheline-syenites show similar trace element patterns. There is a steep trend 

from the compatible element Sc to the incompatible element Rb, with positive anomalies in 

Ba and Pb, and negative anomaly in Sr. Sc and V show negative anomaly relative to Cu and 

Ni (Fig. 12). All of the syenite samples run parallel to each other and are enriched in trace 

elements compared to Cl chondrite, except for Sc and V, and in few samples Ni. The selected 

sample is the least enriched relative to Cl chondrite, compared to the other analyzed syenite 

samples.  

 

Figure 12: Minor elements normalized to Cl chondrite (McDonough and Sun, 1995). 

Organized with decreasing incompatibility of the elements. The black line is sample 

18GS01, and the dotted gray lines are the other syenite samples. XRF analysis for the 

minor and trace elements are in table 8 in appendix A. 

4.5.2  Carbonatites 

The carbonatite samples 19SA29 and 18GS01 also show a steep rise from Sc to Rb, with 

positive anomalies in Ba, Nd, and Y (Fig. 13A), and negative anomalies in U and Sr. The 

trace elements are all enriched compared to Cl chondrite. The selected samples, 19SA29, 

and 18GS02 run parallel and are slightly less enriched in most trace elements relative to Cl 

chondrite, compared to the other samples.  

Fig 13B shows trace element partitioning between the two selected carbonatites and the 

selected nepheline syenite. Rb and V were below the detection limit in the calcio-carbonatite. 
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The elements that are partitioning into the syenite in both cases are Rb, U, and Zr. The 

carbonatites show different partitioning for some elements. The elements that are 

partitioning into both carbonatite types are Ba, Ce, Sr, Nd, V, Cu, and Ni. Th, Nb, and Cr 

are partitioning into the ferruginous carbonatite, but not into the calciocarbonatite relative to 

syenite. 

 

Figure 13: A: Trace element plot for carbonatites normalized to Cl chondrite, organized in 

decreasing incompatibility of the elements. Sample 18GS02 is marked as the darker blue 

line, and sample 19SA29 is the lighter blue line. Other samples are marked as light gray 

dotted lines. B: Trace element analysis for the chosen carbonatite samples normalized to 

the nepheline syenite 18GS01. Sample 19SA29 is orange and sample 18GS02 is gray. XRF 

analysis for the minor and trace elements are in table 8 in appendix A. 
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 Comparison with previous studies  

The general mineralogy and whole-rock chemistry of the rocks within the complex were 

relatively well known before (e.g. Emeleus, 1964; Gill, 1989; Bedford 1990; Ranta et al., 

2018). The overall mineralogy and REE patterns fit well with previous studies. The 

occurrence of the solid solution La-Ce and La-Y fluorite minerals has not been described 

before within the carbonatites. The REE composition of the La-Ce and La-Y fluorite 

minerals is similar to the perovskite Ce-knopite, the fluorite minerals who are closest to the 

Ce-knopite chemically might therefore be Ce-knopite instead. The REE and fluorite phases 

were only analyzed with the EDS in the EMPA, for future analysis and confirmation of these 

phases it would be worthy to analyze the structure of the single minerals with transmission 

electron microscopy. The possibility of minute interstitial grains of REE phases of 

pyrochlore, monazite, and columbite minerals was described by Bedford (1990) within the 

complex. Of these phases only pyrochlores were identified in this study. The occurrence of 

these minerals has been expected to be present in the carbonatites due to the enrichment of 

REE in the rocks, but studies have lacked detailed description and confirmation of some of 

these phases. These phases are generally considered to be relatively common in carbonatites 

due to high concentrations of REE (Heinrich, 1968). However, they are rare within 

the Grønnedal-Íka complex (Bedford, 1990).  Of the REE phases analyzed, minor and trace 

phases of monazite, pyrochlore, columbite-tantalite, synchysite, parasite, and bastnäsite 

have been identified in the siderite carbonates and absent in the calcite carbonatites (Ranta 

et al., 2018). However, the perovskite Ce-knopite in sample 19SA29, has not been described 

before within the complex.  

The ferruginous 19SA29 carbonatite is not a common carbonatite within the complex. It is 

a more fractionated and iron-rich form of the carbonatites within the complex (Bedford, 

1990). It is the second alkali amphibole carbonatite sampled to be analyzed within the 

complex and the only one found in the literature with riebeckite as a primary mineral. The 

other analyzed amphibole-bearing carbonatite had the arfvedsonite end-member (Ernst, 

1962, Bedford, 1990). The classification scheme by Ernst (1962) and the classification by 

Bedford (1990) might have to be reevaluated to the new amphibole classification scheme by 

Hawthorne (2012) as they might be outdated and do not follow the same scheme used in this 

study. Amphibole-bearing carbonatites are very rare (Heinrich, 1966). It is possible that the 

sample was generated when the complex was metasomatized by high F- and CO2-rich fluids, 

which are thought to have become more alkaline with time. Bedford 1990 study suggests 

that the sodium carbonatite sample he analyzed might have formed in conditions where the 

oxygen fugacity of the grønnedal-íka magmas were below the normal fO2 state of 10-17 bars 

at 400°C to fO2 of 10-21.5 bars at 650°C that has been estimated within the complex. Allowing 

the alkali amphiboles to be stable, based on Ernst (1962) stability curve for Na-amphiboles. 

The locations and extent of these sodium mineral-bearing carbonatites is unknown. It can be 

assumed that they are very localized to dyke injections in the complex as they have not been 

noted in the plug.  
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5 Rock weathering  

 Concept of modeling  

Studies suggest that the ikaite tufa columns form when alkaline water seeps through the fjord 

sea bottom sediments and mixes with cold seawater in Ikka Fjord (Buchardt et al., 1997, 

2001). It is thought that the water-rock interaction with the Grønnedal-Íka complex rocks 

can be accounted for the generation of these alkaline waters, rich in dissolved inorganic 

carbon. The chemical reactions leading to the formation of the columns are not fully 

understood, apart from that the metastable hydrated calcium carbonate mineral ikaite 

(CaCO3∙6H2O) is stable in low arctic to arctic temperature and cold seawater (0°C - 8°C). 

At temperatures greater than 6-7°C the mineral may disintegrate and alter to less hydrated 

calcium carbonate forms of monohydrocalcite (CaCO3∙H2O) and calcite (CaCO3) (Hansen 

et al., 2011). Temperature measurements from the 2019 fieldwork showed slightly elevated 

sea temperatures of 6-8°C at the bottom of the fjord and 9-10°C in the upper 3 m layers of 

the sea. Ikaite still precipitates under sea level in the fjord, however, traces of known 

alteration minerals of ikaite, monohydrocalcite, calcite and aragonite were identified 

(Stockmann et al., 2019).  

The nepheline-syenites are characterized by high alkali content and silica undersaturation. 

Most of the nepheline-syenite samples analyzed for this study are close to the triple point in 

the A/NK-A/CNK plot (Fig. 9), near the boundary of alumina saturation and undersaturation. 

Few samples are alumina supersaturated. The carbonatites within the complex are either 

calciocarbonatites or more iron-rich ferruginous calciocarboantites or ferrocarbonatites. The 

nepheline syenite is the main supplier of alumina, sodium, potassium, silica and iron can be 

leached from both the nepheline syenites and carbonatites. The availability of calcium and 

CO2 in the system depends almost solely on the carbonatites. The carbonatite plug dominates 

in calciocarbonatites (e.g., Emeleus, 1964; Gill, 1972; Bedford, 1990) and becomes more 

iron-rich towards the center, with a low to a high abundance of siderite and magnetite 

(Bedford, 1990; Ranta et al., 2018). The combination of these rock types could therefore 

generate waters with alkaline pH values upon water-rock interaction, rich in dissolved 

inorganic carbon (DIC). The simulated weathering is to test the hypothesis that the 

Grønnedal-Íka complex can be accounted for these highly alkaline waters that have been 

sampled in the fjord and contribute to the precipitation of ikaite and column formation when 

the alkaline waters mix with seawater.  
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 Simulated chemical weathering of the 

Grønnedal-Íka igneous complex 

Upon water-rock interaction of nepheline syenite and calciocarbonatite (Table. 1) with 

rainwater (Table. 6 in appendix A), the calcite in the carbonatites reacts with the rainwater 

and releases carbon to form dissolved bicarbonate (HCO3
-) ions in the water, which can 

dissociate to carbonate ions (CO3
2-). These negatively charged ions can increase the 

alkalinity and can control the buffering capacity of the waters. Free H+ ions in the waters can 

replace Al3+, Na+ and other cations in the rocks that can exchange for H+ which are leached 

out. As a result of these reactions the pH of the water rises fast to 9.5 during the initial stages 

of the reaction progress (Fig. 14). 

At R/W ratios, defined as the amount of rock in moles dissolved in kg of water, of 1x10-5 

when these two rock types dissolve in an open system, Al and Fe ions are released into 

solution by hydrolysis and precipitate as simple oxides, gibbsite (Al(OH)3) and goethite 

(FeOOH) (Fig. 16). The concentration of Al3+ never reaches concentrations greater than x10-

10 mmol/kg and is dominantly present as Al(OH)4
- in the solution (ΣAl) (Fig. 15). The 

released Fe2+ ions into solution can react with O2 close to the surface until it is exhausted in 

oxygen deficient environments, to form the oxyhydroxide goethite via oxidation (rxn. 1). 

The Al binds with water to form gibbsite (rxn. 2). 

