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Abstract 

We report on platinum group elements (PGE), Re, Ni, Cu, Ag and Cd concentrations of 53 

tholeiitic basalts and one picrite from the Reykjanes Ridge and its extension over Iceland. We 

emphasize that our interpretation of these data is based primarily on the along-ridge spatial 

variations, considering that the nature of the large-scale sampling and sampling-intervals 

involved preclude determining local consanguineous basaltic melt evolutions. The concentration 

of PGE, Cu and Ag show a strong progressive northward increase toward Iceland, which are 

uncorrelated with that of MgO, Ni and Cr. The latter show a minimum around 63.5°N, due to 

enhanced silicate fractional crystallization, mostly without significant sulfide removal.  At MgO 

contents of 7-9%, the Iceland basalts relative to the 50-54°N N-MORB unaffected by the Iceland 

mantle plume are systematically enriched by a factor ~10 and ~15 in Pd and Ir, respectively. 

Sulfur, Cu and Pd variations show that the 50-54°N N-MORB and T-MORB are sulfide 

saturated, whereas the Iceland basalts are sulfide-unsaturated, but sulfur-vapor/melt saturated. 

Other PGE show intermediate enrichments between Pd and Ir. Cu is enriched by a factor of 2. Re 

also increases northward up to 63.5°N until it drops drastically over Iceland due in part to 

volatile degassing and retention by residual garnet upon melting. The high-P garnet melting 

effect over Iceland is corroborated by the accompanying drop of SiO2 and Yb over Iceland, the 

HREE cross-over patterns, and Pd/Ir ratio variations along the profile. Cd shows a mixed 

behavior between Re and Cu. Cu and Ag latitudinal variations are very similar, resulting in an 

essentially constant Cu/Ag ratio of 3292 +/- 704 std. Two distinct models, not necessarily 

mutually exclusive were considered: 1) Two mantle sources distinct in Pd and Ir contents and 

their mixing along the ridge, as previously evident from Pb-Nd-Sr-He isotope and (La/Sm)n 

variations of the same samples. 2) Possibly, increasing partial melting towards Iceland of a 

uniform sulfide-bearing primary mantle source (PUM) with PGE content hosted entirely in the 

sulfide. We show that the extremely low PGE contents of the 50-54°N N-MORB, unaffected by 

the Iceland mantle plume, cannot be accounted for by such a melting model, even with using the 

higher Ksulfide melt/silicate melt of  1x105 and 1x106 for Pd and Ir recently reported by Mungall and 

Brenan (2014), compared to ~1-5 x104 previously considered (e.g. Peach et al., 1994; Rehkämper 

et al. 1999b; Bézos et al., 2005). The extent of the PGE, Cu, Ag, Re and Cd  depletion  in the 

Depleted MORB Mantle (DMM) relative to the Iceland mantle plume source remains  model 

dependent, and cannot be quantified at this point. We also show that fractional crystallization of 
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silicates involving PGE-rich immiscible sulfides has limited effects on the PGE, Cu, Ag, Re and 

Cd  large-scale gradients observed along the Reykjanes Ridge, with the exception of Ru that 

shows very large overall scatter. 

 

1. Introduction 

It is now well established that the PGE budget of fertile peridotites with essentially chondritic 

PGE relative abundances is dominated by intergranular sulfides (e.g. Jagoutz et al 1979, Mitchell 

and Keays 1981; Hart and Ravizza 1996; Guo et al.,1999; Lorand and Alard 2001; Pearson et al., 

2004). Upon partial melting of such rocks, the PGE contents and their relative abundances in 

generated silicate melts are also dominantly controlled by residual sulfides. Their very high 

Ksulfide melt /silicate melt partition coefficients, usually assumed of the order of 104-105, are likely to 

lead to extremely low PGE concentrations in basaltic melts, and their relative fractionation as a 

function of the degree of partial melting (e.g. Fryer and Greenough 1992; Keays 1995; 

Rehkåmper et al., 1997, Momme et al., 2003, and references there in). Moreover, Ksulfide melt /silicate 

melt the order of 105-106 have also recently been  reported by Mungall and Brenan (2014).   

 

The high and essentially chondritic PGE relative abundances of fertile peridotite xenoliths found 

by Jagoutz et al., (1979), Morgan (1981 and 1986), have led support to the heterogeneous 

accretion model for the Earth initially proposed by Turekian and Clarke (1969) and Chou et al. 

(1983). The model assumes first segregation of the iron core, followed by a small late veneer 

addition of chondritic material and re-homogenization of the mantle by convection.  

 

However, more recently, non-chondritic relative PGE abundances in abyssal peridotites 

(Rehkåmper et al., 1997, Luguet et al.2001, 2003) and orogenic peridotites (Pattou et al., 1996; 

Lorand et al., 1999) have revealed both small-scale and large-scale PGE mantle heterogeneities 

The cause of such fractionation is still being debated.  It has been suggested that the supra-

chondritic Pd/Ir ratio of oceanic peridotites may be due to addition of sulfides by percolating 

melts into the depleted residue of melting (Rehkåmper et al.,1997, Lorand et al. 2008, Luguet et 

al. 2001, 2003).  This has also been attributed to small inputs of differentiated outer-core bleb 

material into the lower mantle (Snow and Schmidt, 1998), and transported by mantle plumes 

derived from the core/mantle boundary (e.g. Fryer and Greenough, 1992; Brandon et al., 1998).  



	   4	  

PGE evidences from MORB and OIB, the complements of residual mantle peridotites, have 

 been lagging far behind because of their very low abundances, analytical  limitations in 

measurement and detection, until the advent of inductively coupled mass spectrometry ICP-MS, 

 and with isotopic dilution (ID-ICPMS). So far the few PGE data reported in basalts suggest that 

the mantle source from hotspots may be PGE richer than the source of normal mid-ocean ridge 

basalts (N-MORB). These include Reunion (Fryer and Greenough 1992), Hawaii (Tatsumi et al., 

1999, Bennett et al., 2000 and Crocket, 2000), Cook islands (Tatsumi et al., 2000), and the 

 Ontong Java Plateau (Ely and Neal 2003).  Could Iceland be another case? 

 

To further evaluate this question, we now report on PGE, Re, Ni, Cu, Ag and Cd, spatial 

variations in basalts along the Reykjanes Ridge and its extension over the Iceland SW Neo-

volcanic  Zone (SWNZ), from 50°N to 65°N (Fig. 1). Numerous Sr, Pb, Nd, Hf and He isotope 

ratio variations (e.g. Fig 2), trace element and petrologic studies of these very same basalts have 

shown that this region of the Mid-Atlantic Ridge is the locus of a dynamical mixing interaction 

and dilution of the Iceland mantle plume with DMM, also called the depleted upper mantle 

(DMU) (Blichert-Toft et al., 2005; Hart et al., 1973; Poreda et al., 1986; Schilling, 1973; 

Schilling et al., 1983; Sun et al., 1975)	  

 

Our interpretation will emphasize primarily the relative spatial variations observed. This is only 

permitted considering the nature of our overall large-scale sampling (~1665 km) and interval-

scale (~31 km on average). None of theses samples are likely to be consanguineous and adequate 

in revealing directly local effects, such as fractional crystallization.  However, the region should 

potentially help distinguishing between 1) two distinct mantle sources in PGE contents, and/or 2) 

PGE variations resulting simply from increasing degree of melting toward the Iceland hotspot, as 

considered in the thermal and dynamical plume models of (White et al., 1995; Ito et al., 1996 and 

1999). 

 

2. Sample Background  

The location along the ridge axis of the 54 basalts analyzed for PGE, Re, Ni, Cu, Ag and Cd are 

shown in Fig.1, and their dredging elevations in Fig. 2. Samples shown in red are light-REE 

enriched from the Iceland SWNZ with chondrite-normalized (La/Sm)n >1.  Those in blue are 
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light-REE depleted with (La/Sm)n < 0.5, which are referred as normal MORB (N-MORB) 

(Schilling et al. 1983). The green samples are intermediate and reflect the mixing zone initially 

discovered by Schilling (1973). They are referred as transitional MORB (T-MORB).  

The petrologic characteristics of these basalts have been studied in detail. They are all olivine to 

slightly quartz normative tholeiitic basalts, with the exception for one strongly light-rare earth 

(REE) depleted sub-glacial erupted glassy picrite (Ic117g). Whole-rock major, REE and other 

trace element contents, as well as phenocryst modal abundances, and their petrographic 

assemblages (including % vesicles), can be found in Schilling et al. (1983), and Moore and 

Schilling (1973). Major elements of the glass rims of these MORB and the sub-glacial Iceland 

basalts can be found in Sigurdsson (1981), and 40 trace elements from the Reykjanes Ridge 

basalt glasses in Kelley et al. (2013) . 