 

                                      4Fe2+ + O2 + 6H2O → 4FeOOHgoethite + 8H+                              (1) 

 
                                                 𝐴𝑙3+ +   3𝐻2𝑂 →  Al(OH)3 𝑔𝑖𝑏𝑏𝑠𝑖𝑡𝑒 +  3H+                                            (2)     

The concentration of Fe2+ is initially very low in the solution, however, the gradual decrease 

is not as steep as for the Mg2+ ion. As Al and Si continues to leach from the rocks the 

tetrahedral-octahedral-tetrahedral (TOT) clay structure is built and the clays within the 

smectite group are dominantly hosting Fe2+ and K+ cations at this stage, for simplicity the 

reaction is written for smectite (rxn. 3): 

 Fe2+ + K+ +  3𝐴𝑙3+ + 8𝑆𝑖𝑂2 +  5𝐻2𝑂 →  (𝑁𝑎, 𝐾)[𝑀𝑔, 𝐹𝑒]𝐴𝑙3)[𝑆𝑖8𝑂20](O𝐻)4𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒
 + H+                                                                                                   

(3) 

At pH below 10 and R/W ratios of 0.001 Ca2+ is the dominating ion. The concentration of 

Mg2+ decreases rapidly during the initial stages of the reaction progress and the concentration 

is below x10-10 mmol/kg at pH 10.25. Na+ becomes the dominating ion in the solution at this 

stage and remains so until the end of the reaction progress. The concentration of CO2 is 

relatively stable until this stage. The decrease of CO2 in the fluids is due to the disassociation 

of the ion complex to produce carbonic acid (H2CO3) (rxn. 4), which can further dissociate 

to release free hydrogen and bicarbonate (HCO3
−) (rxn. 5) into solution. The pH of the fluids 

is relatively stable at ~10 until this stage is reached, and with increasing alkalinity, the 

bicarbonate dissociates further to CO3
2- (rxn. 6).  

  
                                                          𝐻2𝑂 + 𝐶𝑂2 → 𝐻2𝐶𝑂3 𝑐𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑                                           (4) 

                                                            𝐻2𝐶𝑂3 →  𝐻+ + 𝐻𝐶𝑂3 𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒
−                                                    (5) 
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                                                                 𝐻𝐶𝑂3
− →  𝐻+ + 𝐶𝑂3

2−                                                     (6) 

 

 

Figure 14: Simulated change in the pH at 25°C of the secondary waters as a function of 

reaction progress (rock mol/water kg) 

 

Figure 15: Simulated concentrations at 25°C of major ions and most important total 

elements (Σ) (mmol/kg) in the secondary waters as a function of pH. Elements with lower 

concentrations than x10-10 (mmol/kg) are not included in the graph (Al3+and Fe3+) 

9.5

10

10.5

11

11.5

12

12.5

13

0.00001 0.0001 0.001 0.01 0.1 1

p
H

Reaction progress (rock moles/water kg)

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1.0E+03

9.5 10 10.5 11 11.5 12 12.5

C
o

n
ce

n
tr

at
io

n
 (

m
m

o
l/

kg
)

pH

K+

Na+

Ca
2+

 



49 

 

 

Figure 16: Simulated phase assemblage for the secondary minerals formed by mixing 

50/50 of nepheline syenite and calciocarbonatite at 25°C as a function of reaction 

progress. Smectite* represents the sum of sub-groups of  smectite clay (nontronite, 

saponite and montmor).  

At this point HCO3
- is the dominating species of the dissolved inorganic carbon (DIC), 

followed by CO3
2- (Fig. 17). The trend in the fluid chemistry changes when the pH level of 

10 is reached. At a pH level of 10, Ca2+ starts to decrease when carbonate minerals, or calcite, 

start to precipitate at 0.001 R/W ratios. Calcite starts to precipitate when Ca2+ becomes 

saturated in the solution and reacts with HCO3
- (rxn. 7), causing a depletion of HCO3

- and 

Ca2+ in the waters above pH 10. Metastable hydrated forms of CaCO3, monohydrocalcite, 

and ikaite, can precipitate before calcite is stable.   
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                                            𝐶𝑎2+ +  𝐻𝐶𝑂3
−  +  6𝐻2𝑂 →  CaCO3 ∙ 6𝐻2𝑂𝑖𝑘𝑎𝑖𝑡𝑒 + H+           

                                            𝐶𝑎2+ +  𝐻𝐶𝑂3
−  +  𝐻2𝑂 →  CaCO3 ∙ 𝐻2𝑂𝑚𝑜𝑛𝑜ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑙𝑐𝑖𝑡𝑒 + H+          

                                                           𝐶𝑎2+ +   𝐻𝐶𝑂3
−  →  CaCO3 𝑐𝑎𝑙𝑐𝑖𝑡𝑒 + H+                               (7) 

 

 

Figure 17: The concentration of the major dissolved inorganic carbon (DIC) species in the 

secondary waters in mmol/kg as a function of reaction progress. 

With increasing R/W ratios and pH, the DIC speciation changes as the dominating species 

in the fluids becomes CO3
2- at R/W ratios of 0.001 and pH ~10.5. The amount of CO2 in the 

waters continues to decrease due to the disassociation of CO2 with increasing alkalinity of 

the waters to carbon species stable at such pH levels. At this point amorphous manganese 

oxide (rxn. 9) starts to precipitate, and as more K+ is being released from the nepheline 

syenite upon dissolution other K+ minerals become saturated, illite (rxn. 8) at R/W ratios of 

0.001 and kalsilite (rxn. 10) at R/W ratios ~0.01. The precipitation of these minerals causes 

the drop in the concentration of K+ seen in figure 15. 

K+ + 3Al3+ +  3𝑆𝑖𝑂2 +  6𝐻2O  →  𝐾𝐴𝑙3𝑆𝑖3𝑂10(OH)2 (𝐻2O)𝑖𝑙𝑙𝑖𝑡𝑒 + 8H+                     (8) 

                                         Mn2+ +  2𝐻2𝑂 →  𝑀𝑛(𝑂𝐻)2𝑎𝑚𝑜𝑝ℎ𝑜𝑢𝑠 𝑚𝑎𝑛𝑔𝑎𝑛 𝑜𝑥𝑖𝑑𝑒 +   2H+                  (9) 

                        K+ +   Al3+ + 𝑆𝑖𝑂2 +  2𝐻2O → 𝐾𝐴𝑙𝑆𝑖𝑂4 𝑘𝑎𝑙𝑠𝑖𝑙𝑖𝑡𝑒 +  4H+                                      (10) 

Excess SiO2 occurs in the system at R/W ratio of 0.01 and pH ~11, chalcedony starts to 

precipitate (rxn. 11), causing the SiO2 concentrations to lower and reach relative stability. 

The fixed SiO2(aq) concentrations in the fluids throughout the reaction are controlled by the 

total increase of ΣSi of the fluids with increasing alkalinity, by the dissociation of SiO2 to 

HSiO3
- (rxn. 12).  
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                                                         𝑆𝑖𝑂2(𝑎𝑞)  →  𝑆𝑖𝑂2 𝑐ℎ𝑎𝑙𝑐𝑒𝑑𝑜𝑛𝑦 

                                                      (11) 

                                              𝑆𝑖𝑂2(𝑎𝑞) +  𝐻2𝑂 →  𝐻𝑆𝑖𝑂3
− +  H

+                                                        (12) 

Abrupt changes occur at R/W ratio of 0.1 and pH ~11.5, chalcedony becomes undersaturated 

and the sodium content of the secondary fluids is great enough for Na smectite clays to reach 

saturation over K smectite clays, resulting in the precipitation of Fe-Na and Na sub-groups 

of smectite (rxn. 13) on the account of Fe-K and K sub-groups. The metal DIC species 

NaCO3
- increases gradually throughout the reaction progress and becomes the second 

dominating DIC species (Fig. 16) with increasing Na+ concentrations of the waters, ending 

in Na+ concentrations of 100 mmol/kg (Fig. 15). 

Fe2+ + Na+ +  3𝐴𝑙3+ + 8𝑆𝑖𝑂2 + 5𝐻2𝑂 →  (𝑁𝑎, 𝐾)[𝑀𝑔, 𝐹𝑒]𝐴𝑙3)[𝑆𝑖8𝑂20](O𝐻4)𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 +   H+                                                                                                   
(13) 

At this point the simulation has reached stability and Na-Fe, Na sub-group clays precipitate 

alongside calcite, illite, kalsilite and manganese and alumina oxides until the end of the 

simulation at R/W ratios 1 and pH ~12.5.  

If analcime is included in the simulation, the concentration of Na+ decreases. Analcime 

(Na(AlSi2O6)·H2O) is a Na+ zeolite and is thought to be a widespread alteration mineral 

(Gatta and Lotti, 2019).  The occurrence of analcime within the complex is known (e.g. 

Bedford, 1990; Tollefsen et al., 2019) and it does not affect the general secondary phase 

assemblage greatly if analcime is included in the simulation. The main change is that goethite 

has two different stability fields, at the beginning of the reaction progress and in the end. 

Illite is also stable over a shorter time. The Na-subgroup of smectite is not precipitating, 

analcime starts to precipitate at R/W ratio of ~0.001, and forms until the end of the 

simulation. The precipitation of analcime causes a drop in Na+ concentrations at pH 11.5. 