 Noteworthy for subsequent interpretation is the pronounced minimum in Mg-value (i.e., 

molar Mg/[Mg+Fe]; or MgO) and Ni content observed around 63.5°N (Fig. 3.1 and 3.3 ). This  

minimum also corresponds to a minimum in the temperature of crystallization of olivine micro-

phenocrysts present in these basalts (Hermes and Schilling, 1976; Schilling and Sigurdsson, 

1979), which has been confirmed by melting and re-crystallization experiments (Fisk, 1978; Fisk 

et al., 1980). The paragenetic sequence of crystallization of olivine, plagioclase and 

clinopyroxene observed in these melting experiments suggests crystallization within a pressure 

range of 0.2-0.62 GPa, with a minimum coinciding with the minimum-T and maximum extent of 

crystallization observed along the Reykjanes Ridge. The more extensive low-P crystallization in 

this region coincides with the thicker crust of the Iceland shelf margin and the small en-echelon 

shifts of the ridge axis as it approaches the leaky transform fault zone present over the Reykjanes 

Peninsula and eastward. 

 

 

 

3. Analytical Methods   

Ir, Ru, Pt, Pd, Ag, Cd and Re concentrations were obtained by isotopic dilution (ID) 

analyses with a high-resolution inductively coupled mass spectrometer (HR-ICP-MS, Finnigan 

ELEMENT). The method was adapted from that of Pearson and Woodland (2000) with attention 

to minimizing blank levels and interfering masses during ICPMS analyses. The schematic flow 
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chart of the method is shown in Appendix A, Fig. A1a. One to three grams of cleaned glass or 

interior rock chips were weighed into screw-top Teflon beakers (Savillex) and dissolved in 

hydrofluoric and nitric acid.  Prior to dissolution, the samples were spiked with a solution of Oak 

Ridge enriched isotopes.  These were 99Ru, 105Pd, 106Cd,
    109Ag, 185Re,  191Ir and  198Pt.  

The sample/spike mixture was dried, converted to chlorides and oxidized.  Separation of the 

PGE, Ag, and Cd from the rock matrix was performed using an anion exchange column (1x8, 

100-200 mesh, elution curve available on request).  The isotope ratios measured in the HR-

ICP/MS analytical step were 99Ru/101Ru, 105Pd/108Pd, 185Re/187Re,
 191Ir/193Ir, 

198Pt/195Pt, 109Ag/107Ag and 106Cd/111Cd.  Analytical precision was determined from our 

in-house mid-ocean ridge basalt standard (EN026 10D-3). Table A1 in Appendix A reports these 

results, with precision, and blank levels for 1-3g replicate samples. Unfortunately, no “certified” 

PGE sub-nanogram/g level basalt standards were available for testing the accuracy of our 

laboratory ID-HR-ICPMS method for MORB glasses. To overcome this limitation we initiated 

an inter-laboratory comparison of our in-house basalt standard EN026 10D-3 with other 

laboratories (Kingsley et al., 2004).  Results of this exchange are displayed in Appendix A, Fig. 

A2, and Table A2. Appendix A, Table A3 also compares our results for standards BIR-1 picrite 

and BHVO-1 basalt with values reported by Govindaraju (1994), all of which are characterized 

as “informational values” due to the difficulty of measuring low levels of the PGE in these basalt 

standards. The comparisons are satisfactory considering the very low-level of PGE in MORB 

and the possible PGE sample heterogeneities in prepared rock standards caused by the so-called 

“micro-nugget effect”, referring to highly dispersed micro PGE -metal alloys (PGM) possibly 

present, but undetectable.  

Os concentrations were determined independently from the other PGE, using about 2 gm 

of basalt.  It was analyzed by ID-HR-ICP-MS, following a procedure modified from Hassler et 

al., (2000), but using a high temperature and pressure microwave Hydrofluoric and Nitric Acid 

dissolution, which avoids the relatively high blank problems with fusion, Parr bomb, and NiS 

assay methods usually used by other laboratories. The microwaved solutions were then sparged 

(argon gas carries OsO4) into the URI high resolution and sensitivity magnetic sector ICP-MS 

(Thermo-Finnigan ELEMENT) to measure the 190Os/192Os ratio, with 190Os being the 

enriched spike. The schematic flow chart of the method is shown in Appendix FigA1b.   
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The procedure blank for Os was determined by treating pure silica powder as a sample.  This 

provided a procedure blank value of 69 ± 20 picograms of Os per analysis, which was subtracted 

from all the MORB analyses.  This was generally less than 3% of the measured Os, but in some 

very low-level samples, the correction was significant (up to 13%). 

The precision of the Os method was determined by analyzing both the glass portion and the 

interior crystalline portion of our in-house MORB standard EN026 10D-3 (Mohns Ridge 

MORB).  The result of 19 analyses was 0.014 ± 0.002 (1s) ng/g.  The accuracy is estimated by 

comparing this value to those obtained by other PGE analytical laboratories where this standard 

was also analyzed by various methods.  The comparison with our method is excellent (Appendix 

Table A2). 

Ni and Cu concentrations were obtained by a routine external and internal standardization 

HR-ICP-MS method at URI (Schilling et al. 1999). Precision and accuracy of these 2 elements 

based on our in-house MORB standard EN026 10D-3 (n=42) was 3.4% for Ni and 4.0% for Cu. 

The accuracy for the analyses of these two elements was good and is established by comparison 

with certified USGS standards BHVO-1 and BCR-1 in Appendix A, Table 4.  

 

4. Results. 

Table 1 lists the PGE, Re, Ag and Cd concentrations in ppb, and the Ni and Cu concentrations in 

ppm, for the 54 basalts analyzed in this study. Included for reference are the MgO concentrations 

and the chondrite-normalized (La/Sm)n ratios of these basalts.  

 

 5. Latitudinal Variations 

5.1 PGE. 

The along-ridge PGE basalt spatial variations from 50°N to 65°N are shown in Fig. 3.1 and 3.2. 

The PGE show on a logarithmic scale a progressive increase from the Gibbs fracture zone, where 

light-REE depleted N-MORB are present, toward and over the Iceland Southwest Neovolcanic 

Zone (SWNZ) characterized by light-REE enriched patterns (Schilling, 1973). The trends are 

similar to that of Sr, Pb, Nd, Hf and He isotope ratios, suggesting the possibility of two mantle 

sources with distinct PGE content and their mixing along the ridge (e.g. Fig. 2) . The PGE 

gradients are most pronounced for Pd, Ir while Pt. Os and Ru are more subdued and show larger 

local scatter. The high PGE values are found over Iceland SWNZ, particularly for Pd and Ir. 
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They are comparable in range with other Iceland tholeiitic basalts reported by Momme  et al. 

(2003) and Rehkåmper et al. (1999b) over the same 6-11 % MgO range of our samples. They are 

also comparable to tholeiites from the Reunion hotspot (Fryer and Greenough, 1992] and Hawaii 

hotspot (Tatsumi et al., 1999: Bennett et al. 2000 ; Crocket, 2000). 

The lowest PGE contents are found on the Reykjanes Ridge south of 60°N, along the so-called 

N-MORB segment with (La/Sm)n < 0.5 (Schilling et al., 1983). These basalts are comparable 

and even lower in PGE content than other MORB so far reported from the Atlantic and Indian 

Oceans (Hertogen et al., 1980; Fryer and Greenough, 1992; Rehkåmper et al., 1999; Tatsumi et 

al., 1999, Bézos et al., 2005), with the exception of the very low PGE MORB content from the ~ 

15°S East Pacific Rise reported by Rehkåmper et al. [1999b].  

 Basalt averages from the Iceland SWNZ relative to that of the 50-54°N N-MORB group indicate 

enrichment factors (EF) of 76, 40 and 11, for Pd, Ir and Pt, respectively; and only about 9 for Ru 

and Os.  

 

5.2. Cu and Ag. 

Cu shows also a progressive increase from 50°N toward and over the Iceland SWNZ, on a linear 

scale, which is uncorrelated with that of Ni (Fig 3.3). Ag latitudinal variation is very similar to 

that of Cu resulting in an essentially constant Cu/Ag ratio of 3292 +/- 704 sd.   

 

5.3. Ni, Cr and MgO. 

 In contrast, as indicated earlier, MgO as well as Ni and Cr show a pronounced minimum around 

63°N (Figs. 3.1 and 3.3) The along-ridge minimum corresponds to a maximum of some 50-60% 

crystallization and removal of a mixture of olivine-plagioclase-pyroxene in proportions of about 

1:3:2 prior to eruption (Hermes and Schilling, 1976). Any fractionation involving sulfides would 

be readily noticeable  considering that the PGE partition coefficients, Ksulfide /silicate melt  are of the 

order of 104-106, whereas Ksilicate crysral /silicate melt are close to zero (e.g Peach et al. 1990 and 1994, 

Bézos et al. 2005, Mungall and Brenan 2014).   