The K-subgroup of smectite and illite are not consuming K+ to great extent, causing the 

concentration to increase gradually until the end of the simulation and eventually taking over 

as the major element when Na+ starts to drop, eventually ending in 40 mmol/kg. This drop 

of Na+ concentrations can also be observed if nepheline is assumed to be pseudomorphically 

replaced by analcime and illite (rxn. 14), consuming 1 mol of Na+:  

 
 KNa3𝐴𝑙4𝑆𝑖4𝑂16 𝑛𝑒𝑝ℎ𝑒𝑙𝑖𝑛𝑒 + 2H+ +  2𝐻2O 

               →  𝐾𝐴𝑙3𝑆𝑖3𝑂10(OH)2 (𝐻2O)𝑖𝑙𝑙𝑖𝑡𝑒 + 𝑁𝑎𝐴𝑙𝑆𝑖2𝑂6(𝐻2O)𝑎𝑛𝑎𝑙𝑐𝑖𝑚𝑒 + 2Na+                      (14) 

If the model is rerun assuming equilibrium with atmospheric CO2 resembling the surface 

waters, the pH becomes acidic to slightly above neutral, or 4.08 to 7.24. The addition of CO2 

into the system changes the concentrations of all elements. The most abrupt change is the 

concentration of Na+, reaching a final concentration of 219.35 mmol/kg at pH of 7.24. The 

bulk secondary phases are the same, however, their distribution over the reaction path is 

different. Analcime is not stable under these conditions and does not precipitate. The 

dominating aqueous species are still Na+ and HCO3
-, however, CO2 and CaHCO3

+ are also 

dominating, counter to the closed system. 
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5.2.1 The effect of different equilibrium phases and open and 

closed system weathering 

It is known in nature that carbonatite-rich soils can lead to alkaline pH values of waters due 

to the increase of carbonic species (CO3
2- and HCO3

-) in the fluids, and the amount of CaCO3 

formed in moles. The pH of the fluids can also be controlled by the input of buffer solutions 

containing phosphates and carbonates, e.g. sodium bicarbonate (NaHCO3) and disodium 

hydrogen phosphate (Na2HPO4) (Bates et al., 1956). Phosphate was not included in the 

modeling and NaHCO3 is generally a factor of 5 lower than the dominating aqueous species 

for sodium. However, it is above detection limits in the column water but absent in the 

surface waters (Buchardt et al., 2001).  

Equilibrium of CO2(g) effects both the pH and element concentrations of the simulated 

waters. This in turn can affect which secondary phases reach saturation and become stable. 

Which secondary minerals are forming depends on the pH level and the availability of 

cations and anions leached from the primary phases upon hydrolysis, therefore it is not 

possible to assume that the same secondary minerals reach saturation in the waters and are 

stable in a closed and open system. The equilibration of CO2(g) in the system causes a 

decrease in the pH due to the predominance of CO2(g), resulting in acidic to slightly elevated 

neutral levels. This affects the stability field of minerals, for example analcime, which is 

saturated in the closed system simulation does not reach saturation in the more acidic waters 

generated in an open system. Leading to the elevated Na values in the open system, as 

sodium-bearing minerals are not stable under the same pH conditions as in the open system, 

or the acidification of the fluids enhances the dissolution. In turn, this acidification of the 

fluids affects which DIC species are dominant, as their stability is pH-dependent. The 

simulated concentrations in the open system where atmospheric CO2(g) can equilibrate are 

nowhere near the sampled surface waters by Buchardt et al. (1997), indicating that they have 

been significantly overprinted by meteoric water. The closed system modeling is therefore 

more likely to be representative of the environment where these alkaline fluids are being 

generated.  

The calciocarbonatite used in the simulation has very low FeOt content, while the other 

studied sample 19SA29, has moderate FeOt compared to other analyzed samples. However, 

it does deviate greatly in terms of petrography compared to other analyzed samples in the 

literature. Nevertheless, the sample has a similar bulk chemical composition to other samples 

– except for the fact that it is slightly richer in Na2O and MgO. Since the sample is not 

representing the main carbonatite formation it was not used in the modeling, if sample 

19SA29 is used instead of the calciocarbonatite 18GS02, the pH rises to 9.6 – 13.2, goethite 

precipitates throughout the reaction progress and the maximum Na+ concentrations are 190 

mmol/kg at pH of 13. The dominating aqueous species remain the same, except that the 

major calcium aqueous species is Ca2+, instead of CaCO3. Similar sub-groups of the smectite 

clay group form, except Mg-Fe-Saponite start to precipitate instead of illite as the sample is 

richer in MgO compared to the more representative carbonatites. The occurrence of more 

iron-rich minerals in the carbonatites can contribute to the precipitation of goethite; 

additionally, goethite can form by the dissolution of siderite via the oxidation reaction, if in 

contact with the atmosphere:  
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                         𝐹𝑒𝐶𝑂3 𝑠𝑖𝑑𝑒𝑟𝑖𝑡𝑒 + 2𝐻2𝑂 → 𝐹𝑒𝑂𝑂𝐻𝑔𝑜𝑒𝑡ℎ𝑖𝑡𝑒 + 𝐻𝐶𝑂3
− + 𝐻+ +  𝑒−             (15)  

As noted in the simulation, analcime can affect the concentration of Na+ in the fluids, leading 

to the decrease of Na ions in the waters. The dissolution of the single primary minerals within 

the rocks were not considered in the simulation; however, studies have shown that nepheline 

can release Na+ ions rapidly from the surface of nepheline crystals, initiating a fast release 

of Na+ ions into solution (Tole et al., 1986) and decrease of H+ in the fluids by 

the interdiffusion of hydrogen or hydronium ions from the water and alkali ions in the 

mineral (Doremus, 1975 and Smets and Lommen, 1982). The mineral kalsilite, which is as 

feldspathoid and one of the end-members of nepheline, was included to consume excess K+ 

in the generated fluids. If the mineral is excluded the concentration of K+ is similar to Na+, 

as the clays do not consume the excess K+ to great extent.  

For the calcium carbonate minerals, calcite, monohydrocalcite and ikaite, their saturation 

depends on which of these minerals are included as an equilibrium phase. Calcite is the most 

stable form, and as the calcium carbonate hydrates it becomes metastable, as the case for 

ikaite and monohydrocalcite. If calcite is not included as an equilibrium phase in the 

modeling monohydrocalcite is stable, and if those two minerals are excluded, ikaite becomes 

saturated in the solution. It can therefore be assumed, that ikaite is precipitating in the 

solution at lower temperatures where it can reach stability and does not alter to less hydrated 

forms of monohydrocalcite, aragonite, or calcite.   

5.2.2 The effect of fluorine and trace elements 

Trace elements were excluded from the modeling to simplify the system. The nepheline-

syenites and carbonatites are rich in REE’s and incompatible elements, the mobility of these 

elements upon weathering is however an interesting question. Roaldset (1975) studies 

suggest that phyllosilicate minerals acquire the REE’s through surface adsorption during 

weathering. The clay minerals inherit and average the REE distributions of their sources. It 

is also suggested that REE phases are not being released from the rocks until very late 

weathering stages, often from apatite and pyrochlores (Boulangé and Colin, 1994). Several 

REE minerals can form in reactions with fluoride, phosphate, and carbonate (Andrew., 

1984). The carbonatites are considerably richer in Sr and slightly richer in Ba compared to 

the nepheline-syenites. The calcites have Sr and Ba in trace amounts, although Sr and Ba are 

generally considered to be rather incompatible in calcite. The calciocarbonatite is 

exceptionally Sr rich, up to 7000 ppm. Based on the chemical analysis of representative 

water types from Ikka fjord (Buchardt et al., 1997), Sr2+ is above the detection limit in both 

the surface waters and column waters. These elements can be leached from the rock into the 

fluids as they are mobile in a fluid phase. Weathering studies on alkalis and alkali earths 

during continental weathering show that the larger cations (e.g. Rb, Ba) are generally 

concentrating in the clay-dominating weathering profiles relative to K+ (Nesbitt and 

Markovics, 1980). Niobium is generally incorporated in the pyrochlores and columbite, 

these minerals are thought to be relatively weathering resistant. Nepheline syenites and 

carbonatites are thought to be one of the largest Nb deposits, the nepheline-syenites are richer 

in Nb as the amount of dissolved Nb5+ greatly increases with alkali/alumina ratios 

(Linnen and Keppler, 1997). Nb has also been considered to be mobile during low pressure 

and temperature alteration, as the Nb minerals of pyrochlore are generally the last to form 

(Friis and Casey, 2018). The behavior of the trace and minor elements in the fluids is beyond 
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the scope of the study, however, these samples give an interesting opportunity to study the 

behavior of REE during weathering.   

 

The petrographic observations show that fluorites and fluor-bearing REE phases exist within 

the complex, although detailed descriptions and confirmation of these phases have been 

absent. Some of the analyzed REE phases also have considerable amount of F in their 

structure, and the apatite in the nepheline-syenite is extremely rich in F compared to other 

apatites, up to 9 wt%. Fluorine concentrations are generally low in surface waters as it is 

reactive and is bound strongly to cations in rocks during weathering. Fluorine in aqueous 

solutions can enhance Al transport in both surface water and crustal fluids (e.g. Targirov et 

al., 2002). How fluorine acts in an alkali element-dominated system needs to be addressed 

further to say if it can significantly affect the dissolution rates or Al transport.   

 Model limitations and reliability  

One of the most challenging tasks in constructing reaction path models is to choose the 

equilibrium phases for the reactions. Several simulations need to be run, by adding or taking 

out minerals to consume some element, and quite often another problem arises when one is 

fixed. Endless minerals can be chosen to control the chemical signatures of the waters; 

however, they need to fit the environmental conditions. In this case, there were no 

experiments in the literature to compare with, only the end-member composition of the fluids 

sampled from the fjord and few studies related to the rocks' alteration (e.g. Tollefsen et al., 

2019). Therefore, the selected phase assemblage cannot be confirmed by methods other than 

laboratory experiments or detailed study of weathering minerals in the fjord. Simple oxides, 

selected clays, and carbonate phases can produce similar waters; however, other phases must 

be included too to achieve more representative composition. The fluid systematics in the 

fjord is very complicated and resembles several chain reactions. This model gives a good 

overview of major species being brought to the system, possible secondary phases, and water 

chemistry. This system is simplified; the main equilibrium phases forming are assumed to 

be simple oxides, selected clays, and carbonate minerals. The bulk Fe2+/Fe3+ ratios and C 

content of the rocks were estimated from the microprobe study and LOI content from the 

XRF analysis. The total C was not estimated for the nepheline syenite sample as it is very 

low. Furthermore, the bulk chemical equation for the major elements of the rocks was used 

for the modeling, kinetics and single mineral dissolution or their abundance in the rock 

samples were not considered. 

Although the chosen phases in the simulation are kinetically fast phases and wide occurring 

alteration minerals in nature, it is a limiting factor not to include the reaction kinetics as it 

may influence which phases reach saturation. Studies suggest that temperature, in-situ water 

composition, the concentration of CO2 in the fluids, and the buffering capacity can greatly 

affect the kinetics of minerals (e.g. Khaledialidusti and Kleppe, 2017). The reaction rates 

depend greatly on temperature, and on the reactive surface area and intrinsic mineral 

properties, and concentrations of catalyzing species (H+ and H2CO3) in the fluids, and the 

equilibrium state (Steefel and Maher, 2009). This model is simulated at 25°C, the Grønnedal-

Íka complex is low arctic climate with mean temperatures between -1.9°C and + 2.9°C. The 

area is generally covered by snow from November to May, and the annual precipitation is 

~1000 mm (Ohmura and Reeh, 1991; Buchardt. et al, 2001). The exclusion of kinetics can 
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therefore be limiting, as chemical reactions at such low temperatures can be highly 

dependent on kinetics.  

To test the reliability of the model, it can be complicated further to reactive transport model 

by including the kinetics of minerals in the rock types and their relative abundance. If the 

major constituents of the general mineral assemblage of the rocks and the dissolution rate 

are considered, the dissolution of calcite is incongruent while the silicate minerals generally 

dissolve congruently. The dissolution of minerals can be accelerated by the presence of H+ 

and OH-, leading to the general assumption that minerals dissolve faster in acidic or alkaline 

conditions than under neutral pH. Almost 50% of the nepheline syenite is composed of the 

Na+ bearing minerals nepheline and albite. Who do however have different dissolution rates 

and equilibrium stability, and the incongruent dissolution of calcite and the dominance of 

releasing Ca2+ and CO3
2- ions to solutions under neutral or greater pH correlates with the 

simulated waters. It can therefore be assumed, that if kinetics would have been included, the 

major water chemistry could be similar. Although it is not possible to justify that the results 

will be identical, since other species or mineral phases formed in the waters may inhibit or 

slow down reaction kinetics, and even further at lower temperatures of 5°C resembling the 

natural environment in the fjord, controlling which phases do become saturated in the 

solution and the water chemistry.  

 Can low-temperature weathering of the 

complex give insight into the origin of the 

highly alkaline waters in the fjord? 

Waters dominated by Na+ and DIC species can be generated from the nepheline-syenite and 

calciocarbonatite if (Fe, Al, Mn) oxides, (Fe-Na, Fe-K, Fe-Mg, Fe-Fe, Mg, Na, K) smectite-

group and (K-Mg) illite clays, and (Ca) carbonates are considered to precipitate upon water-

rock interactions. Clays do not consume K+ or Na+ to a great extent to lower their 

concentration in the waters, therefore other phases must be included to reduce the 

concentrations. The simulated major aqueous species of the secondary waters obtained by 

mixing the nepheline syenite and calciocarbonatite are Na+, CO3
2-, HCO3

- and NaCO3. The 

metal-ion DIC species are generally considered to be in minor amounts in earth systems 

(Mackenzie and Lerman, 2006), however, NaCO3 is one of the major species in this system.  

The isotopic and chemical composition of the seawater in Ikka fjord and the composition of 

the surface waters are significantly different from the water seeping from the columns. 

Subaerial springs along the W-side of the fjord are slightly elevated in alkalinity and Ca 

concentrations, the spring waters in the fjord are significantly depleted in the elevated 

concentrations of the column waters (Buchardt et al., 1997). The likely confined aquifer 

below the seawater is sealed off by a compact layer of glaciomarine clay (Seaman, 1998), 

and is likely fed by groundwater draining the mountains surrounding the fjord. Indicating 

that the alkaline waters (Table. 6 in appendix A) are more likely to be generated in conditions 

where the water is not in equilibrium with atmospheric CO2(g). Overall, the concentrations 

and speciation of the elements obtained with the simulations under such conditions correlate 

with what has been analyzed in nature (Table. 6 in appendix A). The sampled waters have a 

pH of 10.6 and Na+ concentrations of 190 mmol/kg, the highest concentration of Na+ (100 

mmol/kg) in the simulated fluids is reached at a pH level of 12.5. The waters are rich in DIC, 
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and the major aqueous species of the waters, Na+, CO3
2-, HCO3

- and NaCO3, are the same. 

Calcium is dominantly present as CaCO3 pairs not as Ca2+ ions, correlating well with 

Buchardt et al. (2001) studies on the column water. The total CO2 in the initial stages of the 

reaction is 1.248x10-2 mmol/kg, at the end of the simulation the concentration is 1.645x10-4 

mmol/kg. Buchardt et al. (2001) calculated the CO2 concentrations of the waters to 3x10-3 

mmol/L corresponding to CO2 partial pressure of 0.04x10-3 bar.  

Several factors do therefore indicate that the complex could be accounted for the generation 

of these fluids. The general high concentrations of Na2O in the complex is 7 - 15 wt% 

(Callisen, 1943), and the similarities in chemistry and pH levels of the simulated and natural 

waters. It is, therefore, likely that the alkaline waters rich in DIC can be generated within the 

complex in the groundwater system and mix later with the seawater from below the seabed, 

possibly causing ikaite to precipitate and the formation of the columns. Great caution must 

though be taken since several simplifications were made in the model, and other factors in 

nature might contribute. 
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6 Conclusions 

The Grønnedal-Íka igneous complex in SW-Greenland is dominantly composed of 

nepheline-syenites and carbonatites. The primary minerals of the nepheline syenite are k-

feldspar, albite, nepheline, aegirine-augite, riebeckite, ferro-richterite, apatite, and biotite. 

Two different carbonatites were looked at in more detail, one consisting almost entirely of 

calcite and fluorite minerals, the other of calcite, riebeckite, ankerite, REE, and fluorite 

minerals. The main petrological observations that deviate from previous studies are the 

presence of riebeckite and Ce-knopite in sample 19SA29, and the La-Ce, La-Y solid-solution 

fluorites in the carbonatites.  

The nepheline syenites are rich in alkali elements and sodium and are dominantly either 

alkali saturated or undersaturated. The carbonatites are rich in calcium and CO2, the FeOt 

content varies, depending on if they classify as calciocarbonatite, ferruginous carbonatites 

or ferrocarbonatites. The reaction path simulation is characterized by the simultaneous 

precipitation of calcium carbonate, amorphous manganese oxide, smectite and illite clays, 

and alumina oxide. Simple oxides dominate during the initial stages of the simulation, clays 

start to form soon in the system along with calcite which is a dominating phase. Metastable 

forms of calcium carbonate, ikaite or monohydrocalcite can precipitate before calcite. Iron 

and potassium-rich smectite sub-group clays dominate from the beginning of the simulation 

until R/W ratios of 0.1, where sodium and iron sub-groups take over until the end of the 

simulation. The main characteristics of the simulated secondary waters upon water-rock 

interactions are highly alkaline waters with pH >10, high Na+ and low CO2 concentrations. 

The dominating aqueous species (CO3
-, HCO3

2- and NaCO3) and the major chemical 

signatures correlate with previously sampled fluids from the columns in conditions where 

CO2(g) is not equilibrating with the waters.  

Several simplifications were made in the modeling, the data collected in this study cannot 

exclude other factors that might contribute, e.g., the kinetics and dissolution of single 

minerals of the rocks. However, based on the petrological and reaction path modeling 

evidence, it is likely that water-rock interactions during low-temperature weathering of the 

complex can generate similar waters that have been sampled from the ikaite tufa columns.  
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Appendix A 

Table 6: Representative water samples from Ikka fjorda and rainwater from E-Greenlandb. 