The minimum in Mg-value, Ni (and Cr not shown) does not appear to have any significant effect 

on that of the PGE spatial trend observed (compare Fig 3.1, 3.2 and 3.3), indicating that late 

stage-silicate fractional crystallization is not a major factor in controlling the large scale PGE 
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variations along the ridge, nor does it involve any significant PGE-rich sulfide and/or PGE alloys 

removal.  

Overall, the maximum 50-60% low-P, late-stage silicate fractional crystallization effect around 

63.5°N is mostly limited in PGE removal. The above observations suggest the Iceland mantle 

plume is enriched in PGE and Cu relative to the surrounding DMM, as also suggested for other 

hotspots, such as the Reunion hotspot (Fryer and Greenough, 1992), Hawaii (Tatsumi et al., 

1999; Bennett et al., 2000; Crocket, 2000) and the Cook islands (Tatsumi et al., 2000). This 

conclusion is further supported in Section 7. 

 

5.4. Re and Cd 

Re concentration also increases by a factor of ~ 2 northward up to 63.5°N, until it drops 

drastically over Iceland, as does SiO2, Yb, and Cd (Fig. 4). The drop in Re is apparently related 

in part to volatile degassing  and/or retention by residual garnet upon melting (Lassiter, 2003, 

Bennett et al., 2000, Hauri and Hart, 1997). Cd shows a mixed behavior between Re and Cu. Re 

contents lower than MORB have also been observed in alkali ocean island basalts, which may be 

related to the compatibility of Re in garnet and/or sulfides (Hauri and Hart, 1997).   

1) On one hand, in the absence of residual sulfides during melting, this drop over Icelend may be 

attributed to the compatibility of Re in garnet (Kgarnet/melt ~ 2.7) and its retention in garnet-

bearing mantle residue during high pressure partial melting, as for the heavy RE such as Yb 

(Kgarnet/melt 2-8.7) (Righter and Hauri, 1998). The lower SiO2 and Yb over the Iceland SWNV 

zone, and HREE cross-over patterns for basalts from of Iceland relative to Reykjanes Ridge N-

MORB would appear consistent with this idea (Schilling et al., 1983). The question can be 

further evaluated by examining the spatial variation of Re/Yb along the MAR, which is 

dominated by the Re variation (Fig.5a). Lower Re and Re/Yb over Iceland might be explained if 

more residual sulfide phases were present during partial melting of the Iceland plume relative to 

the N-MORB source because of the relatively high Ksulfide/silicate melt partition coefficients 

for Re (~43 (Roy-Barman et al., 1998) to 1200 (Jones and Drake, 1986).  

However, the PGE variation is much more sensitive to sulfide/silicate fractionation effects 

because of their much higher Ksulfide /silicate melt than Re which suggests the converse!  In 

fact, Re/PGE ratios stay fairly constant along the Reykjanes Ridge as both PGE and Re increase, 

but then the ratio drops over Iceland due to the lowering of the Re content while the PGE keep 
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increasing , such as Re/Ir shown in  Fig 5b). A key question to be resolved is why Re over 

Iceland is depleted yet the PGE are enriched (compare Figs. 3 and 4)  

2) An alternate hypothesis is that the low Re over Iceland may be due to some Re loss upon 

subaerial eruption and degassing due to its volatility. This is supported by the low Re abundances 

in subaerial versus submarine basalts erupted in the HSDP-2 Mauna Kea Drillcore in Hawaii 

(Lassiter 2003), as well as the high Cu/Re ratios of some basalts from Hawaii (Bennett et al., 

2000). Cl and Cu/Re variations along the Iceland-Reykjanes Ridge profile from the same basalts 

corroborate these two models (Fig.5c and 5d).  On one hand, low pressure (<500m water depth) 

T-MORB erupting on the northern part of the Reykjanes Ridge over the insular Iceland platform, 

which on the basis of Cl , water and S are partly degassed Fig.2 and 5c), have similar Cu/Re 

ratios to non-degassed N-MORB located further south, whereas basalts over Iceland have clearly 

high Cu/Re ratios (Fig5c), due to the high Cu and low Re contents (Fig.3.3 and 4, respectively).  

Furthermore, at shallower than 500 m water depth of eruption, T-MORB and the Iceland 

subaerial-erupted basalt population shows a good positive correlation between Re and melt-

retained Cl, (Fig 6a&b), as well as an inverse correlation of Cu/Re with melt-retained Cl 

(Fig.6c), thus supporting Re outgassing!  

Quantitative evaluation of the relative extent of the garnet and degassing effects on Re variation 

is beyond the scope of this paper. 

	  
 

6. PGE Fractionation Patterns 

The primitive-mantle-normalized PGE fractionation patterns are shown in Fig. 7. The patterns of 

the SWNZ Iceland basalts (with (La/Sm)n>1) are mostly higher than the N-MORB (i.e. 

0.22<(La/Sm)n<0.66). Yet, the two groups have a similar degree of PGE fractionation, with 

overlapping primitive mantle normalized (Pd/Ir)n ratios in the range of 29-119 for Iceland 

basalts and 14-187 for N-MORB. T-MORB from the mixing zone (with 0.17<(La/Sm)n<1.27) 

have intermediate PGE enrichment patterns but more fractionated  and variable with (Pd/Ir)n in 

the range of 25-278 around 63.5°N, where the MgO, Ni and  olivine crystallization T- minimum 

occurs. Again as anticipated, these observations suggest that the PGE pattern variations are not 

merely the result of a two-mantle source mixing. In quantitative term, the patterns neither readily 

resolve the extent by which the observed PGE variations along the ridge have been affected by 
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fractional crystallization, partial melting or distinct mantle source heterogeneities. Their detailed 

internal PGE fractionation is not discussed in this paper. 

 

7. Fractional crystallization at the 63.5°N Mg-value minimum. 

This minimum in magma temperatures and maximum extent of low-P crystallization is 

dominated by removal of a mixture of olivine-plagioclase-pyroxene in proportions of about 1:3:2 

(Hermes and Schilling, 1976). Relative to the large-scale PGE spatial trend, somewhat lower 

PGE values are noticeable over this region, which are most pronounced for Ir and Ru (Fig. 3.2). 

In contrast, Cu is slightly enhanced in this region (Fig. 3.3), resulting in a well-defined dip in the 

Ni/Cu ratio in the 63.5°N region (not shown). This minimum suggests a combined silicate 

fractional crystallization effect, accompanied by some minor sulfide and/or PGE-alloy removal. 

It is also supported from the observation that most PGE (as well as Cu) are essentially 

incompatible in silicates minerals (i.e. silicate crystal/melt partition coefficients < 1), with the 

possible exception of olivine and spinel, but which also may trap micron-size IPGE (Os, Ir, Ru, 

Rh) alloys (e.g. Puchtel and Humayun, 2001; Righter et al., 2004; Brenan et al., 2003, 2005). In 

contrast, PGE   Ksulfide melt /silicate melt of the order of 1x104-106 indicate that PGE variations could 

easily be dominated by the presence of very small amounts of sulfides during differentiations 

(e.g. Peach et al., 1990, 1994; Bezman et al., 1994; Mungall and Brenan 2014). Overall, it 

appears that the silicate crystallization maximum at 63.5°N is not significantly affected by 

sulfides and PGE-alloys removal. 

 

8. Sulfide removal effect.   

Attempts to estimate the PGE enrichment of the Iceland mantle plume relative to the DMM 

source based on along-ridge basalt variation requires considering first the sulfide removal effect.  

The first question is whether these basalts are sulfide saturated or not. Sulfur variation along the 

ridge stays fairly constant (1000-1500 ppm range), until it drops drastically around 63°N (Fig 2, 

Forrest et al. 2017). The S-drop coincides with the onset of degassing of water, Cl (Fig 5d) and 

Br, as well as Se and Te, taking place at shallow water depths of eruption of 250-500 m (Unni 

and Schilling, 1978; Nichols et al., 2002; Forrest, 2005 and Forrest et al 2017). From 50°N to 

63°N the S variation is clearly controlled by its solubility as sulfide-saturation, as also observed 

from other N-MORB (e.g. Mathez, 1976; Czamanske and Moore, 1977), and as vapor/melt 
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solubility further north and on Iceland. We now consider these two distinct end-member mixing 

regions separately. 