Type of water  Seaa 

 

Streama Springa        Column3a Column2a Column1a 

modeled 
average column 

watera 

Average 
rainwater 

composition 
from E-

Greenland
b

  

Area Fjord  E-coast Intrusion Column fjord Column fjord Column fjord Fjord average Mestersvig 

Locality Snæving 

 

Camp  Camp Atoll Atoll  

AGA site at 
Mestersvig 

airfield 
Temp  1.3  8 5 3.4 3.1 4.1   
pH 7.9  7.72 8.25 10.16 10.36 10.34 10.5 5.16 
Alkalinty 
mmol/L 2.1 

 
b.d. 2.4 114 179 174 155  

          
H+         0.011 
Na+ 437  0.15 0.11 170 198 252 179 1.05x10-3 

K+ 10.3  0.016 0.011 2.3 1.87 2.07 1.7 1.05x10-3 

Ca2+ 8.83  0.055 0.988 0.09 0.17 0.24 0.2 4.37x10-3 

Mg2+ 45.7  0.029 0.123 2.67 1.6 2.71 0 4x10-3 
Sr2+ 0.1  0.002 0.03 0.005 0.007 0.007 0.005  
Cl- 499  0.15 0.048 59 21.2 33.8 23 1.134x10-2 

SO4
2- 26.1  0.05 0.031 4.04 2.78 3.59 2.8  

Br- 0.8  b.d. b.d. 0.41 0.43 0.42 0.38  
PO4

3- b.d.  b.d. b.d. 0.093 0.26 0.242 0.17  
SiO2 0.002  0.23 0.051 b.d. b.d. b.d. 0  
NH4

-         8.29x10-3 

NO3
-         9.44x10-3 

SO4
-         1.054x10-2 

a Buchardt et al. (1997) bKeiding and Heidam (1986). *b.d. below detection limit 

Table 7: XRF whole rock analysis for major elements of all samples. The selected samples 

are highlighted yellow 

Rock type sample SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO P2O5 LOI Total 

sye 18GS01 53.21 19.14 9.07 0.68 1.48 8.55 5.71 0.37 0.26 0.13 1.36 99.97 

sye IKA4 58.87 22.24 4.32 N.D. N.D. 5.97 5.91 0.15 0.13 0.03 2.21 99.84 

sye 18ER20 60.40 20.85 4.08 0.27 0.32 5.60 6.64 0.16 0.08 0.06 1.56 100.02 

sye 19SA51 56.88 20.80 4.30 0.01 0.20 7.78 7.27 0.08 0.07 0.00 2.54 99.94 

sye 19SA55 55.19 20.94 5.43 0.31 1.19 7.68 6.37 0.25 0.13 0.14 2.03 99.66 

sye 19SA56 53.31 21.90 7.22 0.88 1.91 6.30 4.12 0.61 0.15 0.51 2.65 99.56 

sye 19SA58 51.28 22.30 4.37 0.42 1.71 8.89 5.58 0.15 0.14 0.25 4.33 99.42 

sye 19SA59 54.67 20.25 7.05 0.44 1.49 6.76 6.05 0.29 0.19 0.21 2.49 99.90 

sye 19SA67 49.22 26.03 5.61 0.18 1.97 7.51 3.86 0.32 0.09 0.12 4.94 99.86 

sye 19SA68C 53.46 22.56 5.21 0.19 0.37 9.15 6.04 0.23 0.11 0.03 2.24 99.58 

sye 19SA68D 53.08 22.47 4.81 0.15 0.44 9.57 6.22 0.26 0.13 0.07 2.71 99.92 

sye 19SA71A 54.55 20.01 5.32 0.19 1.41 7.94 6.10 0.15 0.17 0.01 3.95 99.78 

sye 19SA74 58.49 21.51 4.77 0.07 0.15 5.97 5.77 0.13 0.10 0.01 2.79 99.77 

sye 19SA75 53.16 20.31 5.56 0.41 1.40 9.72 4.59 0.43 0.10 0.17 3.62 99.47 

sye 18ER04 54.67 19.71 4.66 0.00 0.71 10.57 4.25 0.08 0.29 0.07 4.79 99.79 

sye 18ER05 54.00 18.99 8.54 0.26 1.55 7.33 5.28 0.45 0.33 0.01 3.20 99.93 

carbo 18GS02 0.00 0.00 1.17 0.00 54.91 0.00 0.00 0.00 0.18 0.00 43.60 99.86 

carbo 19SA53 27.89 14.55 15.17 0.85 16.84 5.27 0.15 0.07 0.75 4.76 13.47 99.78 

carbo 18GS02 0.00 0.00 1.17 n.d. 54.91 n.d. n.d. 0.00 0.18 n.d. 43.60 99.54 

carbo 18GS04 1.37 0.32 21.78 0.26 39.63 0.00 0.24 0.01 1.65 2.46 32.07 99.78 

carbo 19SA30 20.83 2.39 6.31 0.55 35.95 0.00 1.86 0.17 1.66 0.89 29.36 99.97 

carbo 19SA29 13.46 0.58 11.24 0.56 37.20 1.35 0.15 0.10 1.50 0.27 31.24 98.09 
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Table 8: XRF whole rock analysis for minor and trace elements of all samples. The selected samples are highlighted yellow. N.D.- not 

detected. 

Rock 
type sample Rb Ba Th U Nb La Ce Pb Sr Nd Zr Y Sc V Zn Cu Ni Cr 

sye 18GS01 176.7 152.6 11.5 2.2 189.5 39.6 114.8 4.8 178.1 57.6 707.3 27.5 0 1.7 177.1 5.7 3.8 8.8 

sye 18GS01 176.7 152.6 11.5 2.2 189.5 39.6 114.8 4.8 178.1 57.6 707.3 27.5  1.7 177.1 5.7 3.8 8.8 
sye IKA4 158.2 339.4 6.3 3.8 131.8 33.6 72.4 7.3 87.8 30.7 481.9 17.9 0 3.5 106 5.3 1.3 5 

sye 18ER20 155.1 357.6 10 8.6 189.2 35.5 73.2 5.5 265 30.3 472 22.5 0.3 4.4 83.3 4.3 2.7 9.1 

sye 19SA12 164.6 6 38.8 12.7 494.2 248.1 532.9 42.3 37.7 213.7 2482.2 159.3 N.D. 1.2 302.4 5.2 4 3.4 

sye 19SA51 190.1 95.1 3.7 1.8 85.5 13.4 42.8 5.3 259.9 16.6 751.2 11.6 N.D. 2.1 62.2 3 N.D. 4 
sye 19SA55 161 939.5 4 1.8 72.8 49.8 100.4 5.7 420.6 44.5 318.1 17.9 1.6 3.9 91.6 7.9 1.2 4.4 

sye 19SA56 160.1 913.7 4.9 2.1 104.7 67.7 135.2 4.7 557.1 60.9 130.3 20.9 N.D. 8.9 113.7 5.5 7.6 13.3 

sye 19SA58 125.8 819 3.6 2.3 104.6 51 105.2 4 786.9 45.8 235.2 13.9 N.D. 2.5 102.7 3.1 0.8 7.3 

sye 19SA59 159.5 527.3 8.6 2.6 106.2 48.4 111.8 10 336.2 49.4 519 24.9 1.3 7.3 137.8 13.3 4.4 9.1 
sye 19SA67 90.5 602.1 3.4 1.9 57.1 20 49.8 4 2451.6 20.8 445.6 7 0.8 13.6 59.7 7.7 5.9 14 

sye 19SA68A 199.3 108.5 6.2 4 238.8 25.8 66.8 6.4 221.5 26.2 704.4 14.2 0.4 3.1 175.8 16 3.9 10.7 

sye 19SA68B 136.4 219.5 1.9 0.6 47.2 15.2 31.4 4.1 573.2 13.6 74.3 5.8 0.8 4.6 56.3 5.9 0.7 10 

sye 19SA68C 184.2 334.6 3.9 1.3 123.4 40.5 79.2 4.2 407.2 29.6 301 12.7 0 3 119.4 6 1.7 8.3 
sye 19SA68D 183.3 375.5 6.1 3.3 131 28.8 62.9 10.1 357.1 26.8 527.4 13.6 N.D. 0.6 104.5 7.5 0 4.5 

sye 19SA71A 164.3 265.4 8.2 1.8 99.2 38 81.8 5.5 110.8 31.3 608 16.1 N.D. 3.7 50.4 4.4 1.7 7.3 

sye 19SA74 184.5 190.1 4.7 4.5 80.6 28.3 78.2 6.1 217.2 31.5 693.4 15.7 0 0.7 80.6 4 1.4 6.4 

sye 19SA75 129.6 440.3 2.8 4.9 185.6 60.8 127.7 9.9 994.8 52.9 306.8 9.8 0 6.1 133.3 2.8 2 10.6 
sye 18ER04 292.5 27.2 32.2 20.5 447.8 83.1 248.6 45.4 36.7 94.3 3088.7 87.5 0.1 1 346.7 3.1 1.3 3 

sye 18ER05 188.6 276.6 3.7 4.1 121.1 11.5 45.1 4.9 1181.6 18.3 903.8 7.1 0.4 2.9 148.3 5.2 3.2 5.9 

carbo 18GS03 127.4 1392.5 7.7 N.D. 194.3 164.4 429.3 9 2459.4 226.4 395.1 122.9 16.5 292.1 739.8 38.1 212.9 295.1 

carbo 18GS04 3.2 793.4 17.4 N.D. 330.1 1963.7 4709.3 33.1 9368 2530.8 N.D. 399.7 N.D. N.D. 383.1 18.9 35.3 N.D. 
carbo 19SA30 17.6 252.5 53.4 4.8 303.7 2193.4 5415.5 71.5 2257 2991.2 168.6 369.2  1.3 239.3 15.4 29.9  
carbo 19SA53 2 179.4 106.1 17.6 1116.7 1137.4 2463.2 92.3 4733.7 1125.6 N.D. 776.4 N.D. N.D. 5695.8 55.5 18.1 N.D. 

carbo 18GS02   290.4 0.8 0.5 0.1 19.8 154.7 5 6732 328.5   393.7 26.6   51.6 8.5 24 4.1 

carbo 19SA29 9.9 298 24.2 0.67 334 1575 4240 0 2550 2640 107 291 0 7 0 0 0 10 
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Table 9: EMPA analysis of minerals in sample 18GS01. The analysing current for the riebeckite and ferro richerite and feldspars (albite and 

orthoclse) was 10 nA, 20 nA for the aegerine-augite and 5 for biotite and nepheline. 

Mineral Point SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO BaO Na2O K2O P2O5 F Cl Cr2O3 La2O3 NiO SrO Total 

Aegerine-augite 7 51.87 0.19 1.36 9.20 20.62 0.59 0.72 6.31  9.28     0.00  0.00  98.07 

Aegerine-augite 8 51.88 0.17 1.27 8.13 20.43 0.53 1.52 7.31  8.94     0.00  0.01  98.14 

Aegerine-augite 9 52.09 0.27 1.41 8.63 20.58 0.56 1.00 6.36  9.36     0.01  0.00  98.21 

Aegerine-augite 10 51.56 0.22 1.08 7.85 21.80 0.61 0.93 6.69  9.31     0.00  0.01  97.87 
Aegerine-augite 11 51.39 0.23 1.08 7.14 22.85 0.69 0.89 6.71  9.41     0.02  0.00  98.13 

Aegerine-augite 12 49.94 0.61 2.05 7.76 22.53 0.69 1.10 5.10  9.34     0.01  0.00  96.87 

Aegerine-augite 13 51.57 0.32 0.84 8.48 20.85 0.94 0.73 6.98  9.12     0.00  0.00  97.74 

Aegerine-augite 14 52.08 0.41 1.15 6.72 23.30 0.64 0.55 4.59  10.44     0.00  0.00  97.56 
Albite 9 68.29 0.01 19.71 0.23  0.01 0.00 0.01 0.00 10.88 0.10        99.25 

Albite 10 68.41 0.00 19.72 0.20  0.00 0.00 0.03 0.00 11.28 0.06        99.69 

Albite 11 68.50 0.00 19.73 0.22  0.01 0.00 0.02 0.00 11.29 0.10        99.87 

Albite 12 68.47 0.00 19.80 0.19  0.01 0.00 0.00 0.00 11.33 0.07        99.87 
Albite 13 68.76 0.02 19.75 0.13  0.01 0.00 0.01 0.00 11.43 0.08        100.19 

Albite 14 68.37 0.00 19.61 0.17  0.00 0.00 0.02 0.02 11.42 0.05        99.66 

Albite 15 68.42 0.00 19.72 0.25  0.00 0.01 0.01 0.00 11.36 0.07        99.84 

Albite 16 68.66 0.00 19.83 0.24  0.02 0.00 0.02 0.02 11.20 0.06        100.04 
Albite 21 68.67 0.00 19.62 0.14  0.00 0.00 0.02 0.00 11.32 0.08        99.86 

Albite 22 68.58 0.00 19.71 0.15  0.01 0.01 0.02 0.00 11.38 0.10        99.96 

Albite 23 69.11 0.00 20.28 0.15  0.00 0.01 0.03 0.00 10.33 0.09        100.00 

Albite 24 68.54 0.00 19.78 0.18  0.00 0.02 0.02 0.00 11.46 0.08        100.07 
Albite 25 68.56 0.00 19.56 0.20  0.00 0.01 0.00 0.00 11.35 0.09        99.77 

Albite 26 68.86 0.02 19.78 0.25  0.01 0.00 0.01 0.00 11.33 0.09        100.36 

Albite 27 68.09 0.00 19.64 0.18  0.00 0.01 0.01 0.02 11.33 0.08        99.36 

Albite 28 68.44 0.01 19.73 0.26  0.02 0.00 0.02 0.00 11.20 0.10        99.77 
Albite 34 68.74 0.01 19.72 0.17  0.01 0.00 0.03 0.02 11.17 0.07        99.94 

Albite 35 38.09 0.00 34.18 0.05  0.02 0.00 5.12 0.02 13.30 0.03        90.81 

Albite 36 68.84 0.01 19.66 0.22  0.00 0.00 0.01 0.00 11.29 0.18        100.20 

Albite 37 68.52 0.00 19.87 0.18  0.02 0.01 0.00 0.01 11.40 0.07        100.08 
Albite 38 68.89 0.00 19.76 0.21  0.01 0.00 0.02 0.00 11.23 0.09        100.21 

Albite 39 51.93 0.01 24.39 0.06  0.01 0.02 0.00 0.00 12.06 0.95        89.43 

Albite 40 68.41 0.01 19.58 0.32  0.03 0.01 0.01 0.00 11.35 0.09        99.80 

Albite 46 68.83 0.00 19.77 0.08  0.00 0.00 0.02 0.00 11.20 0.08        99.98 
Albite 47 68.63 0.02 19.73 0.20  0.00 0.00 0.02 0.00 11.45 0.07        100.11 

Albite 48 68.62 0.00 19.84 0.12  0.01 0.00 0.02 0.02 11.41 0.12        100.17 

Albite 49 68.70 0.00 19.61 0.20  0.01 0.00 0.01 0.00 11.30 0.08        99.92 

Albite 50 68.69 0.00 19.83 0.09  0.01 0.01 0.02 0.02 11.19 0.08        99.95 
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Mineral Point SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO BaO Na2O K2O P2O5 F Cl Cr2O3 La2O3 NiO SrO Total 

Albite 51 68.33 0.02 19.64 0.21  0.01 0.00 0.05 0.00 11.41 0.10        99.77 

Albite 52 68.73 0.01 19.54 0.33  0.01 0.00 0.01 0.00 11.19 0.06        99.88 

Albite 53 68.78 0.01 19.78 0.49  0.04 0.00 0.25 0.00 11.22 0.04        100.60 
Apatite  0.58       51.36  0.23  40.35 5.63  0.58* 1.26*   100.00 

Apatite  0.00       49.54  0.74  40.47 5.26  1.56 2.44   100.00 

Apatite  0.00       47.02  0.58  45.41 9.33  0.00 0.85   103.19 
Ferro-
muscovite 6 35.25 1.84 13.12 8.73 25.06 1.31 3.99 0.00  0.13 9.17  0.07 0.00     96.16 
Ferro-
muscovite 7 34.59 2.50 11.85 10.59 25.50 1.33 3.69 0.07  0.27 8.83  0.04 0.01     96.72 
Ferro-
muscovite 8 35.27 1.85 12.92 8.45 25.00 1.20 5.10 0.04  0.00 9.34  0.24 0.00     96.92 
Ferro-
muscovite 9 34.32 2.63 12.47 10.19 28.06 1.30 1.96 0.03  0.08 9.05  0.00 0.01     97.28 
Ferro-
muscovite 10 34.20 2.91 12.59 9.12 27.16 1.24 2.85 0.02  0.05 9.12  0.17 0.00     96.71 
Ferro-
muscovite 11 35.50 2.07 12.77 8.61 24.16 1.38 5.55 0.07  0.06 9.32  0.28 0.01     97.36 
Ferro-
muscovite 12 34.55 2.55 12.98 8.39 26.11 1.29 4.10 0.08  0.02 9.36  0.20 0.00     97.01 

ferro-richterite 26 50.73 0.14 1.22 28.41 0.00 0.60 0.71 6.93  9.28 0.01  0.00 0.00 0.02  0.00  98.05 

Nepheline 1 44.10 0.00 32.96  0.73  0.01 0.05  15.36 5.75       0.00 98.94 
Nepheline 2 43.97 0.00 32.89  0.75  0.00 0.03  15.04 5.97       0.00 98.65 

Nepheline 3 43.02 0.00 33.65  0.55  0.00 0.00  15.35 6.62       0.00 99.18 

Nepheline 4 44.23 0.02 33.06  0.81  0.01 0.01  15.50 5.70       0.05 99.38 

Nepheline 5 45.08 0.00 32.68  0.94  0.01 0.01  15.45 5.65       0.00 99.83 
Nepheline 6 44.57 0.00 32.78  0.73  0.01 0.02  15.60 5.54       0.00 99.26 

Nepheline 7 43.84 0.01 33.15  0.84  0.00 0.01  15.35 5.92       0.00 99.13 

Nepheline 8 44.41 0.00 32.62  0.73  0.01 0.03  15.38 5.71       0.00 98.88 

Nepheline 9 44.03 0.00 32.68  0.89  0.03 0.04  15.55 5.79       0.00 99.01 
Nepheline 10 44.68 0.02 32.76  0.64  0.01 0.01  15.06 5.58       0.00 98.75 

Orthoclase 4 64.76 0.02 18.36 0.19  0.00 0.00 0.00 0.06 0.62 #####        100.29 

Orthoclase 5 65.22 0.00 18.58 0.25  0.00 0.01 0.00 0.02 0.76 #####        100.90 

Orthoclase 6 64.67 0.00 18.44 0.17  0.00 0.00 0.00 0.07 0.63 #####        100.31 
Orthoclase 7 64.99 0.03 18.66 0.16  0.01 0.00 0.00 0.05 0.50 #####        100.70 

Orthoclase 8 64.76 0.00 18.45 0.15  0.01 0.00 0.00 0.05 0.59 #####        100.25 

Orthoclase 17 64.17 0.00 18.44 0.10  0.00 0.01 0.01 0.03 0.37 #####        99.85 

Orthoclase 18 64.98 0.03 18.72 0.11  0.00 0.00 0.00 0.11 0.98 #####        100.74 
Orthoclase 19 64.74 0.00 18.81 0.16  0.02 0.00 0.00 0.21 0.66 #####        100.77 

Orthoclase 20 64.99 0.00 18.76 0.16  0.01 0.01 0.01 0.06 0.87 #####        100.61 

Orthoclase 29 64.53 0.00 18.61 0.26  0.02 0.00 0.00 0.04 1.14 #####        100.12 

Orthoclase 30 65.22 0.00 18.57 0.31  0.01 0.00 0.01 0.00 1.24 #####        100.70 
Orthoclase 31 65.18 0.00 18.76 0.21  0.00 0.00 0.01 0.00 0.95 #####        100.71 
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Mineral Point SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO BaO Na2O K2O P2O5 F Cl Cr2O3 La2O3 NiO SrO Total 

Orthoclase 32 65.34 0.01 18.84 0.18  0.00 0.00 0.01 0.00 1.00 #####        101.02 

Orthoclase 33 65.18 0.01 18.96 0.17  0.00 0.00 0.01 0.03 1.26 #####        100.98 