 

8.1. Iceland.  

Because of the degassing effect of S over and near Iceland, it is not possible to determine directly 

if the PGE Iceland basalts were sulfide-saturated at the time of eruption and need correction or 

not.  Several workers have used Pd vs Cu diagrams to discriminate empirically between Sulfide-

saturation from Sulfide-under-saturation, for subaerial S-outgassed basalts, by assuming that Cu 

is a non-volatile proxy for S (Fig.8) (Barnes, 1993; Vogel and Keays, 1997; Brooks et al., 1999; 

Woodland et al., 2002; Keays and Lightfoot, 2006). On this basis alone, as expected, it appears 

that the N- and T-MORB are all sulfide-saturated, whereas the Iceland basalts would be sulfide-

unsaturated, with the exception of 2 or 3 more differentiated ones with lower than 7% MgO (Fig. 

9).  No sulfide-related PGE correction is considered necessary for our Iceland basalts, which stay 

essentially constant over the range of 7-10 % MgO (Fig. 9 a and b). This is fully consistent with 

Momme et al., (2003), who report Pd and Ir Iceland basalt variations staying essentially constant 

over a broader range of  7 -21 MgO % . A positive correlation of PGE with MgO would be 

expected if this were the case. 

 

8.2. N-MORB from 50-54°N. 

The extent of sulfide removal for this N-MORB population unaffected  by the Iceland mantle 

plume is now considered.  Fig 9 a and b shows that Ir and Pd of the Iceland group stay 

essentially constant with MgO, as expected for S-unsaturated basalts cooling and with silicate 

crystallization. Whereas in contrast within the N-MORB group, Ir and Pd in particular decrease 

with decreasing MgO, suggesting some sulfide removal as well. This is based on the fact that 

PGE partitions coefficients, Ksulfide /silicate melt  are so much  greater than  Ksilicate crysral /silicate melt , as 

indicated earlier in section 5.3. This is further corroborated by the Cu vs MgO variation shown in 

Fig.8 c. As for Ir and Pd, Cu positively correlate with MgO for the S saturated N-MORB group, 

indicating some sulfide removal, since known sulfide liquid/silicate melt partition coefficients 

for Cu range from 827-1660 for basaltic melts with 9-12 FeO wt% (Mungall and Brenan 2014; 

Brenan 2015). In contrast, Cu in the S-unsaturated Iceland basalts negatively correlate with 

MgO, which is consistent with silicate fractionation without sulfide involvement. 
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Cu silicate crystal/ basaltic melt partition coefficient are all < 0.2, including spinel (e.g. Liu et al. 

2014 and Bougault and Hekinian, 1974). Finally, uranium, which is a highly incompatible in 

silicate and sulfide fractionations, negatively correlates with  MgO in both the sulfide- 

unsaturated Iceland basalts and the sulfide-saturated N-MORB group, thus in full support of the 

above interpretation. 

Bézos et al.(2005] estimated an immiscible sulfide melt segregation fraction, Xsulfide , of 

120 ppm from the Pd content of a pair of N-MORB from the Kolbeinsey Ridge north of Iceland, 

ranging from 10 to 7 wt% MgO, and corresponding to a 54% crystallization of oliv-plag-cpx; 

resulting in a sulfide segregation rate of 2ppm/%FC (i.e. fractional crystallization). Their model 

assumed that: 1) no PGE partitioned into the silicate assemblage (i.e any silicate or oxide 

crystal/melt PGE partition coefficients are all zero; 2) a K sulfide/silicate melt of 35,000 for Pd.  

For comparison using the same model, it can be shown that bracketing the positive PGE vs MgO 

trends shown in Fig.(8 a and b) for the N-MORB from 50-54°N would require a maximum 

sulfide melt segregation fraction of only 5-9 ppm and 17-36 ppm, based on their Ir and Pd 

contents, respectively (Table 1). These would correspond to a sulfide segregation of 0.1-0.3 

ppm/%FC and 0.3-1.2ppm/%FC using Ir and Pd, respectively.  

The two basalt pairs are: 1) the “initial” melt, TR 100 23D-10g, reached by ~37% oliv.-plag.-cpx 

crystallization, with the closely located “residual” basalt melt as EN025 1D-1g. 2) The initial 

melt TR138 7D-1Ag, located south of the Gibbs FZ, reached by ~53% silicate crystallization 

with the same residual melt as EN025 1D-1g (see Table 1 for PGE and MgO concentrations used 

in these calculations). The significant  discrepancy from the sulfide removal rate estimate of 

Bézos et al., (2005) and ours is due to the fact that we used the PGE partition coefficients, Ksulf. 

liq./sil.melt, most recently reported by Mungall and Brenan (2014) which  are 1-2 order of 

magnitude higher; namely averages of 4.58x105 and 1.89x105 for Ir and Pd for FeO in the range 

of 9-11 wt%.  

In the remaining discussion, we will assume that only the local scatter about the large-scale 

along-ridge PGE and Cu trends observed (Figure 3) may be caused by fractional crystallization 

effects, sulfide-bearing or not, and that the large-scale trend is not predominantly driven by such 

effects. 

 

9. Partial Melting 
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In order to account for the PGE gradients observed (Fig. 3a and b), we now consider “congruent” 

and “incongruent” melting models of a single “sulfide bearing” mantle source of Primordial 

Upper Mantle (PUM) composition with bulk silicate earth (BSE) PGE contents (i.e. BSE 

contains 250 ppm sulfur, or 714 ppm Fe- sulfide, McDonough and Sun, 1995), The models 

consider that the PGE are uniquely hosted in sulfides, and all silicates or oxides crystal/melt 

partition coefficients are zero, as has been previously assumed (e.g. Rehkämper et al., 1999; 

Bézos et al., 2005; Bockrath et al., 2004). 

Increasing melting toward Iceland is evident from increasing crustal thickness, ridge elevation 

and related geophysical modeling (Vogt, 1971; Schilling, 1973; White et al. 1995, 1996; Ito et 

al., 1996, 1999; Smallwood et al., 1999; Searle et al., 1998). White et al., (1995) assumed a 

200°C excess temperature for the Iceland plume and a melt thickness (basaltic crust) increasing 

from ~7km for normal oceanic crust thermally unaffected by the mantle plume to ~21km over 

the center of Iceland (see their Fig. 4). Empirically, we have scaled this crustal variation to a 

linear increase in the degree of melting F with latitude (°N), namely F = 0.066 + 0.00827(Lat.°N-

50). For example, normal crust at 50°N is produced by a mean F of 6.6%, and over Iceland by 

19%. 

 

9.1. Congruent PGE sulfide liquid/silicate melt partitioning melting model. 

 

This type of model has previously been discussed by Barnes et al., (1985); Mitchell and Keays, 

(1981); Fryer and Greenough, (1992]; Greenough and Owen (1992); Rehkåmper et al., 1999b].  

 

9.1.1. Pd and Ir variations 

Figures 10a & b show the variations of BSE-normalized (Pd)n and (Ir)n observed in basalts from 

the Iceland SWNZ and the Reykjanes Ridge, as a function of the degree of melting F estimated 

from the thermal melting model of White et al., (1995). Superimposed on Figs. 10a & b are 

incremental sulfide-bearing partial melting models of the previously described PUM. Both a 

columnar and a pooled triangular decompression flow melting models are shown with distinct 

Ksulfide liquid/silicate melt partition coefficients. A combination of the two dynamic flow models could 

satisfactorily bracket the range of PGE basalt variations observed and their inferred degrees of 

melting, providing the Ksulfide liquid/silicate melt partition coefficients fall broadly in the range of 106-
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107 for Ir and 5x104-5x105 for Pd. The required Ksulfide liquid/silicate melt partition coefficients are 

close to those recently reported by Mungall and Brenan (2014), which range from 6.7x104-

5.4x105 (avg. 1.89x105) for Pd, and 4.8x104-1.9x106 (avg 4.58x105) for Ir. These are clearly 

more in line than those previously used in earlier melting models, such as 1x104 and 3.5x104 

(e.g. Rehkämper et al. 1999b, Bézos et al 2005, Yang et al. 2014). However, in our model, the 

most depleted N-MORB from 50-54°N, unaffected by the Iceland mantle plume, would still 

require Ksulfide liquid/silicate melt up to nearly a factor 10 higher for Ir and somewhat  < 10 for Pd. This 

suggests that the DMM is depleted in PGE relative to the BSE values used for the PUM in this 

melting model. 

9.1.2. Pd / Ir ratio variation for T-MORB and N-MORB 

A similar problem is encountered when modeling the corresponding 10 to 300 (Pd/Ir)n large 

range of variations observed in Fig. 10c for N-MORB and T-MORB. For comparison, 

Rehkåmper et al., (1999) faced the same problem in modeling the smaller 23 to 62 (Pd/Ir)n range 

they observed in basalts from Iceland and the Kolbeinsey Ridge, using Ksulfide melt/silicate melt  

partitioning  in the range of 104 to 105. To alleviate the problem, they assumed that during partial 

melting Ir is also compatible in some non-sulfide mantle phases, namely olivine and spinel, 

while the bulk silicate crystal/melt D for Pd still remains equal to zero. A bulk silicate/melt 

partition coefficient D of 10, with a Ksulfide melt/silicate melt of 1x 104 for both Ir and Pd was required 

to reach the 23 to 62 (Pd/Ir)n range they observed.. Along the same vein, Fig. 10c shows that our 

larger 10-300 (Pd/Ir)n range observed for N-MORB and T-MORB can be modeled by fractional 

melting of a spinel lherzolite with PGE of BSE composition, within the range of the two 

columnar and triangular decompression flow melting regimes. It would require a bulk silicate 

crystal/melt D for Ir of 50, and Ksulfide melt/silicate melt of 1x105 and 1x106 for Pd and Ir respectively. 

These Ksulfide melt/silicate melt are again in more reasonable line with those of Mungall and Brenan 

(2104). If we consider Ir to be compatible in olivine only, as usually believed possible, an Ir bulk 

crystal/melt D of 94 would be required assuming a primitive spinel lherzolite mantle mineralogy 

and proportions similar to that used by Rehkåmper et al. [1999b]). A Kolivine/melt of 94 for Ir 

would be ~ 10 times higher than any reported and measured values (e.g. Naldrett and Barnes, 

1986; Brenan et al., 2003, 2005), thus not likely. On the other hand, if Ir is compatible in spinel 

only, a Kspinel/melt of 1667 would be required, which is within the range of measured and 

empirically modeled values by Righter et al., (2004), thus more likely.  
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Finally, we note that the N-MORB from 50-54°N in the range of 7-10% melting lie outside of 

the model’s bounds and unexplained. Two solutions are in hand:  

1) The simplest would be in the model parameters used. That is to compress the degree of 

melting range from 50-65°N to 10-19 % instead of the 6.6-19% based on White et al., (1995), 

which is acceptable considering the uncertainties involved.  

2) Another possibility, unlikely and rejected, would be to consider a lower content for the PUM 

from 250 ppm used to 211 ppm recently suggested by Wang and Becker (2013). It would require 

that sulfide be exhausted at F= 17% at 62.6°N and F=8.5% at only 52.3°N for the columnar and 

triangular mantle flow types, respectively. Beyond such sulfide exhaustions, the sulfur content 

would have to decrease in both cases, with increasing melting toward Iceland. This is clearly not 

the case as shown in Fig.2. North of 52.3°N S stays essentially constant. North of 62.6°N, S 

actually shows a slight increase up to the 63.5°N MgO minimum, and maximum extent of 

crystallization noted. (corresponding also to an FeO maximum, consistent with enhancing S-

solubility (e.g. Haughton et al. 1974, Mathez, 1976). Northward of this critical region, as 

indicated early, S content drastically drops due to S degassing (i.e. vapor saturation).  

 

9.1.3. Pd/ Ir ratio over Iceland. 

The noticeable and unexpected low (Pd/Ir)n of Iceland basalts relative to the T-MORB and even 

N-MORB shown in Fig. 10c needs consideration. It ranges between 30 to 120 for the Iceland 

SWNRZ, and about 10 -115 for overall Iceland tholeiitic basalts (Momme et al., 2003).   The 

drop of  (Pd/Ir)n ratio over the Iceland SWRZ, results from the high spike of Ir relative to Pd, 

though both are enriched relative to N-MORB (Fig 3). 

It is generally believed that the PGE fractionation patterns measured by the (Pd/Ir)n is a function 

of the extent of melting F (e.g. Fryer and Greenough,1992; Greenough and Owen, 1992; 

Rehkåmper et al., 1999b, Ely and Neal, 2003). Namely, the (PD/Ir)n ratio is low in low-F alkali 

basalts, high in intermediate-F tholeiitic basalts, and upon sulfide exhaustion at F > 25%, is 

again lower in komatiites. 

We suggest that the drop in (Pd/Ir)n over Iceland is a partial melting effect due to higher mean 

extent and pressure of melting over the rising mantle plume, dominated by the high-T-P melting 

within field of garnet stability, rather than the lower T-P melting spinel field along the Reykjanes 

Ridge. This is supported by: 1) The higher temperature and water content of the Iceland mantle 
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plume	  (Schilling	  et	  al.	  1983;	  Poreda	  et	  al	  1986;	  Schilling,	  1991;	  Nichols	  et	  al.	  2002).	  2)	  The	  

lower SiO2  and Yb contents over Iceland, including the HREE cross-over patterns for basalts of 

the Iceland SWRZ relative to the Reykjanes Ridge N-MORB (Schilling et al., 1983). 3) Ir is 

compatible in spinel and to some extend retained in the mantle residue at lower degrees of 

melting (Righter et al., 2004), whereas to our knowledge there is no evidence that Ir and Pd is in 

garnet.	  

 

9.2.1. Incongruent melting of sulfide involving a residual Mss and sulfide melt. 

PGE-constrained models of basalt generation by incongruent melting of a sulfide-bearing PUM, 

involving a monosulfide solid solution (Mss) coexisting with an immiscible sulfide melt, have 

been considered in broad terms by Mitchell and Keays (1981), Fryer and Greenough (1992), 

Greenough and Owen (1992), Ballhaus (1995), and Alard et al. (2000). We now consider the 

quantitative incongruent sulfide-bearing PUM melting model of Bockrath et al. (2004) and 

Ballhaus et al. (2006) for the case of Ir and Pd. Their model involves formation of a residual Mss 

phase coexisting with an immiscible sulfide melt, which is physically entrained and diluted with 

increasing degree of silicate melting. According to this physical, non-equilibrium model, they 

point out that PGE would decrease and behave as incompatible elements with increasing silicate 

melting. Testing of this model requires knowing KMss/sulfide melt for Ir and Pd. Barnes and Maier, 

(2000) and Ballhaus, (2006) report a range of measured KMss/sulfide melt of 0.9-10 for Ir and 0.03-

0.2 for Pd, for S-saturated runs. 

Using the  KMss/sulfide melt for Ir and Pd of 10 and 0.14, respectively, and a sulfide melt fraction 

Fsul varying from 0.01 to 1 (Bockrath et al. (2004, used 0.5))  show parallel trends opposite or 

orthogonal to that of the Pd and Ir basalt data from the Reykjanes Ridge and the Iceland SWNZ, 

respectively (Fig 11). Their model must be rejected for the Iceland-Reykjanes Ridge, as also 

evident from the highly incompatible elements increasing toward Iceland observed on the same 

samples, such as Th, U, Nd, etc. (Kelley et al. 2013)  

9.2.2. Incongruent melting of sulfide involving a residual alloy and sulfide melt. 

We have also tested the Balhaus, [1995] model of incongruent melting of sulfide into an 

alloy and a coexisting sulfide melt for Reykjanes Ridge N-MORB. We assumed Barnes and 

Maier (2000) reported partition coefficient K alloy/sulfide melt in the range of: 1) 50-324 for Ir, and 2) 
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0.04-2.6 for Pd. Under these conditions we obtain too high values in the silicate melt for the 

Reykjanes Ridge N-MORB, namely: 1) (Pd)n values of 4.81-1.39, compared to the observed 

range of 7.7x10-3 to 4.6x10-1 ;  2) (Ir)n values of 0.975-1x10-2, compared to the observed range 

of 3x10-4 to 4x10-3. 

Clearly, in either case the model could not generate the very low (Ir)n and (Pd)n values observed 

in the Reykjanes Ridge N-MORB.  

Based on the above modeling, the model of incongruent melting of sulfide involving a residual 

alloy and sulfide melt is also found inadequate in accounting for the very low PGE contents of 

the Reykjanes Ridge N-MORB. 

Finally, we found that the incongruent sulfide melting model of Rehkåmper et al, (1999), 

involving PGE alloys as the residual phase, would produce PGE concentrations two orders of 

magnitude higher than observed for the Reykjanes Ridge N-MORB. 

 

We conclude that the three types of partial melting models considered in this section, namely 

increasing degree of partial melting toward the Iceland hotspot of a single sulfide-bearing mantle 

source of PUM composition cannot reasonably account for the PGE gradient observed toward 

Iceland. Clearly, a DMM mantle source with lower PGE content is required to account for the 

very low PGE content of the 50-54°N Reykjanes Ridge N-MORB unaffected by the Iceland 

mantle plume. 