Orthoclase 41 65.72 0.02 18.85 0.13  0.00 0.01 0.01 0.07 0.67 #####        101.55 
Orthoclase 42 65.33 0.00 18.72 0.21  0.01 0.02 0.01 0.05 1.24 #####        100.77 

Orthoclase 43 65.11 0.00 18.70 0.19  0.01 0.00 0.01 0.01 0.95 #####        100.63 

Orthoclase 44 64.72 0.00 18.78 0.25  0.00 0.00 0.00 0.10 0.94 #####        100.56 

Orthoclase 45 64.88 0.00 18.67 0.17  0.02 0.01 0.00 0.06 0.94 #####        100.44 
riebeckite  28 51.61 0.17 0.45 20.43 17.48 0.06 1.77 0.40  6.67 0.08  0.00 0.00 0.00  0.00  97.39 

riebeckite  29 51.33 0.20 0.45 20.05 18.08 0.09 1.79 0.44  6.63 0.07  0.00 0.00 0.02  0.00  97.33 

Sodalite  38.07  31.41       22.68          
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Table 10: EMPA analysis for sample 19SA29. The analysing current was 10 nA for the riebeckite and 5 nA for calcite and ankerite. 

mineral Nr SiO2 TiO2 Al2O3 FeO Fe2O3  MnO MgO CaO Na2O K2O F Cl Cr2O3 NiO SrO BaO CO2 Total 
riebeckite 1 51.74 0.33 0.45 20.12 17.71 0.06 2.04 0.16 6.56 0.12 0.00 0.00 0.00 0.04    97.54 

riebeckite 2 51.47 0.19 0.47 20.26 17.55 0.09 1.77 0.43 6.62 0.08 0.00 0.01 0.02 0.00    97.19 

riebeckite  3 50.78 0.54 0.69 20.61 17.71 0.08 1.73 0.14 6.40 0.14 0.00 0.00 0.00 0.00    97.03 

riebeckite  4 51.54 0.33 0.50 19.21 18.33 0.02 2.21 0.27 6.67 0.12 0.00 0.00 0.00 0.00    97.37 
ferro-ferri-
winchite 5 48.81 0.09 0.36 25.06 11.10 0.13 1.71 2.95 6.25 0.05 0.00 0.00 0.00 0.00    95.41 

riebeckite  6 51.71 0.14 0.40 20.60 18.14 0.03 1.49 0.16 6.63 0.07 0.00 0.00 0.02 0.00    97.56 

riebeckite  7 50.65 1.02 0.75 19.71 18.21 0.11 1.82 0.34 6.56 0.17 0.00 0.00 0.00 0.00    97.52 

riebeckite  8 51.53 1.05 0.49 19.54 17.20 0.05 2.32 0.12 6.79 0.19 0.00 0.00 0.01 0.00    97.57 

riebeckite  9 51.79 0.10 0.34 20.76 16.50 0.07 1.97 0.66 6.56 0.11 0.00 0.00 0.00 0.00    97.19 

riebeckite  10 51.62 0.36 0.45 21.18 16.84 0.04 2.06 0.16 6.32 0.12 0.00 0.00 0.00 0.00    97.46 

riebeckite  11 51.19 0.82 0.71 21.01 17.04 0.06 1.77 0.15 6.46 0.16 0.00 0.01 0.00 0.00    97.66 

riebeckite  12 51.73 0.21 0.43 20.32 17.96 0.07 1.80 0.19 6.57 0.09 0.00 0.00 0.01 0.00    97.58 

riebeckite  13 51.60 0.49 0.58 20.60 17.34 0.06 1.83 0.19 6.54 0.14 0.00 0.00 0.00 0.00    97.63 

riebeckite  14 51.86 0.34 0.58 20.58 17.82 0.08 1.78 0.06 6.62 0.11 0.00 0.00 0.01 0.00    98.04 

riebeckite  15 51.54 0.73 0.50 20.04 16.87 0.10 2.01 0.31 6.60 0.17 0.00 0.00 0.01 0.01    97.20 

calcite 1    0.76  1.38 0.09 52.45       0.37 0.09 44.86 100.00 

calcite 2    0.69  2.88 0.13 51.73       0.17 0.08 44.32 100.01 

calcite 3    1.28  1.49 0.14 52.54       0.43 0.05 44.07 100.01 

calcite 4    0.75  1.58 0.14 51.60       0.41 0.13 45.41 100.00 

calcite 5    0.63  1.91 0.10 51.92       0.34 0.00 45.09 100.00 

calcite 6    0.63  1.36 0.11 51.89       0.41 0.09 45.51 100.00 

calcite 7    0.82  1.47 0.13 51.61       0.30 0.09 45.57 99.99 

calcite 8    0.88  1.90 0.18 51.73       0.33 0.04 44.94 100.00 

calcite 9    0.85  1.54 0.12 52.31       0.25 0.05 44.88 100.00 

calcite 10    1.06  2.45 0.13 50.83       0.37 0.07 45.09 100.00 

calcite 11    0.59  3.59 0.13 51.68       0.29 0.02 43.70 100.01 

calcite 12    1.21  0.93 0.17 51.41       0.63 0.01 45.65 100.00 

calcite 13    2.46  1.28 0.12 48.08       0.64 0.00 47.41 100.00 

calcite 14    2.35  1.98 0.10 48.68       0.42 0.05 46.43 100.01 

calcite 15    3.87  1.74 0.13 42.04       0.29 0.02 51.91 100.00 

calcite 16    2.94  1.66 0.15 47.78       0.50 0.00 46.98 100.01 

calcite 17    0.57  3.12 0.10 50.69       0.27 0.07 45.18 100.01 

calcite 18    1.17  0.83 0.28 50.88       0.79 0.07 45.98 100.00 

Ankerite 19    19.39  1.11 6.56 27.67       0.44 0.04 44.79 100.00 

Ankerite 20    18.55  0.73 7.49 27.08       0.44 0.03 45.68 100.00 

Ankerite 21    18.26  0.74 7.70 27.72       0.42 0.03 45.11 99.99 

Ankerite 22    19.52  1.00 7.00 27.44       0.41 0.01 44.61 99.99 

Ankerite 23    19.52  0.89 7.02 27.00       0.40 0.03 45.13 100.00 

Ankerite 24    19.25  1.22 6.81 27.17       0.53 0.01 45.02 100.00 

Ankerite 25    20.15  1.12 6.06 23.79       0.34 0.05 48.50 100.01 
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Table 11: EMPA analysis for sample 18GS02. The analysing current was 5 nA for the 

calcite. 

Mineral Point FeO MnO MgO CaO SrO BaO CO2 Total 

Calcite  1 0.89 0.20 0.02 54.10 0.73 0.01 44.03 100.00 
Calcite  2 0.82 0.09 0.02 53.16 0.89 0.02 45.00 100.00 

Calcite  3 0.84 0.09 0.02 53.07 0.78 0.04 45.15 100.00 

Calcite  4 1.08 0.15 0.12 53.09 0.78 0.05 44.72 100.00 

Calcite  5 0.79 0.01 0.01 53.58 0.82 0.04 44.74 100.00 
Calcite  6 1.24 0.15 0.12 52.80 0.98 0.04 44.66 99.99 

Calcite  7 0.81 0.12 0.03 52.72 0.95 0.06 45.32 100.00 

Calcite  8 0.77 0.08 0.02 53.63 0.87 0.07 44.56 100.00 

Calcite  9 0.98 0.48 0.02 52.89 0.68 0.02 44.91 99.99 
Calcite  10 1.03 0.05 0.05 53.40 0.49 0.00 44.98 100.00 

Calcite  11 0.76 0.12 0.04 54.14 0.87 0.07 44.00 100.00 

Calcite  12 0.80 0.18 0.02 54.10 0.66 0.03 44.22 100.00 

Calcite  13 0.77 0.19 0.01 53.20 0.95 0.04 44.84 100.00 
Calcite  14 0.82 0.13 0.02 52.98 0.75 0.04 45.26 100.01 

Calcite  15 0.99 0.07 0.02 52.81 0.52 0.00 45.59 100.00 

Calcite  16 0.93 0.11 0.10 53.10 0.67 0.04 45.05 100.00 

Calcite  17 0.85 0.08 0.03 53.73 0.73 0.00 44.57 100.00 
Calcite  18 0.92 0.11 0.03 53.77 0.27 0.03 44.86 99.99 

Calcite  19 1.38 0.34 0.09 52.01 0.76 0.00 45.42 99.99 

Calcite  20 0.89 0.11 0.00 53.27 0.39 0.03 45.30 99.99 

Calcite  21 0.74 0.20 0.01 53.48 0.51 0.01 45.04 100.00 
Calcite  22 0.92 0.08 0.02 53.00 0.48 0.05 45.45 100.00 

Calcite  23 0.88 0.05 0.02 52.21 0.87 0.06 45.90 99.99 

 

 

Table 12: EMPA analysis for REE minerals in samples 19SA29 

   19SA292   18GS02 

Mineral Knopite Monazite Pyrochlore Fluorite Nb mineral Fluorite 

F 5.6-  5.1 -  2.66 - 7.12 - 14.8 - 21.2 
Al2O3  - -  - 0.3 - 

SiO2  - -  - 1.8 - 

Fe2O3  - -  - 21.8 - 

P2O5  - 36.4 - 38.2  - - - 
CaO  29.6 - 31.0 0.6 - 1.03  24.6 - 51.6 0.7 43.7 - 59.4 

FeO  - -  - - - 

TiO2  - -  - 2.4 - 

Y2O3  - -  - - 2.3 - 16.7 
Nb2O5 0.1 - 0.2 -  - 70.6 - 

La2O3  16.4 - 17.1 16.8 - 45.7  6.3 - 17.3 - 0 - 1.7 

Ce2O3  - -  - - 14.7 - 38.3 

CeO2  46.8 - 48 44.4 - 45.7  34.1 - 45.1  - - 
Ta2O5 0 - 0.03 -  - - - 
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Table 13: EMPA analysis for REE and phosphate minerals in 18GS01. 