 

10. PGE Two-source Mixing Model Evaluation. 

The chemical and isotopic make up of the Iceland mantle plume is complex and 

controversial. From a Pb isotope perspective basalts on Iceland from tertiary to present suggest at 

least three distinct end-member components (Hanan and Schilling, 1997).  More components 

have been proposed which would reflect the chemical and isotopic complexity of old recycled 

oceanic lithosphere, and mantle entrainment into the plume as it rises from the core/mantle 

boundary (CMB) (e.g. Hoffmann and White, 1982; Chauvel and Hémond, 1999; Skovgaard et 

al., 2001). It may also involve mixing with a sub-continental component embedded in the DMM 

lithosphere due to the proximity to and young age of opening of the Atlantic in the region 

(Schilling et al., 1999; Hanan et al., 2000; Debaille et al., 2009). Yet, mixing along the 

Reykjanes Ridge southward appear essentially and dominantly binary on the basis of long-wave-
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length isotopic variations  (Hart et al., 1973; Sun et al., 1975; Poreda et al., 1986; Hilton et al., 

2000; Blichert-Toft et al., 2005), except occasionally locally (Murton et al., 2002; Thirlwall et 

al., 2004).  

Geochemical tests of binary mixing in scatter diagrams of elements A/B versus 1/B and A/B 

versus C/B variations must be linear (Langmuir et al., 1978), providing that mixing is the last 

magmatic operative process. This can hardly be the case along the 1900 km length-scale 

considered here, as evident for example by the local and pronounced late-stage, low pressure 

magma crystallization evolution observed on either side of 63.5°N (Figs. 3 a & b), and of course 

varying partial melting.  This is evident by the lack of co-variation in A/B versus 1/B diagram 

involving PGE, Ni and Cu, which revealed r2 linear correlation coefficient all less than 0.079. 

The exceptions are: 1) Cu/Pd versus 1/Pd, with an r2 of 0.93 for two elements which are both 

similarly incompatible in silicate relative to sulfides, and 2) Ni/Ir versus 1/ Ir, with a r2 of 0.92, 

for two elements which are relatively mildly compatible in silicates relative to sulfides. 

Linear A/B versus C/B co-variations among inter PGE’s ratios are more acceptable.  They 

linearly co-vary with r2 in the range of 0.31 to 0.78, apparently because of their similar behavior 

in systems controlled by sulfide/melt partitioning. The great sensitivity of PGE-bearing sulfide 

and PGE-alloys fractionation during partial melting and crystallization clearly prevent conclusive 

tests for binary mixing, but does not rule out mixing in the mantle at some stage.  

In fact, the Ir, Pd, Cu and U variations with MgO shown in Fig 9, clearly indicate that 

independently of MgO variation, the Iceland basalts are systematically richer than the 50-64°N 

N-MORB group unaffected by the Iceland mantle plume. This clearly suggests that these 

elements are derived from two distinct mantle sources, namely, the Iceland mantle plume and the 

DMM source, whether compatible or incompatible elements are considered.  

 

11. Discussion and conclusions. 

As indicated earlier, our interpretation of the data reported emphasizes primarily the relative 

PGE, Re, Cu, Ag and Cd spatial variations observed. This is only possible, considering the 

nature of our overall sampling-scale (~1665 km long) and interval sampling-scale (~31 km on 

average). None of the samples considered are likely to be consanguineous and adequate for 

evaluating directly, or correcting for, local effects, such as fractional crystallization and sulfide 

melt removal. 
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Two distinct models, not necessarily mutually exclusive were considered:  

1) Two distinct Pd and Ir mantle sources and their mixing along the ridge, as previously 

evident from Pb-Nd-Sr-He isotope and (La/Sm)n variations of the same samples.  In brief, this is 

supported by the systematic Ir and Pd variations with MgO (Fig 8). The PGE in the Iceland 

basalts stay essentially constant with MgO, as expected for S-unsaturated basalts. Whereas in 

contrast the 50-54°N N-MORB group unaffected by the Iceland mantle plume are systematically 

lower by a factor of ~10-15 in Pd and Ir, and decrease with decreasing MgO, suggesting sulfide 

saturation and removal. T-MORB lie broadly in between the Iceland and the 50-54°N N-MORB 

groups, as expected for binary mixing.  

2) Possibly, increasing partial melting towards Iceland of a uniform sulfide-bearing 

primary mantle source (PUM) with PGE content hosted entirely in the sulfide. We show that the 

extremely low PGE contents of the 50-54°N N-MORB, unaffected by the Iceland mantle plume, 

cannot be accounted for by such partial melting model, even with the highest Ksulfide melt/silicate melt 

of  1x105 and 1x106 for Pd and Ir recently reported by Mungall and Brenan, (2014), compared to 

~1-5 x104 previously considered (e.g. Peach et al., 1994; Rehkämper et al., 1999; Bézos et al., 

2005). This is not to suggest that increasing melting toward Iceland is not a factor as well. It 

most likely is. 

Finally, we note that the extent of the PGE, Cu, Ag, Re and Cd depletions  in the DMM 

relative to the Iceland mantle plume source remains  model dependent, including the northward 

increasing melting percent assumed, and cannot be quantified at this point. Detailed modeling is 

required involving melting in the garnet field under Iceland and the spinel field under the 

Reykjanes Ridge, as apparent from the Re, Pd/Ir, SiO2 and Yb with HREE cross-over patterns 

variations observed.  

Ag follows closely Cu variation along the Reykjanes Ridge, whereas Cd shows an 

intermediate behavior between Cu and Re, and may also have been affected by subaerial 

degassing, as Re and other volatiles, such as water, Cl, Br and S.   

Finally we also show that fractional crystallization of silicates involving PGE-rich 

immiscible sulfides has limited effects on the PGE, Cu, Ag, Re and Cd large-scale gradients 

observed along the Reykjanes Ridge, with the possible exception of Ru, which shows very large 

overall scatter. 
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Table 1. PGE, Re, Ni, Cu, Ag and Cd basalt contents from the Reykjanes Ridge and Iceland  

 S.W. Neovolcanic Rift Zone, from 50°N to 65°N 

 
Figure Captions 
 
Fig. 1. Seafloor relief map based on free-air gravity anomalies (Smith and Sandwell, 1994). 
Basalt sample locations for this study are shown along the Reykjanes Ridge and extension over 
Iceland SW Neovolcanic Zone (SWNZ). Color coding is based on the mixing model of the 
Iceland mantle plume (red), depleted upper mantle (blue), and mixing zone (green), based on 
(La/Sm)n variations (Schilling, 1973). The same symbols are used in all the subsequent figures.  
 
Fig. 2. Reykjanes Ridge-Iceland latitudinal basalt glass variations in 206Pb/204Pb, (Blichert-Toft et 
al., 2005), 3He/4He (R/Ra) (Kurz et al., 1985; Poreda et al., 1986), sulfur content, S, [Forrest, 
2005; Forrest et al., 2017], and dredged sample elevations (Schilling et al., 1983). Note that the 
MORB glasses are sulfide-saturated. Over Iceland, are vapor/melt saturated due to degassing, as 
for water. Basalts with <250ppm S are subaerially erupted, whereas those with >480ppm S are 
glasses subglacially erupted and less degassed due to higher overburden pressures (Moore and 
Calk, 1991 - see Section 8).  
 
Fig. 3.1. Reykjanes Ridge-Iceland latitudinal basalt glass variations in: 
Pt, Pd and corresponding Mg-value. Note the Mg-value minimum at 63.5 °N.  
  
Fig. 3.2. Reykjanes Ridge-Iceland latitudinal basalt glass variations in: 
Os, Ir and Ru. 
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Fig. 3.3. Reykjanes Ridge-Iceland latitudinal basalt glass variations in: 
Cu, Ag and Ni. Note the Ni minimum at 63.5 °N, as also evident in the Mg-value (Fig. 3.1); (or 
MgO and Cr, not shown) 
 
Fig. 4. Reykjanes Ridge-Iceland latitudinal basalt glass variations in: Re, SiO2, Yb, and Cd. Note 
the Re increase northward as for other PGE (Fig.3) but its drastic drop over Iceland, as well as 
SiO2, Yb, and to some extent Cd, though the last three elements stay essentially constant along 
the Reykjanes Ridge. See text for probable causes of these variations, including retention by 
garnet. 
 
Fig. 5. Reykjanes Ridge-Iceland latitudinal basalt glass variations for: a,b&c) Re/Yb, Re/Ir and 
Cu/Re ratios, respectively. The Re/Yb ratio variation is dominated by that of Re shown in Fig.4. 
In, contrast Re/Ir  and Cu/Re stay essentially constant along the Reykjanes Ridge, while the four 
elements increase northward along the ridge (Fig 3 and 4), until Re drastically drop over Iceland 
(Fig.4); d) Cl whole-rock  basalt contents (Unni, 1976). The drastic Cl decrease near and over 
Iceland is also apparent in S (Fig.2) and H2O (not shown). These have been attributed to volatile 
degassing (Unni and Schilling 1978, Forrest et al., 2017) and could also be attributed  to Re 
volatility. See text for further details.  
 
Fig. 6b&c. Re and Cu/Re covariations with Cl content in SW Iceland rift zone (filled red circles), 
and Reykjanes Ridge samples erupted at water depths less than 500m (>63°N) (green filled 
triangles). Cl data from (Unni, 1976; Unni and Schilling, 1978). Note the excellent positive 
correlation of Re with Cl and the inverse one of Cu/Re with Cl. For reference, Fig 6a shows the 
location and elevation of these degassed basalts and those erupted deeper along the Reykjanes 
Ridge (black dots). For a full elevation profile with latitude see Fig. 2.  
 
Fig. 7. BSE-normalized Ni-PGE-Cu enrichment patterns from the Reykjanes Ridge- Iceland 
sampling shown in Fig.1, using the same sample color coding for the 3 groups. 
 
Fig. 8. Cu vs. Pd for the Reykjanes Ridge-Iceland basalts. Cu is taken as a non-volatile proxy for 
sulfur in discriminating sufide–saturated from sufide-undersaturated magmas (Vogel and Keays, 
1997). This empirical dividing line is taken from Keays and Lightfoot [2006]. It is based on 
subaerially erupted flood basalts from West and East Greenland and the Siberian traps. On this 
basis alone, most of the Iceland SWNZ basalts were sulfide-undersatuated prior outgassing of 
volatiles, including S. (for comparison see S variation in Fig.2). The N-MORB Reykjanes Ridge 
field is sulfide-saturated and comparable to other MORB from the Atlantic, Pacific and Indian 
Ocean Ridges reported by Rehkåmper et al.,(1999b) and Bézos et al., (2005 ), (i.e. Cu range: 
~50–110ppm, Pd range: ~0.001-2 ppb). See text for further details.  
 
Fig. 9.  Ir, Pd, Cu, U, variations with MgO, for the sulfide-unsaturated Iceland basalts (red 
symbols) and the sulfide-saturated N-MORB group from 50-54°N, unaffected by the Iceland 
mantle plume (blue symbols). Note that the Ir, Pd and Cu positively correlate with MgO for the 
S-saturated N-MORB group (i.e., some sulfide removal), whereas in the sulfide-unsaturated  
Iceland basalts  Ir and Pd remain essentially constant and Cu correlates slightly negatively with 
MgO. On the other hand, U, which is a highly incompatible in silicate and sulfide fractionations, 
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correlates negatively with MgO in both the sulfide-unsaturated Iceland basalts and the sulfide-
saturated N-MORB group. See text for further details.  
 
Fig. 10a. Reykjanes Ridge-Iceland basalts BSE normalized (Pd)n vs degree of melting F. F is 
assumed to increase linearly with latitude °N (i.e. F = 0.066 + 0.00827 (Lat.°N – 50), modified 
after the thermal melting model of White et al., (1995). See text for justification.  Superimposed 
are columnar and triangular flow, sulfide mantle bearing melting models, modified after 
Rehkåmper et al. (1999b). We simply used a non-modal incremental batch melting model with a 
continuous 0.001 melt fraction retention. Results are hardly distinguishable. Conditions used, up 
to F= 20% when the mantle sulfide is exhausted, are: 
  
Phases: silicate solid Retained melt sulfide 
Kj 0 1 104 to 106 
solid(xoj) 0.994286 0.001 0.000714 
melt(pj) 0.99643  0.00357 

 
Note that K(sulfide /melt) of the order of 106 would be required to span the N-MORB Reykjanes 
Ridge Pd data variation observed! See text for further implications. 
 
Fig.10b. Reykjanes Ridge-Iceland basalts BSE normalized (Ir)n vs. degree of melting F. The 
same model parameters described in Fig10a are used. However, the K(sulfide/melt) range for Ir 
must be extended to 107 to span the N-MORB Reykjanes Ridge Ir data variation observed! See 
text for further implications. 
 
Fig.10c. Reykjanes Ridge-Iceland basalts BSE normalized (Pd/Ir)n ratio vs degree of melting F, 
as in Fig.10a&b. Superimposed are the same columnar and triangular flow sulfide melting model 
shown in Fig 10a&b, but assuming this time a bulk K(silicate crystal/melt) for Ir of 50 rather 
than zero, still zero for Pd, and K(sulfide/melt) of 105 and 106 for Pd and Ir, respectively.  See 
text for implications.  
 
Fig.11. a&b. Reykjanes Ridge and Iceland basalt variations Irn and Pdn, normalized to BSE as a 
function of melt fraction F increasing toward Iceland (as assumed and used in Figure 10). 
Symbol colors are the same as in Figure 1. Superimposed is the non-equilibrium physical 
incongruent sulfide-bearing PUM melting model of Bockrath et al. [2004] and Ballhaus et al. 
[2006]. The different curves refer to the weight fractions of sulfide (fsul) initially being melted 
according to their model. They assumed 0.5. Note that the trends predicted by this model are 
opposite or orthogonal to that observed along the Reykjanes Ridge and Iceland, respectively; 
assuming that melting increases toward the Iceland plume.  
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Table 1: PGE contents of basalts from the Reykjanes Ridge and the SWNZ of Iceland,50-65°N   
ID Group Lat Lon Depth (La/Sm)n Os Ir Ru Pt Pd Re 

  
°N °W (m) 

 
(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

IC-117g Iceland 65.00 19.58 
 

0.18 0.300 0.189 0.710 8.42 11.0 1.10 
IC19 Iceland 64.66 19.15 -600 0.98 0.010 0.115 0.197 4.54 6.13 0.74 
IC11 Iceland 64.27 20.43 -150 1.10 0.026 0.053 0.136 4.62 7.21 0.51 
IC12 Iceland 64.28 21.11 -155 

 
0.047 0.052 0.196 4.17 6.19 0.39 

IC14 Iceland 64.28 21.11 
 

0.91 0.060 0.168 0.213 12.5 11.8 0.77 
IC9 Iceland 64.28 21.11 -146 1.13 0.018 0.042 0.121 4.63 6.12 0.66 
IC36 Iceland 64.10 21.90 -250 1.08 0.023 0.169 0.191 5.27 5.93 0.78 
IC55 Iceland 63.97 21.74 -30 0.90 0.012 0.024 0.155 2.13 2.57 0.64 
IC56 Iceland 63.97 21.74 -80 1.05 0.016 0.047 0.300 2.95 5.39 0.81 
IC43 Iceland 63.98 21.97 -300 

 
0.013 0.074 0.094 5.20 6.16 0.66 

IC58 Iceland 63.90 22.05 -70 1.25 0.002 0.024 0.050 2.55 2.41 1.09 
IC47 Iceland 63.95 22.20 -460 1.25 0.008 0.128 0.080 4.84 5.79 0.76 
IC62 Iceland 63.98 22.57 -140 1.17 0.010 0.160 0.064 8.68 9.91 0.94 
HS529 Iceland 63.86 22.43 -80 1.25 0.002 0.008 0.012 0.58 0.53 1.55 
HS524 Iceland 63.85 22.70 -10 1.14 0.005 0.037 0.043 2.63 3.42 1.24 
TR101 15D-8g T-MORB 63.57 23.70 83 1.01 0.003 0.003 0.016 0.56 0.98 2.00 
TR101 19D-1 T-MORB 63.47 23.80 105 1.05 0.016 0.007 0.021 1.11 1.26 1.97 
TR101 16D-4 T-MORB 63.47 23.87 60 0.90 0.012 0.015 0.024 1.21 1.39 1.53 
TR101 17D-1 T-MORB 63.46 23.85 40 0.94 0.021 0.021 0.024 0.91 1.32 1.23 
TR101 18D-1 T-MORB 63.46 23.85 43 1.05 0.015 0.016 0.020 0.83 1.31 2.01 
TR101 11D-2g T-MORB 63.27 24.20 75 1.06 0.007 0.006 0.018 0.36 0.65 1.83 
TR101 12D-7g T-MORB 63.22 24.27 258 1.06 0.002 0.005 0.017 1.92 0.61 2.40 
TR101 14D-9g T-MORB 63.19 24.46 345 0.98 0.003 0.003 0.007 0.36 0.60 2.73 
TR101 7D-5g T-MORB 63.07 24.50 315 0.83 0.004 0.001 0.003 0.21 0.27 2.06 
TR101 5D-4g T-MORB 62.90 24.88 505 1.14 0.017 0.017 0.094 2.75 5.61 2.05 
TR101 35D-3g T-MORB 62.70 25.21 580 0.93 0.014 0.021 0.040 2.02 6.15 2.22 
TR101 2D-1g T-MORB 62.62 25.43 632 0.95 0.011 0.012 0.035 1.68 2.83 2.10 
TR101 22D-1g T-MORB 62.37 25.84 715 0.71 0.011 0.002 0.034 0.36 0.61 2.17 
TR101 25D-10g T-MORB 62.11 26.36 686 0.61 0.008 0.012 0.111 0.49 1.23 2.33 
TR101 24D-1g T-MORB 62.08 26.29 682 0.53 0.015 0.007 0.030 0.57 1.20 2.07 
EN025 8D-1g T-MORB 61.98 26.54 730 