  18GS01 

Mineral Columbite pyrochlore Yttrocero pyrochlore Naceriobsite - (ce) * Zircon Unknown 

F 5.6-  5.1  15.0  24.6 

Al2O3  -  8.3  0.5 

SiO2  1.4 - 5.5 7.8 23.4 55.6 9.8 
Fe2O3  -  -  6.9 

P2O5  -     
CaO  10.7 - 13.4 1.7 14.1  34.3 

Na2O 6.5 - 7.3 1.8 0.9 1.02 4.9 
MnO   1.01   
MgO   3.3   
K2O   6.8   
FeO  1.9 - 3.7  20.8   
TiO2  4.8 - 6.2 1.9 1.8  1 

Y2O3  -  -   
Nb2O5 55.8 - 60.9 57.9 3.4  16.9 

La2O3       
Ce2O3  -  -   
CeO2  3.3 - 3.9 1.2 44.4 - 45.7   
Ta2O5   -   
ZrO2    43.4  
Y2O3   27.7    

 

 

Table 14: Recalculated EMPA analysis from elemental oxides to elemental wt% for 

fluorite minerals in samples 19SA29 and 18GS02. 

Mineral Fluorite 

Sample 19SA29 18GS02 

F 3.4 - 7.1 12.7 - 21.2 

Ca 17.5 - 36.9 31.3 - 42.4 

Ce 28.3 - 39.9 12.6 - 32.7 

La 5.4 - 14.1 1.41 

Y 28.3 - 39.9 1.8 - 13.2 
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Appendix B 

Classification diagrams.  

 

Figure 18: Ternary diagram for feldspars, K-felspar (K-fsp), Albite (Ab) and Anorthite 

(An) end-members. The red dot are core of the albite and ortoclase, and the orange is the 

rim of the perthite crystal (albite) in sample 18GS01. 

 

 

 

Figure 19: Classification ternary diagram for clinopyroxenes, based on wollastone-

enstantite-ferrosilite (WEF), jadeite (JD) and aegerine (Ae) end-members (Morimoto et 

al., 1988). 
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Figure 20: Classification plot for alkali-amphiboles, glaucophane and riebeckite in  

samples 18GS01 and 19SA29. Based on Fe2+/(Mg2+ + Fe2+) and Fe3+/(Fe2+ + Al3+). 

 

 

Figure 21: Classification ternary diagram for carbonate minerals in 19SA29 and 18GS02, 

calcite CaO (CaCO3), Magnesite MgO (MgCO3), Siderite FeO+MnO (FeCO3), and mixing 

minerals dolomite (CaMg(CO3)2 and Ankerite (Ca(Fe, Mn)(CO3)2). Sample 19SA29 is 

marked with red boxes and sample 18GS02 with orange circles. 
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Figure 22: A:Classification diagram for biotite, based on Mg, Al+, Fe3+, Ti and Fe2+and MnO 

(Foster, 1960). B: Classification diagram for the origin of biotite, based on TiO2*10, FeO+MnO 

and MgO (Nachit et al., 2005). 
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Appendix C 

 

Figure 23: Full BSE image of the carboantite sample 19SA29. 
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Figure 24: Full BSE image of the 18GS02 sample. 
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Appendix D 

Standards for the EMPA analysis. 

Table 15: Standards, spectrometers and analytical crystals used, and counting times on 

peak and background on each side of peak for plagioclase analyses. 

Element Spec. Crystal Standard Peak (sec) Backgr. (sec) 

Si 1 TAP Plagioclase 
(NMNH 115900) 

40 20 

Ti 2 PETJ Hornblende (Kakanui) 
(NMNH 143965) 

40 40 

Al 1 TAP Anorthite 
(NMNH 137041) 

40 20 

Fe 3 LIFH Hornblende (Kakanui) 
(NMNH 143965) 

40 20 

Mn 3 LIFH Bustamite 
(Astimex Standards Ltd.) 

40 40 

Mg 5 TAP Hornblende (Kakanui) 
(NMNH 143965) 

40 40 

Ca 2 PETJ Anorthite 
(NMNH 137041) 

40 20 

Na 5 TAP Anorthoclase 
(NMNH 133868) 

30 15 

K 4 PETL Microcline 
(NMNH 143966) 

40 20 

Ba 4 PETL Corning Glass C  
(NMNH 117218-2) 

40 40 
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Table 16: Standards, spectrometers and analytical crystals used, and counting times on 

peak and background on each side of peak for pyroxene analyses. 

Element Spec. Crystal Standard Peak (sec) Backgr. (sec) 

Si 1 TAP Augite 
(NMNH 122142) 

30 15 

Ti 2 PETJ Hornblende (Kakanui) 
(NMNH 143965) 

30 30 

Al 1 TAP Pyrope 
(NMNH 143968) 

30 15 

Fe 3 LIFH Hornblende (Kakanui) 
(NMNH 143965) 

30 15 

Mn 4 LIFL Bustamite  
(Astimex Standards Ltd.) 

30 30 

Mg 5 TAP Hypersthene 
(USNM 746) 

30 15 

Ca 2 PETJ Diopside 
(NMNH 117733) 

30 15 

Na 5 TAP Omphacite 
(NMNH 110607) 

30 15 

Cr 4 LIFL Chromite 
(NMNH 117075) 

30 15 

Ni 3 LIFH Pentlandite 
(Astimex Standards Ltd.) 

30 30 
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Table 17: Standards, spectrometers and analytical crystals used, and counting times on 

peak and background on each side of peak for amphibole analyses. 

Element Spec. Crystal Standard Peak (sec) Backgr. (sec) 

Si 1 TAP Augite 
(NMNH 122142) 

20 10 

Ti 2 PETJ Hornblende (Kakanui) 
(NMNH 143965) 

45 45 

Al 1 TAP Pyrope 
(NMNH 143968) 

30 15 

Fe 3 LIFH Hornblende (Kakanui) 
(NMNH 143965) 

30 15 

Mn 3 LIFH 

 

Bustamite  
(Astimex Standards Ltd.) 

30 30 

Mg 5 TAP Hypersthene 
(USNM 746) 

30 15 

Ca 2 PETJ Diopside 
(NMNH 117733) 

30 15 

Na 5 TAP Omphacite 
(NMNH 110607) 

30 15 

K 4 PETL Corning Glass D 
(NMNH 117218-3) 

30 15 

F 1 LDE1 Topaz 
(Astimex Standards Ltd.) 

45 45 

Cl 4 PETL Scapolite (Meionite) 
(NMNH R6600) 

45 45 

Cr 4 LIFL Chromite 
(NMNH 117075) 

30 15 

Ni 3 LIFH Pentlandite 
(Astimex Standards Ltd.) 

30 30 
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Table 18: Standards, spectrometers and analytical crystals used, and counting times on 

peak and background on each side of peak for bioitite analyses. 

Element Spec Crystal Standard Peak (sec) Backgr. (sec) 

Si 1 TAP Augite 20 10 

Ti 2 PETJ Hornblende Kakanui 30 15 

Al 1 TAP Pyrope 30 15 

Fe 3 LIFH Hornblende Kakanui 30 15 

Mn 3 LIFH Bustamite Astimex 30 30 

Mg 5 TAP Hypersthene 30 30 

Ca 2 PETJ Diopside 30 30 

Na 5 TAP Omphacite 30 15 

K 4 PETL Corning Glass D 30 30 

F 1 LDE1 Topaz Astimex 30 30 

Cl 4 PETL Scapolite 60 60 
 

Table 19: Standards, spectrometers and analytical crystals used, and counting times on 

peak and background on each side of peak for calcite analyses. 

Element Spec Crystal Standard Peak (sec) Backgr. (sec) 

Fe 4 LIFL Siderite 40 40 

Mn 4 LIFL 
Bustamite 
Astimex 40 40 

Mg 5 TAP Dolomite 40 40 

Ca 2 PETJ Calcite 20 10 

Sr 3 PETH Strontianite 40 40 

Ba 3 PETH Barite 40 40 
 

Table 20: Standards, spectrometers and analytical crystals used, and counting times on 

peak and background on each side of peak for nepheline analyses. 

Element Spec Crystal Standard Peak (sec) Backgr. (sec) 

Si 1 TAP Plagioclase 40 20 

Ti 2 PETJ 
Hornblende 

Kakanui 40 40 

Al 1 TAP Anorthite 40 20 

Fe 3 LIFH Glass 401 40 40 

Mg 5 TAP 
Hornblende 

Kakanui 40 40 

Ca 2 PETJ Anorthite 40 20 

Na 5 TAP Anorthoclase 10 5 

K 4 PETL Microcline 40 20 

Sr 4 PETL Celestite 40 40 

Ba 4 PETL Glass C 40 40 
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Table 21: Standards, spectrometers and analytical crystals used, and counting times on 

peak and background on each side of peak for sodalite analyses. 

Element Spec Crystal Standard Peak (sec) Backgr. (sec) 

Si 1 TAP Plagioclase 40 20 

Al 1 TAP Anorthite 40 20 

Fe 4 LIFL Glass 401 40 40 

Mg 5 TAP 
Hornblende 

Kakanui 40 40 

Ca 2 PETJ Anorthite 40 40 

Na 5 TAP Anorthoclase 10 5 

K 2 PETJ Microcline 40 40 

S 3 PETH Pyrite Astimex 40 40 

Cl 3 PETH Scapolite 30 15 
 

 