  
0.031 0.543 2.82 8.08 2.68 

TR101 27D-7g T-MORB 61.73 26.88 599 0.54 0.098 0.026 0.210 2.28 5.93 1.70 
EN025 6D-1g T-MORB 61.60 27.07 760 0.66 0.002 0.002 0.016 0.20 0.07 2.42 
TR101 29D-4g T-MORB 61.10 27.88 810 0.40 0.004 0.005 0.014 0.26 0.38 1.87 
TR101 30D-10g T-MORB 61.09 27.90 792 0.31 0.011 0.019 0.120 1.21 1.67 1.84 
TR101 33D-6g T-MORB 60.45 28.88 922 0.16 0.014 0.009 0.043 1.85 2.28 1.71 
TR41 D20-3g N-MORB 60.03 29.38 948 0.27 0.007 0.006 0.021 0.38 0.54 1.82 
TR41 D22-1 N-MORB 60.02 29.48 978 0.27 0.027 0.009 0.076 0.86 1.70 1.63 
TR41 D19-1g N-MORB 59.99 29.43 950 0.25 0.019 0.004 0.018 0.50 0.77 1.86 
TR41 D38-2g N-MORB 59.99 29.51 925 0.44 0.009 0.004 0.016 0.38 0.76 1.89 
GLJ 10g N-MORB 58.87 30.95 1383 0.27 0.004 0.002 0.004 0.12 0.10 1.70 
EN025 5D-3g N-MORB 58.42 31.62 1457 0.53 0.011 0.013 0.025 0.88 0.23 1.49 
EN025 4D-1g N-MORB 57.14 33.42 2160 0.42 0.007 0.003 0.040 0.42 0.75 1.55 
EN025 3D-4g N-MORB 55.67 34.87 1975 0.37 0.008 0.006 0.015 0.47 0.24 1.52 
EN025 2D-4g N-MORB 54.76 35.22 2075 0.37 0.004 0.002 0.005 0.20 0.31 2.50 
TR100 23D-10g N-MORB 54.25 35.40 880 0.22  0.005 0.053 0.57 0.71 1.38 
EN025 1D-1g N-MORB 53.41 35.24 2400 0.38 0.003 0.001 0.004 0.07 0.05 1.42 
GLJ 7g N-MORB 52.66 34.94 3239 0.35 0.006 0.003 0.014 0.18 0.16 2.54 
TR100 13D-10g N-MORB 52.48 31.57 4050 0.60 0.004 0.002 0.007 0.14 0.07 0.86 
TR138 11D-1g N-MORB 52.01 29.95 3800 0.52 0.003 0.001 0.002 0.07 0.03 0.91 
TR138 9D-2g N-MORB 51.56 29.92 3710 0.46 0.004 0.003 0.009 0.11 0.06 0.87 
TR138 8D-1g N-MORB 51.28 30.02 3500 0.52 0.002 0.001 0.075 0.06 0.08 0.74 
TR138 7D-1Ag N-MORB 50.46 29.42 3880 0.49 0.006 0.0032 0.0149 2.43 0.25 0.68 
Bulk Silicate Earth               1.00        3.40           3.2            5    7.1     3.9 0.28 
C1 Chondrites             490          450         710 1010    550    40 
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Table 1 cont. : Contents of basalts from the Reykjanes Ridge and the SWNZ of Iceland, 50-65°N 

*		Based	on	FeOT	and	an	atomic	ratio	of	Fe+3/Fe+3+Fe+2	=	0.14	

     ID Cr Ni Cu Ag Cd SiO2 FeOT MgO Mg-Value* 

 
(ppm) (ppm) (ppm) (ppb) (ppb) (wt%) (wt%) (wt%) 

 IC-117g 545 235 136 42.2 85.2 47.69 9.46 9.73 68.07 
IC19 370 175 118 54.6 78.0 47.40 12.31 9.47 61.46 
IC11 296 182 118 31.1 75.0 47.13 11.97 9.23 61.51 
IC12 

   
1359 2996 47.46 11.48 10.66 65.81 

IC14 354 146 126 50.8 107.6 47.91 11.79 8.19 59.01 
IC9 292 127 136 53.1 91.2 47.24 12.08 7.59 56.57 
IC36 380 171 144 52.6 89.9 47.51 11.89 9.25 61.72 
IC55 261 188 124 20.3 60.6 46.70 12.39 9.11 60.38 
IC56 242 110 137 28.7 94.7 47.10 12.94 8.26 56.95 
IC43 

   
45.4 70.9 48.35 12.15 8.15 58.17 

IC58 163 70 135 42.9 111.0 49.09 13.64 6.90 51.19 
IC47 301 111 128 45.6 97.9 48.26 11.74 7.90 58.24 
IC62 130 80 127 47.8 77.5 49.20 12.14 7.77 57.02 
HS529 95 57 168 49.9 146.1 49.34 14.61 6.19 46.76 
HS524 199 89 142 52.7 111.9 49.21 12.32 7.22 54.85 
TR101 15D-8g 85 56 132 35.5 139.1 

    TR101 19D-1 162 72 137 175.2 135.8 49.69 13.52 6.62 50.37 
TR101 16D-4 117 67 118 33.5 115.6 50.19 12.29 7.16 54.70 
TR101 17D-1 146 74 102 29.1 100.1 49.67 13.76 6.74 50.38 
TR101 18D-1 129 56 131 44.5 133.6 49.84 13.92 6.53 49.30 
TR101 11D-2g 109 60 131 33.5 117.5 50.04 14.22 6.42 48.34 
TR101 12D-7g 81 60 141 36.3 143.3 50.00 14.08 6.57 49.17 
TR101 14D-9g 100 53 120 33.1 144.6 

    TR101 7D-5g 89 72 131 34.9 139.6 50.17 12.23 7.79 56.90 
TR101 5D-4g 309 100 133 48.1 100.2 50.87 12.16 6.68 53.24 
TR101 35D-3g 184 82 109 31.5 140.4 49.81 12.24 7.80 56.91 
TR101 2D-1g 243 95 119 37.4 119.8 49.99 12.93 7.05 53.06 
TR101 22D-1g 230 86 105 32.2 133.7 50.52 12.1 7.47 56.13 
TR101 25D-10g 190 91 98 28.5 131.1 

    TR101 24D-1g 224 95 104 28.7 98.0 
    EN025 8D-1g 

   
32.8 124.5 51.05 12.49 6.79 52.98 

TR101 27D-7g 403 210 113 33.3 111.4 49.60 10.76 8.85 63.02 
EN025 6D-1g 74 66 110 31.8 125.4 51.32 12.55 6.98 53.55 
TR101 29D-4g 221 91 107 31.1 127.9 

    TR101 30D-10g 325 104 112 31.5 127.3 50.04 11.11 8.18 60.41 
TR101 33D-6g 242 98 119 33.0 125.5 50.38 11.32 7.89 59.10 
TR41 D20-3g 176 134 112 30.1 131.1 49.90 11.59 7.64 57.74 
TR41 D22-1 245 106 101 29.9 120.2 51.06 11.50 7.58 57.74 
TR41 D19-1g 145 98 107 31.7 103.1 50.16 10.94 8.20 60.84 
TR41 D38-2g 159 72 98 29.9 135.4 50.56 11.76 7.16 55.79 
GLJ 10g 209 90 91 27.9 119.9 52.12 11.57 7.26 56.53 
EN025 5D-3g 377 104 85 29.6 104.2 51.27 10.48 7.71 60.39 
EN025 4D-1g 279 116 85 25.3 120.9 50.92 11.28 7.40 57.62 
EN025 3D-4g 316 97 95 32.2 107.6 

    EN025 2D-4g 278 100 95 26.9 120.0 50.84 11.25 7.48 57.95 
TR100 23D-10g 395 154 91 26.0 87.6 49.84 9.93 8.93 65.08 
EN025 1D-1g 243 77 75 23.0 117.8 51.09 11.24 7.37 57.61 
GLJ 7g 288 122 82 22.7 94.3 51.19 9.90 8.26 63.36 
TR100 13D-10g 186 96 68 20.1 133.4 51.86 9.52 7.41 61.74 
TR138 11D-1g 221 92 63 20.4 92.4 50.9 9.58 7.81 62.82 
TR138 9D-2g 226 86 55 19.6 111.8 51.72 9.65 7.44 61.51 
TR138 8D-1g 278 91 50 21.5 105.4 51.84 9.26 8.20 64.73 
TR138 7D-1Ag 345 167 62 19.3 81.5 51.63 8.18 8.61 68.57 
Bulk Silicate Earth 2625 1960 30 8 40 

        C1 Chondrites   2650 10500    120      200        710     
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